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EPIGRAPH

The violence that exists in the human heart is also manifest in the symptoms of illness that we
see in the Earth, the water, the air, and in living things.

Pope Francis
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ABSTRACT OF THE THESIS

Cosmogenic *3S behavior during “double-dip” La Nifia Southern Oscillation and at Solar

Minimum with an application of long-term monitoring for anthropogenic 35S

by

Valentina Engel
Master of Science in Chemistry
University of California San Diego, 2022

Professor Mark Thiemens, Chair

Sulfur is one of the most interactive elements of our atmosphere, oceans, and overall
biogeochemical processes. It is abundant in our oceans, sea spray aerosols, and oceanic
sediments. It’s presence in the atmosphere, rivers, biomass, and soils is less predominant but still
significant in providing linkages between earth’s major reservoirs. Since it possesses multiple
valence states ranging from (-1 to +6), it can exist in a multitude of stable redox states such as
carbonyl sulfide, hydrogen sulfide, elemental sulfur, or sulphate. It is because of this versatility

that sulfur gains importance when studying cosmogenic production of sulfur that exists in the
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atmosphere where it’s behavior can provide deeper insight to atmospheric chemical processes as
well as sources of changes in climate. Sulfur possesses four stable isotopic states (**S, *3S, S,
and *°S) and one unstable nuclide (>*S). Radiogenic **S has a half-life of approximately 87.4
days making it an ideal tracer for atmospheric chemical evolution and dynamics. It is naturally
produced by nuclear spallation of *°Ar in the upper atmosphere due to high energy cosmic rays
and transported down by stratospheric to tropospheric intrusions. It can also be produced by *>Cl
neutron capture because of thermal neutrons reacting with abundant chlorine targets in seawater.
Upon decay it emits a low energy beta particle (Emax=0.167 MeV), an antineutrino to conserve
spin, and a *>Cl atom. Due to the very low energy of the emitted beta particle and its low
abundance in the atmosphere, it has not been utilized in detail until recently. By use of an ultra-
low level liquid scintillation counter, it is possible to accurately detect *>S in aerosol samples to
track its behavior during major solar and climatic events even though the actual number of
radioactive atoms is small. Solar cycle 25 and El Nifio Southern Oscillations counterpart, La
Nifia, have major impacts on the fragile present-day climate. La Nifia has been linked to several
catastrophic wildfires (Shaheen et al, 2014), severe drought, and abnormal rainfall in the past and
there is uncertainty when predicting this phenomenon. The production of radionuclides such as
338 and 'C is also altered by solar wind intensity that varies on 11-year cycles due to the sun’s
changing magnetic field. Combined with increased cosmic rays due to a decreased solar
magnetic field, S can afford us insight as to what is happening in the atmosphere at a deep level
thus, allowing us to better prepare and adjust accordingly in response to impactful climatic
events such as La Nifia as well as record solar phenomena. During the time of this study, the
world also witnessed the development of a Russian invasion of Ukraine. Amidst the attack on

Ukraine, a nuclear power plant in southern Ukraine was targeted and overtaken by Russia on
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March 4, 2022 (Castelvecchi, 2022). The Zaporizhzhya Nuclear Power Plant (ZNPP) had not
reported irregular levels of radiation in the area and the damage was said to be minimal. The
ZNPP is near bodies of water with high salinity making production of **S by neutron capture a
possibility. Detection of irregular 3°S readings would be indicative of possible damage to a
reactor core emitting a noticeable neutron flux. This detection method was applied following the
incident that occurred at Fukushima Daiichi confirming leakage of harmful radiation and proving
the extent of its reach. This method and its application will be discussed in further detail later in

this study.
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Chapter 1 Introduction

This introduction contains a brief overview of the production of radioactive sulfate by
cosmic radiation in the atmosphere or neutron absorption in the troposphere. This description
will clarify the significance of radioactive sulfate as an atmospheric tracer and identify its role in
Earth’s sulfur cycle. A brief description of the decay process is also included to address the
radiative contribution to humans as well. The measurement of radioactive sulfate in this study
has been done during a Southern Oscillation event and the start of a new Solar Cycle, a detailed
overview for each phenomenon is included. This includes an explanation for Walker
Circulations, Hadley Cells, and Brewer Dobson Circulations and their relevance to the present
study. A brief explanation of applicable potential detection scheme for early minor neutron leaks

of spent fuel canisters or active reactor cores will close this introduction.

1.1 Production and Decay of Cosmogenic 35S

1.1.1 Production of Cosmogenic 3°S

There are 26 known isotopes of Argon on earth, three of which are stable (*°Ar, **Ar, and
“0Ar) and the most abundant being *’Ar (99.6%). Argon is the third most abundant gas in the
atmosphere following Nitrogen and Oxygen. As high energy cosmic rays enter and interact with
the upper atmosphere, *’Ar undergoes nuclear spallation to produce *3S. Spallation is a nuclear
process where energetic subatomic particles, such as protons, interact with an atomic nucleus
(Russell et al, 1996) leading to particle evaporation and the production of an unstable nuclide.
Cosmic rays, produced by solar flares or supernova explosions, are composed mostly of high

energy protons traveling at approximately the speed of light. These rays bombard Earth’s



atmosphere at different rates that vary in intensity and energy. Energy varies by nine orders of
magnitude with the lowest being 10° eV. The high energy protons collide with the nucleus of an
“0Ar atom and a transition state period of nuclear excitation. During particle excitation, high
energy protons and neutrons are emitted from the excited nucleus to shed excitation energy of
the atom to a ground state. Eventually the nucleus relaxes via emission of several low energy
neutrons. The product is a *>S atom which rapidly oxidizes to >*SO, (~ 1 second) following
reaction with Oy, and ultimately to sulfate aerosols by reaction with O3, H>O», or OH (Tanaka
and Turekian, 1995; Turekian and Graustein, 2003). Sulfate is predominantly removed from the
atmosphere by dry and wet deposition and undergoes further oxidation to produce the aerosol of
interest **SO4%". The vast majority of *°S is produced in the stratosphere and it is the only
radioactive isotope that exists in the atmosphere as an aerosol and a gas simultaneously.
Another source of **S production is by *>Cl absorption of thermal neutrons in seawater
(Love et al, 1962). In this study, techniques were developed to detect radionuclides in oceans
from reactors. This occurs as a result of primary fluid from a nuclear reactor core interacting
with seawater due to a nuclear accident or undetected leak where seawater has breached the
radioactive core. The primary fluid that cools the core of a nuclear reactor is rich in both fast and
thermalized (lower energy) neutrons. When a reactor accident, such as the events at Fukushima,
occurs there is a sudden influx of fast neutrons that escape the core. It isn’t until the flux makes
contact with seawater, where there is high concentration of chlorine (stable isotope **Cl; 0.55
mol/kg), that a signal of S can be detected. In the case of Fukushima Daiichi, seawater was
used an emergency coolant system providing ideal conditions for production of 3*S. 33Cl also has
a large cross section for absorption (CSA) of thermal neutrons making it an excellent candidate

for neutron absorption (Sims et al, 1969). An ideal CSA combined with a high abundance in



seawater renders it a welterweight contributor to anthropogenic emission of >*S into the
troposphere following rapid oxidization of >*SO; to ¥SO4* as occurred at Fukushima and
produced the radioactive plume detected in La Jolla 5 days after admission of seawater
(Priyadarshi et al, 2011). Due to the rare occurrence of reactor accidents and undetected primary
leakages, in this study we focus on naturally occurring atmospheric events as sources of *>S
rather than neutron leakages. *°S has a relatively short half-life of approximately 87.4 days,
making it sensitive and of the right chronology to be utilized as a tracer for understanding and

identifying stratospheric to tropospheric air mass transport on shorter time scales.

1.1.2 B Decay of Cosmogenic 35S

There are four types of ionizing radiation: alpha, beta, neutron, and gamma in order of
strength. Ionization refers to the ability of radiation to ionize atoms or molecules breaking apart
crucial bonds and producing ions. Radioactive energy far exceeds bond strengths and destruction
of molecules readily occurs following even minimal radiation exposure. Alpha radiation is a
helium nucleus composed of two neutrons and two protons. It is commonly emitted by heavy
isotopes such as 2!°Rn and can be stopped by a standard sheet of paper, referred to as stopping
distance but has energies in the MeV range. Beta radiation is defined by the emission of a
charged P particle and an antineutrino or neutrino depending on the charge of the  particle. The
neutrinos conserve charge in decay and are near massless. Electromagnetic radiation, such as x-
ray or gamma ray radiation, is the most common radiation and the most familiar.
Electromagnetic radiation is photonic, does not carry charge or mass, and energies vary
depending on the source. Gamma radiation is significantly higher in energy than x-ray radiation

making it much more harmful to humans and it is most attenuated when gamma sources are used



scientifically, medically, or agriculturally by lead shielding. Neutron radiation is emitted when
an atom splits or fissions due to collision with a free neutron as happens in nuclear reactors.
Spontaneous fission is also a possible route of decay in heavy atoms (greater than lead). This is
the strongest type of radiation emitted by a chemical reaction giving different elements as
products, though the process is driven by the instability of the nuclear components. Free neutrons
that promote the reaction generally must first be thermalized by water in order for them to be
effectively attenuated by lead shielding as they are otherwise too energetic to be stopped.

In this study, we measure beta minus radiation, the product of S decay to its stable
isotopic state, *Cl. The energy of the emitted B~ particle is very low (Emax= 0.167 MeV) making
it particularly difficult to detect when there are small quantities (or activities) of the source
present in a sample. Beta radiation can be attenuated by a single layer of clothing or, if contact
with skin is made, will travel up to a half inch through the skin and into the body. 3°S, produced
in the troposphere and stratosphere from neutron absorption by *>Cl, is oxidized to form sulfate.
It then has potential for long range transport and wet deposition into freshwater sources used for
human consumption at tolerated levels of 250 mg/L according to EPA. Sulfate has sufficient
transport ability that sulfate produced by biomass burning at the equator can be measured at the
south pole (Shaheen et al, 2014). It plays a role in climate both cooling and warming as it
nucleates clouds, which trap heat, and due to the whiteness, has a high albedo and reflects visible
light and is a coolant in that process. This type of radiation can be introduced into the body in
controlled amounts for treatments of cancer or medical imaging making it useful; yet when
studying higher activities, must be handled with care. Its role as a clock or fingerprint of

chemical and dynamical events in nature is what the thesis focuses on.



1.2 Atmospheric Southern Oscillation
Many have heard of or have been affected by the weather phenomenon referred to as an
El Nifio event, fewer are familiar with its counterpart, La Nifna. El Nifio and La Nifia are the duo

involved in the Southern Oscillation that occurs along the equatorial plane.

1.2.1 El Niiio Southern Oscillation (ENSO)

To understand the La Nifia Southern Oscillation, it is important to first understand the El
Nifio Southern Oscillation and the phenomena that lead to its creation. The process is
inadequately known from the vantage point that it is not predictable as well as society needs to
prepare for it. ENSO was given its name in the 1800’s by fisherman off the Pacific Coast of
South America. They began noticing that waters warmed around Christmas time some years, so
they started saying that El Nifio had come which means “the boy Christ-child” in Spanish. The
effect that the sudden arrival of these warm waters had for the fisherman was detrimental to their
livelihood and survival. They started to notice a lack of fish during these events which was due
to a lack of nutrients at the surface of the ocean, product of warmer sea surface temperatures
(SST). It has since been discovered that ENSO occurs due to an ocean to atmospheric coupling
along the equatorial plane across the Pacific Ocean. This coupling occurs due to a constant
swaying in atmospheric pressure, east to west, between the Pacific and Indian Ocean known as
the Southern Oscillation (Adamson, 2020). These pressure fluctuations were later linked to
temperature fluctuations (Walker Circulations) by Bjerkens (1969) who attributed the
relationship to a coupling between the ocean and the atmosphere (Lau et al, 2003). He
discovered positive and negative feedbacks (Bjerkens feedbacks) between trade winds and ocean

sea surface temperature (SST) (Adamson, 2020). During El Nifio, there is typically a weakening



in trade winds that can combine with warmer SST (+0.5°C or greater) in the central and eastern
Pacific Ocean. This combination causes increased convection above the central and eastern
Pacific Ocean creating more rainfall. On the other hand, the western Pacific Ocean, typically
warm with heavy rainfall, starts to become a cooler SST and less rainfall (Adamson, 2020).
Since trade winds are weakened during an El Nifio, the cooler water in the western Pacific is
unable to upwell in the eastern Pacific causing SST to continue to rise along with convection and
sea level. This is a major shift from normal conditions over the Pacific Ocean. Typically, the
warm regions are the Intertropical Convergence Zone (ITCZ) (60-120°E) and the South Pacific
Convergence Zone (SPCZ) (150-90°W) where the major area of convection lies above the
maritime continent of the western tropical Pacific Ocean (Philander, 1985; Lau et al, 2003). As
convection occurs over the western Pacific Ocean, low surface pressure moves the moist air
towards the subtropics and the high-pressure region of the eastern Pacific Ocean where it
descends (refer to Figure 1.1). Once the air cools, trade winds complete the circulation by
returning the cooled air to the convective region where it warms again, and the cycle continues
(Philander, 1985). This all occurs above the ocean surface. Below and at the surface there is a
disruption of the normal SST preventing the cooler western Pacific water from upwelling in the
eastern Pacific region. Cooled water is oxygen rich and the key to survival of marine life in the
ocean. When these waters fail to upwell in the eastern Pacific due to ENSO there is miniscule
amounts of oxygenated water available to produce marine life for fisherman to thrive from.
ENSO is notorious for affecting socioeconomic life and causing excessive rainfall in regions that
are not prepared to handle the excess volume and simultaneously creating severe drought in
regions accustomed to rainfall. Weather patterns become more volatile and more extreme events

that are presently unpredictable leaving countries such as South America in peril due to



aggressive floods and The Sahel in Africa in perilous drought. It is only anticipated that ENSO
will become more intense as climate change continues to progress in a warm direction and its

effects will follow suit.

1.2.2 La Nifia Southern Oscillation (LNSO)

LNSO was discovered much later than ENSO (1980’s). Its name translates to “little girl”,
and it was recognized as the counterpart to the known El Nifio creating a cycle in the Southern
Oscillation. La Nifa is characterized by a temperature decrease of 0.5°C in the El Nifo 3.4
region (east central tropical Pacific between 120°W to 170°W longitude, defined by NOAA)
while El Nifio is characterized by a temperature increase of 0.5°C, opposite of each other. El
Nifio and La Nifia occur every 2-7 years with greater frequency of El Nifio for reasons still not
totally understood. During this study, data was obtained during a time of two consecutive La
Nifia events, or the common “double-dip”, occurring 2020-2021 and 2021-2022. Characteristics
of La Nifia are very similar to normal non-ENSO conditions (Philander, 1985), refer to Figure
1.1, in that they do not shift the Southern Oscillation along the equator as happens during El
Nifio. The Southern Oscillation can be defined as a disruption in the thermally induced east to
west dissemination across the Pacific Ocean known as the Walker Circulation (Chang et al,
2003) which will be discussed further in a later section. During La Nifa, the oscillation is
amplified, and convective forces intensify at the ITCZ while sinking from the high troposphere
(~20 km) accelerates at the SPCZ (Lau et al, 2003). It is still unclear what causes this
acceleration to occur, but La Nifia events are attributed to either continued cooling of SST or
continued strengthening of trade winds (Philander, 1985). Assuming that the cause is continued

cooling of SST (opposite temperature change during El Nifio) in the eastern Pacific Ocean (-



0.5°C or lower), the gradient between the warm western Pacific and the cool eastern Pacific
expands and atmospheric-oceanic interactions respond by stimulating temperature flow in order
to keep up with the increasing temperature gradient across the Pacific (Philander, 1985). Warmer
waters in the western Pacific enhance atmospheric convection and rainfall and the cool dry air
sinking from the high troposphere (~20 km) in the eastern Pacific grows stronger (Lau et al,
2003). Deep atmospheric convection causes increased cloud coverage over Southeast Asia
reducing heat from solar radiation and producing a damping effect that slows the upward
atmospheric motion. To try and maintain equilibrium between the two systems, east to west trade
winds intensify bringing cooled surface waters west allowing for further upwelling of deep ocean
waters in the east. This reinforces the already established temperature gradient in the Pacific
Ocean further increasing convection and rainfall in the west and decreasing moisture in the east.
As a result, sea level rises in the ITCZ, and extreme drought overcomes the SPCZ. For the
southwestern United States, this causes a significant increase in wildfires, drought, and damage
to crops that is far beyond the norm. The northeastern United States is typically pummeled by
abnormally heavy snowfall and rainfall putting cities at risk of severe flooding and brush
overgrowth. It is important to resolve this half of the Southern Oscillation to better understand
how it will behave as climate change progresses in the direction of warmer global temperatures

and what the consequences for humans will be.
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Figure 1.1 Delineation of a normal, non-ENSO, Southern Oscillation showing the regions of
rising and sinking action above the Intertropical Convergence Zone (ITCZ) and the South Pacific

Convergence Zone (SPCZ). [NOAA 2021 Climate.gov]

For this study, an issue is why does La Nifia occur twice in consecutive years? In the
atmosphere during a La Nifia event there is a significant temperature difference between the
ITCZ and the SPCZ that drives warm moist air eastward to be cooled and dried. Upon arrival in
the easter Pacific, heat from the air is transferred down into the ocean continuously during a La
Nifia restoring the Oscillation to normal conditions. This pathlength can be followed in Figure
1.1. Of note is that there is an atmospheric upwards and downwards motion. If this is extensive,
at our latitude we might expect air derived from the upper troposphere where *S levels are
higher due to the proximity of the source of *3S. Consequently, there is the possibility of

observing radioactivity changes associated with the La Nifia.
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This transfer of heat is not always sufficient to warm the eastern Pacific waters enough to
maintain normal conditions and thus a second La Nifia ensues, and the event begins again
(DiNezio et al, 2017). This “double-dip” phenomenon is common and the second La Nifia is
typically weaker than the first since it is more of an aftershock. After the second LNSO has
passed the system should theoretically be warm enough in the eastern Pacific to prompt an
ENSO, but this is a rare occurrence (DiNezio et al, 2017). Figure 1.2 demonstrates the trend of

Oceanic Nino Index utilized to identify the “double-dip” La Nifia that is being analyzed in this

study.
"double-dip"
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Figure 1.2 Trend of Oceanic Nifio Index (ONI) beginning January 2020 through January 2022
delineating the “double-dip” phenomenon. LNSO conditions when ONI in El Nifio 3.4 region is

-0.5 or lower indicating the region is 0.5°C cooler than normal (origin.cpc.ncep.noaa.gov).

Due to the unpredictable nature of La Nifa and El Nifo it is difficult to take measures to

prepare for the detrimental conditions that accompany each event and predict if they will worsen
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with progression of climate change. Improving methods of prediction and early detection can
better equip affected regions and allow them to implement safety measures that allow effective

responsces.

1.2.3 The Walker Circulation

A key participant in the development and progression of both El Nifio and La Nifia is the
Pacific Walker Circulation (Figure 1.1). These circulations are longitudinal winds that flow over
the equatorial plane across the Pacific Ocean and are responsible for the transport of air masses
within ENSO or LNSO (Liberto, 2014). They are characterized by the low-level winds that flow
from the eastern Pacific to western Pacific Ocean, with convection above the ITCZ, flow back
across the upper troposphere from west to east, and ultimately sink back down over the SPCZ
(Liberto, 2014). These low-level winds are driven by a pressure gradient between the eastern and
western Pacific waters. Low oceanic overhead atmospheric pressures in the western Pacific and
high pressure in the eastern create a natural air-fluid flow from east to west. The existing
potential energy in the sea resulting from the pressure and temperature gradients are transformed
to kinetic energy as atmospheric air flow (Liberto, 2014). During El Nifio, the Walker
Circulation weakens and is shifted east such that the convergence zone moves from Southeast

Asia to the eastern Pacific Ocean creating a sinking branch over the Maritime Continent. In
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contrast, during La Nifia there is no shift in the Walker Circulations but rather a strengthening

that drives the system into deeper and stronger convection.

La Nina conditions

60°E 120°E 180° 120°W 60°W
longitude

NOAA Climate.gov

Figure 1.3 A delineation of the Walker Circulations during a La Nifia Southern Oscillation

[NOAA 2021 Climate.gov]

The Walker Circulation plays a primary role in maintaining a balance between ocean and
atmospheric energies that control massive weather patterns across the equatorial plane. It’s most

important role as vehicle for the El Nifio and La Nifia Southern Oscillation.

1.2.4 Hadley Cell

An important air mass transportation system that influences stratospheric to tropospheric
intrusions are the Hadley Cells. Originally postulated by English scientist George Hadley in 1735
(Warf, 2010), Hadley Cells were initially thought to be two opposing circulatory systems over

each hemisphere. Hadley believed that the rising air at the equator split off into a northern and
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southern direction each sinking at their respective poles and travelling back down towards the
equator along the surface of the earth (Warf, 2010). It is now understood that Hadley Cells are
lower latitude circulations with air masses rising at the equator and sinking at approximately 30°
latitude in both a northern and southern direction (Rind, 1998). Since they are responsible for
trade winds in the lower regions of each hemisphere, they are an important weather controller to
consider when studying the La Nina Southern Oscillation. Unlike the ever-fluctuating LNSO and
Walker Circulations, the Hadley Cells are constantly circulating to maintain their upward angular
momentum (Angular Momentum = air mass particle X velocity of the particle x radius) as the
high energy air mass particles travels up and away from the equator (Lindzen et al, 1980). The
air mass travelling poleward is decreasing its distance from the earth’s axis of rotation making
the radius it travels around the earth progressively smaller. Since angular momentum has to be
conserved and the mass of air particles cannot be changed (Lindzen et al, 1980), its eastward
(westward) velocity must increase causing the air mass to stop moving poleward and begin to
sink at around 30° north (south), depending on the cell. On the descent back down to the equator,
air masses are slowed due to friction with the surface of the earth/ocean and become warmed
again as they reach the equator. The sinking motion of the Hadley Cell creates areas of high
pressure off the coast of California and over the islands of Bermuda known as the Pacific and the
Bermuda Highs, respectively (Warf, 2010). These high-pressure regions, particularly the Pacific
High, prevent the formation of clouds and precipitation. For Southern California this equates to a
more intense drought when combined with the effects of the La Nifia Southern Oscillation.
During the poleward travel of air masses in the Hadley Cell, it is probable that at heights of
approximately 15-17 km, particles, such as cosmogenic *S, from the sub stratosphere can

become entrained and brought down to the troposphere. Combined with accelerated Walker
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circulations during La Nifa, the likelihood of seeing more frequent spikes in upper tropospheric-
stratospheric cosmogenic *°S increases. Along with this are occurrences of high-pressure events

creating extreme dryness from the stratospheric air mass admixture.

1.2.5 Brewer-Dobson Circulations

Brewer-Dobson Circulations (BDC) affect the entire globe by admitting tropospheric air
up into the stratosphere and circulating it poleward before sinking back down at mid (30°) or
high (60°) latitudes (Butchart, 2014). BDC are meridional cells in the upper and lower
hemisphere (Fu et al, 2019) similar to the Hadley Cells. They extend larger distances and reach
altitudes of up to 70 km (Butchart, 2014) creating stratospheric to tropospheric mixing events.
They are responsible for entraining air from the tropical tropopause layer (TTL) and moving it
poleward until it sinks into the troposphere at mid to high latitudes carrying stratospheric ozone
and radioactive isotopes such as cosmogenic *>S. BDC play a vital role in tropospheric chemistry
directly affecting the levels of O3 in the troposphere and influence the oxidative capacity of the
troposphere (Butchart, 2014). The oxidative capacity of the troposphere from the presence of
ozone is what dictates the evolution of aerosols that contain cosmogenic sulfate and the lifetime
of long-lived gases (Kentarchos and Roelofs, 2003). Stratospheric to tropospheric transport
(STT) of air masses can largely be attributed to Brewer-Dobson Circulations. However, it is
possible that the combination of BDC, Walker Circulations, and the Hadley Cell can develop a
greater likelihood of deep STT in the eastern Pacific Ocean region and Southern California
during certain times of year. Studies of the impact of deep STT on the tropospheric sulfur cycle

are scarce but further research could give insight on the effects of STT on tropospheric sulfur
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cycle and ozone levels given the suitable half-life of 3°S and the newest observations of the
processes (Lin et al, 2016c).
1.3 Solar Minimum of Solar Cycle 25

Solar Cycle 25 was officially announced in December 2019 after observing the lowest
point of the solar minimum between Solar Cycle 24 and 25 (NOAA, 2020). During a solar
minimum there is a weakening of solar magnetic field that allows for a greater flux of galactic
cosmic rays (GCR) to arrive at Earth’s atmosphere (Rahmanifard et al, 2021). GCR are produced
by massive explosive events such as supernova or, in the case of the Sun, solar flares
accompanied by coronal mass ejections. During a solar minimum the presence of a weaker
magnetic field is accompanied by fewer sunspots. Therefore, the solar flares that are produced
around sunspots, though fewer, are more likely to reach earth’s atmosphere at higher intensity
due to the weaker magnetic field. They are composed of high energy particles such as protons,
heavy ions, and electrons (Rahmanifard et al, 2021) with the majority being high energy protons.
This increased flux of GCR increases the rate of argon spallation in the upper atmosphere
directly increasing the production rate for several radioisotopes, which includes **S and *C. The
production of cosmogenic **S increases and due to its suitable half-life of approximately 87 days,
is an ideal tracer that can be used to detect changes in solar activity rapidly and in a different way
from conventional solar observations, both land and satellite based. Unlike '*C and !°Be, which
are used as long-term tracers to understand solar activity back as far as 10,000 years
(Rahmanifard et al, 2021), we use >°S to see changes in solar activity happening on a much
shorter time scale given its 87-day half-life. Current investigations regarding the possibility of a
secular, or slow moving, solar minimum at the start of solar cycle 25 is being carried out using

historical data and technological imaging. It is possible that **S could yield useful information in
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conjunction with these methods for a better understanding of present solar conditions since
concentrations of *>S will fluctuate proportionately with GCR intensity. During a solar minimum
GCR intensity will be greater and therefore an increase in **S should be detectable. NASA has
gained an increased interest in space weather prediction due to upcoming projects such as
Artemis that will expose spacecraft and astronauts to long term space radiation (Potter, 2021). It
is imperative that space weather prediction become as efficient as meteorological predictions on
earth for the safety and well-being of the people and equipment used for these explorations. The
effects of GCR also have a potential impact on earth’s atmosphere, this facilitates a deeper
understanding for solar and space interactions with the earth’s atmosphere and potential

consequences.

1.4 Detection of 35S Produced by Neutron Fluxes

Production of S may result from thermal neutron capture by highly abundant **Cl in
seawater (Love et al, 1962). >3Cl[n,p]*>S has an ideal cross section for absorption of 0.40 + 0.01
barns for thermal neutrons (Sims et al, 1969) making it the most likely reaction pathway if there
is neutron leakage into the ocean. **S can also be produced by **S [n,y]*’S but this reaction is 200
times less likely to occur than the thermal neutron absorption by *3Cl as described earlier (Love
et al 1962). On March 4, 2022, the Zaporizhzhya Nuclear Power Plant (ZNPP) in Ukraine was
bombarded by Russian forces (Castelvecchi, 2022). The use of explosive weapons resulted in
damage to several components at ZNPP placing the integrity of the reactor vessels in question.
The Zaporizhzhya Nuclear Power Plant (ZNPP) had not reported irregular levels of radiation in
the area following the attack and damage was said to be relatively minor (Castelvecchi, 2022).

Given that the ZNPP is in close proximity to the Black Sea, the Sea of Azov, and the Caspian
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Sea, production of *3S by neutron capture is not out of the question. Neutron leakage from
damage to ZNPP cooling systems or control systems could result in a reactor accident similar to
that of Fukushima Daiichi (Castelvecchi, 2022) causing neutron leakage into the sea as a result
of seawater use as an emergency coolant system. Since very little reporting has been made
concerning the actual damage to the facility, it is difficult to completely rule out the possibility of
neutron leakage from cooling or control systems that may have been damaged at the facility
during the attack. Given prevailing air mass trajectories and distance, it is unlikely that a signal
would be detected here as compared to Fukushima where the air mass trajectory at that time was
a 5-day transit to La Jolla. Historical accidents such as the occurrence at Chernobyl and
Fukushima Daiichi have demonstrated the profound impact that a release of harmful radiation
into the environment can have. The danger posed to human health and the surrounding ecology
by accidents of this nature are more than enough reason to take damage to nuclear facilities
seriously and investigate even the most minute possibility of neutron leakage. On the southern
coast of California near one of the most popular surfing locations in country is the San Onofre
Nuclear Generating Station (SONGS). SONGS has become the new home to 3.55 million
pounds of spent fuel contained in steel canisters that are classified as radioactive waste
(Nikolewski, 2019). Spent fuel canisters previously kept in wet storage pools have been
relocated to a dry storage facility at SONGS where they are set to remain for an indefinite period
of time. It is important to keep in mind that these structures are vulnerable to chloride induced
stress corrosion cracking (CISCC) as a result of their location. Damage to a containment
structure could result in the release of neutron radiation which would be harmful to humans and
the ecology. This is only one example of the many nuclear power generating stations that exist in

the country. Several other nuclear power plants in the United States are also located near large
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bodies of saline water such as SONGS is to the Pacific Ocean. Existing methods of radiation
detection are effective, and it would only be beneficial to add layers of security to keep nearby
populations safe. By use of **S, neutron leakage could quickly be detected, and the site notified
immediately upon confirmation that the source of abnormally high S can be attributed to a
neutron leak. Prompt action would allow neighboring cities to implement safety precautions and
prepare people for safe evacuation if necessary. The nuclear facility would have time to detect
the source of leakage and contain it before worsening conditions ensued. It is possible that a
small undetected fracture could begin to leak unnoticed and then become severely aggravated
over time or due to unpredictable weather events that would escalate the danger significantly. By
constantly monitoring levels of *>S and understanding its behavior during normal weather
conditions in the region, it would be easier to detect an abnormal level. Levels out of normal
range could then be traced back to their origin using NOAA HYSPLIT technology to confirm

whether or not the **S originated in the atmosphere or from a nuclear facility.
1.5 Motivation for Thesis

The sulfur cycle has the potential to serve as a useful tool to better understand several
complex phenomena related to weather and solar activity in the earth’s environment. The
purpose of this thesis is to better understand the behavior of **S with respect to transients in
climate and solar activity and take advantage of a La Nifia event occurring and providing a
perturbation to normal conditions. Also, to describe the usage of **S as a low cost and long-term
radiation safety detection method that can be implemented near nuclear power generating

stations.

This analysis will provide insight for three significant scientific questions: (1) Can

cosmogenic *°S be used as a tracer to indicate the presence or intensity of a La Nifia Southern
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Oscillation? (2) Can cosmogenic *>S behavior be used to develop a better understanding of solar
transitions and cycle activity? (3) Can anthropogenic **S be used long term to detect early signs

of damage to nuclear power generating stations or nuclear waste storage facilities?
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Chapter 2 Results and Discussion

2.1 Behavior of Cosmogenic **S during a “double-dip” La Nifia Southern Oscillation

Sulfate aerosols can act as cloud condensation nuclei (CCN), also known as cloud seeds,
and reflect solar radiation making them a key component to climate systems around the world
(Shaheen et al, 2013). Some geoengineering experiments suggest admitting sulfate into the
atmosphere to form clouds for reflection of incoming solar rays enhancing its cooling effect as a
CCN (Robock, 2003). Cosmogenic *°S produced in the stratosphere interacts with ozone,
hydrogen peroxide, or hydroxide and rapidly oxidizes to sulfur dioxide (~1 second) which
continues to react with ozone becoming a sulfate aerosol particle. Sulfate is a pollutant that can
be detrimental to climate, agriculture, and human health (Unger, 2006). It has the opposite effect
on climate when compared to most greenhouse gases and common pollutants in that it causes a
cooling effect rather than a warming effect (Unger, 2006). During the study we collected sulfate
aerosols of different sizes (>1.5 pm, <0.95 pm, and in between) to encompass a broad range of
data and to enhance resolution within each range for differentiation chemistries of particle origin.
Particles >1.5 um constitute bulk sulfate aerosol samples, <1.5 pm but >0.95 um constitute
coarse sulfate aerosol samples, and <0.95 um constitute fine sulfate aerosol samples (Lin et al,
2016c; Brothers et al 2010). Bulk samples contain sulfate aerosols that have undergone particle
growth reactions during stratospheric to tropospheric transport (STT). Coarse and fine samples
combined account for the bulk sample and their separation may help us identify particles that are
potentially anthropogenically produced by neutron absorption. Focusing on bulk and fine aerosol
samples the behavior of sulfate will be analyzed during the 2020-2021 and subsequent 2021-
2022 La Nifia Southern Oscillation (“double-dip™) to provide a unique perspective on

atmospheric changes during this complex weather phenomenon that is yet to be fully understood.
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Table 1.1 Bulk Radiosulfate Concentration and Humidity during 2020-2021 La Nifia Southern

21

Oscillation
Bulk Sample Name Date Range DPM Radiosulfate Humidity
Concentration
(atoms m™)

UH113b S35 1/2 | 7/30-8/7/2020 8.388 282.564 76.82
UH114b S35 1/2 | 8/7-8/14/2020 11.452  451.013 68.54
UH114b S35 1/2 | 8/7-8/14/2020 5.338 309.917 68.54
UH115b S35 1/2 | 8/14-8/21/2020 7.595 282.154 46.38
UH116b S35 1/2 | 8/21-8/27/2020 4.402 184.844 65.37
UH117b S35 1/2 | 8/27-9/8/2020 27.795  588.974 72.88
UH117b S35 1/2 | 8/27-9/8/2020 27.883  600.275 72.88
UH117b S35 1/2 | 8/27-9/8/2020 15.395 444307 72.88
UH118b S35 1/2 | 9/8-9/11/2020 5234 428.013 77.48
UH119b S35 1/2 | 9/11-9/14/2020 6.349 497.210 59.08
UH119b S35 1/2 | 9/11-9/14/2020 4.891 463.186 59.08
UH120b S35 1/2 | 9/14-9/17/2020 5.866 468.324 72.17
UHI121b S35 1/2 | 9/17-9/21/2020 3.739 266.076 32.66
UH122b S35 1/2 | 9/21-9/25/2020 4.284 294.093 74.75
UH123b S35 1/2 | 9/25-9/28/2020 5.442 454.941 75.89
UH124b S35 1/2 | 9/28-10/2/2020 8.248 490.571 73.68
UH125b S35 1/2 | 10/2-10/6/2020 5.771 393.503 74.75
UH126b S35 1/2 | 10/6-10/9/2020 6.602 528.159 59.21
UH127b S35 1/2 | 10/9-10/12/2020 3.815 305.026 67.08
UH128b S35 1/2 | 10/12-10/16/2020 5.641 342.186 63.82
UH129b S35 1/2 | 10/16-10/20/2020 4.302 264.961 55.49
UH130b S35 1/2 | 10/20-10/23/2020 3.271 275.330 75.6

UH131b 835 1/2 | 10/23-10/27/2020 12.044  675.850 64.08
UH132b §35 1/2 | 10/27-10/30/2020 6.634 568.008 26.07
UH133b S35 1/2 | 10/30-11/3/2020 6.724 427.223 56.55
UH134b S35 1/2 | 11/03-11/6/2020 4.016 325.311 81.58
UH135b §35 1/2 | 11/06-11/10/2020 4.848 317.538 78.06
UH136b S35 1/2 | 11/11-11/14/2020 3.449 316.248 58.17
UH137b 835 1/2 | 11/14-11/17/2020 4.086 295.769 71.38
UH138b S35 1/2 | 11/17-11/20/2020? 2.675 209.351 44.1

UH139b S35 1/2 | 11/20-11/24/2020 3.189 249.318 75.67
UH140b S35 1/2 | 11/24-11/28/2020 4.119 304.821 70.84
UH141b S35 1/2 | 11/28-12/01/2020 5.308 392.718 31.59
UH142b S35 1/2 | 12/1-12/4/2020 7.539 571.232 35.68
UH143b S35 1/2 | 12/4-12/7/2020 10.161 802.416 35.37
UH144b S35 1/2 | 12/7-12/10/2020 4.712 470.974 46.62
UH145b S35 1/2 | 12/10-12/14/2020 5.755 388.837 64.93
UH146b S35 1/2 | 12/14-12/17/2020 3.159 316.913 74.83



Oscillation (Continued).

Table 1.1 Bulk Radiosulfate Concentration and Humidity during 2020-2021 La Nifia Southern

UHI47b S35 172
UHI48b S35 172
UHI149b S35 172
UHI150b S35 172
UHI51b S35 172
UHI152b S35 172
UHI153b S35 172
UHI154b S35 172
UHI155b S35 172
UHI156b S35 172
UHI57b S35 172
UHI158b S35 172
UHI159b S35 172
UH160b S35 172
UHI61b S35 172
UH162b S35 172
UH163b S35 172
UH164b S35 172
UH165b S35 172
UH166b S35 172
UH167b S35 172
UH168b S35 172
UH169b S35 172
UHI70b S35 172
UHI71b 835172
UHI72b S35 172
UHI73b 835172
UHI174b S35 172
UHI75b S35 172
UHI176b S35 172
UHI77b S35 172
UHI78b S35 172
UHI179b S35 172
UHI180b S35 172
UHI81b 835 172
UHI182b S35 172
UHI183b S35 172
UH184b S35 172
UHI185b S35 172
UHI186b S35 172

12/17-12/21/2020
12/21-12/24/2020
12/24-12/28/2020
12/28-12/31/2020
12/31-1/4/2021
1/4-1/7/2021
1/7-1/11/2021
1/11-1/14/2021
1/14-1/18/2021
1/18-1/21/2021
1/21-1/25/2021
1/25-1/28/2021
1/28-2/1/2021
2/1-2/4/2021
2/4-2/8/2021
2/8-2/11/2021
2/11-2/15/2021
2/15-2/18/2021
2/18-2/22/2021
2/22-2/25/2021
2/25-3/1/2021
3/1-3/4/2021
3/4-3/8/2021
3/8-3/11/2021
3/11-3/15/2021
3/15-3/18/2021
3/18-3/22/2021
3/22-3/25/2021
3/25-3/29/2021
3/29-4/1/2021
4/1-4/5/2021
4/5-4/8/2021
4/8-4/12/2021
4/12-4/15/2021
4/15-4/19/2021
4/19-4/22/2021
4/22-4/26/2021
4/26-4/29/2021
4/29-5/3/2021
5/3-5/6/2021

4.026
4379
7.266
2.269
3.415
1.951
4.071
4.468
5.675
2.518
5.386
2.222
2.504
1.851
6.195
6.906
3.532
2.821
3.594
4.456
8.461
4.332
4.535
2.029
4313
2.451
3.149
3.061
4.856
8.114
10.826
6.476
8.114
7.593
9.354
6.487
4.676
2.941
5.327
3.327

268.671
349.339
447.309
199.633
228.442
190.346
322.031
433.932
408.797
275.271
304.029
229.903
192.458
177.846
474511
628.610
280.750
296.485
281.429
454.988
762.075
518.540
386.845
223.754
388.643
286.076
272.783
328.003
372.905
868.508
861.970
657.196
714.998
820.102
764.623
640.122
393.855
303.280
437.149
343.988
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66.98
39.03
24.77
77.94
68.91
81.71
73.07
40.59
34.27
57.62
69.14
64.34
62.2

5591
74.47
76.33
75.97
72.66
41.94
30.57
54.19
28.76
74.31
72.34
68.37
67.45
73.74
65.65
74.59
59.41
30.42
74.62
73.02
65.3

59.89
42.62
74.32
71.31
42.99
69.89



Oscillation (Continued).

Table 1.1 Bulk Radiosulfate Concentration and Humidity during 2020-2021 La Nifia Southern

UHI87b S35 172
UHI88b S35 172
UHI189b S35 172
UHI90b S35 172
UHI91b S35 172
UHI192b S35 172
UHI193b S35 172

5/6-5/10/2021

5/10-5/14/2021
5/14-5/17/2021
5/17-5/20/2021
5/20-5/24/2021
5/24-5/27/2021
5/27-5/30/2021

8.114
7.110
2.507
2.301
3.649
3.204
3.477

601.171
556.894
258.429
223.076
266.195
354.960
380.487

71.88
67.29
69.78
74.64
68.69
64.93
65.58

Table 1.2 Bulk Radiosulfate Concentration and Humidity during 2021-2022 La Nifia Southern
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Oscillation
Bulk Sample Name  Date Range DPM Radiosulfate Humidity
Concentration
(atoms m™)

UH211b S35 1/2 | 8/1-8/5/2021 6.659 511.504 67.13
UH212b S35 1/2 | 8/5-8/10/2021 6.351 373.624 76.3
UH213b S35 1/2 | 8/10-8/13/2021 3.494 385.388 75.01
UH214b S35 1/2 | 8/13-8/17/2021 6.296 435950 61.83
UH215b S35 1/2 | 8/17-8/20/2021 3.323 357.550 76.77
UH216b S35 1/2 | 8/20-8/23/2021 6.899 713.325 72.14
UH217b S35 1/2 | 8/23-8/26/2021 5.069 500.665 70.08
UH218b S35 1/2 | 8/26-8/30/2021 4423 333.573 64.88
UH219b S35 1/2 | 8/30-9/2/2021 6.194 592.299 78
UH220b S35 1/2 | 9/2-9/7/2021 7.863 442877 68.03
UH221b S35 1/2 | 9/7-9/10/2021 4.640 409.155 74.42
UH222b S35 1/2 | 9/10-9/14/2021 5.353 362.840 74.52
UH223b S35 1/2 | 9/14-9/17/2021 9.580 916.970 76.26
UH224b S35 1/2 | 9/17-9/20/2021 8.904 790.741 68.84
UH225b S35 1/2 | 9/20-9/23/2021 3.353 324.888 74.95
UH226b S35 1/2 | 9/23-9/27/2021 7.351 506.462 73.41
UH227b S35 1/2 | 9/27-9/30/2021 3.766 333.154 84.29
UH228b S35 1/2 | 9/30-10/4/2021 8.023 538.019 68.07
UH229b S35 1/2 | 10/4-10/7/2021 5.763 476.422 43.56
UH230b S35 1/2 | 10/7-10/11/2021 4.221 290.187 79.47
UH231b S35 1/2 | 10/11-10/14/2021 4.739 437.003 73.79
UH232b S35 1/2 | 10/14-10/18/2021 8.153 562.323 56.65
UH232b S35 1/2 | 10/14-10/18/2021 6.031 487.419 56.65
UH233b S35 1/2 | 10/18-10/21/2021 3.966 342.397 74.61
UH234b S35 1/2 | 10/21-10/25/2021 5.269 358.310 75.14



Oscillation (Continued).

Table 1.2 Bulk Radiosulfate Concentration and Humidity during 2021-2022 La Nifia Southern

UH236b S35 172
UH238b S35 172
UH240b S35 172
UH242b S35 172
UH244b S35 1/2 (UG)
UH244b S35 1/2 (IG)
UH246b S35 1/2 (UG)
UH248b S35 1/4 (IG)
UH248b S35 1/4 (UG)
UH250b S35 1/2 (UG)
UH252b 835 1/2 (UG)
UH254b 835 1/2 (UG)
UH256b S35 1/2 (UG)
UH258b 835 1/2 (UG)
UH260b S35 1/2 (UG)
UH262b S35 1/2 (UG)
UH264b S35 1/2 (UG)
UH266b S35 1/2 (UG)
UH268b S35 1/2 (UG)
UH270b S35 1/2 (UG)
UH272b 835 1/2 (UG)
UH274b 835 1/2 (UG)
UH276b S35 1/2 (UG)
UH278b 835 1/2 (UG)
UH280b S35 1/2 (UG)
UH282b 835 1/2 (UG)
UH284b 835 1/2 (UG)
UH286b S35 1/2 (UG)
UH288b 835 1/2 (UG)
UH290b S35 1/2 (UG)
UH292b 835 1/2 (UG)
UH294b 835 1/2 (UG)
UH296b S35 1/2 (UG)
UH298b 835 1/2 (UG)
UH300b S35 1/2 (UG)
UH302b S35 1/2 (UG)

10/25-10/28/2021
10/18-11/1/2021
11/1-11/4/2021
11/4-11/8/2021
11/8-11/12/2021
11/8-11/12/2021
11/12-11/16/2021
11/16-11/19/2021
11/16-11/19/2021
11/19-11/24/2021
11/24-11/29/2021
11/29-12/2/2021
12/2-12/6/2021
12/6-12/9/2021
12/9-12/13/2021
12/13-12/16/2021
12/16-12/20/2021
12/20-12/23/2021
12/23-12/28/2021
12/28-12/31/2021
12/31-1/4/2022
1/4-1/7/2022
1/7-1/12/2022
1/12-1/15/2022
1/15-1/18/2022
1/18-1/21/2022
1/21-1/25/2022
1/25-1/28/2022
1/28-2/1/2022
2/1-2/4/2022
2/4-2/8/2022
2/8-2/11/2022
2/11-2/14/2022
2/15-2/18/2022
2/18-2/22/2022
2/22-2/25/2022

3.739
2.624
2.151
3.699
4.704
3.663
3.090
1.910
2.120
6.856
4.290
3.970
6.480
5.790
7.286
4.030
3.853
4.120
3.680
0.756
7.081
5.249
6.74

6.42

6.787
3.813
4.451
5224
9.124
7.139
5.664
3.454
3.179
4.466
6.316
3.603

314.843
170.574
173.931
246.284
313.328
242.039
198.878
312.554
349.678
339.383
529.436
311.945
390.554
496.552
528.340
392.717
259.395
387.605
220.043
67.840
487.536
452.2563
355.5634
546.2036
581.0315
315.5618
328.273
456.514
576.3968
579.2065
365.1155
296.1787
266.6124
377.8431
426.9875
291.9075

24

81.85
47.01
79.7

79.4
79.4
32.12
83.42
83.42
81.03
75.58
52.68
86.59
83.98
85.79
75.98
74.71
68.94
74.35
80.6
75.91
77

37
59
87
73
75
42
76
45
26

75
48
74



Table 1.1 and Table 1.2 contain radiosulfate concentrations within the time frame
designated by the National Oceanic and Atmospheric Administration (NOAA) to be LNSO. An
SST in the negative region (starting at -0.5°C and decreasing) is used to indicate the presence of
LNSO as can be seen in Table 1.3 (nws.noaa.gov). Radiosulfate concentrations collected during
LNSO months along with humidity were plotted against dates of collection which trend lower in
Southern California during LNSO due to sinking of dried air transported from ITCZ via Walker
Circulations.

During 2020-2021 LNSO and 2021-2022 LNSO aerosol sulfate was collected, extracted,
purified, and counted for recording following protocol delineated by Brothers et al (2010) and
Lin et al (2017b). Samples were regularly collected on the fifth floor of Urey Hall at the
University of California in La Jolla starting in May of 2019. Data presented in Table 1.1 and
Table 1.2 encompasses the 2020-2021 and subsequent 2021-2022 LNSO and includes humidity
data corresponding to the time frame for when each sample was collected (Visual Crossing
Weather).

La Nifia events are known to alter weather patterns and affect humidity at its convergence
zones; exponentially increasing humidity at the ITCZ and decreasing humidity at the SPCZ
drastically. This variation in humidity can be connected back to the behavior of Walker
Circulations during the LNSO. Moving at an accelerated rate during LNSO, dry air sinks down
at the equatorial SPCZ and rises again as it is transported poleward north and south by the
Hadley Cells and BDC. With humidity decreasing at the SPCZ, hot dry air begins to rise at the
equatorial level within the Hadley Cell and BDC where it ultimately sinks back down at
approximately 30° north and south of the equator (Rind, 1998). Focusing on the northern

hemisphere, La Jolla California is located at approximately 32° N which includes it in the high-
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pressure region of downward air transport of the Hadley Cells and BDC, where stratospheric
injections are maximal. The weather conditions in Southern California become dryer beginning
in the fall and last through the winter matching the seasonal time frame for LNSO. Sulfate
aerosols can be removed from the atmosphere by dry or wet deposition but typically remain in
solid form while humidity levels are below 80% (Kirpes et al, 2022). During high pressure
events resulting from transported air masses of the Hadley Cell and BDC, STT events entrain
sulfate aerosols which undergo particle growth interactions as they sink down into the
troposphere. Bulk samples collected containing sulfate aerosol particles of greater than 1.5um
were plotted along with humidity against date to observe behavior during non-ENSO conditions

and compare them to LNSO conditions.
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Figure 1.4 Bulk radiosulfate concentration and humidity plotted against date during non-ENSO
Conditions in 2019-2020. Instances highlighted where radiosulfate concentration exceeds 600

atoms m™ accompanied humidity below 60% indicative of a stratospheric event.
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During normal ENSO conditions, elevated concentrations of radiosulfate can be seen
within the fall to spring seasonal timeframe due to the presence of high-pressure events and
occurrence Santa Ana winds popular to Southern California. Humidity seldom fluctuates
significantly out of an 80-60% range during non-ENSO conditions as well. Figure 1.4 delineates
normal (non-ENSO) conditions from 2019-2020 which are characterized by NOAA as having
SST temperature change less than 0.5°C but greater than -0.5°C, values referred to as an Oceanic
Nifio Index (ONI). Table 1.3 contains ONI values encompassing this study where values in red

indicate warming SST and values in blue indicate cooling SST.

Table 1.3 Monthly Oceanic Nino Index (ONI) beginning 2019 last updated March 31, 2022.

LNSO conditions when ONI in El Nifio 3.4 region is -0.5 or lower indicating the region is 0.5°C

cooler than normal (NOAA)
Oceanic Nino Index

2019 | 2020 | 2021 | 2022
January 0.7 0.5 -1 -1
February 0.7 0.5 -0.9
March 0.7 04 -0.8
April 0.7 0.2 -0.7
May 0.5 -0.1 -0.5
June 0.5 -0.3 -0.4
July 0.3 -0.4 -0.4
August 0.1 -0.6 -0.5
September 0.2 -0.9 -0.7
October 0.3 -1.2 -0.8
November 0.5 -1.3 -1
December 0.5 -1.2 -1

During normal conditions, or non-ENSO conditions, there are greater instances during
autumn and winter where bulk concentrations of radiosulfate rise above 600 atoms m™. These

spikes in concentration are accompanied by significant drops in humidity which are indicative of
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high-pressure events leading to STT of large sulfate aerosol particles entrained in downward air
mass transport. This illustrates the effectiveness of defining the natural processes that alter S as

shown by Lin et al (2022), in southern California El Nifio events.
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Figure 1.5 Bulk radiosulfate concentration and humidity plotted against date during LNSO
Conditions 2020-2021. Instances highlighted where radiosulfate concentration exceeds 600

atoms m™ accompanied humidity below 60%.

The 2020-2021 LNSO contains more frequent stratosphere to troposphere intrusions
when compared to non-ENSO conditions of Figure 1.4. During 2020-2021 LNSO conditions,

humidity fluctuates more drastically when compared to non-ENSO conditions. This is clearly
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shown when comparing Figures 1.4 and 1.5. More frequent periods of low humidity indicate a
decrease in rainfall which further aggravates the existing drought conditions in Southern
California and the rest of the southwestern regions of the country. During instances of low
humidity, cosmogenic radiosulfate is more successfully transported down to the troposphere
where aerosols can be collected and analyzed. When there is less washout of particulate sulfate
aerosol from the atmosphere, a more definite picture of upper atmospheric behavior can be
generated, and a better understanding of sulfur cycle and ozone budget trajectory can be
obtained. LNSO typically appears in autumn and lasts into spring overlapping with Santa Ana
wind season in Southern California. Santa Ana winds originate in inland deserts primarily
centered over Nevada. The high-pressure divergence then forcing its way along the surfaces and
through the coastal mountains towards the coast of California (Lin et al, 2022d) is a significant
influence on *>S concentrations during non-ENSO conditions. This study indicates there is a
correlation between increased STT events and LNSO combined with Santa Ana wind frequency.
Data from this project provides the first examination of *>S behavior during an individual La
Nifia events as well as a single “double-dip” La Nifia event in which two LNSO occur
consecutively. Figure 1.6 will show the brief period between LNSO 2020-2021 and LNSO 2021-
2022 can be considered to be non-ENSO conditions. Due to the short timeframe, LNSO 2021-
2022 will be compared to non-ENSO conditions from 2019-2020 which includes typical LNSO

months.
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Figure 1.6 Bulk radiosulfate concentration and humidity plotted against date during brief non-

ENSO Conditions 2021 leading up to a second LNSO event.

During summer months STT events are rare and Santa Ana winds do not occur, therefore
spikes in radiosulfate are not seen during this time. This short period of time between LNSO
2020-2021 and LNSO 2021-2022 demonstrated an upward trend of radiosulfate concentration
beginning July of 2021 where an ONI of -0.4°C was reported by NOAA for the month of June
and July of 2021 (reference table 1.3). This increasing concentration of *°S could serve as a clear
indication that a second LNSO event will occur and could be used in conjunction with
meteorological and Pacific Ocean satellite SST observations to confirm on earlier time scale
predictions of a second La Nina. It is important to analyze climate behavior since there is a
potential influence from the changing solar cycle that could alter levels of *°S as well given that

these measurements are during a deep and protracted solar minima.
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La Nifa 2021-2022
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Figure 1.7 Bulk radiosulfate concentration and humidity plotted against date during LNSO
Conditions 2021-2022. Instance highlighted where radiosulfate concentration exceeds 600 atoms

m>.

LNSO 2021-2022 did not contain a higher frequency of STT events which may be
characteristic of a weaker secondary LNSO as can be noted from Figure 1.2. Referencing back to
Figure 1.2 it is observed that a maximum ONI value for the subsequent LNSO event was -1°C, a
value less than the -1.3°C maximum ONI value for the initial LNSO event. Humidity fluctuations
during this second LNSO were also more drastic with several instances of >80% and <60%
humidity but did not demonstrate similar spikes in radiosulfate concentrations as can be seen
during LNSO 2020-2021. A significantly low value present on 12/29 could be indicative of

rainout or low sunspot number which will be further discussed in a later section.
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La Nina Conditions
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Figure 1.8 Bulk radiosulfate concentration vs ONI during LNSO 2020-2021 and LNSO 2021-

2022.

The frequency of events where concentrati

on of radiosulfate was greater than 600 atoms

m™ during this “double-dip” LNSO event is disproportionately higher during the first La Nifia

than the second. When comparing the two sets of data, it is important to consider what the

average humidity for the two time periods is to verify that the difference matches the decreased

frequency of radiosulfate spikes. During LNSO 2020-2021 the average humidity was 62% while

LNSO 2021-2022 produced an average humidity of 70%. Increased humidity is indicative of a

weaker second LNSO and should therefore yield lower concentrations of radiosulfate likely due
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to increases in washout which removes the radiosulfur from the atmosphere. La Nifia provides
conditions where dry air can be transported from the equatorial region poleward by Hadley cells
and BDC so an increase in humidity could be indicative of a change in the temperature gradients
creating LNSO events so we can infer that the system is weakening. Figure 1.8 shows a greater
number of instances where radiosulfate concentration exceeded 600 atoms m™ during the 2020-
2021 LNSO than the 2021-2022 LNSO. These spikes in concentration of Bulk samples indicates
a greater number of large sulfate aerosol particles (>1.5 pm) being transported to the region of
collection. To verify that these instances of greater concentration are coming from higher
altitudes, back trajectories of air masses were calculated for each instance using HY SPLIT
Trajectory software available at NOAA Air Resource Laboratory. Figure 1.9 contains back
trajectories for elevated concentrations of radiosulfate during non-ENSO conditions shown in
Figure 1.4. The collection site (Urey Hall, La Jolla CA) is marked with a star and the flow of air
mass can be traced backward from that origin showing the direction of flow. Each of these maps
contains data for the respective day the sample was collected and support the proposition that
these air masses sink down during high pressure events and are transported to the origin of

collection by Santa Ana winds.
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Figure 1.9 Back trajectories for spikes in radiosulfate during non-ENSO conditions as seen in
Figure 1.4 calculated using NOAA Air Resource Laboratory HY SPLIT Program. The top plot
shows the path of the air mass along the surface and the bottom plot shows the altitude of the

sinking air mass.
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Back trajectories were also calculated for samples collected during LNSO 2020-2021 and
LNSO 2021-2022 where samples exceeded the 600 atoms m™ to determine if the peaks were
indeed due to STT events. Figure 1.10 contains back trajectories during La Nifia 2020-2021 and

Figure 1.11 contains back trajectories during La Nifia 2021-2022.
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Figure 1.10 Back trajectories for spikes in radiosulfate during LNSO 2020-2021 as seen in

Figure 1.5 calculated using NOAA Air Resource Laboratory HYSPLIT Program.

When analyzing the back trajectories shown in Figure 1.10, a majority of the

anomalously high points during LNSO 2020-2021 can be attributed to STT events. Data
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collected on April 1, 2021, appears to have travelled at much lower altitudes before being
collected and data collected on April 15, 2021, travelled down from a northern high-pressure
system also at much lower altitudes. These anomalies occurred during the end of La Nifia 2020-
2021 and may be indicative of the temperature equilibrium that is typically achieved as a LNSO

approaches the end of its lifetime and conditions return to normal.
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Figure 1.11 Back trajectories for spikes in radiosulfate during LNSO 2021-2022 as seen in

Figure 1.7 calculated using NOAA Air Resource Laboratory HYSPLIT Program.
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Examination of the back trajectories shown in Figure 1.11 show that the air masses
corresponding to the anomalously high sulfate concentrations of LNSO 2021-2022 originated in
a different location from those shown in Figure 1.10 and Figure 1.9. It is possible that the air
masses shown in Figure 1.11 are travelling along the Subtropical Jet Stream. During a strong
LNSO, the Polar Jet Stream shifts downward and dips across the United States between a region
of high pressure and a region of low pressure that form over the western and eastern regions of
the country respectively. It is likely that the Polar Jet Stream started to retreat poleward at the
end of LNSO 2020-2021 and did not shift back downward for the second, weaker LNSO. This
would have allowed the Subtropical Jet Stream to shift back up or reappear at its 30°N location
resuming flow from west to east over the Pacific Ocean (weather.gov). However, the altitude of
origination for these air masses is lower than would be expected so it is important to consider the
possibility of anthropogenic formation of *>S which will be discussed further in a later section.

Considering the data that has thus far been presented it can be stated that given its short
half-life and frequent transport, the cosmogenic >°S tracer offers valuable uses as a real time
indicator of present atmospheric and climactic changes. Understanding its behavior during
complex weather phenomena such as LNSO can be of great use when studying the global sulfur
cycle, the present ozone budget, and the negative impacts it has on human health as an aerosol
pollutant. It can also provide earlier signs for developing changes in climate so that countries
may better prepare for the dangerous effects that those changes might have on their economy and

environment.
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2.2 Observed Changes in Cosmogenic *°S at Start of Solar Cycle 25°s Solar Minimum

Understanding severe space weather is becoming increasingly important as it can greatly
affect the function of satellites or the health of astronauts in outer space, especially with the
rapidly expanding space flight frequency. Disruption of satellite-based communication,
navigational networks, electric power grids, and even oil pipelines (control centers) by GCR is
possible. Having the ability to understand or predict solar activity is increasingly important and
may even be considered a priority concerning technological advancement (National Research
Council, 1997, 2013; National Science and Technology Council, 2019; Krausmann et al., 2016;
UNOOSA Space Weather, 2017; Schrijver et al., 2015). To reiterate, cosmogenic *°S is produced
by spallation of “°Ar in the upper atmosphere and is rapidly oxidized to sulfur dioxide (~1
second) upon interaction with ozone, peroxide, or hydroxide. >*SO; can be removed from the
atmosphere by dry and wet deposition but will typically undergo further oxidation to produce
33S04*. Except for anthropogenic sources, it can be stated that **S is produced in the upper
atmosphere and is the only radioactive isotope that exists as an aerosol and a gas simultaneously.
35S can act as a measure of solar activity since it is produced by solar flares or rare supernova
explosions. Given that supernova explosions take place within the Milky Way every 50 years or
so (Phillips, 2014) the production of **S will be attributed to solar flares produced by the sun.
Cosmic rays from solar energetic particles, are composed mostly of high energy protons
traveling at approximately the speed of light. Depending on the current state of the sun, at solar
maximum or at solar minimum, rays will bombard Earth’s atmosphere at different rates varying
in intensity that result in different concentrations of *3S in the upper atmosphere. At solar
maximum there is a strong solar magnetic field present that contains GCR limiting the number of

interactions with Earth’s atmosphere leading to lower production rates of cosmogenic **S. In
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contrast, at solar minimum there is a weakened solar magnetic field present that allows GCR to

reach Earth’s upper atmosphere and increase productions rates of cosmogenic °S.

ISES Solar Cycle Sunspot Number Progression
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Figure 1.12 Transition period between Solar Cycle 24 and Solar Cycle 25. Predicted values for

solar cycle 25 appear to be lower than the actual values being detected signifying a rapid

approach to solar maximum (Space Weather Prediction Center, NOAA).

Solar Cycle 25 began at the lowest point of the solar minimum, as can be seen in Figure
1.12, spanning into solar cycle 24 and marking its end. According to this plot generated by Space
Weather Prediction Center at NOAA, the maximum of solar cycle 25 is approaching much

sooner than was forecasted. Due to this rapid shift in trajectory, we can expect to see lower

39



concentrations of fine and bulk radiosulfate as the number of sunspots continue to increase and

the solar magnetic field strengthens. This supports the prediction that concentrations of bulk and

fine sulfate aerosol will be higher during the solar minimum than would be during solar

maximum as a result of the changing solar magnetic field between the two phases.
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Figure 1.13 Fine radiosulfate concentrations plotted against respective sunspot number. Data

collection presented from September 2019 to February 2020 resuming on October 2021 and

ongoing. More instances of greater radiosulfate concentration are observed at lower sunspot

numbers.

High concentrations of fine radiosulfate seen in Figure 1.13 correspond to lower sunspot

numbers which demonstrates a relationship between solar activity and radiosulfate activity. Due

to a decreased solar magnetic field during solar minimum, GCR are more likely to penetrate the
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geomagnetic field of the earth and reach the upper atmosphere resulting in a greater number of

spallation events.
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Figure 1.14 Fine radiosulfate concentration and sunspot number plotted against date beginning
September 2019 to February 2020 resuming October 2021 and ongoing. Fine radiosulfate
collected from 2019 to 2020 was higher in concentration at solar minimum while samples
collected beginning October 2021 are lower in concentration as sunspot numbers begin to

incline.

A greater number of spallation events would lead to increased concentrations of **S in the

upper atmosphere consequently increasing the concentration of sulfate aerosol in the atmosphere.
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The average sulfate concentration at the trough of the solar minimum between cycle 24 and 25
was 457 atoms m™ (2019-2020), in agreement with the 2009-2010 average of 455157
molecules m™ (Priyadarshi et al, 2012). The recent rapid increase in sunspot number has an
associated decreased radiosulfate concentration to 254 atoms m™ (2021-present). This decrease
in concentration indicates that the cycle is shifting form solar minimum to maximum as seen in

Figure 1.12 confirming that the cycle is ramping up quicker than predicted.
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Figure 1.15 Bulk radiosulfate concentration and sunspot number plotted against date beginning
May 2019. An inverse relationship between solar cycle activity and bulk radiosulfate

concentration is apparent.
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An inverse relationship between solar cycle activity and bulk radiosulfate concentration
can be seen in Figure 1.15. Comparing the behavior of bulk particulate (>1.5 um) to fine
particulate (<0.95 pm), we can see that there is still an inverse relationship between bulk
radiosulfate concentration and solar activity but less resolute than the inverse relationship
between fine radiosulfate and solar activity. This inverse relationship is consistent with solar
modulation of its magnetic field during solar minimum and maximum and thus controls the
production of radionuclides in earth’s upper atmosphere (Heaton et al, 2021 Poluianov et al,
2016).

This study includes analysis of **S during the extreme climatic variability of LNSO and
turbulent atmospheric conditions of Santa Ana winds during non-ENSO conditions that occurred
during a solar cycle shift. This data highlights the sensitivity of **S during radical changes in
climate while still maintaining the integrity of information regarding solar activity making it an

incredibly versatile tracer with an ideal half-life.
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2.3 Anthropogenic *3S: A Unique Traceable Indicator of Neutron Leakage

In this portion of the study, a long-term detection method of anthropogenic **S will be
discussed as it pertains to nuclear waste storage facilities or nuclear power generating stations
around the country.

Monitoring for anthropogenic **S can be carried out in conjunction with data collection
for cosmogenic *°S. Aerosol sulfate particulate originating from anthropogenic sources would be
collected on air sample filters along with cosmogenic radiosulfate. Upon detection of abnormal
levels of *S in an air sample, a series of discriminatory checks would be considered in order to
determine the true origin of the sample. Primarily the abnormal sample would be recounted in
order to verify that the reading is accurate thus ruling out the possibility of any human or
technological error. Upon recounting, if the sample is consistent with the initially high reading, it
will move on to the second check comparing it to historical values for the dates of sample
collection. If records indicate that the time frame of collection is consistent with rare STT events
or strong Santa Ana wind events, a back trajectory using NOAA HYSPLIT technology will be
calculated to obtain the origin of the air mass to confirm. Air masses originating from
stratospheric altitudes are likely to entrain large concentrations of newly produced cosmogenic
radiosulfate which could produce an abnormally high signal when counted. Confirmation of an
air mass coming from high altitude would rule out the possibility of an anthropogenic source and
attribute the abnormally high signal to STT events or Santa Ana winds. Air masses that originate
at low tropospheric altitudes would be indicative of anthropogenically produced radiosulfate and
therefore stipulate the presence of fast or thermal neutron flux. If discrepancy exists when
comparing the abnormally high reading to historical values, a back trajectory using HY SPLIT

will be calculated in order to verify the origin of the air mass as previously explained. An
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abnormally high sample that has been confirmed to have originated at low tropospheric altitudes
will be further investigated using public radiation monitoring data along the travel path of the
calculated air mass. If a known possible source of neutrons lies along the passage of the air mass,
such as SONGS or Diablo Canyon lie along the coast of California, investigation of recent
activity at the source could reveal evidence for possible neutron leakage.

Earlier in the study, back trajectories for spikes in radiosulfate during LNSO 2021-2022
were shown in Figure 1.11 to have originated at questionably low altitudes. It was discussed that
the abnormal levels of radiosulfate were possibly transported to the collection site via the
Subtropical Jet Stream, but the risk of anthropogenic origination must further be investigated due
to the low originating altitude of the single air mass. To investigate the likelihood of an
anthropogenic source, back trajectories over a broad time period (96 hours), which encompass
the sample date, were calculated for each of the three outliers. Figure 1.16 contains three 96-hour

back trajectories for the abnormal spikes in radiosulfate detected during LNSO 2021-2022.

45



NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL

Backward trajectories ending at 0000 UTC 24 Aug 21 Backward trajectories ending at 0000 UTC 18 Sep 21
GDAS Meteorological Data GDAS Meteorological Data
= = ~45- AT
< X |
N N
= = 115 |-1:10
z = \
8 8 1
S S
© ©
* * )
¢ 8
s =
3 3
ol
-
(0]
Q <
P ®
= Q
2 °
= =
Job ID: 14848 Job Start: Tue Apr 12 00:09:21 UTC 2022
JOb"?e :4472“ S350 k-)’gb S‘l?;‘zyggoﬁpf L‘eﬁ(ﬁ%g& 31:‘06{022 s%urce1 at- 32.880000 1on- 117 240008 height: SDBmAGL
rajectory Direction: Backward Duration: 72 hrs
r{e Direction: Backward  Duration: 72 hrs Vertical Motion Calculation Method: Model Vertical Velocity
ical M 0"0'\ Ca'glzlgﬂgsgh;% 21 G DAlgoldd Vertical Velocity Meteorology: 0000Z 15 Sep 2021 - GDAS1
NOAA HYSPLIT MODEL
Backward trajectories ending at 0000 UTC 21 Sep 21
GDAS Meteorological Data
=
<
N
~
z
@
«
o
el ' 1]
©
*
Q
g
>
o]
2 N
-
Q
<
g
2
(V)
=
Job 1D 15599 Job Start_ Tue Apr 12 00.24.49 UTC 2022
Source 1 lat 32 880000 lon.: -117.240001 height: 500 m AGL
r{t‘ Direction BaCkWi’d Duration: 72 hrs
tion Calculation Method: Model verllcal Velocity
Meleorology. 00005 15 Sep 2031 - GDAST

Figure 1.16 Broad (96 hour) back trajectories for spikes in radiosulfate during LNSO 2021-2022

referencing Figure 1.11 calculated using NOAA Air Resource Laboratory HYSPLIT Program.
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After analyzing the 96-hour trajectories in Figure 1.16 it is most likely that the abnormal
concentrations obtained on September 14, 2021, and September 17, 2021, were caused by
northern STT events. Each of these two back trajectories contains an air mass emerging at >3km
showing greater likelihood of STT influence rather than anthropogenic origin. The 96-hour back
trajectory corresponding to the spike noted on August 20, 2021, contains few air masses which
originated at >1km therefore anthropogenic influences cannot be completely ruled out.

It is possible that low levels of thermal neutron flux arising from anthropogenic sources,
such as nearby nuclear power facilities, may be participating in slow neutron capture with *>Cl
contributing to existing levels of S in each sample. For this reason, long term monitoring of
33804* aerosol combined with air mass transport technology can be useful in detecting early
signs of neutron leakage from known radioactive sources.

Speculation of a different source of neutron flux was considered but a lack of literature
makes it difficult to confirm with certainty that these vessels are contributing to the production of
anthropogenic **SO4>. The restrictions and frequency for radioactive discharges authorized 12

nautical miles out from shore are not available for public access.
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Chapter 3 Materials and Methodologies

3.1 Aerosol Sample Collection

Aerosol samples were collected at Urey Hall in La Jolla California (32.8°N, 117.2°W)
using a high-volume air sampler (HVP-4300AFC, Hi-Q, U.S.) with a set flow rate of 40 standard
ft> min"'. Samples were collected on glass fiber filters (bulk and fine on Whatman GF/B; coarse
on Tisch TE-230GF) with each sample spanning 4-5 days on average. Aerosol samples were size
segregated to obtain bulk (>1.5 pm), coarse (<1.5 pum but >0.95 um), and fine (<0.95 pm)
samples using a cascade impactor (TE-234, Tisch, U.S.). Filter papers containing bulk and fine
samples were cut into equal halves in order to archive half of the filter for future analysis or as

support in case of human error.

3.2 Sulfate Extraction and Purification

The sample purification procedure adhered to optimized low-level liquid scintillation
protocol described by Brothers et al (2010) and Lin et al (2017b). Half filters containing bulk and
fine aerosol samples were carefully folded and placed into 50 ml centrifuge tubes
(Fisherbrand™) each. Filters were immersed in ~25 ml Milli-Q deionized water (18 MQ cm) and
sonicated for 60 minutes. Dissolved sulfate is separated from the filter by inserting a Buchner
funnel into a clean 50 ml centrifuge tube, quantitatively transferring ~25 ml Milli-Q deionized
water containing sulfate and centrifuging the apparatus for 10 minutes. The filter itself is then
inserted into the Buchner funnel and centrifuged for 16 minutes to extract remaining dissolved
sulfate. Finally, a 10 ml rinse of Milli-Q deionized water is added to the filter in the Buchner
funnel and centrifuged for a final 18 minutes in order to maximize sulfate extraction. After each

centrifugation, extracted sulfate is quantitatively transferred to a 50 ml centrifuge tube where the
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final volume extracted averages at ~35 ml. To the extracted sample, 10 ml of H202 (30%
Certified ACS Grade, Fisher Scientific) is added and dried in a clean oven for 24 hours. Reduced
sulfur compounds that exist in the condensed phase are negligible compared to sulfates in the
sample (Lin et al, 2017a) so there would be no negative impact on the accurate determination of
338 concentration in aerosol sulfate due to the use of H,O,. Completely dry samples are removed
from the oven and rehydrated with 2 ml Milli-Q deionized water followed by 60 minutes of
sonication to encourage maximum dissolution of sulfate. Redissolved sulfate samples were
purified by one polyvinylpyrrolidone (PVP) column followed by an IC-Ag cartridge (Dionex
OnGuard II) followed by a second polyvinylpyrrolidone (PVP) column. The initial 2 ml
resuspended sample is run through the first PVP column followed by a 2 ml Milli-Q deionized
water rinse of the 50 ml tube. Total of 4ml are then run through the IC-Ag cartridge and the
second PVP column. A final 1 ml rinse of Milli-Q deionized water is added to the 50 ml
centrifuge tube and centrifuged for 4 minutes before being run through the first PVP column, IC-
Ag cartridge, and the second PVP column. A total of 5 ml of sample is collected into a 15 ml
centrifuge tube (Fisherbrand™) to which 2 ml H>O: is added to extract any final organic

impurities.

3.3 Ultra-Low-Level Liquid Scintillation Counting

Purified sulfate samples are quantitatively transferred to 20 ml plastic scintillation vials
(Fisherbrand™) and mixed with 10 ml of scintillation gel (Ultima Gold, PerkinElmer). The use
of this particular scintillation cocktail eliminates the possible interference of radionuclide
interference common in barium reagents thus allowing for clear counting of **S (Brothers et al,

2010) in quantities <1.5 mmol (Lin et al, 2017b). Using an Ultra-Low-Level Liquid Scintillation
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Counting Spectrometer (Quantulus 1220, PerkinElmer) following the procedure delineated by
Brother et al (2010). Keeping in mind that possible contamination from '*C may exist, channels
1-450 were selected in order to minimize interference from '“C while focusing on a peak at ~300
for radiosulfate (Brothers et al, 2010). Each sample is counted 6 times, 2 hours at a time, and the
average of those 6 counts is taken and used for data analysis. Each sample is checked for
possible phase separation, bubbles, or pigmentation before and after counting as these factors

could interfere with *S counting efficiency.
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