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Spray Aerosols From Saltwater to Freshwater Breaking Waves
Charbel Harb
(ABSTRACT)

While sea spray aerosols (SSAs) generation by oceanic breaking waves continues to be an
active research area, lake spray aerosols (LSAs) production by freshwater breaking waves is
an emerging research field. Recent studies have linked LSAs to regional cloud processes and
the aerosolization of freshwater pathogens and pollutants. Yet, differences in spray aerosol
ejection between freshwater and saltwater and their impact on the water-to-air dispersal of
microorganisms and pollutants are poorly understood. The goals of this dissertation work
were to understand mechanistic differences between spray aerosol generation in freshwater
and saltwater, develop a representation of LSA emissions in atmospheric models and evalu-
ate their impact on regional aerosol loading, and compare the aerosolization of bacteria and
microplastics by SSAs and LSAs. Experiments in a breaking-waves analogue tank revealed
that the subsurface bubble plume in saltwater is characterized by more submillimeter bub-
bles than that in freshwater, and hence, saltwater surface foams were more persistent and
were comprised of more submillimeter surface bubbles. Consequently, the average number
concentration of generated SSAs was eight times higher than that of LSAs. Using these
measurements, the developed LSA emission parametrization revealed that freshwater emis-
sions were, at least, an order of magnitude lower than saltwater emissions for the same
wave-breaking conditions. When implementing this emission parameterization to simulate
LSA emissions from the Laurentian Great Lakes, LSAs did not contribute significantly to
regional aerosol loading (< 2%), yet their impact on coarse-mode aerosols was more signifi-
cant with up to a 19-fold increase in some areas. Furthermore, modeled LSAs reached up to
1000 km inland and were incorporated in the lakes’ cloud layer. Despite the generation of
more spray aerosols in saltier waters, cumulative salt additions in the freshwater—saltwater
continuum (0-35 gkg™!) led to a nonmonotonic increase in freshwater bacterial aerosolization
abundance, which exhibited a peak at lower oligohaline conditions (0.5-1 gkg™'). However,
the aerosolization of microplastics by SSAs was one order of magnitude higher than that
by LSAs. Overall, this dissertation work showed that LSA emissions are intrinsically dif-
ferent from SSA emissions, which influences their role in transferring microorganisms and

pollutants at the air-water interface.



Spray Aerosols From Saltwater to Freshwater Breaking Waves
Charbel Harb

(GENERAL AUDIENCE ABSTRACT)

When waves break, they entrain large volumes of air in the form of subsurface bubbles. These
bubbles rise to the surface and pop ejecting small droplets into the air, also known as spray
aerosols. The droplets ejected from saltwater breaking waves are referred to as sea spray
aerosols (SSAs) and are extensively studied due to their important role in Earth’s atmo-
sphere. However, the ejection of lake spray aerosols (LSAs) from freshwater breaking waves
is far less understood. With recent studies linking freshwater breaking waves to regional
cloud processes and the transfer of aquatic pathogens to the air, a better understanding of
LSAs formation and how it compares to SSAs production was needed. The goals of this
dissertation work were to understand the differences between spray aerosol generation in
freshwater and saltwater, develop a representation of LSA emissions in atmospheric models
and assess their contribution to atmospheric aerosols, and contrast the role of LSAs and
SSAs in transferring bacteria and microplastics to the air. Experiments in a spray aerosol
generation tank revealed that saltwater breaking waves generate more submillimeter bub-
bles at the subsurface level than freshwater breaking waves and that the generated surface
foam is more persistent and is comprised of smaller bubbles in saltwater. Consequently, SSA
generation in the experimental tank was eight times higher than LSA generation. When im-
plementing these results in an atmospheric model to simulate LSA emission from the surface
of the Laurentian Great Lakes, it was found that the regional aerosol population was not
significantly affected. However, LSA particles were transported inland up to 1000 km and
reached cloud level which hints at possible implications on public health and regional climate.
Despite a higher generation of aerosols by breaking waves in saltier waters, the abundance
of freshwater bacteria that was dispersed to the air by spray aerosols did not increase mono-
tonically in response to a gradual increase in freshwater salinity. Yet, microplastics transfer
to the air by SSAs was an order of magnitude higher than that by LSAs. The results of
this dissertation work highlight the important differences between the generation of spray
aerosols by breaking waves in freshwater and saltwater and their corresponding roles in the

water-to-air dispersal of microorganisms and pollutants.
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Chapter 1
Introduction

The formation of waves and their subsequent breaking on the water surface has intrigued hu-
mankind since time immemorial, with raging sea waves inciting anticipation and fear among
early seafarers engaged in fishing, trading, and maritime exploration. The Glossary of Mete-
orology of the American Meteorological Society defines the breaking of ocean surface waves
as “a complex phenomenon in which the surface of the wave folds or rolls over and inter-
sects itself. In the process it may mix (entrain) air into the water and generate turbulence.
The causes of wave breaking are various, for example, through the wave steepening as it
approaches a beach, through an interaction with other waves in deep water, or through the

input of energy from the wind causing the wave to steepen and become unstable” [1].

The study of breaking waves dates back to the early work of Airy [2] and Stokes [3] who
laid the foundations of waves and tides physics. It was not until the Second World War
that a more concerted effort emerged to understand and predict breaking waves to improve
the belligerent’s naval warfare capabilities [4]. Early observational data of wind generated
waves were provided by Sverdrup and Munk [5] and Sverdrup and Munk [6], followed by a
more thoretical framework developped by Miles [7] and Phillips [8]. By the mid 1960’s, the
factors responsible for the formation of the wind wave spectrum have been identified, however
predicting the evolution of this spectrum required more field measurements and laboratory
studies as well as advances in computational power [4]. Subsequent studies by Melville [9],
Duncan and Longuet-Higgins [10], and Duncan [11], who investigated breaking waves created

by a hydrofoil, provided important insights on breaking waves regimes and evolution, and
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precipitated several articles on the topic [12]. Starting in the 1990’s, several review articles
discussing breaking waves and their secondary effects were published, and the interested
reader is referred to them and the references therein. Specifically, Banner and Peregrine [13]
presented a comprehensive review of field measurements and laboratory studies of breaking
waves. Melville [14] reviewed the effect of breaking waves on air-sea interaction, and King
et al. [15] reviewed air entertainment in breaking waves. Perlin et al. [12] presented a review
on breaking waves geometry, breaking-onset criteria, and energy dissipation in deep and
intermediate waters, while the review of Veron [16] discussed bubble bursting and droplet
generation from breaking waves bubbles. More recently, Deike [17] reviewed the role of wave
breaking, and the associated entrained bubbles and ejected droplets, in mediating mass

transfer at the air-sea interface.

Nowadays, wave breaking has developed into an important research field with applications
in naval and coastal engineering including ship hydrodynamics [18], coastal structures [19],
and energy generation [20]. More pertinent to this dissertation is the role of breaking waves
in air-sea interactions [14], and particularly how they can generate atmospheric particles
(16, 17].

1.1 Breaking waves and atmospheric particles

When waves break on the water surface, they entrain large volumes of air in the form of
subsurface bubbles. These bubbles rise to the surface and burst ejecting tiny droplets into
the air. The dipersal of droplets into the air by bursting bubbles was first identified by Jacobs
[21] who postulated that aerosols are produced by the pinch-off of an upward jet following
the breaking of a surface bubble. Later, Knelman et al. [22] identified a second and more
efficient mechanism of droplet ejection from bursting bubbles whereby tiny water droplets
are dispersed during the shattering of the bubble cap. The presence of such mechanisms that
transfer water droplets into the air indicated that breaking waves, and the ensuing bursting
bubbles, can be an important source of aerosols into the atmosphere, especially from the

oceans.
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1.1.1 Sea spray aerosols

Sea spray aerosols (SSAs) are comprised of tiny water droplets ejected from breaking waves
in saltwater (i.e., oceans and seas) due to wind action [16]. Aerosols emitted from the ocean
surface were first identified by Jacobs [21] who termed them at the time as “atmospheric
chlorides”. The release of SSAs into the atmosphere occurs via three main pathways: film
drops, jet drops, and spume drops (Fig. 1.1). Spume drops are large water droplets (diameter
> 140 pm) that are torn of the wave crest at sufficiently high wind speeds (7-11 ms™'), and
usually fall back to the water surface in the matter of seconds [16]. Of more relevance to
atmospheric processes are film and jet drops due to their much smaller size (diameter < 100
pum)[16] and hence higher atmospheric residence times. Contrary to spume drops, film and
jet drops are generated from the burst of surface bubbles. Film drops are expelled during
the shattering of the bubble cap following a hole nucleation on the cap surface. Jet drops
are ejected following the shattering of the bubble cap, whereby the resulting cavity collapses
emitting a series of droplets vertically upward [16]. The size of emitted SSAs spans several
orders of magnitudes and ranges from a few nanometers to at least several millimeters. This
wide size range influences the atmospheric residence time of SSAs, which varies from seconds

and minutes for larger particles to days for smaller particles [16, 23].

Film and jet drops
produced by
bursting bubbles

Jet. &
Film drops

droplets o
g @

Figure 1.1: Spray aerosol ejection pathways. Ejection pathways of spray aerosols emit-
ted from breaking waves. Adapted from Veron [16].

On a global scale, SSA emissions are estimated to be on the order of 10'2 to 10'* kg per

year [24], making them, along with mineral dust emissions, the dominant source of aerosol
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mass flux to the atmosphere from non-anthropogenic sources [23]. The ubiquity of SSAs in
the atmosphere, therefore, allows them to play an important role in atmospheric processes
by partaking in atmospheric chemical reactions [25], cloud formation [26], and scattering
of incoming solar radiation [27]. Perhaps one of the most important ways in which SSAs
influence Earth’s climate is in their direct and indirect effects on Earth’s radiative budget.
The direct effects pertain to the ability of SSAs to scatter light especially above the world’s
oceans. The estimated upward scattering of sunlight by SSA particles varies between 0.08
and 6 Wm ™2, which leads to a net cooling effect on Earth’s climate [23, 27]. The indirect
radiate forcing effects have to do with the ability of SSAs to seed clouds especially in remote
ocean regions unattained by continental particles [28]. SSAs are efficient cloud condensation
nuclei (CCN) due to their hygroscopicity and can influence marine clouds drizzle formation
and albedo even at low concentrations of few particles per cubic centimeter [26, 29]. These
direct and indirect radiative forcing effects have even led to proposing the injection of SSAs
into the tropical marine boundry layer, known as marine cloud brightening (MCB), as a
climate intervention strategy with low ecological impact aiming to offset the effects of global
warming [30, 31, 32].

Because of these important geophysical and geochemical roles, SSAs have been the subject
of research for several years leading to an extensive body of literature about the topic [27].
For more details, the interested reader is refereed to the excellent monograph by Lewis and
Schwartz [27] containing a comprehensive review of SSAs production and their behavior,
transport, and removal from the atmosphere, as well as the factors controlling these processes.
Other resources include the review of O’'Dowd and de Leeuw [33] containing information
about the chemical implications of SSAs, the review of De Leeuw et al. [23] which is another
excellent review of SSA production flux, the review of Veron [16] which covers the exchange
of heat and momentum between SSAs and the atmosphere, and the review of Alsante et al.

[34] covering the role of SSAs in the air-sea exchange of microorganisms.

1.1.2 Lake spray aerosols

Lake spray aerosol (LSA) is a term that refers to spray aerosols emitted from freshwater
breaking waves, namely, from lakes [35]. LSA particles were first detected during an aerosol

sampling campaign above the Laurentian Great Lakes in North America in the summer
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of 2009 [36]. It was not until the study of May et al. [35] that the properties of LSAs
were examined using a laboratory LSA generator. The results of that study indicated that
bubble formation and aerosol generation from freshwater and saltwater breaking waves are
drastically different. Only a handful of studies about LSA followed, mostly spurred by the
discovery of cyanobacterial derivatives in LSAs ejected from freshwater with harmful algal

bloom occurrences [37, 38].

Although the same bubble-bursting mechanism is behind SSA and LSA generation, the phys-
ical characteristics of air entrainmnet in freshwater and saltwater are different [39, 40, 41].
These differences are likely driven by disparate water compositions in the two environments.
The major ions in the calcareous Great Lakes, for instance, are Ca?* and CO32™[42], whereas
major ions in seawater are Nat and C1~ [43]. Furthermore, the inorganic ions concentrations
in the Great Lakes are 2-5 order of magnitude lower than those in seawater [35]. Meanwhile,
total organic carbon (TOC) concentrations are comparable to the concentrations of inor-
ganic ions in the Great Lakes, whereas TOC concentrations in saltwater are often much
smaller than inorganic ions concentrations [35]. These intrinsic differences in water composi-
tion lead to distinctive disparities between bubble evolution characteristics in freshwater and
saltwater breaking waves. A general trend emerges whereby entrained subsurface bubbles
in seawater are smaller, more numerous, and have higher subsurface residence times than
those in freshwater [41, 44, 45]. These differences at the subsurface level are reflected on
the surface, with early observations of foam coverage in seawater and freshwater suggesting
that foam patches are more persistent in seawater than in freshwater [44, 46]. As for spray
aerosol ejection, May et al. [35] showed that produced LSA concentrations are up to 67%
lower than SSA concentrations. Moreover, the LSA size distribution was mostly bimodal
as opposed to the unimodal size distribution of SSAs [35]. To generate these LSAs, the
setup employed by May et al. [35] consisted of four circular plunging jets in an 18 L acrylic
box. It is important to note that this LSA generator has been evaluated using bubble size
distribution measurements in saltwater, and hence, it is not clear if it can also reproduce the
correct sizes of bubbles found in freshwater breaking waves. Therefore, one should keep in
mind that current LSA experimental studies, including the dissertation work herein, employ
laboratory setups that are designed and evaluated using SSA data due to the absence of

data from in situ freshwater breaking waves.

In general, the study of LSAs is still a nascent research field as compared to the relatively
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well-established SSA research field. Given the aforementioned difference in spray aerosol
ejection characteristics between freshwater and saltwater, it is important to consider LSA
emissions as a standalone process from SSA emissions. Treating the two emissions separately
is especially relevant in atmospheric models, although currently, only SSA emissions are con-
sidered. However, it was recently found that LSA particles can be incorporated in clouds [47]
and that they can transfer pathogenic microbes across the atmosphere [37, 38, 48]. There-
fore, there is a paramount need to include LSAs in atmospheric simulations to understand

their larger scale impacts on regional climate and public health.

1.1.3 Spray aerosols in atmospheric models

Due to their important role in Earth’s aerosol load and atmospheric processes, atmospheric
model simulation of SSAs is an active research area. Since wind is the major meteorological
factor driving SSAs emission and a common parameter in atmospheric models, the model
representation of SSA emission is mostly dependent on wind speed [23, 27]. Monahan et al.
[49] put forth the first SSA emission parameterization (hereinafter source function) as a
function of wind speed at a reference height of 10 m (i.e., 10-m wind speed), enabling the
inclusion of SSA emissions in atmospheric models. The parameterization used the whitecap
method [23, 27], which combines knowledge of whitecap (foam) formation as a function of
wind speed (usually at 10 m) determined from ship or satellite imagery [50, 51, 52] with
size resolved SSA emission flux per whitecap unit area from laboratory experiments [49, 53].
The whitecap method is the most widely used method in SSA source function development
[23], yet other methods such as the steady state dry deposition method, the statistical wet
deposition method, and other micrometeorological methods have been used in some studies
to determine SSA production flux [23, 27]. While wind speed is a major determinant of SSA
emission flux, other environmental factors such as temperature [54, 55, 56], salinity [35, 53],
and biological activity [54, 57] have also been shown to influence SSA emission flux. In
particular, the inclusion of sea surface temperature (SST) in SSA parametrizations has been

shown to significantly improve model skill in predicting global SSA emission flux [58].

While the bulk of research in this area has focused on SSA emission parameterization, only
one study [59] attempted to model LSAs emission to the atmosphere, but employing an

SSA parametrization [60] since an LSA source function was unavailable at the time. Due to
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significant differences in spray aerosol emission characteristics between marine and freshwater
environments [35], the contribution of LSA to aerosol loading in this study [59] is likely to be
overestimated. More recently, Amiri-Farahani et al. [61] attempted to improve the Chung
et al. [59] simulation by using a corrected version of the Geever et al. [60] SSA emission
parameterization by scaling to the laboratory measurements of May et al. [35]. However, only
correcting for the number emission flux might not be sufficient as the same wind conditions
over freshwater and saltwater are likely to induce different wave breaking conditions [44].
Therefore, a better understanding of LSA emissions using modeling studies warrants the

development of an LSA source function, which is still lacking to date.

1.1.4 The complex composition of spray aerosols

Spray aerosols are more than just a simple mixture of salts with water. In fact, an SSA
particle has such a complex composition that its characteristics have been compared to
those of a cell [62]. For instance, similar to a cell membrane, an SSA particle is coated
by a membrane of fatty acids and other lipids which affects its hygroscopicity [62]. In the
interior, other similarities exit including the presence of internal lipid vesicles and bacterial
derivatives [62, 63].

Over the past several years, studies have shown that SSA particles can contain a diverse
array of proteins, enzymes, and organic compounds including sugars and fatty acids [64].
These organic compounds in SSAs are enriched with respect to seawater with the smallest
SSA particles exhibiting the highest enrichment levels [64]. An examination of individual
SSA particles using cryogenic transmission electron microscopy also revealed that SSAs can
host entire microorganisms including bacteria and viruses [63]. One of the earliest stud-
ies reporting the presence of microorganisms in SSAs was that of Baylor et al. [65] who
found viral enrichment factors of 200 in aerosol droplets created by the surf. Single bubble
experiments by Blanchard and Syzdek [66] confirmed microorganisms enrichment in SSAs
revealing a bacterial enrichment factor ranging from 10 to 20. The study of Hejkal et al. [67]
was one of the earliest studies to report differences in the ability of bacterial species to be
aerosolized by bursting bubbles, but only three marine bacterial species were considered due
to the inherent limitation of the culture-based technique used in that study. The emergence

of DNA-based techniques including targeted amplicon sequencing paved the way for the full
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characterization of aerosolized microbial communities, with the study of Michaud et al. [68]
confirming that certain bacterial and viral taxa are preferentially aerosolized with respect to

others, and that bacteria are transferred to SSAs more efficiently than viruses.

Besides their organic and biological content, SSAs can host anthropogenic pollutants and
are, hence, a vector for their water-to-air dispersal. The role of SSAs in transferring aquatic
pollutants at the air-sea interface is an emerging area with important implication on climate
and public health. Examples of pollutants that were found to be enriched in SSAs include
particulate and gaseous compounds from oil spills [69], perfluoroalkyl acids (PFAAs) [70],
and microplastics (MPs) [71].

Unlike SSAs, LSAs composition and their role in the water-to-air dispersal of freshwater
microorganisms and pollutants are not well understood. To date, only two works examined
the biological content of LSAs, but were restricted to cyanobacterial aerosolization from
freshwater with HABs occurrence [37, 38]. Looking at the whole microbial communities, it
is expected that the community structure in SSAs and LSAs is different. This difference is
expected because salinity is not only a determinant of the physical characteristics of spray
acrosol ejection (Sect. 1.1.2) but also of the structure of waterborne bacterial communities
[72]. Similarly, the ability of SSAs and LSAs to disperse aquatic pollutants into the air is also
probably different due to the aforementioned differences in spray aerosol ejection properties

between freshwater and saltwater (Sect. 1.1.2).

1.2 Research objectives

It is evident from the introductory material in section 1.1 that spray aerosol research is
centered around SSAs. Therefore, the overall goal of this dissertation work is to understand
mechanistic differences between spray aerosol ejection in freshwater and saltwater, transfer
this knowledge to large-scale atmospheric models, and understand its impacts on the water-
to-air dispersal of microorganisms and emerging pollutants. Specific research objectives

include:

1. Evaluate the characteristics of air entrainment in breaking waves for salinities ranging

from freshwater to saltwater.
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2. Develop an LSA emission parameterization, implement it in an atmospheric chemical
transport model, and investigate effects of aerosols from freshwater breaking waves in

regional simulations.

3. Investigate the effect of a freshwater-to-saltwater salinity gradient on bacterial aerosoliza-

tion by breaking waves.

4. Compare the aerosolization of microplastics from freshwater and saltwater breaking

waves.

1.3 Organization of the dissertation

Chapter 2, “Salinity and air entrainmnet in breaking waves”, addresses research objective
1. In this chapter, a laboratory water tank with a plunging sheet is used to simulate bubble
formation in breaking waves. Water salinity in the tank is systematically increased from
freshwater to marine conditions and the characteristics of the subsurface bubble plume and
the resulting surface foam patch at each salinity treatment are monitored using digital cam-
eras. The effect of increasing water salinity on the sizes of bubbles in the subsurface bubble

plume as well as the longevity and sizes of bubbles in the surface foam patch are discussed.

Chapter 3, “A lake spray aerosol emission parameterization”, addresses research objective 2.
In this chapter, the same water tank setup is used to develop an LSA emission parameteriza-
tion for use in atmospheric models. The parametrization was developed using measurements
of foam area and the corresponding LSA emission flux from experiments with synthetic fresh-
water in the tank. The developed parameterization was then implemented in the Community
Multiscale Air Quality (CMAQ) model to assess the impact of freshwater emissions on re-
gional aerosol loading in the Great Lakes region which contains the largest inland body of
unfrozen freshwater on Earth. The LSA emission parameterization was compared to an SSA
emission parameterization developed using the same procedure as well as several other SSA
emission parameterizations from literature. Model simulation results revealed the impact of
LSA emissions on regional aerosol number and mass concentrations in the surface and cloud

layer above the Great Lakes basin.

Chapter 4, “Freshwater salinization impact on aerosolized bacteria”, addresses research ob-
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jective 3. In this chapter, cumulative salt additions in the freshwater-marine continuum
were administered to a freshwater sample added to the tank. At each salinity treatment,
waterborne and the corresponding airborne bacterial samples were collected and analyzed
for abundance and diversity. The effect of increasing freshwater salinity on the abundance of
waterborne bacterial aerosolization is explored. Differences between the diversity of bacte-
rial communities in water and air at each salinity treatment are also discussed as well as the

enrichment of different bacterial families in the aerosol phase across the salinization gradient.

Chapter 5, “Microplastics aerosolization by breaking waves”, addresses research objective
4. In this chapter, fluorescent polystyrene microplastic spheres with a uniform 2-ym di-
ameter are aerosolized in the tank using synthetic freshwater and saltwater solutions. The
microplastics-laden LSAs and SSAs are collected on filters and examined using a fluorescent
microscope. The abundance of polystyrene microplastics aerosolization by LSAs and SSAs
is compared and the implications of these experiments on microplastics aerosolization by

freshwater and oceanic breaking waves are briefly discussed.

Chapter 6 concludes this dissertation by providing the outcomes of each research objective

stated in Sect. 1.2, broader impacts of the research, and recommendations for future work.



Chapter 2

Salinity and air entrainmnet in

breaking waves

Reprinted (adapted) with permission from Harb, C., & Foroutan, H. (2019). A System-
atic Analysis of the Salinity Effect on Air Bubbles Evolution: Laboratory Experiments in a
Breaking Wave Analog. Journal of Geophysical Research: Oceans, 124, 7355- 7374. Copy-
right 2019 American Geophysical Union. All Rights Reserved.

2.1 Abstract

The evolution of air bubbles after breaking waves plays an important role in gas and particle
exchange between water bodies and the atmosphere. To improve our understanding of the
impacts of salinity on this process, we systematically investigate the effect of salt concentra-
tions ranging from 0 to 40 g/kg on the volume and size distributions of subsurface bubble
plumes and surface foams in a laboratory breaking wave analog. Our experimental setup
utilizes an intermittent plunging sheet to simulate breaking waves, while two synchronized
digital cameras were used to monitor the temporal evolution of bubble plumes and surface
foams. We first highlight the importance of plunging sheet intermittency on surface foam
evolution. We then show that increasing salinity enhances the entrainment of submillimeter

bubbles but has a less significant effect on larger supramillimeter bubbles. We observed that

11
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the foam area in saltier waters is consistently higher than that in freshwater throughout the
foam decay phase. Furthermore, our investigation of surface bubble sizes shows that salinity
has a more distinct effect on smaller (sub 2 mm) than on larger bubbles. This suggests that
salinity may have a more pronounced impact on jet than on film drops ejection mechanisms.
Finally, we conclude that the change in salinity within the typical oceanographic range is
likely not a major factor for bubble-mediated interactions at the water surface during break-
ing waves. However, even low-salt concentrations greatly alter air entrainment characteristics

in freshwater systems.

2.2 Plain language summary

When sea waves break, they entrain large volumes of air in the form of bubbles. These
bubbles rise up to the surface and burst, ejecting gas and small droplets into the air. This
ejection mechanism plays an important role in air quality and climate dynamics. The effect of
water salinity on this process is still not well understood. We used an intermittent plunging
waterfall inside a laboratory tank and digital cameras to monitor the evolution of bubbles
within and at the surface of water. We found that the jet intermittency affects the foam
evolution on the surface following the wave-breaking event. Increasing water salinity led
to an increase in the entrained bubbles number, and potentially the air volume injected by
the breaking waves. We also observed a larger and more persistent foam patch in more
saline water than in freshwater. The size of the surface bubbles in the foam patch was also
affected by the salinity indicating that the latter affects the bubble-bursting mechanism on
the surface. We conclude that water salinity has a measurable effect on the air volume
and bubble sizes injected by breaking waves and should be accounted for in future air-sea

interactions studies.

2.3 Introduction

Air entrainment by breaking waves plays an important role in air-sea interactions. Subsurface
bubble plumes generated during breaking events rise to the surface and burst, enhancing gas

and particle transfer at the air-water interface [16, 23, 27, 73]. Upon bursting, surface bubbles
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eject droplets into the atmosphere in two forms: film and jet drops. Film drops are expelled
during the shattering of the bubble cap following a hole nucleation on the cap surface.
Jet drops are created following the shattering of the bubble cap, whereby the resulting
cavity collapses emitting a series of droplets vertically upward [16]. Due to this difference
in the ejection mechanisms, film drops are generally less than 1 pm in radius and are more
representative of the surface film composition, whereas jet drops radii are usually in the
supramicrometer range and their composition is more representative of the bulk water [16].
Accordingly, the terminal fall velocity of film drops is lower than that of jet drops resulting in
them having higher atmospheric residence times. Furthermore, entrained bubbles contribute
to the formation of whitecaps — highly reflective patches at the water surface that consist of
the subsurface bubble plumes and surface foam generated by breaking waves. Next to being
a medium for gas and particle transfer at the air-water interface, whitecaps also influence

the global radiative balance by increasing the ocean’s surface albedo [74].

Water properties that affect air entrainment from breaking waves include temperature, gas
saturation, surfactant concentrations, and salinity [39, 75, 76, 77, 78]. Among these, tem-
perature effects on air entrainment are fairly well studied [56, 76]. However, the interplay
between salinity and surfactant concentrations in the water and their effect on surface and
subsurface bubbles during wave-breaking events is still not well understood. In particular,
our understanding of the systematic effect of water salinity on subsurface bubble plumes and
surface foams is still lacking. Several factors suggest that it is important to account for salin-
ity variations when studying air entrainment mechanisms in water bodies. Other than the
intrinsic differences in salinity between freshwater and saltwater bodies, the world’s oceans,
which constitute the largest portion of water bodies on the globe, are not uniformly saline.
Although the salinity in the open ocean is mostly between 33 and 37 g/kg, it drops down to 7
g/kg in the Baltic Sea and goes up to around 40 g/kg in the Red Sea [27]. Additionally, with
the increasing repercussions of global warming, the gap in salinity between the most and the
least salty regions in the oceans is increasing [79, 80]. Furthermore, there is an increased
interest in the mechanisms of air entrainment from breaking waves in freshwater surfaces.
Recent studies have suggested that breaking waves and the subsequent spray aerosols in
freshwater lakes can be a vessel for the transfer of harmful algal bloom toxins from the lakes
into the surrounding residential areas [37, 81]. Yet, few studies have investigated aerosoliza-

tion from breaking waves in freshwater bodies as compared to the large body of literature
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on aerosolization from seawater [35] Accordingly, understanding the effect of water salinity
on air entrainment and whitecap coverage helps to better characterize air-water interactions

and their implications on the climate and air quality.

Previous studies on the effect of salinity on subsurface bubble plumes from air entrainment
focused on the contrast between freshwater and seawater [40, 44, 45, 82, 83]. While Anguelova
and Huq [39] investigated the effect of different salinity values on the transient void fraction
by using a continuous plunging jet, no previous systematic studies have been reported on the
effect of salinity on bubble size distributions following active air entrainment. In an early
experiment on whitecap coverage, Monahan and Zietlow [44] found that saltwater bubble
clouds are characterized by an abundance of small bubbles as compared to freshwater bubble
clouds. Due to their reduced buoyancy, the smaller bubbles increased the lifetime of entrained
bubble plumes in saltwater. This observation was interpreted as a possible explanation for
the higher whitecap coverage in seawater over freshwater for similar wind conditions in
previous field measurements [46]. To further explain these field observations, a later study
also showed an increase in small bubbles number with increasing salt concentration [41].
This behavior was attributed to increased resistance to coalescence in saltwater as compared
to freshwater [84]. The smaller subsurface bubbles in saltwater persist longer and can extend
the lifetime of surface whitecaps. However, it has also been argued that bubble breakup in
more saline water results in smaller bubbles than that in freshwater, which was linked to
the differences observed in the bubble populations between freshwater and saltwater [85].
An increase in bubble population of all sizes in saltwater as compared to freshwater was
also reported in a laboratory wave channel for two different depths [82]. Similarly, bubbles
in seawater were observed to be smaller, more numerous, and having higher subsurface
residence time than those in freshwater [45]. Contrary to Haines and Johnson [45], who
argued that there is a shift to smaller bubbles in seawater bubble plumes, Wu [86] argued
based on the measurements of Cartmill and Su [82] that more air is entrained in seawater and
that the number of bubbles of all sizes is greater in seawater than in freshwater. Moreover,
using an intrusive probe for bubble detection, Chanson et al. [87] also reported that finer
bubbles are created beneath seawater plunging jets than in freshwater. The authors also
reported that less air volume and smaller bubbles are present in freshwater as compared
to saltwater. In contrast, Loewen et al. [83] found no significant difference in bubble size

distributions between fresh and seawater. Their observation was for bubbles greater than 0.8
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mm in diameter beneath laboratory waves generated by a mechanical wave paddle. As noted
previously by Blenkinsopp and Chaplin [40], the disparity in the insights provided by several
previous investigations suggests that the exact effect of salinity on bubble entrainment in

breaking waves needs further investigation.

The aforementioned studies on the effect of water salinity on air entrainment from break-
ing waves have focused almost exclusively on underwater bubble plumes [39, 40, 41, 45,
82, 83, 88]. However, surface interactions at the air-water interface occur mostly via the
foam patches created at the water surface following the rise of the bubble plumes [23, 27].
Nevertheless, few studies have investigated the differences in surface foam characteristics
for different water salinity values [44, 75, 89]. The lifetime of surface foam is affected by
various water properties including salinity, temperature, and surfactant concentrations. In
the absence of significant amounts of surfactants, the timescale of decay of surface foam is
comparable to that of bubble plume degassing. However, the presence of an appropriate
amount of surfactant can extend the lifetime of surface foam beyond that of the degassing
plume [76, 77]. Increasing water temperature has a less marked effect on the lifetime of sur-
face foam. A study of surface foam decay in a tank with a plunging water sheet showed an 8
% difference between the temperature extremes of 6 °C and 30 °C for filtered seawater [76].
As for the effect of salinity, early observations of whitecap coverage in seawater and freshwa-
ter surfaces suggested that foam patches are more persistent in seawater than in freshwater
[46]. This observation was later confirmed when experiments in a whitecap simulation tank
showed that surface foam coverage decays slower in saltwater than in freshwater [44]. In a
later study on the effect of salinity on the thickness of surface foam, the authors reported
a noticeable influence on foam thickness decay for salinities between 0 and 16 g/kg but not
for salinities between 20 and 36 g/kg [89].

Due to the difficulty of reproducing air entrainment from breaking waves in small-scale lab-
oratory systems, researchers have used different experimental setups to generate subsurface
bubbles including porous glass tubes [41, 53], overturning buckets [45, 88|, continuous jets
[35, 56], intermittent water sheets [90, 91], and wave channels [83, 92, 93]. The validity of
such setups to faithfully reproduce air-water interactions from breaking waves depends on
their ability to replicate the in situ bubbles and aerosols size distributions [90, 94]. Vari-
ous challenges hamper the correct reproduction of breaking waves’ bubble plumes in simple

laboratory setups. In plunging breakers found in the ocean, air entrapment occurs by the
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formation of an air tube between the jet tip and the impact surface, and the subsequent
splashing events occurring in the break zone. The plunging jet tip and the flow at the im-
pact surface have almost the same velocity and the jet tip does not penetrate the wave face.
The preceding mechanism is in contrast with a laboratory plunging jet where the water jet
penetrates the static surface and entraps craters of air [95]. Moreover, the lifetime of bubble
plumes in such laboratory setups are shorter than those found in the ocean [94]. Despite
these disparities in air entrainment mechanisms, it has been shown that intermittent plung-
ing sheets can replicate the correct bubble size distribution found in ocean’s breaking waves
[90].

In this study, we systematically explore the effect of water salinity values ranging from 0
to 40 g/kg on subsurface bubble plumes and surface foams in a laboratory breaking wave
analog. This investigation will help in assessing whether salinity variations have considerable
effects on air bubbles evolution after breaking waves and whether they should be accounted

for in future air-water interaction studies.

2.4 Methods

A laboratory water tank with a controllable plunging sheet is used to simulate air entrainment
from breaking waves. The design and operation of the tank follow closely the Marine Aerosol
Reference Tank (MART) system [90]. The setup consists of a polycarbonate tank (100 cm
x 54.6 cm x 61 cm) and two concentric tubes mounted inside the tank (Fig. 2.1a). The
outer and inner tubes have inner diameters of 78 and 21 mm, respectively. The concentric
tube setup allows water to drip from regularly spaced holes at the bottom of the inner tube
and accumulate in the outer tube. A slot (200 mm x 3 mm) on the outer tube side allows
the accumulated water to exit as a uniform sheet (Fig. 2.1a). Water inside the system is
continuously recirculated using 25 mm tubing from the bottom of the tank into the concentric
tubes by a 1/3 HP self-priming utility pump (AMT 2851-96). The intermittency of the water
sheet is controlled by a solenoid valve (Parker 2-way normally closed skinner valve) mounted
on the pump discharge port and connected to a time delay relay (Macromatic TR-53122-07).
A flow meter (Dayton 32ZN69) is mounted at the inner tube inlet to monitor the flow (Fig.

2.1a). This system is chosen for the experiments because it generates subsurface bubble
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plumes that have similar characteristics to air bubbles trapped beneath breaking waves in
the ocean [90]. The large volume of the water tank also allows the submerged bubble plume

to penetrate and evolve freely without interference from the tank walls.

(b)
. t= 0s Time (s)

«— Active air entrainment —-!<— Plume degassing and foam decay
|
U

3s Plume and foam camera recording phase —

Figure 2.1: The components of the intermittent plunging sheet system and time-
line of data acquisition. (a) The intermittent plunging sheet system and its components:
(1) Solenoid valve, (2) Centrifugal pump, (3) Time relay control box, (5) Digital Flowme-
ter, and (6) Concentric tubes. Also shown are the two camera positions: (4) Bubble plume
camera and (7) Surface foam camera. (b) Timeline of data acquisition following active air
entrainment from the plunging sheet.

Water salinity is varied by adding an appropriate amount of artificial sea salt (Instant Ocean
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Sea Salt) to tap water. The temperature and salinity of the water during the experiments
are measured using an Extech EC170 salinity /temperature meter. We used artificial sea salt
instead of pure NaCl because although the latter is the major compound in sea salt [27],
other ionic compounds (e.g., Mg*" and SO}~ ) have been shown to alter bubble shattering
characteristics of pure NaCl solutions [85]. Hence, there is a concern on the ability of studies
using NaCl as a proxy to sea salt to reproduce the correct bubble size distribution and drops

production found in the ocean [27].

Before each set of experiments, the tank is cleaned with soap and left to dry. We filled the
tank with 240 L of tap water providing a water depth of 44 cm. At this water depth, the
vertical distance between the slot and the water surface is approximately 10 cm. Once filled,
we left the water in the tank to sit until it reaches room temperature and gas saturation [96].
After the addition of salt to the water, we ran the recirculation system for several minutes
to achieve a homogeneous salinity in the water volume. Before the start of each experiment,
we measured and recorded the temperature and salinity values. The water outflow rate from
the slot during active air entrainment is 21 L/min and remains constant throughout the

experiments.

Subsurface bubble plumes are photographed using a Nikon D750 DSLR camera (shutter
speed 1/640 s, f-stop 18, and ISO 1600). The plume camera’s focal length is 120 mm,
providing a pixels density of 31.62 pixels/mm. The Nikon D750 is operated at three frames
per second (fps). Subsurface bubble plumes are monitored inside a rectangular 12.6 x 18.9
cm window with its top and left edge located at a depth of 11 cm from the water surface
and at 8.5 cm from the closest tank wall, respectively (Fig. 2.2a). Surface foam patches
are captured using an overhead Nikon D5300 DSLR camera (shutter speed 1/320 s, f-stop
5, and ISO 1600). The foam camera’s focal length is 60 mm, providing a pixel density
of 105.38 pixels/cm. The Nikon D750 is mounted horizontally facing the tank side wall
whereas the Nikon D5300 is mounted vertically facing the water surface from the top (Fig.
2.1a). Lighting for subsurface bubbles photography is provided by two 500-W tungsten
bulbs illuminating a diffuser sheet that is glued to the tank back wall facing the bubble
plume camera. Accordingly, subsurface bubbles in the photographs appear as dark shadows
against a bright background (see first column in Fig. 2.2b). Surface foams are illuminated
by two 80-W LED bars positioned at the tank sides. A black antireflective cardboard is
glued to the tank bottom to provide a dark background for foam photographs. This lighting
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configuration results in a bright foam area against a dark background in foam photographs

(see second column in Fig. 2.2b).
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Figure 2.2: The subsurface imaging window and examples of acquired bubbles
and foam images at various water salinities. (a) The imaging window of the plume
camera at the bottom of the evolving bubble plume. Shown on the y-axis is the distance
from the mean water level and the x-axis represents the distance from the closest tank wall.
(b) Sample images of subsurface bubbles and surface foams at water salinity values of 0, 15,
and 35 g/kg.

The two cameras are triggered simultaneously by sensing the electric signal from the solenoid
valve. Shooting starts at the instant the sheet stops hitting the water surface (Fig. 2.1b)
and this time is defined as the reference time for the experiments. Subsurface bubble sizes
and numbers as well as surface foam patch areas are determined by an algorithm executed
in the image processing software ImageJ [97]. The algorithm first subtracts the background
from the images and then uses a threshold to create a binary image that separates the
subsurface bubbles (or foam patches) from the background (see Fig. A.1 in Appendix A).
Watershed segmentation is used to isolate highly clustered subsurface bubbles in the initial
moments after air entertainment cessation that are characterized by high-void fractions (see
Fig. A.la). The unprocessed pictures were scaled by taking photos of a precision ruler

placed at the water surface for the foam images and at the tank midplane (piercing the
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bubble plume) for the subsurface bubble images. Unlike surface foam areas which were
determined using an automated threshold technique (Fig. A.1b), foam cells (i.e., surface

bubbles) were manually identified using the ImagelJ software (Fig. A.lc).

Two sets of experiments are carried out in this study. In the first set, we fixed the air entrain-
ment time to 3 s and varied the plume degassing time between 0 and 5 s by appropriately
setting the dials on the time delay relay. The salinity of the water during the experiments is
almost 0 g/kg and the water temperature varied between 19.6 °C and 20.5 °C. In the second
set, air entrainment was fixed at 3 s and we allowed the plume to degas for 8 s (fixed) to
replicate wave conditions in the ocean [76]. Synthetic sea salt is then added in increments
providing absolute salinity values of 0, 5, 10, 15, 20, 25, 30, 35, and 40 g/kg. The water
in the tank is kept the same for all experimental runs to ensure that unwanted surfactants
effects (that might have been introduced to the water by soap residue from the cleaning
process) are the same across all measurements. The water temperature during the salinity

experiments varied between 19.0 °C and 22.2 °C.

2.5 Results and discussion

2.5.1 The effect of plunging sheet intermittency

Many previous experimental studies have used continuous water jets as an analog of air
entrainment from breaking waves [15, 35, 56, 98]. While Stokes et al. [90] incorporated
an intermittent plunging sheet, no previous studies have systematically investigated the
effect of the air entrainment intermittency on bubble clouds characteristics. Continuous air
entrainment from an impinging jet can be associated to the acoustically active phase of wave
breaking [92]. Yet, it has been shown that breaking events in the ocean are characterized by
two distinct phases: the acoustically active phase during which bubbles are formed followed
by a quiescent phase during which the fully formed bubble plume evolves and rises to the
surface. Comparing air entrainment from a continuous jet to that of an intermittent jet
is important since continuous bubbling might affect the size of ejected aerosols at the air-
water interface. The concern is that continuous bubbling might hinder the bursting of small

bubbles on the water surface during the quiescent phase, thus affecting the film and jet
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drop contribution to the produced aerosols [99]. To investigate this hypothesis, we ran a
series of experiments with different jet intermittency values by changing the relay delay time
(Fig. 2.3).
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Figure 2.3: Timeline of the plunging sheet intermittency experiments. Timeline of
the six plunging sheet intermittency experiments. By setting the dial of the time delay relay,
we fixed the active air entrainment time to 3 s in all experiments and varied the solenoid
valve shutoff time between a minimum of 0 s (continuous hitting) at the bottom row and a
maximum of 5 s at the top row. For all experiments, the bubble plume camera recorded for
a period of 5 s starting from the cessation of active air entrainment (¢t = 0 s).

As mentioned earlier, the two cameras are triggered simultaneously at the time the plunging
sheet stops hitting the surface, and this time is termed time zero in Fig. 2.3. Once triggered,
the cameras recorded for a period of 5 s for all six experimental cases. The evolution of
underwater bubble size distributions at 1-s time intervals for each intermittency case is
depicted in Fig. 2.4. By increasing the shutoff time between consecutive air entrainment
events, the number of bubbles of all sizes decreases due to buoyancy and dissolution. This
loss of bubbles is manifested with an increase in the slopes of bubbles both greater and
smaller than the Hinze scale [92]. Bubbles greater than the Hinze scale are fragmented due

to the action of turbulent and shear flow, whereas bubbles smaller than the Hinze scale are
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stabilized against breakup by the action of surface tension [92]. Therefore, the Hinze scale
is defined as the radius of the smallest bubbles that fragment beneath a breaking wave.
As also shown by Deane and Stokes [92], the physical mechanisms of yield or resistance to
fragmentation described earlier act on two scales in the subsurface bubble size distribution,
resulting in two slopes that are separated by the Hinze scale. Visual inspection of the
slope change in the bubble size distributions in Fig. 2.4 indicates that the Hinze scale is
initially ~1 mm, but changes with time. Bubbles that are greater than the Hinze scale rise
first to the surface, which explains the faster slope increase for this range of bubble sizes
(Fig. 2.4). Smaller bubbles persist longer underwater and their slope variation is slower
than that of the bigger bubbles. A close examination of the bubble size distributions also
reveals that supramillimeter bubbles are completely lost between 3 and 4 s following active
air entrainment (Figs. 2.4c to 2.4e ), whereas submillimeter bubbles linger in considerable

numbers even 5 s following active air entrainment cessation (Fig. 2.4e).
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Figure 2.4: Temporal evolution of subsurface bubble size distributions for the
intermittency experiments. Temporal evolution of subsurface bubble size distributions
at 1 s intervals for the intermittency experiments of Fig. 2.3. The plots correspond to (a)
1s,(b)2s,(c)3s,(d)4s, and (e) 5 s of solenoid valve shutoff time. Plot (f) is for the
continuous plunging sheet case. The bubble density in each bin size is the average of 10
independent experiments.
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bubbles in the imaging window at time ¢t = 0 s) for bubbles with radii smaller and greater

The temporal evolution of the normalized bubbles number (+-, where Ny is the number of
than 1 mm (Figs. 2.5a and 2.5b, respectively) and the corresponding time derivatives (Figs.
2.5¢ and 2.5d) are explored for the 5-s plume degassing time case (3 s on 5 s off). After 5 s
from air entrainment cessation, the imaging window still contains around 13 % of the initial
submillimeter bubbles Ny (Fig. 2.5a). In contrast, supramillimeter bubbles are completely
lost 3 s following air entrainment cessation (Fig. 2.5b). There is a peak in the rate of loss
of submillimeter bubbles at time ¢ = 1 s (Fig. 2.5¢) and at ¢t = 0.33 s for supramillimeter
bubbles (Fig. 2.5d), which indicates that the most significant variations in bubble numbers
in our system occur within 1 s following the cessation of active air entrainment. The rate
of change of the normalized submillimeter bubbles number approaches zero asymptotically
at a much slower rate than that of the normalized supramillimeter bubbles number. In fact,
the rate of change of the normalized supramillimeter bubbles number is almost zero at time
t = 2 s (Fig. 2.5d), whereas that of the normalized submillimeter bubbles number levels off
at —0.06 s~! after t = 3.5 s (Fig. 2.5¢). The implication of the preceding analysis is that
submillimeter bubbles persist for a longer time in water and keep on feeding the surface foam
for even longer than 5 s in our system. The first few seconds of plume evolution following
breaking waves are associated with the highest gas exchange rate as the largest bubbles rise
to the surface [73]. The rest of the smaller bubbles form the background bubble population
found in the ocean [100]. The bubbles that persist at ¢ = 5 s and later have mostly radii
less than 0.5 mm (Fig. 2.4e) which are believed to result exclusively in jet drops when they
burst at the water surface [27, 99, 101]. But most importantly, there are no supramillimeter
bubbles rising and settling at the surface after t = 3 s (Fig. 2.5b), which allows the smaller
bubbles to evolve and burst freely on the water surface. The conditions investigated in Fig.
2.5 are relevant to low-frequency wave-breaking events where the effect of background bubble

population is considerable.

For high-frequency wave-breaking events under high-wind conditions or in the surf zone, the
effect of the transient bubble population becomes important as consecutive wave breaking
thwarts the free evolution of the bubble plume. Such conditions can be associated with
the case of continuous air entrainment (Fig. 2.4f) where the bubble size distribution is
almost constant over time and there is no noticeable loss in small bubbles due to the con-

tinuous injection of bigger bubbles. Accordingly, there is no evident coalescence effect on



24 CHAPTER 2. SALINITY AND AIR ENTRAINMNET IN BREAKING WAVES

=l | @ | )

—7r>1mm

Normalized bubbles number (

d(N/Np)
dt

3 2 3
Time (s) Time (s)

2

Figure 2.5: Time evolution and rate of change of the population of submillimeter

and supramillimeter subsurface bubbles during plume degassing. Time evolution

of the normalized bubbles number (Nﬁo) with radius (r) (a) less than 1 mm and (b) greater

than 1 mm in the 3 s on 5 s off experiment. Figures 2.5(c) and 2.5(d) show the corresponding
time rate of change (%) of the normalized submillimeter and supramillimeter bubbles,
respectively. The normalized bubbles number in Figs. 2.5(a) and 2.5(b) is averaged over 10
independent plunging events for each time step (0.33 s).

the subsurface bubble plume. In fact, some investigators have ruled out the importance
of underwater bubble coalescence/fragmentation [85, 102] due to hydrodynamic repulsion
between approaching bubbles. However, the effect of continuous bubbling may be more pro-
nounced on the surface foam. Unlike rising bubbles, the mechanisms of bubble evolution
and coalescence in the surface foam are far more complicated. Adjacent bubbles in a foam
patch experience liquid drainage and coarsening, which alters the initial size distribution
input from rising bubbles that reach the surface [103, 104]. Hence, continuously feeding the
water surface with big bubbles might prevent fine bubbles from evolving and bursting freely.
Accordingly, the contribution of film drops that are ejected from the unconstrained bursting
of submillimeter bubbles at the surface might be restricted. Indeed, a previous study showed
that the shape of the aerosol size distribution for seawater enhanced with organic materials

is altered when using a continuous jet as compared to a pulsed jet [105].
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Figure 2.6: Subsurface and surface bubble size distributions following active air
entrainment in the continuous and intermittent water sheet experiments. Sub-
surface (black) and surface (red) bubble size distributions for times (a) t = 1 s, (b) t =
2s,(c)t=3s,and (d) t = 4 s following active air entrainment. Circles correspond to
the continuous water sheet data and triangles correspond to the intermittent water sheet
data. The left axis (black) corresponds to the subsurface bubble size distribution and has
units of density per unit volume of water per micrometer increment in bubble radius. The
right axis (red) corresponds to the surface bubble size distribution and has units of density
per unit area of water surface per micrometer increment in bubble film radius. The x-axis
corresponds to both the subsurface bubble radii (r) and the surface film radii (7 i, ).

To further understand the effect of air entrainment intermittency on the free decay of a
surface foam, we measured the sizes of the bubbles within the surface foam for a continuous
water sheet as well as for an intermittent (3 s on 5 s off ) sheet case (Fig. 2.6). Most of the
literature in oceanography studies focuses on the subsurface bubble size distribution with
few investigators reporting on bubble size distributions in the surface foam [56]. We report
our results on the size distribution of surface bubbles as number of bubbles per unit area
of water surface per micrometer increment in bubble film radius [56]. Note that the radius
of a bubble settling on the water surface is called film radius and is generally different in
size from the corresponding subsurface bubble radius (Lewis and Schwartz [27]; their Fig.
31; Salter et al. [56]). At times ¢ = 1 s (Fig. 2.6a) and ¢t = 2 s (Fig. 2.6b), the surface

bubble size distributions are almost the same for the intermittent and continuous water
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sheet cases. For the intermittent case, the film radius of surface bubbles is greater than
the radius of the submerged bubbles at all times. This difference in bubble sizes between
subsurface and surface bubbles stems from the effect of coalescence and coarsening in surface
foams that alters the surface bubble size distribution. For instance, at time t = 2 s (Fig.
2.6b), the greatest subsurface bubble radius is less than 2 mm, whereas surface bubbles are
present with a film radius up to 8 mm. A considerable difference in the surface bubble
size distributions between the intermittent and the continuous water sheet cases starts to
be noticeable at times t = 3 s (Fig. 2.6c) and t = 4 s (Fig. 2.6d). There is a noticeable
increase in sub 0.3-mm bubbles in the intermittent case after 3 s of active air entrainment
cessation (Figs. 2.6¢ and 2.6d). In contrast, these small bubbles are almost not present in
the continuous case. Moreover, following 4 s of active air entrainment cessation (Fig. 2.6d),
very few supramillimeter bubbles remain on the surface in the intermittent case as compared
to the continuous case. The presence of very fine bubbles accompanied by the absence of
supramillimeter bubbles, in the intermittent water sheet case, allows fine bubble to evolve
freely on the water surface without any interactions with the bigger bubbles. In contrast,
the presence of a persistent layer of big bubbles in the foam generated by a continuous water
sheet (Figs. 2.6a to 2.6d) might lead the fine subsurface bubbles to be trapped below the
foam layer [105]. Furthermore, even if they reach the water surface, sub 0.3-mm bubbles
are likely to coalesce with bigger bubbles emerging from continuous air entrainment. Based
on the evidence above, our results support the hypotheses that continuous air entrainment
prevents smaller bubbles from evolving freely on the water surface and leads to spray aerosol

production that is more biased toward film drops.

2.5.2 Salinity effect on air entrainment in the plunging sheet
2.5.2.1 Subsurface bubble plume characteristics

In this section, we investigate the effect of water salinity on air entrainment in the wave-
breaking analog tank. Following our observations in Sect. 2.5.1 on the implications of the
plunging sheet intermittency on subsurface bubble plumes and surface foam characteristics,
we chose an intermittent (3 s on 8 s off ) water sheet case for the salinity study. As mentioned

in the Sect. 2.3, previous studies on the effect of salinity on air entrainment focused on
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comparing freshwater and seawater. No systematic study on the effect of different salinities
on bubble plume characteristics (especially size distribution) has been reported [27], except
a single study on void fraction dependence on salinity [39]. We start our investigation
by comparing the bubble size distribution of freshwater and synthetic seawater containing
35 g/kg of salt in our experiments against available data from the literature (Figs. 2.7a
and 2.7b). The shapes of the distributions for both freshwater and seawater imply that
the bubble generation mechanism has a considerable effect on the subsurface bubble plume
characteristics. For seawater (Fig. 2.7a), the bubble size distribution in the present study, in
the MART system [76] , and in a wave channel [92], are characterized by two distinct slopes.
The two slopes are less noticeable in the lake spray aerosol (LSA) generator [35]. This
discrepancy may be attributed to the small size of the tank used in the LSA generator (only
18 L) as well as the manual bubble detection technique [35]. The bubble size distribution in
our experiment is in very good agreement with that in Deane and Stokes [92] and Callaghan
et al. [76] for submillimeter bubbles. However, the corresponding supramillimeter bubble
size distributions show some discrepancy. The bubble size distribution in our experiment
and in the MART system [76] are in good agreement even for supramillimeter bubbles.
This agreement is expected since our system is basically identical to the MART system
and the experimental conditions for the two distributions are almost similar (see Fig. 2.7
caption). Yet, the slopes of supramillimeter bubble size distribution in both systems are
steeper than that of the wave channel. This difference in slopes is expected since the wave
channel data are averaged over the acoustic phase, whereas the present and the Callaghan
et al. [76] studies correspond to the quiescent phase (see Sect. 2.5.1). Nonetheless, even when
comparing the plunging sheet bubble size distribution during the acoustic phase (i.e., at time
t = 0 s) to the distribution in the wave channel, the slope of supramillimeter bubbles is still
slightly steeper in the plunging sheet setup. Accordingly, we expect that bigger bubbles are
entrained beneath an oceanic wave than in our setup. Given that bubbles bigger than the
Hinze scale are created during the cavity (air tube) collapse [92], a flow feature that is not
reproducible in a plunging water sheet, it seems that our setup cannot reproduce the sizes
and the numbers of the biggest bubbles formed under an oceanic wave (up to 1 cm in radius
according to Deane and Stokes [92]). Note that despite the different locations of imaging
windows used in the present study (Fig. 2.2a) and in the Callaghan et al. [76] study (the

top part of their analysis window is located 3 cm below the water surface as shown in their
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Fig. 2), there is a good agreement between the bubble size distributions evaluated in the
two studies. This consistency indicates that our choice of the imaging window does not have
a significant effect on the subsurface bubble size distribution measurements. In the case of
freshwater (Fig. 2.7b), there is a higher discrepancy between the bubble size distributions
available in the literature. Unlike for seawater, the freshwater bubble size distribution in a
tipping trough [88] is bimodal at 0.3 and 1-2 mm, respectively. There is also a peak in the
LSA generator bubble size distribution for both synthetic and Lake Michigan freshwater [35]
at around 0.3 mm (Fig. 2.7b). In contrast, the freshwater distribution in the wave channel
[83] and in the plunging sheet of our system have no distinguishable modes. Moreover,
there is a good agreement between the slopes of supramillimeter bubbles in the plunging
sheet and in the wave channel [83]. Furthermore, in a similar experimental setup to Deane
and Stokes [92] and Loewen et al. [83], Leifer and De Leeuw [106] and Leifer et al. [107]
identified nine distinct plume categories distributed among two main groups in experiments
in a wind-wave channel using unclean freshwater. The first group represents plumes termed
as ”diffuse” whereas the second group is constituted of plumes termed as ”dense” based
on the ability of the plumes to obscure the background. Although dense plumes exhibited
multimodal distributions unlike the two slopes distribution in diffuse plumes, the subsurface
bubble size distribution was characterized by two slopes when all nine plume categories were
combined [106, 107]. Accordingly, the two slopes that characterize bubble size distribution in
seawater-breaking waves [92] are also present in freshwater [106, 107], which conforms with
the freshwater bubble size distribution of our setup shown in Fig. 2.7b. Figure 2.7c shows the
ratio of 35 g/kg saltwater bubble size distribution (Ds5) to freshwater bubble size distribution
(Dy) at the instant of active air entrainment cessation (¢ = 0's). In the submillimeter bubble
radii range, the percent increase in the population of saltwater subsurface bubbles over the
corresponding population of freshwater bubbles ranges between 53% and 117% at bubble
radii of 0.32 and 0.79 mm, respectively. In contrast, the ratio in the supramillimeter range is
more sporadic with values above unity for bubbles with radii up to 1.7 mm and below unity

in the 1.7- to 2.3-mm bubble radii range.
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Figure 2.7: Subsurface bubble size distribution in seawater and freshwater com-
pared to other measurements from literature and the ratio of saltwater-to-
freshwater bubble size distributions. Bubble size distribution in (a) seawater and
(b) freshwater. Panel (a) shows the bubble size distribution at a salinity of 35 g/kg and a
temperature of 20.3 °C in this study at time ¢ = 1 s. Also shown are previously measured
bubble size distributions in unfiltered seawater with a salinity of 33 g/kg at 20 °C in a MART
system also at time ¢t = 1 s [76], synthetic seawater in a lake spray aerosol (LSA) generator
during active air entrainment [35], and seawater in a wave flume during active wave breaking
[92]. The lines are the theoretical -3/2 and -10/3 power scaling laws for bubbles smaller and
greater than the Hinze scale, respectively [92]. Panel (b) shows the bubble size distribution
for freshwater at 19.0 °C at time ¢t = 1 s. Also shown are previously measured bubble size
distributions in synthetic and Lake Michigan freshwater [35], in freshwater in a wave channel
[83], and in freshwater with a tipping trough [88]. In the determination of subsurface bubble
size distributions, the line of sight of the plume camera spanned the tank length (1 m) and
this dimension was used to calculate the total water volume in the camera’s field of view.
The bubble size distributions in panels (a)-(b) are scaled to coincide at the Hinze scale [90].
(c) The ratio of saltwater (35 g/kg) to freshwater (0 g/kg) bubble size distributions at time
t=0s.
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The bubble size distributions at 1-s intervals starting from air entrainment cessation (¢ = 0 s)
for salinity values of 0, 10, 20, 30, and 40 g/kg are depicted in Fig. 2.8. Although not shown
in Fig. 2.8, the standard deviation of the data points in the submillimeter range is within
10 % to 15 % of the average value, yet the uncertainty increases to more than 100 % in the
supramillimeter range. Increasing salinity leads to a pronounced and monotonic increase in
bubbles with radii between 0.1 and 0.5 mm at time ¢t = 0 s (see Fig. 2.8a and Fig. A.2a).
This increase is consistent with the results of May et al. [35]; their Fig. 7, who observed an
increase (2-3 orders of magnitude) in the density of bubbles with radii smaller than 0.3 mm
during active air entrainment in the LSA generator. However, the increase in bubble density
for sub-0.3 mm bubbles is less pronounced in our system, with the maximum difference
between freshwater and the most saline water (40 g/kg) not exceeding a ratio of two at time
t = 0 s. Unlike the significant increase in bubble population in the submillimeter range, the
density of supramillimeter bubbles is almost constant over the investigated salinity range
(see Figs. 2.8 and Fig. A.2b). Since increasing salinity enhances the submillimeter bubble
population in the bubble plume, the gap between the bubble size distributions at different
salinity values increases with time, driven by the reduced buoyancy of the profusion of tiny
bubbles in saltier waters (Figs. 2.8b to 2.8f). One possible explanation for the increase in
small bubbles density in higher salinities is the enhanced coalescence inhibition in more salty
waters [41, 84, 108, 109]. Another explanation is the ion specific shattering of big bubbles
into smaller bubbles in saltier waters [85]. However, the increased coalescence inhibition is
based on observation of bubbling from a glass frit [84]. Air entrainment by a plunging sheet
is intrinsically different from glass frits bubbling, and such an explanation might not apply
to air entrainment from water jets and breaking waves. Additionally, it has been suggested
that the effect of bubble coalescence in underwater bubbles is minimal [85, 102, 106] due
to the hydrodynamic repulsion between approaching bubbles. Hence, further investigations
on the effect of salinity on the physical mechanisms of air entrainment in a breaking wave
(see Deane and Stokes [92]) can help in elucidating the increase in bubble population in the
plume observed with increasing salinity. Monitoring changes in the plunging sheet roughness
(see Callaghan et al. [76], Kiger and Duncan [95], Zhu et al. [110]) and the Hinze scale during
systematic salinity experiments can provide great insights on the change in air entrainment

volume and subsurface bubble size distribution with salinity.

To more closely investigate the effect of water salinity on bubble size distribution, we divided
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Figure 2.8: Time evolution of subsurface bubble size distributions for different
water salinities. The time evolution of bubble size distributions for different salinities
ranging from 0 to 40 g/kg in 10 g/kg increments. Each data point is the result of an
ensemble average over 10 plunging events for each bin size.

the bubble radii between 0.1 and 5.0 mm into six bins and determined the time evolution
of the normalized total bubbles number (Figs. 2.9a, 2.9d, and 2.9g), the void fraction «
(Figs. 2.9b, 2.9¢, and 2.9h), and the fraction of total air volume (Figs. 2.9¢, 2.9f, and 2.9i)
in each bin. There is an increase in bubble population in all six bins (average increase of
65 %) in the highest salinity water (40 g/kg) over the freshwater (0 g/kg) experiment at
time ¢ = 0 s (Fig. 2.9a). The greatest increase of 92 % in bubble population occurs for
bubbles with radii between 0.5 and 0.8 mm (Fig. 2.9a). Moreover, the bubble population
plots (Figs. 2.9a, 2.9d, and 2.9g) suggest that increasing salinity results in a systematic
increase in bubble populations especially for submillimeter bubbles. On the other hand,
supramillimeter bubbles do not exhibit a clear correlation with salinity (see Fig.A.2b and
the supramillimeter bins in Figs. 2.9a, 2.9d, and 2.9g). Likewise, previous experiments in a
wave channel also showed no significant differences between freshwater and seawater in the
entrainment of bubbles with radii greater than 0.8 mm [83]. However, caution should be
exercised when interpreting the data pertaining to supramillimeter bubbles due to the high

uncertainty associated with this range in the plunging sheet setup (Figs. 2.7a to 2.7c¢ and



32 CHAPTER 2. SALINITY AND AIR ENTRAINMNET IN BREAKING WAVES

2.9a, 2.9d, and 2.9g; see also Stokes et al. [90]; their Fig. 4) as compared to a wave channel.
To associate the bubble population results to the air entertainment volume, the total air
volume inside the imaging window is computed by integrating the subsurface bubble size
distribution (see Fig.A.3). Evaluating the total air volume at time ¢ = 0 s indicates that
there is an increase of 52 % in the total volume of air entrained in the 40 g/kg saline water
over freshwater (see Fig. A.3a). Although nonmonotonic, there is a general increasing trend
in the total entrained air volume between the two salinity extremes at time t = 0's. Therefore,
we may speculate that more air is entrained in more saline water. However, the reader should
keep in mind that the air volume was computed starting from a depth of 11 cm (Fig. 2.2a),
and accordingly, the densest near-surface part of the bubble plume is not incorporated in
the air volume calculations. Although our speculation on the increase of air entrainment
with salinity is inconclusive due to the limitation in the location of the imaging window, an
increase in air entrainment volume in seawater over freshwater was also observed in a wave

channel experiment [82, 86|, and in the LSA generator [35].

The distribution of the void fraction « over the six bins indicates that at time ¢ = 0 s,
bubbles of radii greater than 0.5 mm contribute around 75 % to the total void fraction (Figs.
2.9b and 2.9¢). As the degassing of the bubble plume continues, the peak in volume fraction
contribution shifts to smaller radii with bubbles less than 0.5 mm contributing to around 55
% of the total air volume at time ¢ = 4 s (Fig. 2.9i). The void fraction at ¢ = 0 s increases
systematically with salinity for all submillimeter bubbles (Fig. 2.9b), which is consistent with
the systematic increase of submillimeter bubble population with salinity reported earlier. For
later times (Figs. 2.9e and 2.9h), there is also a noticeable difference in the void fraction
in each bin size, even though most of the entrained air is lost with the degassing of the
larger bubbles. The preceding analysis suggests that the background bubble population that
remains after the degassing of the initial bubble plume is higher in more saline water than
in freshwater (Figs. 2.9¢ and 2.9h). The enhancement of background bubble population in
saltier water stems from the abundance of tiny bubbles that characterizes saltwater. Due
to their reduced buoyancy, these submillimeter bubbles extend the lifetime of the bubble

plume, which enhances the background bubble population in saltwater over freshwater.
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Figure 2.9: Time evolution of the bubble concentration, void fraction, and fraction
of total air volume in six subsurface bubble size bins for various water salinities.
Time evolution of the normalized bubbles number (bubbles per m? of water volume in the
imaging window) divided into six bins (a, d, and g). The corresponding void fraction «
(air volume occupied by the bubbles divided by the water volume in the imaging window)
in each bin size, calculated by assuming spherical bubble shapes (b, e, and h). Also shown
is the contribution of each bin size (expressed in volume fraction) to the total air volume
(c, f, and i). The values are the result of an ensemble averaging over 10 independent trials
for each salinity value and the error bars in the first and second columns are +1 standard
deviation.

2.5.2.2 Surface foam characteristics

The temporal decay of surface foam area A following cessation of active air entrainment for
all salinity values (0-40 g/kg) is depicted in Fig. 2.10a. Increasing water salinity leads to a
systematic increase in foam persistence time with the most noticeable increase in foaming
enhancement occurring between salinity values of 0 and 5 g/kg, as well as between 5 and 10
g/kg. Although there is an increase in foam persistence for water salinities between 20 and
40 g/kg, the foam decay curves are relatively similar. These results are consistent with a
previous study that found no significant differences in foam thickness for oceanographically

relevant salinities [89]. To further investigate the effect of water salinity on the decay char-
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acteristics of surface foam, we modeled the temporal decay of surface foam with a simple

exponential model [44]:

A(t) = Age ™ (2.1)

where Ay is the area at the start of the areal decay (at time t = 0 s) and 7 is a decay
timescale (see Table 2.1). The maximum foam area (Ay) increases nonmonotonically with
salinity, with the maximum foam area increasing by 32.7 % with a 30 g/kg addition of salt
to freshwater. We can infer from the increasing trend in Ay that more foam persists at the
water surface at the end of active air entrainment in more saline waters. The decay time is
a quantitative measure of the persistence of foam patches on the water surface. A higher
decay time indicates more persistent foams, whereas lower decay times indicate less persistent
foams. Similarly to the Ay values, the decay times also show a nonmonotonic increase with
salinity, with the lowest value occurring for freshwater and the highest at a salinity of 35 g/kg.
Accordingly, there is a quantifiable effect of water salinity on surface foam persistence: foams
persist longer in saline water than in freshwater. To further quantify the increase in foam
persistence in more saline water, the foam area for water salinities of 10, 20, 30, and 40 g/kg
normalized to that of freshwater (0 g/kg) are depicted in Fig. 2.10c. Increasing water salinity
results in an orderly increase in areal ratio with time. The percent increase in foam area
over freshwater (averaged over the 5-s data collection period) is 78%, 90%, 97%, and 103 %
for salinity values of 10, 20, 30, and 40 g/kg, respectively. One explanation for the increased
foaming effect observed in more saline water is the increased number of subsurface bubbles
with increased salinity (Figs. 2.8 and 2.9). As described by Scott [41], the increased number
of slowly rising submillimeter bubbles in more saline water extends the lifetime of surface
foam. Indeed, sub-500-microns bubbles are more persistent in more saline water (Figs. 2.8d
to 2.8f), and they accordingly replenish the surface foam for a longer time. Nevertheless,
surface foam evolution is not only affected by replenishing from the subsurface bubble plume
but also by physical mechanisms affecting its persistence on the water surface. Since salinity
has a minute effect on viscosity [27], the thin-film drainage of foam cells is not expected to
be affected significantly by variations in salinity due to viscosity variations [111]. However,
the reduction in surface tension expected in our tap water experiments [39] may reduce the

drainage pressure [101, 112] and decrease viscous drainage on the bubble cap. Furthermore,
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Table 2.1: The coefficients of exponential decay fit (Eq.
(2.1)) for all salinity values.

Salinity (g/kg) Ag (em?) 7(8)
0 114.0 (107.7, 120.4) 1.66 (1.53, 1.82)
) 138.0 (129.9, 146.2) 1.89 (1.73, 2.08)
10 145.5 (136.6, 154.4) 2.14 (1.95, 2.37)
15 145.9 (137.5, 154.4) 2.24 (2.05, 2.47)
20 145.9 (136.8, 155.1) 2.28 (2.07, 2.54)
25 142.4 (132.2, 152.6) 2.48 (2.22, 2.81)
30 151.3 (139.6, 163.1) 2.32 (2.06, 2.66)
35 143.5 (133.0, 154.0)  2.54 (2.27, 2.90)
40 145.3 (133.1, 157.5) 2.48 (2.18, 2.88)

Note. The fitting starts at time t = 0 s. Columns 2 and 3 show
the area (Ap) at the start of the decay (t = 0 s) and the foam
decay time (1), respectively. The 95 % confidence intervals are
displayed between parentheses for each fit coeflicient.

recent studies have shown a replenishing upward flow (Marangoni flow) from the bubble
base to its apex induced by surface tension gradients after addition of salt to freshwater
[113]. This flow is induced by the evaporative effects on the bubble cap, and it counteracts
the viscous drainage from the bubble cap to the bulk water. A reduced viscous drainage
coupled with a replenishing upward flow on the bubble cap extends its lifetime, although the
latter is also affected by interactions of the bubble with the surrounding foam cells. Further
investigations on the effect of salinity on foam cells drainage and coalescence/coarsening
mechanisms could help in elucidating the increased foam persistence in more saline water.
A particular attention should be drawn to small-salt concentrations (5-10 g/kg) since they

greatly enhance the lifetime of surface foam (Fig. 2.10a).

The time rate of change of the foam area (0A/0t) for freshwater and an oceanographic
salinity of 35 g/kg is shown in Fig. 2.10b. The maximum rate of decrease of foam area is 64
and 48.5 cm?/s for 0 and 35 g/kg salinities, respectively. The negative peak in areal decay
occurs 0.2 s earlier in freshwater than in the 35 g/kg saltwater. Following the peaks in the
areal rate of change, the foam area loss in saltwater is higher than that in freshwater (more
negative derivative value as shown in Fig. 2.10b), yet the foam coverage in more saline water

remains higher than that in freshwater at any instant during the surface foam decay (Figs.
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Figure 2.10: Characteristics of the time evolution of surface foam area for various
water salinities and the decay of surface foam area calculated via thresholding
and by integration of the surface bubble size distribution. (a) Temporal evolution
of surface foam area A for water salinity values increasing from 0 to 40 g/kg in 5 g/kg
increments. (b) Temporal evolution of the rate of change of surface foam area 0A/0t with
time for freshwater (0 g/kg) and saltwater (35 g/kg). (c) Temporal evolution of the surface
foam area at salinities of 10, 20, 30, and 40 g/kg normalized to the foam area of freshwater (0
g/kg). The data in Figs. 2.10a to 2.10c are obtained by the thresholding algorithm described
earlier and the data points are average values over 10 independent plunging events for each
water salinity. (d) The decay of surface foam area in freshwater and 35 g/kg saltwater
calculated via thresholding and by integration of the surface bubble size distribution.
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2.10a, 2.10c, and 2.10d). Hence, despite the higher loss of foam cells in saltwater, surface
foam remains more persistent in saltwater than in freshwater. The higher rate of foam cells
loss in saltwater also indicates that more surface bubbles are lost by bursting, which can

increase droplets emission from the surface with increasing salinity.

Next to the thresholding method described earlier (see Sect. 2.4, Text S1, and Fig. A.1b), we
determined the total foam area by integrating the surface bubble size distribution n(r im, t)

(see Fig. A.lc) using :

Alt) = / 2 0 s t) d i (2.2)
T pitm1
Where, 7 1, is the bubble film radius and 7 ¢i,1 and 7y, 2 are the lowest and highest surface
bubbles film radii in the foam, respectively. Figure 2.10d shows the temporal evolution of the
surface foam area calculated using Eq. (2.2) and by binarizing the image using a thresholding
algorithm for freshwater and a 35 g/kg saltwater. The maximum foam areas computed using
the thresholding technique are ~70% higher than those computed by integrating the surface
bubble size distribution. Moreover, the percent increase in maximum foam area in saltwater
over freshwater at time ¢ = 0 s is 23.8% and 12.1% using the thresholding and integration
methods, respectively. The overestimation of the foam area using the thresholding method
could be an artifact of the image binarization algorithm. Since the threshold method is
based on differences in the pixels intensity of the image, excessive light scattering from highly
clustered swarms of surface bubbles might hinder the accuracy of the algorithm. For instance,
a closer look at the binary foam image in Fig. A.1b reveals that areas not covered by foam
patches do contribute to the total foam area, possibly due to light scattering from nearby
foamy patches. Moreover, unlike the integration method that exclusively resolves surface
bubbles, subsurface bubble plumes might have contributed to the foam areas evaluated by
the thresholding method. Despite this inherent drawback in the thresholding method, the
same threshold algorithm was applied to all the foam images across the different experimental
runs, which renders the extracted foam decay properties at different salinity values in Figs.

2.10a to 2.10c internally consistent.

To further investigate the effect of salinity on the time evolution of foam cells, we quantified

surface bubbles film radii in freshwater and saltwater (see Sect. 2.5.1). The surface bubbles
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size distributions (red curves) for freshwater (0 g/kg) and a typical oceanic salinity of 35
g/kg for timest =0s,t =1s,t=2s,t=3s,t=4s,and t = 5 s are shown in Fig. 2.11.
Also shown are the subsurface bubble size distributions (blue curves) at each time. At times
t =0s (Fig. 2.11a), t = 1 s (Fig. 2.11b), and ¢t = 2 s (Fig. 2.11c), there is a noticeable
increase in the number of surface bubbles in saltwater as compared to freshwater for bubbles
less than 2 mm in radius. Surface bubbles with film radii greater than 2 mm are comparable
in number for the two salinities at times t = 0 s (Fig. 2.11a) and t = 1 s (Fig. 2.11b) and
they are more numerous in freshwater at time ¢ = 2 s (Fig. 2.11c). Following 3 s from the
cessation of active air entrainment, few bubbles with film radii greater than 1 mm, for both
salinities, persist on the water surface (Figs. 2.11d to 2.11f). Moreover, surface bubbles with
film radii down to 0.1 mm are more numerous in saltwater than in freshwater at times t =
3 s (Fig. 2.11d), t = 4 s (Fig. 2.1le), and t = 5 s (Fig. 2.11f). The overall increase in
surface bubble concentration in more saline water suggests that more droplets from bubble
bursting are emitted from saltwater following wave breaking as compared to freshwater.
This result agrees with the aerosol size distribution of freshwater and saltwater in an LSA
generator (May et al. [35], Fig. 4a), albeit the considerable increase in dry particles emission
in saltwater reported in the aforementioned study is probably due to the higher ionic content

in saltwater as compared to freshwater (May et al. [35], Fig. 1).

Next to the increase in the total number of droplets emitted in saltwater, we can infer the
contribution of film drops and jet drops to the spray aerosol production during the foam
area decay from the size distributions of surface bubbles. Based on the review of Lewis
and Schwartz [27]; Fig.26, and the experimental study of Lhuissier and Villermaux [101],
bubbles with film radii less than 1-1.5 mm produce almost exclusively jet drops, whereas
bigger bubbles produce almost exclusively film drops. Overall, the increase in surface bubbles
population in more saline water is for bubbles with radii up to a couple of millimeters and
down to the detection limit of the overhead camera (Fig. 2.11). This result suggests that
more jet drops emission is expected in more saline water. Given that no noticeable differences
in supra 2-mm surface bubbles population are observed in our experiments between saline
water and freshwater during the foam decay (Fig. 2.11), we conclude that the film drop

emissions would not be as highly associated to salinity as jet drop emissions.
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Figure 2.11: Time evolution of subsurface and surface bubble size distributions
in freshwater and saltwater. Subsurface bubble size distributions (left axis) and surface
bubble size distributions (right axis) for water salinities of 0 and 35 g/kg at times (a) t = 0
s,(b)t=1s,(c)t=2s,(d)t=3s,(e)t=4s,and (f) t =5s.

2.6 Conclusions

In this study, we systematically explored the effect of water salinity on subsurface bubble
plumes and surface foams in an intermittent plunging sheet setup. Our experiment on the
effect of plunging sheet intermittency on air entrainment highlights the disparities in bubble
plume characteristics and surface bubbles sizes in systems that use continuous jets as opposed
to systems that use intermittent jets. In the intermittent sheet case, the surface bubbles size
distribution is highly variable with time after air entrainment cessation, which influences the
bubble-mediated interactions at the water surface. Bubble film radii at the water surface
shift to smaller sizes as the surface foam evolves indicating that the contribution of film
and jet drops varies during foam decay. Our results confirm the concerns put forward by
many previous researchers [56, 91, 99, 105], who argued that continuous air entrainment
could lead to a biased aerosols emission from the surface foam. Accordingly, we suggest
that it is important to allow enough time for the bubble plumes and surface foams to evolve
following active air entrainment in future experimental studies dealing with aerosolization

from aquatic environments. Such a recommendation is especially relevant to the contribution
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of the background bubble population to air-sea processes under low frequency wave-breaking
events. However, if the breaking events are highly frequent in time and space, the continuous

air entrainment case could better describe the in situ evolution of surface foams.

Increasing water salinity leads to an evident effect on the sizes and numbers of entrained
subsurface bubbles. Contrary to the supramillimeter bubbles population that is almost
independent of salinity, submillimeter bubbles exhibited a systematic increase with increasing
salinity. Regarding the effect of salinity on the total entrained air volume, our analysis was
restricted to a deep section of the bubble plume and missed the near-surface section that
holds the majority of the entrained air. Despite this limitation, we speculate that breaking

waves inject more air in the water column in saltwater than in freshwater.

As for the surface foam, our results indicate that there is a systematic and distinct increase
in the area and lifetime of surface foam with increasing salinity. Next to the increased
foaming in more saline water, surface bubbles in freshwater and saltwater showed distinct
disparities. Considering surface bubbles of all sizes, there is a noticeable increase in surface
bubble population with increasing salinity, which suggests that more droplets are ejected
from more saline water as compared to freshwater. More specifically, bubbles with film radii
up to a couple of millimeters are more numerous in saline water as compared to freshwater.
We did not observe any noticeable difference in the population of surface bubbles with radii
greater than 2-3 mm with increasing salinity. The surface bubbles characteristics hint that

changing water salinity has a more pronounced effect on jet drops than on film drops.

With the lack of a comprehensive study on the variation of air entrainment from breaking
waves with salinity, our study provides insights on the changes in air-water interactions due
to variations in salinities in different bodies of water. Both the increase in surface bub-
bles number and their residence time with increasing salinity indicate that the latter has
a considerable effect on bubble mediated interactions at the air-water interface. Yet, the
extent of the salinity effect on water foaming is dependent on the salt concentration. Al-
though a systematically varying salinity did not have a considerable effect on foam decay for
oceanographically relevant salinities (say 30-40 g/kg), even low-salt concentrations drasti-
cally enhance the foaming characteristics of freshwater. This result raises concern on the use
of saltwater models to predict bubble-mediated air-water interactions in freshwater bodies
(see, e.g., Chung et al. [59]).
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Chapter 3

A lake spray aerosol emission

parameterization

Reprinted (adapted) with modifications from Harb, C., & Foroutan, H. (2022). Experimental
development of a lake spray source function and its model implementation for Great Lakes

surface emissions. Atmospheric Chemistry and Physics Discussions, 1-32.

3.1 Abstract

Lake spray aerosols (LSAs) are generated from freshwater breaking waves in a similar mech-
anism to their saltwater counterparts, sea spray aerosols (SSAs). Unlike the well-established
research field pertaining to SSAs, studying LSAs is an emerging research topic due to their
potential impacts on regional cloud processes and their association with the aerosolization
of freshwater pathogens. A better understanding of these climatic and public health im-
pacts requires the inclusion of LSA emission in atmospheric models, yet a major hurdle to
this inclusion is the lack of a lake spray source function (LSSF), namely, an LSA emission
parameterization. Here, we develop an LSSF based on measurements of foam area and the
corresponding LSA emission flux in a marine aerosol reference tank (MART). A sea spray
source function (SSSF) is also developed for comparison. The developed LSSF and SSSF are
then implemented in the Community Multiscale Air Quality (CMAQ) model to simulate par-

42
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ticle emissions from the Great Lakes surface from 10 to 30 November 2016. Measurements in
the MART revealed that the average SSA total number concentration was eight times higher
than that of LSA. Over the 0.01-10 um aerosol diameter size range, the developed LSSF was
around one order of magnitude lower than the SSSF and was around two orders of mag-
nitude lower for aerosols with diameters between 1 and 3 pm. Model results revealed that
LSA emission flux from the Great Lakes surface can reach ~10° m~2s~! during an episodic
event of high wind speeds. These emissions only increased the average total aerosol number
concentrations in the region by up to 1.65%, yet, their impact on coarse-mode aerosols was
much more significant with up to a 19-fold increase in some areas. The increase in aerosol
loading was mostly near the source region, yet LSA particles were transported up to 1000
km inland. Above the lakes, LSA particles reached the cloud layer, where the total and
coarse-mode particle concentrations increased by up to 3% and 98%, respectively. Overall,
this study helps quantify LSA emission and its impact on regional aerosol loading and the

cloud layer.

3.2 Introduction

In a similar mechanism to sea spray aerosols (SSAs) generation in saltwater [27], lake spray
aerosols (LSAs) can be produced by the entrainment of air bubbles by freshwater breaking
waves and the subsequent bubble bursting process on the water surface [35]. LSAs were first
detected above the surface of the Laurentian Great Lakes in North America during an aircraft
sampling campaign in summer 2009 [36], and have since become an emerging research topic
(35, 47, 59, 81, 114]. Unlike SSAs which constitute a major fraction of the global aerosol
mass input into the atmosphere (10'2-10™ kg y~!; Textor et al. [24]) and play a key role in
Earth’s climate by affecting cloud properties and scattering light [27], the role of LSAs in
atmospheric processes is not well understood. While oceans cover around 70% of Earth’s
surface, freshwater lakes cover a significantly smaller area and are for the most part limited
in fetch. Therefore, the impact of LSAs on atmospheric processes might be constrained to
regional scales. Nonetheless, recent research has shown that LSA emission might pose a risk
to respiratory health by being a vector for the water-to-air dispersal of biological material
from freshwater bacteria [115], including cyanobacterial toxins from harmful algal blooms

(HABs) [37, 38, 48], and hence might pose a risk to respiratory health. Moreover, LSAs have
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been sampled in the cloud layer above the Great Lakes surface [47], which indicates possible

implications on cloud process and hence regional climate.

Although breaking waves in saltwater and freshwater might look identical at first glance,
looking more closely at the bubble formation and bursting mechanisms reveals important
differences between the two environments. At the subsurface level, the entrained bubble
plume in saltwater is characterized by a higher void fraction and is comprised of smaller
and more numerous bubbles than that in freshwater [39, 40, 41, 116]. These differences
have been ascribed to enhanced bubble coalescence in freshwater due to lower ionic content,
which constrains the formation of the tiny bubble clouds observed in saltwater [84, 108].
Disparities in bubble formation between freshwater and saltwater are manifested at the
surface level, whereby saltwater whitecaps (foams) have been observed to be bigger and
more persistent than their freshwater counterparts for the same wave breaking conditions
[44, 116]. Furthermore, saltwater whitecaps are comprised of a profusion of tiny surface
bubbles, whereby those in freshwater contain bigger bubbles [116]. Surface bubble size
influences the spray aerosol ejection pathway, which can occur either during the shattering
of the bubble cap or after the ensuing cavity collapse. The former mechanism, known as film
drop formation, occurs mostly in bubbles with a radius greater than 0.5-1 mm, while the
latter, known as jet drop formation, occurs mostly in bubbles with a radius smaller than 0.5
mm [16, 17, 27]. Therefore, the smaller surface bubbles observed in saltwater whitecaps might
enhance jet drop production in saltwater as compared to freshwater [116]. These distinct
air entrainment characteristics have important implications on the abundance and size of
ejected SSAs and LSAs. Laboratory experiments revealed that the ejection abundance of
SSA is more than three times higher than that of LSA [35, 115], and that the size distribution
of freshly emitted SSAs is unimodal with an accumulation mode at 110 nm whereby that
of LSAs is bimodal with an ultrafine mode at 46 nm and an accumulation mode at 180
nm [35]. The aforementioned mechanistic differences in SSA and LSA production imply
that they should be represented independently in general circulation models (GCMs) and
chemical transport models (CTMs).

Due to their important role in Earth’s climate, the inclusion of SSAs in GCMs and CTMs
is an active research area [24, 117]. Several SSA emission parameterizations, hereinafter sea
spray source functions (SSSFs), have been proposed using both laboratory experiments and

field measurements [23, 27]. These SSSF's essentially compute the number of SSA particles
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released per unit ocean area per unit time [33]. The major driver of SSA emissions is
wind stress. Therefore, most SSSFs are formulated as a function of wind speed typically
at reference height of 10 m (uj09) which is a common meteorological parameter in models
(23, 27]. However, it has been found that SSSFs that rely solely on wind speed fail to
predict measured SSA concentrations [58, 118]. Therefore, some SSSFs have been expanded
to also include oceanic parameters such as sea surface temperature (SST) [53, 58, 119, 120],
water salinity [120], and wave state [121], which led to better reproduction of observed SSA

concentrations.

A lake spray source function (LSSF), on the other hand, is still lacking to date which hampers
our understanding of the atmospheric burden of LSAs. Chung et al. [59] conducted the
first ever modeling study of LSA emission from the surface of the Great Lakes using the
mesoscale Weather Research and Forecasting model with online Chemistry (WRF-Chem).
They reported up to a 20% increase in regional aerosol numbers above the lakes surface
during July 2004 when LSA emissions were enabled. However, it should be noted that they
adopted an SSSF [60] to represent LSA emissions which is a significant source of uncertainty
in that study [59]. To improve on this simulation and understand the effect of LSAs on
thermodynamic equilibrium in the Great Lakes region, Amiri-Farahani et al. [61] conducted
WRF-Chem simulations and found that calcium rich LSA particles lead to a 37% increase
in particulate nitrate and a 16% decrease in particulate ammonium above the Great Lake
surface. They used a corrected version of the Geever et al. [60] SSSF by scaling to the
laboratory measurements of May et al. [35]. However, only correcting for the number emission
flux when adapting an SSSF for LSA emissions might not be sufficient, since the same wind
speed over freshwater and saltwater does not induce the same wave breaking conditions.
With these two studies being the only LSA modeling studies to date, it is clear that more
modeling work is needed to better understand the effect of LSAs on atmospheric processes,
specifically in the Great Lakes region. Such studies would be much improved if an LSSF was

made available to the community, rather than having to use corrected versions of SSSF's.

Here, we develop the first LSSF starting from laboratory experiments using the widely
adopted marine aerosol reference tank (MART; Stokes et al. [90]), which is now considered
the de facto experimental method for generating realistic spray aerosols [122]. We also use
the MART to develop an SSSF for comparison. To test the developed LSSF, we use the
Community Multiscale Air Quality (CMAQ) model to simulate LSA emissions from the
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surface of the Great Lakes. With a combined surface area of 244,000 km?, these lakes form
collectively the largest inland body of unfrozen freshwater on Earth [123]. The Great Lakes
basin is home to 48.5 million people (2011 figures; Méthot et al. [124]) and is considered to
be a critical component of the economic health of central North America since it supports a
wide array of commercial, industrial, and recreational activities [125]. Therefore, the Great
Lakes were chosen for these simulations due to their sheer size (sometimes referred to as
”inland seas”; Sterner et al. [126]), their proximity to major population centers in central

North America, and their susceptibility to high wind speeds and wave breaking [36, 44, 114].

3.3 Methods

3.3.1 Water samples collection and preparation

A solution of synthetic freshwater, based on Lake Michigan ionic concentrations [35, 42], was
produced by dissolving anhydrous inorganic salts (Fisher Scientific; CaCO3 > 99%, MgSO,
> 99%, NaCl > 99%, KC1 > 99%) in ultrapure water (~ 18.2 M{.cm, Picopure®) to achieve
the following concentrations: 1 mM Ca?*, 1 mM COj3;, 0.4 mM Mg?*, 0.4 mM SOF~, 0.3
mM Na*t, 0.3 mM Cl7, and 0.02 mM K*. This water sample was used to develop the LSSF.

Synthetic seawater was prepared by dissolving artificial sea salt (Instant Ocean® Spectrum
Brands, Blacksburg, VA, USA) in ultrapure water (~ 18.2 MQ.cm, Picopure®) with a 35
g/kg mixing ratio corresponding to a typical marine salinity. This water sample was used to
develop the SSSF.

To investigate LSA production from natural freshwater with organic contents, two freshwater
samples (180 L each) were also collected from the surface of Claytor Lake (Pulaski County,
VA, USA) using pre-autoclaved 20 L HDPE carboys (Fig. B.1). To contrast seasonality and
biological activity, the first sample was collected in the fall on 31 October 2020 whereas the
second sample was collected in the summer on 9 August 2021. During sampling, water tem-
perature and salinity were measured using an Extech EC170 (Extech Instruments, Nashua,
NH, USA) salinity-temperature meter and are reported in Table B.1. The collected water
samples were then immediately transported to the laboratory to be used within 24 hours

after collection.
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3.3.2 Experimental development of the source functions
3.3.2.1 Aerosol generation and size distribution measurements

Digital camera

Vent
(8.7 Lmin-t)

HEPA capsule

-

5]
B>
Solenoid valve

Air line

Water pump

Figure 3.1: A schematic of the experimental setup used in this study.

Spray aerosols were generated using a custom-built MART (Stokes et al. [90]; see Fig. 3.1).
In short, the setup is comprised of a polycarbonate tank (100 cm x 54.6 cm x 61 c¢cm) with
two concentric tubes at the top of the tank that allow water to exit as a uniform sheet (Fig.
3.1). A 1/3 HP self-priming utility pump (AMT Pumps, Royersford, PA, USA) allows the
water to circulate in the system. Water sheet intermittency can be controlled by a Parker
skinner valve (Parker Hannifin, Madison, MS, USA) mounted on the pump discharge port
and connected to a Macromatic TR-53122-07 time delay relay (Macromatic, Menomonee
Falls, WI, USA). More details about the setup construction and operation can be found in
Harb and Foroutan [116]. Similar to the MART [90, 127], the setup used in this study has
been shown to reproduce the correct physical characteristics of air entrainment and spray
aerosol generation found in oceanic breaking waves, and has been previously used to generate
laboratory SSAs and LSAs [115, 116].

To generate spray aerosols from the water samples described in Sect. 3.3.1, a total volume
of 147 L from each water sample was added to the MART providing a water depth of 27 cm.
The water sheet was operated continuously for 4 h at a flow rate of 24.5 Lmin~! to maximize
aerosol production. It is important to note that continuous air entrainment might lead to

biases in the size of ejected spray aerosols if surface foam evolution is suppressed [116], yet the
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size of the tank was large enough to minimize the interaction between surface bubble rafts and
tank walls (see Fig. B.2 in the supplement). Prior to aerosol size distribution measurements,
the headspace was flushed with HEPA-filtered air until the background particle concentration
was less than 10 em 3. Nascent spray aerosols ejected from the generated foam patch were
sampled ~2 cm above the water surface, and then directed to a scanning mobility particle
sizer (SMPS 3936, TSI, Shoreview, MN, USA) and an aerodynamic particle sizer (APS 3321,
TSI, Shoreview, MN, USA) (Fig. 3.1) to determine particle size distribution. It is a common
practice to include a dryer upstream of the aerosol sizing instrumentation to measure dry
particle size [35, 90, 94], however, there is concern about supermicron particle losses in
such setups [56]. To examine these losses, two aerosol size distribution measurements were
taken in the experiments with synthetic freshwater and saltwater solutions. In the first
measurement, aerosols were directly sampled by the aerosol sizing instrumentation (SMPS
and APS) without drying. In the second measurement, aerosols were dried using a diffusion
dryer (TSI 3062, TSI, Shoreview, MN, USA) installed directly upstream of the aerosol sizing
instrumentation (Fig. 3.1). Experiments with the Claytor Lake water samples were carried
out without a dryer. Therefore, six experiments were carried out in total. More details about

these experiments can be found in Table B.2.

1

The SMPS was operated at a sampling flow rate of 0.3 Lmin™ and a scan rate of 5 min,

providing a size distribution of particles with electrical mobility diameter (d.,,) between 14

1

and 700 nm. The APS was operated at a sampling flow rate of 1.0 Lmin™" and a scan rate

of 5 min, providing a size distribution of particles with aerodynamic diameter (d,) between
0.5 and 20 gym. The inlet flow rate of clean air was maintained at 10 Lmin~*
Aalborg GFCS-010013 mass flow controller (Aalborg Instruments & Controls, Orangeburg,

NY, USA) and a vent in the tank lid allowed excess air flow (8.7 Lmin™!) to escape (Fig.

using an

3.1). In order to obtain a single aerosol size distribution spanning the SMPS and APS
measurement ranges, the d.,, and d, size distributions were merged into a single physical
diameter (d,,) size distribution using a procedure described elsewhere [35, 90, 128]. Electrical
mobility diameters measured by the SMPS were converted to physical diameters by assuming

spherical particle geometry:
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Aerodynamic diameters measured by the APS were converted to physical diameters using

the following relation:

(3.2)

In Eq. (3.2), po is equal to unit density (1 gem™®) and pey; is an effective density assigned to
particles sized by the APS. For both LSAs and SSAs, p.rs was considered to be equal to 1.5
g/cm? [37, 129] assuming considerable aerosol liquid content since the relative humidity RH
in the tank headspace was mostly greater than 90% throughout the experiments (B.2). When
stitching, particle bins in the overlapping size range of the SMPS and APS were removed

due to uncertainties in particle counting efficiency [90].

3.3.2.2 Foam area determination

To monitor the evolution of the foam patch area generated inside the MART, a Nikon D750
camera was used to take photographs of the water surface during active air entrainment
in the synthetic freshwater and saltwater solutions. Due to condensate accumulation on
the inside of the tank walls, it was not possible to capture foam photographs concurrently
with aerosol size distribution measurements. Therefore, these photographs were taken in
subsequent air entrainment experiments. The same water flow conditions described in Sect.
3.3.2.1 were used, and each experiment lasted for approximately 2 h with the camera (Fig.

3.1) programmed to capture a single photograph every 10 min.

To determine the foam patch area, photographs were analyzed using the image processing
software ImageJ [97]. Foam areas were identified manually and were sized after scaling the
photographs using pictures of a precision ruler placed on the water surface. An example of

a processed surface foam image is shown in Fig. B.2.

3.3.2.3 Source functions derivation

The continuous whitecap method (CWM; Monahan and Callaghan [130]) was used to de-

termine source function formulations from the experiments with synthetic freshwater (here-
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inafter simply LSSF') and synthetic saltwater (hereinafter simply SSSF). In brief, the CWM
infers the production flux of spray aerosols from measurements of size-depended spray aerosol
production scaled by unit whitecap area. An inherent assumption in this method is that
a whitecap area has the same production rate of spray aerosols regardless of its generation
method (e.g., in situ breaking wave or laboratory water sheet) [23, 130]. Using this approach,

the source function formulation reads:

OF OF e
E(Ulo, T) == W(Ulo). 87“ (T) (33)

In Eq. (3.3):

e OF/Or (m2s~'um™') is the rate of spray aerosol generation, per unit area of water

surface, per unit increment of spray droplet radius r.

e W (m2m~?) is the whitecap coverage defined as the area of whitecap foam per unit
area of water surface. W is usually parameterized as a function of uyy [51]. For our
formulations, we adapted the commonly used Monahan and Muircheartaigh [52] pa-
rameterization for saltwater whitecap coverage. To account for reduced foaming in
freshwater as compared to saltwater, and in the absence of a freshwater whitecap pa-
rameterization to date, a factor a was introduced to the saltwater parameterization
of Monahan and Muircheartaigh [52]. Following the proposition of Monahan [131], «
was defined as the ratio of foam exponential decay time constant (7) in freshwater to
that in saltwater, and was calculated using previously published 7 values in freshwater
and saltwater measured using the MART (Harb and Foroutan [116], their Table 1).
Interestingly, the calculated « value of 0.65 from these MART experiments is in excel-
lent agreement with the 0.66 value calculated by Monahan [131] from their whitecap
simulation tank experiments [44]. Therefore, the corrected whitecap coverage W reads

(aw =1 for saltwater, and a = 0.65 for freshwater) :

W (u1) = a(3.84 x 10~ %u3;1) (3.4)

o OF,./0r (m 25~ 'um™') is the number of aerosol particles produced per unit whitecap

area per unit time as a function of spray droplet radius r. 0F,./0r was determined
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experimentally by dividing the measured steady state, size-resolved, number emission
rate of spray aerosols inside the MART headspace E by the foam (whitecap) area on

the water surface A, as follows:

_ E(pm~'s™)
A(m?)

(3.5)

In Eq. (3.5), A was determined from the foam imaging experiments described in
Sect. 3.3.2.2, whereas F was determined by considering a mass-balance (Eq. (3.6) and
Fig. 3.1) inside the MART headspace under the assumption of well-mixed conditions

(132, 133)].
d(CoV)
dt

Under steady state conditions, defined as the period with less than 20% variation in

= anCm - chout - QsCout + F— kVCout (36)

total aerosol number concentration in the MART headspace, the left-hand-side of Eq.
(3.6) becomes zero, and E can be calculated from Eq. (3.7).

E = _Q'mczn + chout + Qscout + k'VCout (37)

In Egs. (3.6) and (3.7), @y, is the inlet flowrate of HEPA-filtered air, Cj, is the
concentration of spray aerosols in the inflow (equal to zero), @, is the flow rate of
excess air that is vented, C,,; is the measured size-resolved number concentration
of spray aerosols in the headspace, ()5 is the sampling flowrate of the aerosol sizing
instrumentation (SMPS+APS), V is the headspace volume, and k is the wall loss
coefficient (Fig. 3.1). k was determined experimentally by arresting water flow and
spray aerosol generation in the tank (i.e., F= 0), and then measuring the decay of C;
with time. Wall losses were assumed to be a first-order exponential decay process and
k was calculated by fitting an exponential function to the measured C,,; decayed over
time. More details about the wall loss coefficient determination can be found in Sect.

B.1 and Fig. B.3 in the supplement.

A common convention is to report a source function formulation in terms of the particle
radius at a reference relative humidity of 80% [23]. Therefore, the measured particle radius
was converted to the value it would have at an RH=80% (i.e., rg9) using the correction

proposed by Zhang et al. [134, Eq. (2)]. The experimentally determined source functions,
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now expressed as OF/0rgy, were then fitted and formulated as the sum of two lognormally

distributed modes, as follows:

1 (Inrgg — In p)?

oF 2 N,
- = (3.84 x 107634 -t —— 3.8
Orso (t10,750) = o . o ); V27 In(oy) exp( 2 (Ino;)? ) (38)

In Eq. (3.8), ujo is expressed in meters per second, rgy is expressed in micrometers, and
N;, o;, and p; are the number production flux, the geometric standard deviation, and the

geometric mean of the i-th mode, respectively.

3.3.3 Model implementation

To test the developed LSSF, LSA emissions from the surface of the Great Lakes system in
North America were considered. The Community Multiscale Air Quality (CMAQ) model
version 5.3 (CMAQv5.3; Appel et al. [135]) was used for this purpose. The simulation time
period (10 to 30 November 2016 with a 9 day spin-up) was chosen to coincide with the
season of minimal to no lake ice cover [136] and high wind speeds over the surface of the
lakes [137]. Simulations were performed using CMAQv5.3 benchmark test case of the Con-
terminous United States (CONUS) [138]. In brief, this test case employs a 12-km uniform
horizontal grid covering the CONUS, parts of northern Mexico and southern Canada, and
the eastern Pacific and western Atlantic oceans, with 35 vertical layers expanding up to 50
hPa. Meteorological inputs are provided by a WRFv3.8 simulation and were processed us-
ing the Meteorology-Chemistry Interface Processor (MCIPv5.0; Appel et al. [135], Otte and
Pleim [139]). The physics parameterizations used in the WRFv3.8 simulation include the
Morrison double-moment microphysics scheme [140], the Rapid Radiative Transfer Model
for General circulation models (RRTMG) radiation scheme [141], the Kain—Fritsch convec-
tive parameterization [142], the Pleim-Xiu land-surface model [143, 144], and the Asym-
metric Convective Mixing 2 planetary boundary layer model [145]. Baseline anthropogenic
emissions were provided by the 2016beta Emission Modeling Platform inventory (EMP;
http://views.cira.colostate.edu/wiki/wiki/10197). Boundary conditions were pro-
vided from a hemispheric CMAQ (HCMAQ) simulation with a 108 x 108 km polar stereo-

graphic grid covering the northern hemisphere, 44 vertical layers, and meteorological fields
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Table 3.1: Summary of the three emission scenarios:
BASE, LAKE, and SEA.

Simulation Ocean emissions Great Lakes emissions

BASE SSSF None
LAKE SSSF LSSF
SEA SSSF SSSF

from WRFv3.8. Science configurations used in CMAQv5.3 include the updated M3dry model
for deposition, the CB06r3 chemical mechanism and AERO7 aerosol model for atmospheric
chemistry, and the KMT version 2 (KMT2) and the KMTBR modules for cloud chemistry
[135]. More details about CMAQv5.3 settings and evaluation can be found in Appel et al.
[135].

The current spray aerosols emission scheme in CMAQv5.3 only allows for SSA emission from
the surface of saltwater bodies (i.e., eastern Pacific and western Atlantic oceans in the domain
considered herein). The SSA scheme uses the Gong [146] source function with § = 8 for online
SSA emission flux calculations with a linear SST dependence following the Ovadnevaite et al.
[121] parameterization [147]. For the purpose of this study, the Gong [146] source function
was replaced by our synthetic saltwater source function, with the SST dependence kept the
same. Concurrently, spray aerosol emissions from the Great Lakes surface were enabled and
were evaluated for three emission scenarios. In the BASE scenario, no LSA emissions from
the Great Lakes surface were considered (default CMAQv5.3 configuration for the CONUS).
In the LAKE and SEA simulations, LSA emissions from the Great Lakes surface were enabled
using the developed LSSF and SSSF, respectively, with no lake surface temperature (LST)
dependence. In both of the latter scenarios, spray aerosols emitted from the Great Lakes
surface were modeled as chemically-inert dry particles with a density of 1.5 gem ™2 [37, 129].
The emission scenarios evaluated in this study were designed to assess the contribution of
LSA emissions to regional aerosol loading in the Great Lakes basin (LAKE scenario), and the
overestimation of LSA emissions brought about by considering the Great Lakes as saltwater
bodies and using an SSSF (SEA scenario) (see e.g., Chung et al. [59]). A brief summary of

these emission scenarios is shown in Table 3.1.
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3.4 Results and Discussions

3.4.1 Spray aerosol size distribution

The average size distributions of spray aerosols generated in the MART headspace during
the last 2 h of active air entrainmnet in each experiment are shown in Fig. 3.2a. A close-up
of the average aerosol size distributions from the freshwater solutions (i.e., synthetic and
Claytor Lake freshwater) is shown in Fig. 3.2b. It is obvious from these two figures that
the abundance of spray aerosols generation in saltwater is significantly higher than that in
freshwater, with an average SSA and LSA total number concentrations (wet) of 822 and 102
cm 3, respectively. The higher generation of spray aerosols in saltwater compared to that
in freshwater concurs with previous observations [35, 115], and can be attributed to higher
void fractions and whitecap formation following wave breaking in saltier waters [39, 41, 116].
The shape of the SSA and LSA size distributions are also distinct. In saltwater (Fig. 3.2a),
the size distribution of wet SSAs exhibits two distinct modes at 0.09 and 2.3 pum, whereas
that of dry SSAs exhibits a single mode at ~0.2 pym with the second supermicron mode
being suppressed. While the dry SSA size distribution agrees well with previous laboratory
measurements in the MART [90, 127], the second distinct supermicron mode observed for
wet SSAs has not been previously reported. We speculate that this second mode is a ”jet
drop” mode [53, 115], and is not detected when using a dryer due to tubing losses which
will be discussed later in the text. In freshwater (Fig. 3.2b), on the other hand, the LSA
size distributions from both synthetic or Claytor Lake freshwater are characterized by a
single dominant mode at ~0.1 um. The subtle variation in LSA size distributions between
synthetic and natural lake water could be due to low biological activity in the water samples
collected from Claytor Lake in October and August. However, high biological content in lake
water has been observed to significantly increase LSA production abundance [38]. Therefore,
lakes with high seasonal variability in biological content, in particular those with algal bloom

occurrences, might exhibit large temporal variations in LSA emissions abundance.

To the best of our knowledge, only one laboratory study [35] attempted to investigate differ-
ences between LSA and SSA production to date. Figure 3.2¢ shows the LSA size distribution
in synthetic freshwater (wet and dry) plotted along with LSA size distributions from synthetic
and Lake Michigan freshwater produced by an LSA generator [35]. The LSA generator, a
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small water tank (~18 L) with four circular water jets, is inherently different from the MART
system used in this study. Therefore, it is not valid to comment on differences in the magni-
tude of number concentrations between the two studies and, hence, the comparison is limited
to the shape of the size distributions. Comparing the LSA size distribution from synthetic
freshwater in both studies reveals a unimodal distribution in the MART at ~0.15 and ~0.09
pm for dry and wet LSAs, respectively. In the LSA generator, on the other hand, the LSA
size distribution is bimodal with a minor mode at 0.08 ym and a major mode at 0.3 ym. It
is likely that these disparities are due to different LSA generation methods as the synthetic
freshwater solution is identical in both studies. The size distribution of LSAs generated
from Lake Michigan freshwater in the LSA generator, in contrast, is mostly unimodal at
0.18 pm, which is close to the major mode (at ~0.15 pum) observed in wet LSAs produced
from synthetic freshwater in the MART.

To better comment on the relative magnitude of LSA and SSA production in the two studies,
Fig. 3.2d compares the SSA-to-LSA number size distribution ratio (hereinafter referred to as
SSA-to-LSA ratio) measured from synthetic freshwater and saltwater solutions in the MART
(wet and dry) to that measured in the LSA generator (dry) of May et al. [35]. The SSA-to-
LSA ratio for wet aerosols in the MART and that for dry aerosols in the LSA generator show
good agreement up to 0.1 pum, with values ranging from 4 to 9. Meanwhile, the SSA-to-LSA
ratio for dry aerosols in the MART exhibited higher values of up to 37 in this size range. In
the 0.1-10 pm particle size range, noticeable disparities are observed between the SSA-to-
LSA ratios. In the accumulation mode (0.1-0.5 pm), the SSA-to-LSA ratio for wet aerosols
in the MART is not reliable due to uncertainties in the measurement efficiency of the SMPS
in this size range (see Fig. 3.2a), therefore, we limit this discussion to supermicron particles
(i.e., D, >1 pm). While the SSA-to-LSA ratios for dry aerosols in MART and dry aerosols
in the LSA generator drop significantly after for D, >1 pum, this ratio for wet aerosols in the
MART exhibits a peak of 900 at ~2.3 um, which is driven by the distinct supermicron mode
in the wet SSA size distribution shown in Fig. 3.2a. It is worth noting that the SSA-to-LSA
ratio in the LSA generator has been employed by Amiri-Farahani et al. [61] to determine an
LSSF by scaling the Geever et al. [60] SSSF, which underscores its importance in comparing

the magnitude of LSA and SSA production fluxes at different aerosol particle sizes.
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Figure 3.2: Aerosol size distributions from this work and comparisons with other
measurements from literature. (a) Average aerosol size distribution generated in the
MART using the synthetic freshwater, synthetic saltwater, and Claytor Lake water samples
collected in October and August. Shaded areas represent + 1 standard deviation. "dry”
and "wet” denote measurements made with and without a dryer, respectively. (b) A close-
up of the average aerosol size distributions from the synthetic and Claytor Lake freshwater
solutions. (c) LSA size distribution from synthetic freshwater (wet and dry) plotted along
with LSA size distributions from synthetic and Lake Michigan freshwater from May et al.
[35]. (d) Ratio of SSA-to-LSA aerosol size distributions produced in the MART (wet and
dry) and that produced in the LSA generator of May et al. [35].

* M16 denotes May et al. [35]
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Figure 3.3: The number, surface area, and volume size distributions of dried and
wet aerosols. The synthetic saltwater and freshwater average aerosol (a,b) number , (c,d)
surface area , and (e,f) volume size distributions of dry and wet aerosols, corresponding
to sampling with and without a dryer, respectively. Shaded areas represent + 1 standard
deviation. Insets show a close-up of the dry surface area and volume size distributions.

The effect of including a dryer upstream of the aerosol sizing instrumentation on the aerosol

size distributions, especially on the SSA size distribution, is evident in Fig. 3.2a. To further

analyze this effect, Fig. 3.3 shows the synthetic saltwater and freshwater average aerosol

number (a,b), surface area (c,d), and volume (e,f) size distributions of wet and dry aerosols,

corresponding to sampling with and without a dryer, respectively. As mentioned previously,



58 CHAPTER 3. A LAKE SPRAY AEROSOL EMISSION PARAMETERIZATION

the dryer at our disposal was a TSI 3062 diffusion dryer, with two Swagelok® 90°-elbows at
the inlet and outlet ports. As it turned out, drying the particles before sampling was not
trivial, and led to considerable tubing losses, particularly in the supermicron size range. In
saltwater (Fig. 3.3a), the supermicron mode is completely lost when drying the particles
and some losses are also observed for submicron particles where the peak shifts from 0.09
to 0.2 pm. The loss in submicron particles is more evident in freshwater where the number
concentration peak of 136 (£93) cm™3 at 0.1 pum for wet aerosols is reduced by more than
half to 51 (492) ecm™ at 0.13 um when drying the particles. The issue of particle loss
when including a dryer in the sampling line was raised previously by Salter et al. [56], who
estimated a 50 % loss for particles with dry diameter greater than 5 pm using the von der
Weiden et al. [148] procedure. Using this same approach, we attempted to estimate particle
losses in a greatly simplified tubing configuration of the TSI 3062 diffusion dryer (see Sect.
B.2 and Fig. B.4a in the supplement). We find that in the submicron size range, particle loss
was less than 10%, yet this loss increases exponentially for supermicron particles reaching
more than 50% for particles with a diameter greater than 5 ym (Fig. B.4b). Hence, it is likely
that particle losses in the dryer were even more considerable, especially in the supermicron
size range, which explains the loss of the supermicron peak in the SSA size distribution when
drying the particles (Fig. 3.3a). Yet, in the absence of a dryer, there is a discontinuity in
the wet aerosol size distribution in the overlapping size range between the SMPS and APS
(Fig. 3.3a). Moreover, there is a sharp decrease in the wet aerosol number concentrations in
the upper size range of the SMPS (i.e., D, ~0.13-0.40 pm). This sharp decrease might be
associated with our observation of water accumulation in the impactor inlet in the absence
of a dryer, which might reduce the impactor cut-off size. Therefore, caution is required when
interpreting results in this size range. Losses in surface area and volume concentrations
are even more severe, since supermicron particles are especially relevant for these quantities.
Indeed, the peak in surface area concentration for D,,;1 pm drops from 22000 (£ 2000) to 520
(£ 70) pm~2cm™ in saltwater and from 250 (& 50) to 5.4 (£ 0.8) um~2cm~3 in freshwater.
Similarly, the peak in volume size distribution drops from 12000 (+ 1000) to 120 (% 30)
pm~3em™? in saltwater, and from 210 (+ 20) to 1.8 (£ 0.3) um?cm™? in freshwater. Given
these considerable losses, source function development in the following section (Sect. 3.4.2)

are based on wet aerosol measurements from synthetic freshwater and saltwater solutions.
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Table 3.2: Lognormal parame-
ters for the present LSSF and
SSSFE. Refer to Eq. (3.8).

LSSF SSSF
o 0.65 1
N 6.4106x107 1.0452x108
Ny 1.2140x10°  2.3646x10°

5 0.0137 0.0167
2 0.5852 0.6815
o1 2.4623 2.6022
P 1.5694 1.4096

3.4.2 Source function development

Using the procedure described in Sect. 3.3.2.3, we developed an LSSF and an SSSF from wet
aerosol measurements in the MART using the synthetic saltwater and freshwater solutions,
respectively. The lognormal parameters for each formulation (see Eq. (3.8)) are given in
Table 3.2. These source functions are plotted in Fig. 3.4a for u;p = 10 ms~*. Due to the
aforementioned (Sect. 3.4.1) uncertainty in the SMPS counting efficiency of wet aerosols
in the accumulation mode size range (corresponding to rgg ~ 0.1-0.2 pm), data points in
this size range were excluded from the SSSF fit. Figure 3.4a reveals that the SSA emission
number flux is one order of magnitude higher than that of LSA for rg(j0.2 pm, and almost
two orders of magnitude higher for rgg=0.2-2 pm. Unlike the accumulation mode which is
similar between the LSSF and the SSSF (0.72 vs 0.77 pm), the Aitken mode of the SSSF
centered at 0.042 pm is greater than that of the LSSF, which is centered at 0.031 pum. This
Aitken mode in the LSSF compares well with the Aitken mode (0.025-0.035 pm) measured
above the Great Lakes surface [36].

The developed LSSF and SSSF are compared to a collection of common SSSF's from literature
in Fig. 3.4b. It is worth noting that some source functions shown in this figure are reported
as a function of dry particle diameter (Dg,) (e.g.,Martensson et al. [53], Salter et al. [119],
Clarke et al. [149]), while others (e.g.,Gong [146]) are reported in terms of particle radius
at RH=80% (rsp). For the sake of consistency, we converted the latter parameterizations

(denoted by an asterisk in the legend) to become a function of dry particle diameter Dy, by
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Figure 3.4: The developed LSA and SSA source functions and their comparison
with other source functions from literature. (a) The developed LSSF (freshwater) and
SSSF (saltwater) plotted for u;p = 10 ms™!. Data points represent the measured emission
parameterizations using the MART setup, solid curves represent the lognormal distribution
fit, and dashed lines represent each lognormal mode. (b) Comparison between the present
LSSF and SSSF and a collection of common SSSFs from literature for u;9 = 10 ms™!. Note
the change in axes between panels (a) and (b).

* Corrected from their original formulation as a function of rgy by assuming rg., = rs0/2

assuming rg4,,, = rso/2, a common rule of thumb [16, 33]. We start by comparing the SSSF's to
assess the validity of our method for developing sound estimates of SSA emission fluxes. It is
evident from Fig. 3.4b that there is a general agreement between all SSSF's in the supermicron
size range. In the submicron size range, however, there is some disagreement between the

SSSF's which span up to 3 orders of magnitude in the ultrafine range (Dg, <0.1 pm). Yet,
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all SSSF's exhibit a distinct accumulation mode at around 0.1 to 0.2 yum. The discrepancy in
the SSSF's magnitudes in the submicron size range can be attributed to different methods for
developing the emission parameterization in each study. The Gong [146] parameterization,
for instance, is a mathematical extension of the Monahan et al. [49] parameterization to
diameters below 0.2 um. This extension, nevertheless, is just an adjustable mathematical
formulation (using a parameter ) for setting the shape of the source function for the sub-0.2
nm size range, and lacks therefore a scientific rationale for its development [33]. The Clarke
et al. [149] source function is developed based on ambient measurements of SSAs generated
from the surfzone, and hence, might overestimate SSA emission from open ocean breaking
waves. Meanwhile, the Martensson et al. [53], the Salter et al. [119], and the present SSSF
are developed using measurements of laboratory generated SSAs. However, the method in
which SSAs were generated in each study is different, with the Martensson et al. [53] study
employing a small chamber (2 L) with a glass frit, the Salter et al. [119] study using a larger
cylindrical tank ( 170 L) with a circular water jet, and the present study using the ~300
L MART with a thin water sheet. Moreover, the current SSSF and the Martensson et al.
[53] source functions use the Monahan and Muircheartaigh [52] formulation for whitecap
coverage dependence on wind speed, whereas the Salter et al. [119] source function employs
a formulation of the air entrainment flux dependence on wind speed modified from Long
et al. [150].

To further assess the validity of the here derived source functions, we estimate the emis-
sion mass flux as a function of wind speed using the different source function formula-
tions shown in Fig. 3.4b. We compare these estimates to field measurements of submicron
SSA emission mass flux (PM;), obtained using an aerosol mass spectrometer (AMS), which
estimates the mass of particles with a vacuum aerodynamic diameter D,,=0.5-1 pm, or
Dgry=rg0=0.029-0.580 pm [151, 152, 153]. Assuming spherical particles, we use Eq. (3.9)
and Eq. (3.10) to estimate the mass flux from source functions expressed in terms of par-
ticle radius at RH=80% (Fg) and from source functions expressed in terms of dry particle

diameter (Fg,,), respectively:
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Where, pgo and pgr, denote the wet (RH=80%) and dry particle density, and are assumed
to be equal to 1.5 and 2.16 g/cm?, respectively. The limits of integration were chosen to be
780,1=Dary,1=0.029 pm and rgp o=Dry 2=0.580 pm to match the measurement range of the
AMS instrument. Figure 3.5 shows the calculated mass fluxes compared against the PM;
measurements of Ceburnis et al. [151, 152] on a (a) linear, and (b) logarithmic y-axis. As
expected, the emission mass flux computed from the present LSSF is, at least, one order
of magnitude lower than that computed from the SSSFs at any wind speed (Fig. 3.5b).
Furthermore, this comparison revealed that the present SSSF and that of Salter et al. [119]
agree relatively well with the field measurements. Meanwhile, the Gong [146], Martensson
et al. [53], and Clarke et al. [149] SSSFs overestimate the measured PM; flux (Fig. 3.5b)
as previously reported in several studies [119, 152, 153]. Furthermore, as discussed in the
De Leeuw et al. [23] review, these SSSFs also appear to overpredict submicron number
emission flux, as shown in Fig. 3.4b, and hence fail to agree with SSA number concentrations
measured in the marine boundary layer. This overprediction is likely to become more drastic
at even higher wind speeds (>12 ms™!), as suggested by Fig. 3.5a, which raises concern about
the skill of many CTMs and GCMs that use such source functions for their SSA emission
schemes [23, 24].
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Figure 3.5: Aerosol mass fluxes from this work compared to measurements from
literature. The calculated mass fluxes from the source functions shown in Fig. 3.4b com-
pared with PM; mass flux measurements from Ceburnis et al. [151, 152] on a (a) linear, and
(b) logarithmic y-axis.

* Computed using Eq. (3.9)

** Computed using Eq. (3.10)

3.4.3 Model simulation

As described in section 3.3.3, we implemented the newly developed LSSF in the CMAQ
model to assess LSA emission from the Great Lakes surface for the emission scenarios shown
in Table 3.1. We start this discussion by exploring the LSA emission abundance during
significantly windy conditions over the Great Lakes surface. Figure 3.6 shows the modeled
number emission flux of LSA particles during an episode of very high 10-m wind speeds
(19 November 2016, 15:00:00 UTC) for the LAKE and SEA scenarios. During this time,
winds were generally northwesterly over Lakes Superior and Michigan and southwesterly

1 over most

over the remaining lakes, with wind speeds ranging from a high of 17 to 21 ms™
of Lakes Superior and Michigan, and a low of 5 to 9 ms™! over Lake Ontario (Fig. 3.6a). A
clear dependence of LSA number emission flux on wind speed, as anticipated, can be seen
in Figs. 3.6b and 3.6c. The highest emissions are from the surface of Lakes Superior and
Michigan and range between 7x10* and 1x10° m~2 s~! in the LAKE scenario, and between
3x10° and 5x10° m~2 s7! in the SEA scenario. Meanwhile, emissions from Lake Ontario,

for instance, were up to two orders of magnitude lower, ranging from 1x10? to 7x103 m~2
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s71 in the LAKE scenario and 4x10? to 3x10* m~2 s~! in the SEA scenario. The results of
Fig. 3.6 reveal that the LSA emission flux is highly sensitive to wind conditions, increasing
exponentially with higher wind speeds as shown in Fig. 3.5a. Furthermore, using an SSSF
to represent LSA emissions (i.e., the SEA scenario) can overestimate the actual number

emission flux by up to one order of magnitude.

While looking into episodic events of very high wind speeds highlights the extent of LSA
emission from the Great Lakes surface, a more holistic understanding requires studying long-
term averaged emissions. Figure 3.7 shows the time-averaged total (a,d), accumulation-mode
(b,e), and coarse-mode (c,f) number emission fluxes of particles from the Great Lakes surface
for the entire simulation period using the LAKE and SEA scenarios. In the LAKE scenario,
the total number emission flux ranges from 7x10% to 1.3x10* m~2 s~ (Fig. 3.7a). For
comparison, the average emission rates in the simulation of Amiri-Farahani et al. [61] for
the month of November 2015 were on the order of 10° m~2 s=!, which are two orders of
magnitude higher than the results of this simulation despite their use of an improved LSSF
formulation. Particle emission in the LAKE scenario is dominated by the accumulation mode
(94% contribution), with coarse-mode particles only contributing to 6% (3x102 to 7.5x10?
m~2 s7!) of total emissions (Figs. 3.7b and 3.7c). In the SEA scenario, on the other hand,
the average total aerosol number emission flux ranges from 3x10* to 6.5x10* m~2 s~ (Fig.
3.7d), which leads to a significant 4-fold overestimation of actual emissions. Accumulation-
mode particles also contribute the most (62%) to this emission (Fig. 3.7e), yet, coarse-mode
particles also contribute significantly (38%) (Fig. 3.7f) unlike their low contribution in the
LAKE scenario. The contribution of each particle size mode to particle emissions in Fig.
3.7b, ¢, e, and f mirror their relative magnitudes in Fig. 3.4, whereby the coarser particle
mode in the SSSF is of comparable magnitude to the finer particle mode, whereas it is one

order of magnitude lower in the LSSF.
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Figure 3.6: Modeled aerosol number emission flux from the Great Lakes surface
on a windy day for different emission scenarios. (a) The 10-m wind speed and the
corresponding aerosol number emission flux from the Great Lakes surface in the (b) LAKE

and (c) SEA scenarios on 19 November 2016, 15:00:00 UTC.
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Figure 3.7: Modeled aerosol number emission flux from the Great Lakes surface
averaged over the simulation period for different emission scenarios. Average (10-
30 November 2016) (a,d) total, (b,e) accumulation-mode, and (c,f) coarse-mode aerosol
number emission flux in the LAKE and SEA scenarios.

In the remainder of this section, we discuss the implication of spray aerosol emissions from the
Great Lakes surface on regional aerosol number and mass concentrations. It is important to
reiterate that these spray aerosols are essentially considered to be chemically-inert particles
with a density of 1.5 gem™ (see Sect.3.3.3). Such a consideration facilitates the tracking
of these particles in the atmosphere without chemical processing. However, the chemistry
involving LSA particles is important as it has been shown that these particles can alter
thermodynamic equilibrium in the Great Lakes region, leading to an increase in particulate
nitrate and a decrease in particulate ammonium [61]. Therefore, without a realistic chemical
speciation, the results of this simulation only provide a preliminary estimate of the impact

of particle emission from the Great Lakes surface on regional aerosol loading.

Figure 3.8 shows the total, accumulation-mode, and coarse-mode surface-layer aerosol num-
ber concatenations in the BASE scenario averaged over the simulation period (a-c) and their
corresponding percent increase in the LAKE (d-f) and SEA scenarios (g-i). In the absence of

surface emissions from the Great Lakes (i.e., BASE scenario), regional aerosol loading in the
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Great Lakes basin is dominated by anthropogenic emissions from the Chicago and Toronto
metropolitan areas. In these regions, total number concentrations reach more than 1000
cm—?, while average concentrations above the Great Lakes surface are mostly smaller than
500 cm ™3 (Fig. 3.8a). Looking at the contribution of each mode reveals a clear dominance
of accumulation-mode particles on regional aerosol population. Meanwhile, aerosol number
concentrations in the coarse mode are three orders of magnitude lower than those in the
accumulation mode, reaching ~2 cm =2 in the Chicago and Toronto metropolitan areas and
<l em™3 above the Great Lakes surface (Figs. 3.8b and 3.8¢c). When enabling LSA emissions
from the Great Lakes surface (i.e., LAKE scenario), the increase in the average total (and
accumulation-mode) aerosol number concentrations is mostly in the source region (i.e., above
the lakes surface), with up to 1.65% in northwestern Lake Superior and <0.25% average in-
crease above other parts of the lakes (Figs. 3.8d and 3.8¢). A much more prominent increase
can be seen for coarse-mode particles, for which the percent increase can reach up to 1900%
in northwestern Lake Superior and ranges from 5 to 150% over other parts of the lakes (Fig.
3.8f). This apparent increase can be attributed to low preexisting aerosol concentrations (<1
cm~3) in the source region, especially over the remote northern lakes (Fig. 3.8c), coupled
with discernible LSA emissions in the coarse mode from the lakes on the order of 10> m—2
s7! (Fig. 3.7c). Enabling SSA emissions from the Great Lakes surface (i.e., SEA scenario),
on the other hand, leads to a more noticeable increase in regional aerosol loading. Average
total number concentrations increase by up to 7.5% in northwestern Lake Superior (Figs.
3.8g and 3.8h), which is lower than the maximum increase of 20% reported by Chung et al.
[59] over the same region. Over other parts of the lakes, the increase in average total aerosol
number concentrati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>