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Abstract

Laurence Christian Windell - The impact of changing shipping emissions on
the atmospheric deposition of trace elements and sulfur to the western
English Channel and coastal zone

Maritime shipping is a significant source of anthropogenic emissions, with annual growth of
shipping continually on the rise. In the marine environment, shipping emissions often dominate
the atmospheric deposition of sulfur and contribute significantly to global sulfur emissions. As
a result, the International Maritime Organisation (IMO) introduced a regulation on 01/01/2020

restricting global marine fuel sulfur content from 3.5% to 0.5% w/w.

The present study investigated the changes in airmass marine aerosol chemical character
arriving at the Penlee Point Atmospheric Observatory (PPAO; 50°19’'N, 4°11' W) to gain
insight into the efficacy of the IMO-2020 regulation. The observatory in Southwest England is
ideally located next to the port of Plymouth and near to a major international shipping lane in
the English Channel with high density marine traffic. Aerosol filter samples were collected
from 2020-2021 (n=64). Filter samples were water-leached and subsequent leachates were
analysed for major ions using lon Chromatography, and trace elements using Inductively
Coupled Plasma — Mass Spectrometry. Concentrations of V/Ni and calculated non-sea-salt

sulfate (nss-S042") were compared to PPAO datasets from 2015-16 and 2017-18 respectively.

The vanadium/nickel (V/Ni) ratio has been widely used as a marker of shipping emissions in
the marine boundary layer, with the range of 2.5 to 4 indicating shipping activity. Trace element
analysis showed a drop in V from 2.91 pmol/m? to 1.44 pmol/m?, and Ni increase from 0.95
pmol/m?® to 4.8 pmol/m3. V/Ni ratio post-IMO-2020 decreased from 3.3 to 0.28, showing a

significant change to the trace metal signature of marine aerosols.



Post-IMO-2020 nss-SO4% concentrations were significantly lower than pre-IMO-2020 values
(n=109, p<0.05), with total nss-SO4> concentration dropping from 1.35 pg/m? to 0.33 pg/m?®.
A change from nss-SO4% dominated atmospheric sulfur pre-IMO-2020 to primarily natural
dimethylsulfide dominated sulfur was observed. Clear seasonal nss-SO4% fluctuations

increasing during spring and summer were visible post-IMO-2020.

These results indicate a major change to the atmospheric chemistry of sulfur in the lower

atmosphere near to regions of intense shipping.
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The impact of changing shipping emissions on the atmospheric
deposition of trace elements and sulfur to the western English

Channel and coastal zone

Chapter 1. Introduction

Anthropogenic aerosols have a significant impact on marine ecosystems and human health,
with the shipping industry contributing as a source of these emissions. New global restrictions
on marine sulfur emissions have been implemented to bring about a reduction in these
emissions. However, the resultant change in atmospheric emissions has an unknown effect on
the environment (Halff et al., 2019, Ji, 2020). The International Maritime Organization (IMO)
2020 regulation restricts the sulfur content in marine fuels globally, from its original value of
3.5% to 0.5%, and 0.1% when used in Emission Control Areas (ECAs) (IMO, 2019). In
addition, reductions in shipping activity during the COVID-19 pandemic had a measurable
impact on shipping emissions (March et al., 2021, Millefiori et al., 2021, Verschuur et al.,
2021). Shipping emissions often dominate the atmospheric deposition of sulfur in the marine
environment and are a prominent source of emissions of vanadium (V) and nickel (Ni)
(Aksoyoglu et al., 2016, Chen et al., 2019, Cheng et al., 2019). Emissions of sulfur and their
effect on the environment and humans have been widely studied and there is significant
evidence of their contribution to acid rain and ocean acidification, as well as respiratory and

cardiovascular diseases in humans (Qian et al., 2019, Yang et al., 2009).

1.1 Marine Aerosol

Marine aerosols constitute all airborne particles found over the ocean, and their characteristics
are contributed to by numerous natural and anthropogenic sources, with the largest contributor
being produced mechanically at the ocean surface (Saltzman, 2009). Marine aerosols greatly
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affect the Earth’s atmosphere and radiative forcing, influence air quality, and consequently
affect marine ecosystems (O'Dowd et al., 2007, Saltzman, 2009). Marine aerosols are usually
found in three modes based on size: the Aitken mode (<0.1 pm), the accumulation mode (0.1
- 1 pum) and the coarse mode (>1 pm (Chester, 1990, Saltzman, 2009). However, aerosol
fractions overlap, with some classifications found as i) fine fraction (<2.5 um) and coarse
fraction (>2.5 pm), or ii) fine fraction (1 um) and coarse fraction (>1 um). The main marine

aerosol characterised groups are found in Table 1.1.

Table 1.1. Composition and sources of common aerosols found in the marine atmosphere.
Sea salt is often the dominant aerosol by weight, while other aerosols outlined vary based on
locality and influence of anthropogenic emission sources (Chen et al., 2018, Koulouri et al.,

2008, O'Dowd et al., 2004; 2007, Saltzman, 2009).

Aerosol Major chemical | Main Sources
components

Sea salt (dominant) NaCl, SO.%, K*, Mg?*, Ca?*, | Sea  spray  (mechanical
organic matter production)

Non-sea-salt sulfate nss-SO4% Dimethyl sulfide (DMS)

production, volcanoes and

fossil fuel combustion

Nitrate NOs Fossil  fuel combustion,

biomass burning

Carbon-based Various carbon compounds | Fossil  fuel  combustion,
biomass burning/wildfires,

sea surface

12



1.2 Sulfur

Sulfur (S) is a non-metallic element belonging to group 16 of the table of elements, has an
atomic number of 16, and is the 5" most abundant element on Earth. Sulfur plays a large role
in the marine environment and is commonly found in the atmosphere and hydrosphere. It is
essential for all life as a macronutrient and needed for the normal function of organisms
(Madigan et al., 2015). The element is used in microbial respiration, the production of proteins
and enzymes in plants and animals, and is an essential element in the amino acids cysteine,
methionine and taurine in humans, as well as helping to prevent diseases (Hill et al., 2022).
The element is found in many marine aerosols and gases, tracing back to both natural and
anthropogenic sources (Gray et al., 2011). The 2016 Air Pollution Report by the International
Energy Agency found fossil fuel combustion to be the leading source of atmospheric sulfur

dioxide emissions (IEA, 2016).

1.3 Marine Sulfur Cycle

The ocean is a reservoir of sulfur and contributes to the chemical makeup of marine aerosols.
The three main emission pathways providing sulfur in the marine environment are: (1) the
production of DMS, formed by the oxidation of dimethlysulfoniopropionate (DMSP) produced
by marine phytoplankton, (2) the emission of anthropogenic SOx and (3) the sea-salt aerosol
(SO4%), produced mechanically by the bursting of bubbles at the sea-surface interface upon the

crashing of waves (Chen et al., 2018, Saltzman, 2009).

DMS production and anthropogenic sulfur emissions are classed as non-sea-salt sulfate (nss-
S04%) aerosols. These are aerosols not produced by sea water droplets, and must be
distinguished from sea-salt aerosols in order to investigate contributions to marine atmospheric
sulfur. Nss-SO4? is calculated through a subtraction of sea-salt sulfate using the standard ratio

of sodium to sulfate concentration in sea water, and in theory, with only nss-SO4? remaining.
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A fraction of DMS passes through the ocean layer into the air and is oxidized by OH and NO3

forming methane sulfonic acid (MSA) (Fung et al., 2022).

Anthropogenic nss-SO42" can be identified by concentrations of trace species. V and Ni
concentrations are an important marker of marine anthropogenic sources, due to their content
in unregulated marine fuels (Prospero, 2002). Sea-salt aerosol characteristics are, by definition,
directly related to the seawater from which it was produced and therefore, easily distinguished
by high sodium and magnesium content (Prospero, 2002, Saltzman, 2009). The sea-salt aerosol

is one of the aerosols found in the highest concentrations in the marine environment.

1.4 Shipping Emissions: Sulfur and Particulate Matter

Anthropogenic marine sulfur emissions are most commonly released through the combustion
of fuel oils, which have been known to contain up to 6% wi/w sulfur content until regulation
changes during the last two decades (Jasinska et al. 2012). During the combustion stage,
commonly used heavy fuel oils (HFOSs) release sulfur, which is then oxidised in the atmosphere
into SO, later reacting in the atmosphere and converting to SO3 and SO4? (Pirjola et al., 2014).
For simplicity, the sulfur pollutants emitted are referred to as SOx. Maritime emissions of SOx
are directly correlated with the production of particulate matter (PM), of which sulfate (SOa4)
is a major component (Lv et al., 2018). PM is often released as secondary formation from fuel
combustion, in the sizes of PM; (less than or equal to 1um), PM2 5 (less than or equal to 2.5um)
and PMyg (less than or equal to 10um). PM is found as a mixture of liquid and solid particles
containing a variety of pollutants including sulfate and metals (Furger et al., 2017).

Shipping SOxand PM emissions heavily affect the chemistry of the atmosphere and thus air
quality, particularly on a regional scale. Around 70% of shipping activity is carried out within
400 km of the coast, highlighting its effect on air quality in these regions (Corbett et al., 1999,

Eyring et al., 2010). Research showed that emissions can cause as much as 75% of nss-SO4*
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in coastal areas where anthropogenic and shipping are major contributory factors (Schulze et

al., 2018).

The production of sulfur dioxide (SO2) from the combustion of fossil fuels has had major
environmental impacts and sulfur emissions from the shipping industry are of great concern
due to their effect on air quality. The widespread effects of shipping emissions have led to it
being extensively investigated. The industry contributes heavily to global SOx emissions, with
11.3 million tonnes of SOx emitted annually between 2007 and 2012 (IMO, 2014). This value
represented 13% of global SOxemissions. In addition, ship emissions also accounted for 15%

of global NOx emissions.

Aside from NOx and sulfur oxides (and of course CO>), ships also emit fly ash, soot and
quantities of trace metals, such as V and Ni, which are associated with PM. Annual global
shipping emissions of NOx, SOx and PM are presented in Figure 1.1 and show the consistent
emissions of SOx and PM from 2007 to 2015, with NOx appearing to decrease slightly. Pre-
2020 emission regulation implementation, the most commonly used marine fuel was HFO,

which is high in sulfur, V and Ni.

2015
2014
2013
2012
2011
2010
2009
2008

NOx ®mPM mSOx

Year

Il

2007

o

5,000 10,000 15,000 20,000 25,000

Emissions (kt)
Figure 1.1. Yearly global shipping emissions of NOx, SOx and PM (ICCT, 2017, IMO, 2014)
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1.5 Studying transboundary transport of aerosols

When evaluating areas affected by shipping emissions, the transboundary transport of aerosols
must be taken into consideration. Shipping emissions do not only affect coastal communities;
the long-distance transport of shipping-related aerosols means that areas up to 960 km from the
source can be affected (Lv et al., 2018). Transboundary transport of aerosols is heavily
dependent on meteorological conditions and therefore the affected areas vary. Wind speed and
direction greatly influence the transport of aerosols. The Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model is often used as a user-friendly open source tool to
determine aerosol trajectories and thus identify their sources. Using the HYSPLIT model, SO>
emissions from central and eastern Europe have been found to heavily affect the sulfate
concentrations in the eastern Mediterranean (Rudich et al., 2008). Central Chinese aerosol
emissions have been shown to have a significant effect on South Korean aerosols during
periods of high pollution (Lee et al., 2019); in fact, travel distances of air masses were found
to be over 750 km/day. Many studies highlight the importance of wind direction on the
transboundary transport of air masses, using evidence of long-range transport of aerosols over
long distances, including between different continents (Hongisto et al., 2004, Kim et al., 2012,

Kindap et al., 2006, Lin et al., 2005).

On local spatial scales, examples of models can be found for impact of individual vessels.
Streets et al. (1997) studied SO, concentrations around a 12 kt ship using 3.3% sulfur oil (under
6m/s wind speed). Air concentrations were recorded as 64 ug/m? at 2.5 km distance from the
ship and 10 pg/m® at 20 km, suggesting the effects of ship emissions are greater on a local scale

(Streets et al., 1997).
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1.6 Shipping contribution to SOx and PM

There is extensive research on the contribution of the shipping industry to SOx and PM
emissions (Aksoyoglu et al., 2016, Beecken et al., 2014, Chen et al., 2019, Cheng et al., 2019,
Corbett et al., 1999, Dore et al., 2007, Lv et al., 2018, Pirjola et al., 2014, Schulze et al., 2018,
Streets et al., 1997, Yang et al., 2016, Yeeles, 2018, Zhang et al., 2014, Zhao et al., 2013). With
increasing global demand for products and sea transport, fuel consumption has steadily
increased over the last century (Johansson et al., 2017, @yvind et al., 2007). By the year 2000,
annual cargo transport was at 5.4 Mt, a number 18 times larger than in 1920 (@dyvind et al.,
2007). With this increase in transport comes a drastic increase in SO, emissions, with a reported
8.5 Tg SO emitted in 2000. Just 17 years later, annual SO2 emissions grew to 20.88 Tg, which
accounted for 9% of global SO> emissions for that year (Chen et al., 2020). IMO regulations
have come at a crucial time, as global demand for products is continually increasing, leading
to greater rates of atmospheric sulfur deposition.

Coastal areas prove excellent study sites to monitor shipping emissions and also investigate
their effects on the environment. However, due to the long-range transport of aerosols, affected
areas can include those far from shipping activity. Using the UK as an example, shipping-
related European SO2 emissions heavily contribute to acidification of ecosystems (such as
rivers, forests and lakes), pointing towards the value of international policies (Dore et al.,
2007). A study modelling SO2 emission rates in the UK calculated that with shipping emissions
increasing by 2.5% annually, the resultant contribution to average sulfur deposition in the area
would increase to 28% from 9% between the years 2002 and 2020 (Dore et al., 2007).

A good example of ship-related emissions in an area of high marine traffic are the shipping
lanes of the Mediterranean. Aksoyoglu et al., 2016 reported ship traffic contributed to 45% of
PM2 s concentrations in the Mediterranean Sea while in the Baltic Sea, values were up to 15%.

Shipping in the Mediterranean was found to be responsible for 49% of SOx emissions in Europe
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(Jalkanen et al., 2016), highlighting the contribution of shipping to total anthropogenic SOx
emissions. A North Sea study of 4 Belgian ports had similarly high values of 31 kt SOx between
2003 and 2004, making up 30% of all emissions in Belgium. Further research on the Baltic Sea
found shipping emissions to represent ~80% of local SOz emissions in some areas (Claremar
etal., 2017). Meanwhile in Europe, research using automatic identification system (AIS) found
total annual European emissions of SOx and PM2sin 2011 to be 1200 and 200 kt respectively
(Jalkanen et al., 2016).

Two Spanish studies both found 4% ship related PMyo increases over background levels, with
the first also finding 14% PM2 s increases (Querol, 2001, Viana et al., 2009). In Turkey, studies
found high values of SOx and PM emissions from ships; for example, Deniz and Durmusoglu
(2008) report over 87 kt SOx and 4.7 kt PM emitted per year in one of Turkey’s main ports.
Saragoglu et al. (2013) found similar values of SOy at 83 kt, while their PM emissions were
lower at 165 t. However, the lack of percentage contribution of shipping towards total area
emissions proves problematic when comparing with studies from other areas. A study on the
area of water 200 km around the whole coastline of the Australian region, high in marine traffic,
produced shipping-related SOxand PM values of 115 and 15 kt/year respectively (Goldsworthy
etal., 2015).

Asia is a region in which intense ship traffic heavily affect inland and coastal communities.
Extensive studies on the emissions of SOz and PM_ in the area have been conducted (Chen et
al., 2019, Ding et al., 2019, Fan et al., 2016, Ma et al., 2019, Zhang et al., 2014, Zhao et al.,
2013). In China, shipping-related emissions can contribute up to 30% of PM2s emissions in
megacities during periods of ship-plume transport (Lv et al., 2018). Lv et al. (2018) conducted
a study almost 400 km away from the coast of China, in which 918 kt SO, and 119 kt PM were
found to be emitted by shipping activities per year, representing 20% of total SO, emissions in

a heavy industrial area. They also found that within 22 km, shipping emissions accounted for
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up to 56% of total SO, emissions. Shipping-related emissions of SO, and PM2 s in the Yangtze
River Delta port cluster, 400 km from the coastline, were determined to be an average of 165
ktand 51 kt per year with shipping providing 43.5% of SOx emissions in the area. It was shown
that 65% and 80% of initial emissions occurred inland at 100 km and 200 km respectively, with
SO2 emission values from ships being 36 times greater than land-sourced emissions (Fan et al.,

2016).

1.7 Trace elements

V and Ni are the most abundant trace metals found in HFOs and are subsequently used as
markers of marine anthropogenic fuel combustion. V and Ni are usually found as oxides and
are vaporised during the combustion stage, being released in PM (Corbin et al., 2018). V and
Ni are also detrimental to ship integrity due to their corrosion of exhausts. In addition, both
metals are considered hazardous substances and are toxic to humans (Spada et al., 2018,
Visschedijk et al., 2013). Globally, 200 million kg V are emitted by human activities per year,
compared to 65 million kg V naturally released from dust and volcanic eruptions (WHO, 2000).
A significant source of V is the burning of crude or residual oil. V is present in HFOs in
concentrations of up to 100s of mg/kg, while Ni is usually found to be approximately one tenth
of V concentrations (Spada et al., 2018, Visschedijk et al., 2013). In North-West Europe in
2005, a total of 1570 t V were emitted, 39% of which were due to the shipping industry

(Visschedijk et al., 2013).

Due to V and Ni being the most abundant trace metals emitted from HFO burning ships, other
toxic metals are less studied (Corbin et al., 2018, Zhao et al., 2021). This is usually since they
are not used as shipping-specific markers and are also released by inland industries (Zhao et
al., 2021). Other trace elements of interest include chromium, lead, aluminium, iron, arsenic,

and manganese due to the potential threats they pose to the environment (Jahan et al., 2019).
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Depending on their solubility, trace metals can leach from PM into the ocean, causing a threat
to aquatic life in high concentrations (Ansari et al., 2004). Trace metals are found in deep ocean
waters, with their solubility often varying with depth, based on salinity and interactions with
particles (Aparicio-Gonzalez et al., 2012). A review on ocean and surface water metal
concentrations showed Cd, Cu, Ni and Zn being found up to ca 0.8, 11, 10 and 10 nmol/l at
6000m, showing increasing concentrations with depth (Aparicio-Gonzéalez et al., 2012). Hence,
although difficult to quantify, the contribution of trace metal pollution by ships must be

considered.

1.8 Techniques for quantification and estimation of shipping emissions contributions

Estimating shipping emissions on a global scale proves difficult due to the abundance of
anthropogenic emissions from varying sources. A common method is to produce sulfur
inventories using emission data from ships, and calculating emission values based on fuel types
(Corbett et al., 1999). The use of AlS has become a useful tool in producing shipping emission
inventories, as it allows for the tracking of ships (Chen et al., 2017, Li et al., 2016). This high-
resolution technique can produce accurate regional estimates of shipping emissions for SOy

and PM and can quantify emissions from separate vessel types.

Li et al. (2016) used AlS to assess shipping emissions in the Pearl River Delta (PRD) region in
China, estimating SO2, PM1oand PM2semissions in 2013 to be 61.4, 7.1 and 6.6 kt respectively
(Li et al., 2016). The study assessed varying vessel types and attributed the majority of
emissions to cargo and container ships. The system also highlighted emission hotspots,
providing excellent information in terms of emission control methods. A comparable study
including the same area as a sample site a year later showed similar results (Chen et al., 2017).

The same vessel types were attributed to the bulk of shipping emissions and, in addition, it was
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noted that the PRD region accounted for 17% of national Chinese shipping emissions out of a

total of 1193 kt.

1.9 Aerosol trace metal ratios as indicators of shipping

Due to their high abundance in HFO, ratios of VV/Ni have been used when analysing aerosols
as markers of shipping emissions. The ratios can be used to identify sources of emissions and
they are representative of the type of fuel used (Ogunlaja et al., 2014, Viana et al., 2009,
Yakubov et al., 2016). The widely-accepted V/Ni range for shipping emissions is between 2.5
and 4, confirmed through studies on exhaust stacks (Chianese et al., 2022, Mazzei et al., 2008,
Nigam et al., 2006, Viana et al., 2009). However, ratios may vary based on different fuel oils.
For example, for light, medium and heavy crude oils, a study found V/Ni ratios to be 0.47, 1.36
and 2.77 respectively (Ogunlaja et al., 2014). In shipping emissions studied at a Mediterranean
harbour in a SECA (Sulfur Emission Control Area) (Melila, Spain), PM1oand PM2s had V/Ni

ratios of 4-5 (Viana et al., 2009).

A study on heavy oils found V and Ni concentrations between 0.0049 and 0.1795 wt%, and a
total concentration of V and Ni in asphaltenes of up to 1 wt% (YYakubov et al., 2016). Zhao et
al. found ship-related emissions of V and Ni found in PM2s of 80 and 14.8 ng m 3, conducted
in Shanghai port (Zhao et al., 2013). Pey et al. found V, Ni and Cd values in a port up to 75%
higher when compared to urban areas, with these values being attributed mostly to shipping

(Pey et al., 2013).

Owing to the impact of VV and Ni concentrations from other combustion sources, using the V/Ni
ratio as an identifier of shipping emissions is complex (Viana et al., 2009). The method

becomes problematic when sampled in a region near urban and industrial areas.
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1.10 Sampling and analytical methods of airborne particulate matter

In-situ measurements entail filtration systems using air pumps and sample filters (often quartz,
polycarbonate or glass) to collect aerosol samples for laboratory analysis. Water-soluble
fractions of aerosols collected from filters can be extracted using double distilled/high purity
water to investigate readily leachable constituents, while acid digests investigate total metal
concentrations (Chandra Mouli et al., 2003, Tolocka et al., 2001). In the case of water-solubility
of V and Ni emitted through anthropogenic sources, Cascade impactors are often used to
determine aerosol particle size, allowing for the analysis of size classified aerosols such as

PM25and PMao.

Passive sampling and analysis can be used for the continuous measurements of ambient air.
Aerosols pass through a PM head, allowing for particles of a specific size, and are deposited
onto a substrate; microscopy is then used to determine particle number and size (Alemoén et al.,
2004, Byeon et al., 2015). A new technology, the Xact Ambient Metals Monitor, offers online,
continuous measurements of aerosol composition (Furger et al., 2017). Aerosols are collected
on a filter tape and subsequently analysed using X-ray Fluorescence without destroying the
sample, as is the case with ion chromatography (IC) and inductively coupled plasma-mass

spectrometry (ICP-MS).

Instrumental Neutron Activation Analysis (INAA) is often used to characterise air filters.
Neutrons are bombarded onto the sample creating radioactive isotopes, whose gamma rays are
subsequently measured, with the ability to analyse samples with very little mass (Ott et al.,
2008). The method does not destroy the sample and is found to be competitive with ICP-MS

in terms of sensitivity and detection limits, depending on element analysed.

Further, lon Chromatography is a popular method used to analyse multiple major ions within

aerosol samples due to its high sensitivity, low limit of detection, and simple sample
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preparation (Fosco et al., 2007). It is used to separate, identify and determine chemical
character of complex mixtures and is greatly effective in analysing major ions from aerosols
(Chandra Mouli et al., 2003). Samples are introduced to the IC system to analyse ions and
cations using respective eluents. For anion eluents, carbonates such as NaHCO3 or NaCO3z can
be used; for cations, oxalic acid C2H204 or tartaric acid CsHsOe can be used (Chandra Mouli et
al., 2003, Fosco et al., 2007). Resulting chromatograms and their peaks are analysed,
determining their peak height and area in order to extrapolate element concentration within the

sample.

As previously mentioned, low detection limits of 1IC make the method very favourable. For
sulfate, the modern limit of detection and limit of quantitation for Thermo Scientific™
Dionex™ ICS-5000* HPIC™ IC System are reported as 0.013 and 0.04 mg L respectively
(Basumallick, 2016). To reduce error and increase accuracy, filter blanks are determined by
analysing clean filters and process blanks (filters exposed to the same procedure as samples).

The resulting sample ion concentrations are subtracted from background filter values.

Inductively Coupled Plasma Mass Spectrometry is a highly accurate and sensitive analytical
technique, often used to detect elements in trace concentrations. The system works by ionizing
samples, creating small ions, which are subsequently accelerated in a vacuum and detected;
and their masses measured. The technique is widely used in environmental analyses due to
extremely low detection limits (up to parts per trillion), wide dynamic linear range, the ability
to analyse for multiple elements in a short time, good precision and low sample quantity use

(Lu etal., 2020, Wysocka, 2021).

Another technique, Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), is
also used for elemental analysis. Instead of measuring mass such as in ICP-MS, the light from

excited atoms and ions are determined for the respective elements. ICP-OES boasts detection
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limits up to ppm and is often used for samples containing dissolved solids, such as soil and

water samples (Chojnacka et al., 2018).

1.11 Impact of shipping emissions on the environment

SO emissions are linked to various environmental effects; one being acid rain which can be
formed by the reaction of either SO, and NOx with water and oxygen, leading to the formation
of sulfuric and nitric acid respectively (EPA, 2019). The formation of acid rain leads to
acidification of oceans and soils, subsequently damaging forests and crops, and although
regulations reducing SOz emissions such as the National Emission Ceilings Directive have been
in place since 1990, its effects are still persistent in areas such as China (Huang et al., 2019, Ji-
ming et al., 2000, Likus-Cieslik et al., 2020, Yun et al., 2019). As for ocean acidification, a
significant proportion of the acidity can be attributed directly to the shipping industry (Chen et
al., 2018, Claremar et al., 2017, Gray et al., 2011, Im et al., 2013). While in general, CO; plays
a greater role in ocean acidification, SOx has an almost equal role in areas of high marine traffic

(Hassellov et al., 2013).

The ocean is a sink of atmospheric gases and, depending on air chemistry, these gases can enter
the ocean via exchange through the air-sea interface (Chester, 1990). High sulfur content in the
air results in molecular diffusion or mechanical mixing of SOy into the ocean, greatly affecting
ocean chemistry and thus marine life. The air-sea gas exchange is also responsible for the
transfer of dimethylsulfide (DMS) from the ocean to the air (Uher, 2006). Diffusion rates
depend on sea and air sulfur concentrations. Wind speed is also an important factor controlling
diffusion rates since bubbles formed by crashing waves deposit atmospheric particles into the
ocean. Bubbles can travel up to a depth of 20 m during periods of high winds and the high

pressure at this depth increases total gas exchange (Chester, 1990).
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Metals dissolved in seawater or in particulate form have toxic effects on marine biota
(Mahowald et al., 2018). Their toxic effects include disruption of reproductive systems,
inhibition of growth and birth defects, and the potential to bioaccumulate and affect the entire
trophic chain (Mahowald et al., 2018). One example of this is a study on a species of oysters
in a busy seaport. Used as a bioindicator, the species was found to have significantly higher
levels (up to 5 times greater) of trace elements such as Pb, Cu and Zn over background levels,

highlighting possible pollution released by shipping activity (Jahan et al., 2019).

Aerosols play an important role in climate forcing due to their cloud interactions Aerosols,
such as sulfate, increase droplet concentration in the atmosphere and affect liquid water
content, thickness and lifetime of clouds, resulting in a change of the Earth’s radiation budget
in the direction of climate cooling (Lohmann, 2006). Shipping emissions thus have direct
effects on climate change, as outlined in a study which found that shipping-originated aerosols

increased local aerosol optical death from 20% to 36% in China (Xie et al., 2019).

1.12 Impact of shipping emissions on human health

Inhalation of SO can have serious adverse health effects in humans (Carmichael et al., 2002,
Chen et al., 2012, Curtis et al., 2006, Goudarzi et al., 2016, Greaver et al., 2012, Kampa et al.,
2008, Yang et al., 2009). SO can cause respiratory irritation, bronchoconstriction, heart rate
abnormalities and pulmonary and cardiovascular diseases (Chen et al., 2012, Curtis et al., 2006,
Tunnicliffe et al., 2001, Yang et al., 2009). Furthermore, SO aggravates pre-existing lung and
heart conditions such as asthma, and is strongly correlated with atopy, especially in children
(Rosser et al., 2020). Shipping emissions can cause an estimated ~14 million child asthma cases
per year stemming from SO, and PM emissions (Sofiev et al., 2018). SO> concentrations of
200ppb have been shown to cause changes in lung function (Tunnicliffe et al., 2001). Of

subjects exposed to high SO levels (>100ppm) in a working environment, 64% showed signs
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of restrictive lung disease (Soeroso et al., 2019). Likewise, reduced lung power in asthmatic
subjects were observed at 200 ppb SO», a concentration often observed in Europe during
periods of high air pollution (Anderson et al., 1997). On the whole, air pollution from PM
(including NOyx, SO2 and VOCs) is estimated to cause from 400,000 to 800,000 premature

deaths per year (Chu Van et al., 2019, Curtis et al., 2006). A summary of common pollutants

and their relevant health effects on humans are shown in Table 1.2.

Table 1.2. Common shipping emission pollutants and their effects on humans

Pollutant Human effect Reference
SO«x Respiratory disease and irritation, pulmonary and | (Chen et al., 2012,
cardiovascular diseases and premature deaths. Curtis et al., 2006,
Goudarzi et al., 2016,
Kampa et al., 2008)
Cu Respiratory and liver disease. (Amoatey et al., 2019)
\/ Cardiovascular morbidity and respiratory diseases. | (Amoatey et al., 2019,
Linetal., 2018)
Ni Carcinogenic. Cardiovascular and cerebrovascular | (Amoatey et al., 2019,
morbidity. Linetal., 2018)
Cd Carcinogenic. Lung and cardiovascular disease. (Nordberg et al.,
2018)
Cr Carcinogenic. Respiratory irritation. (Pavesi et al., 2020)
As Carcinogenic. Cardiovascular, liver and kidney | (Amoatey et al., 2019,
diseases. Jomova et al., 2011)
Pb Premature deaths, kidney and brain damage. (Assi et al., 2016)
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The inhalation of PM with associated trace metals are directly linked to lung, bladder and skin
cancer, with PMyo and PM2 s having high deposition rates onto the lungs (Amoatey et al., 2019).
The number of life years lost due to the inhalation of anthropogenic PM2 s, with predictions up
to 2050, are seen in Figure 1.2. Calculations were made using a Current Legislation Projection
based on future policies and those already in place. With the most abundant metals in HFOs
being V and Ni, their effects on humans must be considered. Exposure to V can cause acute
and chronic respiratory effects and has also been associated with depression and Parkinson’s
disease (WHO, 2000). At low concentrations of exposure, it causes coughing, irritation of the
respiratory tract and changes in parameters of lung function. At higher concentrations of
exposure, serious respiratory irritation and frequent coughing are observed (WHO, 2000). V
and Ni concentrations in PM2.s from shipping emissions were associated with cardiovascular
mortality, and Ni was associated with cerebrovascular mortality (Lin et al., 2018). Other trace
metal such as cadmium, chromium, arsenic, lead and copper, which are often released from
HFOs (initially at high concentrations), can also greatly harm human health through their
inhalation threat, most of which are carcinogens (See Table 1.2) (Lee et al., 1973). Lead and
arsenic have been linked to premature births and birth defects, cadmium causes bronchitis and
pulmonary irritation, while cadmium and copper are known to cause lung disease (Amoatey et

al., 2019).
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Figure 1.2. Annual life years lost due to anthropogenic PM2 s in the EU (Campling, 2013).

1.13 Shipping Requlations

The IMO is a UN body governing global shipping. IMO regulations controlling the
environmental impact of shipping have been in place since 1983 (IMO, 2019). In 1973, the
International Convention for the Prevention of Pollution from Ships (MARPOL) came into
being. MARPOL Annexes I-VI covered the prevention of pollution through oil and wastewater
discharges, release of garbage and harmful substances, and air pollution. From 2005, in
accordance with the MARPOL Annex VI, regulation of NOx, SOx and Volatile Organic
Compounds (VOCs) were required as well as introducing ECAs in which sulfur fuel content
limits were capped at 1.5% (George et al., 2017). The ECAs include the North Sea, Baltic Sea

and the coasts of the US, as well as recently implemented zones around China.

More recently, IMO-2020 regulations implemented strict SOx emission limits, introducing the
need to use low-sulfur fuel oils and/or the use of exhaust gas cleaning systems (ECGS)
(Kontovas, 2020). Table 1.3 details IMO changes to SOx emissions for ECAs and Open Ocean

areas.
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Table 1.3. International regulation changes on SOy (IMO, 2014)

Global SOxemission limit SOx emission limit within ECAs

4.5% before January 2012 1.5% before July 2010

3.5% before January 2020 1% before January 2015
0.5% post January 2020 0.1% post January 2015

The regulation IMO-2020 was implemented on 1 January 2020, requiring marine fuels to
contain no more than 0.5% sulfur, from its previous limit of 3.5% (with a limit of 0.1% in
SECAS) (IMO, 2019). Due to this regulation, changing practices were needed to meet the new
sulfur cap. This included changes in fuel types, engine types and the implementation of new
technologies. In ships that continued to use HFOs, EGCS (also known as ‘scrubbers’) must be

fitted to meet the required sulfur emissions limit.

Despite the lack of regulations specifically controlling the emission of trace metals from ships,
a further potential positive effect of IMO-2020 is the reduction of heavy metals emissions.
Low-sulfur fuels contain significantly lower trace metal contents and the large-scale use of
these fuels to meet sulfur emissions limits as required by IMO-2020 is predicted to reduce V/Ni
emissions (Spada et al., 2018, Xiao et al., 2018). When switching from HFO to Marine Gas QOil
(MGO), concentrations of V reduced from 100 + 47 ppm to under 1ppm (Tao et al., 2013).
Upon implementation of a 2009 sulfur emission regulation in a Californian ECA, reducing
shipping fuel sulfur content below 1.5%, V emissions reduced between 28-64% across 6
samples sites, correlated with the reduction in SO2 emissions of up to 72% (Tao et al., 2013).
Further, Kotchenruther et al. (2015; 2017) conducted two studies in the US investigating sulfur
regulations and found V and Ni emissions to be significantly reduced by 29-65%. This

reduction correlated with reduced PM2s emissions that was directly related to the phasing out
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of HFOs. Another study in the US found that annual mean V concentrations in the major ports
of Seattle and New Orleans decreased by 35% and 85% after the implementation of the 2015
SECA capping marine fuel sulfur content at 0.1%, bringing the concentrations closer to inland
values (Spada et al., 2018). The study also noted similar reductions in Ni for the same sample

sites.

1.14 Effects of ECAs and IMO regulations

The implementation of the IMO-2020 sulfur cap is predicted to have positive effects on the
environment though it could, ironically, lead to an increase in global warming (George et al.,
2017, Halff et al., 2019, Ji, 2020, Mattson, 2006, Svensson, 2011). However, positive effects
will include higher air quality, reductions in acid rain production, reducing environmental
damage as well as reducing the number of deaths due to SOx and PM emissions (Ji, 2020). The
increased air quality will greatly benefit coastal communities in close contact with marine
traffic, in addition to inland communities which are affected by the long-distance transport of

ship-related aerosols.

The IMO predicted a reduction in shipping-related SOx emissions after the implementation of
IMO-2020 of 77% compared to pre-2020 values (IMO, 2016). The main measured contributors
to lower air quality are SOx and PM emissions, therefore, a decrease in these emissions should
have a noticeable impact after the IMO-2020 regulations are adhered to. The IMO’s 2016
investigation into the possible effects of its 2020 regulations predicted strong results. Through
the first 5 years of its implementation, annual sulfur emissions were projected to decrease by
8.5-8.9 Mt (IMO, 2016). Another study by Sofiev et al. (2018) estimated a decrease in SOy and
PM emission of 75.5% and 45%, respectively, post IMO-2020 compared to 2012 values
calculated during the third IMO GHG study (seen in Table 1.4). The same study also predicted

a decrease in premature deaths of 266,300 (a reduction of ~34%), as well as a reduction of 7.5
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million child asthma cases, compared to values prior to the implementation of IMO-2020. The
majority of adult mortality reductions (80%) due to low-sulfur regulations will affect Asia,
whereas the reductions in child mortality rates will mostly affect Asia and Africa (54% and

33% respectively) (Sofiev et al., 2018).

Table 1.4. Annual shipping-related pollutant emissions of SOx and PM (adapted from (Sofiev

etal., 2018))

Pollutant (Kt)

2012 estimate

2015 estimate

2020 estimate

SO«

10,200

11,500

2500

PM

1400

1540

770

To predict the effects of the sulfur emission cap, one can investigate the outcomes of
regulations already in place. By looking at the sulfur ECAs which have been in place since
2015 through MARPOL Annex VI, sulfur emission trends and their effects can be analysed. A
study on the effectiveness of shipping ECAs in Shanghai, China, where most SOy emissions
were shipping-related, was carried out during 2015-17. Between two sample sites, SO:
emissions reduced by 27% and 55%, despite shipping activity increasing by 7-10% during this
time (Zhang et al., 2019). A reduction of 40% in sulfate aerosols was also observed.
Interestingly, the emissions of V contained in particles increased from 1.4% to 6.9% which can
be attributed to the increase in shipping activity and the continuation in the use of heavy fuel
oils, with shipping companies opting to use EGCS instead of using low-sulfur fuels, (which

also contain low concentrations of V).

One study on the Shanghai port area estimated a potential reduction of ~104,000 t SO>
emissions per year through the successful implementation of its ECA in 2016 (Qin et al., 2017).

Similarly, another study estimated that the implementation of an ECA covering the Baltic Sea
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and the North Sea in 2010 would reduce annual SO2 emissions by 23,000 t by 2030 (Campling,
2013). Extending the existing ECA in this area by 200 nm (370km) would result in a reduction
of 160,000 t SO emissions, while shipping related PM emissions were also predicted to be

reduced by 66%.

Zetterdahl et al. (2016) carried out a sampling investigation on the effectiveness of a sulfur
ECA in the Baltic Sea on the emissions of SOx and PM implemented by MARPOL Annex Vi
in 2015. The subsequent switching to 0.1% w/w sulfur fuels reduced PM and SOx emissions
by up to 67% and 80% respectively. In regions where ECAs are already in place, the change in
atmospheric sulfur deposition will be slightly less noticeable, but still present to a high degree
(Matthias et al., 2016). A reduction in sulfur emissions will depend on the change in shipping
practices; in the case of changes in fuel type to ones with no sulfur content (such as LNG),
reductions in SO, and SO4? are predicted up to 80%. Meanwhile, in the case of installations of
ECGS, reductions are predicted up to 60% (Matthias et al., 2016). The same study notes a

visible reduction in shipping contribution to PM2 s concentrations.

1.15 Post-IMO-2020 strategies

High sulfur emissions are caused by the use of cheap marine high-sulfur heavy fuel oils (HS-
HFOs). Daily global marine HFO consumption in 2018 stood at 3.38 million barrels with little
to no use of low-sulfur fuel oils (Figure 1.3). Heavy fuel oils can be blended with distillates to
produce intermediate fuel oils (IFOs). Alternatives to HFO to meet current SOy limits are Light
Sulfur Heavy Fuel Oil (LSHFO), Liquefied Natural Gas (LNG) and methanol mixed with fuel
oils (Lindstad et al., 2017). Use of ECGS was observed in 2019 in preparation for IMO-2020
as well as the introduction of very-low or ultra-low sulfur fuel oil (ULSFO) with sulfur contents
of below 0.1%. Low-sulfur alternatives to HFOs are generally expensive due to the cost of

refinement. A combination of the use of HFOs and exhaust gas cleaning systems (EGCSs) has
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proven to be most cost-effective while still remaining under the 0.5% sulfur (Lindstad et al.,
2017). The move towards alternative fuels are seen in Figure 1.3, where the use of LSFO (low

sulfur fuel oil) or scrubbed HFO was non-existent in 2018.
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Figure 1.3 — Trends in daily consumption of different marine fuels, adapted from (Statista,

2021)

With the move towards ECGSs and the phase out of HFOs, there is great demand for alternative
fuel sources (Deniz et al., 2016, Elgohary et al., 2015, Mohd Noor et al., 2018, Sergey et al.,
2019, Wang et al., 2020). Aside from the already-used LNG and LSHFOs, biofuels, hydrogen,
and methanol exist as energy sources, with the most suitable alternative currently being unclear
(Platts, 2021). A comparison of fuel attributes is presented in Figure 1.4. Of those compared,
marine diesel oil (MDO) is the only fuel containing sulfur, albeit at a negligible 350 ppm. Low
carbon content is favourable due to the upcoming IMO 2030 and 2050 carbon emission
regulations of a reduction of carbon emissions of 40% and 70% respectively (IMO, 2018).

Methanol and ethanol are produced by the distillation of organic products, resulting in easily
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produced fuels with relatively low carbon content and no sulfur content (Deniz et al., 2016). It
must be noted that these fuels must be mixed with fuel oils and cannot be used as a marine fuel
by itself. With lower density, higher volumes of fuels must be used, leading to a need for greater
onboard fuel storage capacity, otherwise the total effective fuel capacity could be greatly
reduced. In fact, in the case of LNG, the volume needed is double compared to the same
effective volume of MDO (Elgohary et al., 2015).

Hydrogen is unique in having extremely low density and no carbon content. It is considered an
extremely ‘clean’ renewable fuel, but with the drawbacks of requiring specialised containers
and volumes of up to 7 times greater when compared to HFO (Deniz et al., 2016). As is the
case with other alternative fuel sources, hydrogen is used in combination with other fuels.
Biofuels such as ones derived from vegetable oil are also strong options due to high availability,

but with the drawback of high production costs (Wang et al., 2020).
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Figure 1.4. Alternative fuel types to classic marine fuel oils and their characteristics (Deniz et
al., 2016)

It must be noted that with the implementation of new fuel types, each alternative comes with a

variety of factors to be considered, such as production and storage costs, effects of engine

performance, and changes in engine design to account for the new fuel. Ship owners must
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decide on the most efficient alternative fuel while also considering current and future regulation
changes.

Emission values for alternative fuels have been calculated by Gilbert et al. (2018), allowing for
a strong comparison of new fuels (Figure 1.5). LHSFO (1% wt S) emits by far the highest
concentrations of SOx and PM, followed by MDO (0.1% wt S). The use of LHSFO post-2020
must entail installations of ECGS to reach the sulfur cap of 0.5% wt but would still be unusable
in ECAs due to the 0.1% wt cap. Methanol, LNG and hydrogen produce little to no secondary
pollutants, with hydrogen emitting no CO: by nature. Furthermore, we must consider the
energy production potential of these fuels as an indication of the potential volume of each fuel
needed. LSHFO, MDO, methanol, LNG and hydrogen have a net energy production of 40.5,
42.6, 48.6, 120 and 20 MJ/kg respectively. CO: levels for all fuels bar hydrogen are relatively
high.

Alternative fuels have great potential, particularly in achieving IMO-2020 regulations.
However, as we look towards the future, CO2 emission values for the majority of fuels reviewed
are problematic when considering upcoming regulations (IMO-2030 and IMO-2050).
Hydrogen stands out as the ‘cleanest’ fuel option, but is currently weighed down by production

cost, in particular the need for further hydrogen-fired power stations (Atilhan et al., 2021)
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Figure 1.5. Emission factors for different marine fuel types (Gilbert et al., 2018)
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1.16 Research Aims and Objectives

The project aims to investigate temporal changes to aerosol chemical character following
changes to shipping regulations using new and archived aerosol samples from Western English

Channel (WEC).
The key objectives for this work can be summarised as:

1. Complete a literature review on:
a. Atmospheric trace elements in the marine environment
b. Shipping emissions, their quantification and their environmental effects
c. IMO-2020 regulations, strategies and predicted effects

2. Process and analyse aerosol samples from a coastal atmospheric observatory (Penlee Point
Atmospheric Observatory) in southwest England by performing leaches and digests on
aerosol loaded filter samples and analysis of these using IC and ICP methods.

3. Quantification of nss-SO4%, major ions, trace metals and other markers of atmospheric
shipping emissions to the atmosphere and ocean surface from the Western English Channel
(WEC).

4. ldentify aerosol sources using meteorological data and chemical characteristics (e.g.
elemental ratios) of contrasting aerosol populations.

5. Interpretation of data to elucidate environmental significance and assess influence of the
IMO-2020 regulation.

6. Investigate the use of the V/Ni ratio as a marker of shipping emissions.
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Chapter 2. Materials and Methods

2.1 Sample Site

Penlee Point Atmospheric Observatory (PPAQ; 50°19.08'N, 4°11.35'W, see Figure 2.1 & 2.2)
IS a coastal observatory on the southwest coast of England. The observatory is situated at 11 m
above sea level and is considered a suitable site to study marine atmospheric chemistry, with
extensive research being done on air-sea exchange, sea salt fluxes and shipping emissions
(Thomas et al., 2016, Yang et al., 2016, Yang et al., 2019). It is ideally located to pick up
Atlantic air masses from the southwest and air masses from the southeast contaminated by
shipping exhaust fumes and European continental airmasses, and should theoretically be
sensitive to any changes, such as those after the introduction of IMO-2020. Continuous
measurements of CO;, CHs, Oz and SO, have been recorded at the site, as well as
meteorological variables including temperature, humidity and pressure, since its development

in 2014.

Two previous datasets will be used to compare trace element and major ion atmospheric
concentrations pre- and post-IMO-2020. Trace element results post-IMO-2020 will be
compared to a previous dataset taken from PPAQO. The study by postgraduate student Sov
Atkinson (University of Plymouth) ran from January 2015 to August 2016. Major ion results
will be compared to results from the February 2017 to September 2018 study by postgraduate

student Caroline White (University of Plymouth).
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Figure 2.2. Geographical location of PPAO (Google Maps,

https://goo.gl/maps/gImXBmRUTsG37VmS8, retrieved August 12, 2022)

2.2 Sampling Protocol

The sampling was conducted as part of the Atmospheric Composition and Radiative forcing
changes due to UN International Ship Emissions regulations project (ACRUISE, NERC
Highlight Topic, PI Ming-Xi Yang, PML). The project aims were to investigate the effect of

the IMO-2020 regulation on atmospheric chemistry and climate using multiple scientific
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observations. For the sampling in this study, 8” x 10” filter sheets (Whatman 41, cellulose) and
slotted cascade impactor sheets (Tisch, cellulose) were used as collection substrates, rinsed and
dried before loading onto the filter holders. Aerosol size fractionation was used to sample both
the coarse and fine fractions, classed as (ca. >1 um) and (<1 um) respectively, using a single

stage cascade impactor with nominal cut off size of 1 micron (Tisch).

A 24-hour sample time was aimed for and the pump was turned on remotely at an average flow
rate of 39.8 m®h when consistent wind directions were detected from the South (air masses
crossing the English Channel shipping lane). Otherwise, a 24 h period would be turned on
manually, to achieve a minimum of one sample per week. Samples were collected from the site
weekly and removed from filter holders with acid-washed plastic tweezers. Filter samples were
stored in plastic zip-lock freezer bags, kept frozen at -20 °C ready for analysis. Sample filters
for analysis were cut with a 19 mm arch punch (punch sanded and polished with ethanol and
water) for the 8 x 10” sheets, or strips cut directly from the cascade impactor sheet. Three arch
punches had a combined surface area of 0.11 cm? whereas the cascade impactor strip had a

surface area of 5.25 cm?.

The pre-2020 sampling for major ions and nutrients (2017-18) was similar to that of the current
project, aside from two important points: (i) all the values reported for pre-2020 are ‘total’
aerosol (combined values for fine and coarse fractions) due to the lack of a cascade impactor
to separate the two fractions, (ii) for all pre-IMO-2020 samples, the 24 h pump activation
condition of identifying a consistent wind direction for a 24 h period during each week, whereas
consistent wind direction from the south (ocean) was used in the current project (Post-2020).
Trace metal sampling pre-IMO-2020 was performed by Sov Atkinson (2015-2016, University
of Plymouth) who used a low-volume aerosol sampler which was run at PPAO at an average
rate of 39.8 m®h. A key point is that aerosol samples were collected at the same site using low-
volume samples (as opposed to the high volume 8 x 10” filters used in this study). Acid-washed
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Mixed Cellulose Ester (MCE) membrane filters were mounted onto Savillex PFA filter holders.
These were housed in a plastic weather shield with a 4.5 cm diameter opening underneath. A
rotary vain pump (GAST, UK) was turned on/off when a constant wind direction was

forecasted for 24 h.

2.3 Trace Metal Analysis (ICP-MS)

Analysis was carried out at a University of Plymouth laboratory. Due to the analysis of trace
metals, appropriate measures were carried out to prevent contamination of samples.
Polyvinylchloride gloves and sleeves were worn for all sample and equipment handling and
were changed repeatedly. Sampling was carried out in a laminar flow cupboard (Bassaire, <100
particles of size >0.5 um per ft%), regularly wet damped or rinsed with high purity water and
dried to avoid the build-up of dust particles. Equipment and glassware were acid-washed
overnight in 10% v/v HCI (Fischer Scientific, 37% analysis grade) to remove metal and organic
contamination. An ultra-pure water system (Millipore, UK) was used to obtain >18 MQ cm
ultra-pure water (UPW). Acid-washed equipment was rinsed using UPW and carried out 5
times per item. When necessary, acid-washed glassware was stored in 0.01M HCI (Fischer
Scientific, 37% analysis grade). Filter sheets and leached samples were stored in a freezer at -

20°C.

To obtain a water-soluble fraction, 50 ml sonicated water leachates were filtered through a
Savillex filtration system (QMX laboratories, UK, see Figure 2.3) connected to a vacuum
pump. Polycarbonate filters (Whatmann, 47 mm, 0.45 pum) were prepared by soaking in 0.5 M
HCI and rinsing 5 times with UPW. Sample filters were placed in 50 ml UPW for 30 seconds
before being filtered and passed through the 47 mm filter into the collection chamber. The
filtration system was rinsed 5 times between each sample. 15 ml of each sample was stored in

plastic centrifuge tubes, spiked to 2% HNO3s (Romil, UpA grade) for one week to dissolve
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metal species with 25 ppb In/Ir as an internal standard for ICP-MS. The process was repeated
for cascade impactor sample strips. Leachates were analysed using an iCAP™ RQ ICP-MS
(Thermo Fisher Scientific, UK). Trace metal processing analysis for the pre-IMO-2020 project
was carried out in the same way, with the small exception of using gravity to leach through the

filter instead of a vacuum pump.

The accuracy of the analysis was tested using a certified reference material (CRM, EnviroMAT
drinking water EP-L) at a 1000-fold dilution to calculate instrument bias, as well as
analytical/procedural blanks and a repeated measurement check standard, run between samples

using an autosampler.

Elements chosen for analysis were Be, Al, Si, P, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Sb and

Pb.

Figure 2.3. Savillex 47mm filter holder
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2.4 Major lon Analysis (lon Chromatography)

Three punches of sample filters were placed in plastic centrifuge tubes in 15 ml UPW and
sonicated for 1 h to allow for the water-soluble fraction of aerosols on the filters to leach.
Samples were then refrigerated for 23h at -4°C, ready for subsequent IC analyses. Technical

details and settings on the IC system are seen in Tables 2.1 and 2.2.

Table 2.1. Anion and Cation IC column specifications

Guard Analytical | Suppressor | Eluent Heater | Flow Elution

Column | Column Temp rate

Anion |2 mm | 2mm AS-23 | AERS500 |45 mM |30°C 0.25 Isocratic

AG-23 Na2COs3 ml/min
Cation | 3 mm | 3mm CS-| No 20 mM |[30°C 0.5 Isocratic
CG-12A | 12A suppressor | MSA ml/min

Calibration standards were prepared by mixing salts (>95% reagent grade) and ultrapure water.
Salts were desiccated in an oven at 40 C for 1 h before measuring on a balance. After weighing,
solutions were mixed using a shaker table. 1M HCI (Fischer Scientific, 37% analysis grade)
was used to aid dissolving in the cation solution. Two calibration standards were made. Anion
solution contained NaCl, NaNOs, NaBr, KH2PO4 and Na2SO4. Cation solution contained NaCl,
NH4Cl, KH2PO4, MgCly, CaCl, and HCI. Solutions were mixed with UPW and stored in 5 L
acid cleaned volumetric flasks. Calibration concentrations were calculated and respective

dilutions were carried out.
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Tables 2.2 and 2.3. Cation (left) and anion (right) calibration standard constituents and

concentrations in 5 L stock standard

Cation | Concentration (mg L™)
Na* 200
NH4* 250
K* 500
Mg?* 250
Ca* 250

IC sample runs consisted of calibration standards, check standards, analytical and procedural
blanks, and samples, run in triplicate injections. Chromeleon™ version 7.2 software was used
to analyse chromatographs and calibrate the equipment. The Cobra wizard tool was used to

process chromatographs and smart peaks to integrate and detect peaks using industry standard

algorithms.

2.5 Data Conversions

ICP-MS and IC results were converted from leach sample concentrations (ug L) to

concentrations in air (ng/m® and pmol/m?®). Order of conversions are represented in Figures 2.4

and 2.5.
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Anion Concentration (mg L)
Cr 30

NO2 100

Br 100

NOgz 100

POs* 150

S04* 150
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Figure 2.4. Data conversions for ICP-MS trace element data
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Figure 2.5. Data conversions for IC major ion data
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2.6 Back trajectory Analyses

The HYSPLIT model was created by the National Oceanic and Atmospheric Administration
(NOAA) and Australian Bureau of Meteorology Research Centre (ABMRC) in 1998. The
model uses data from the Global Data Assimilation System (GDAS). It is widely used to track
air masses, with numerous uses in researching forest fires, dust events and airborne pollutants
(Stein et al., 2015). It has allowed for a greater understanding of the transboundary transport
of aerosols, especially useful when interpreting aerosol data; back trajectories can help decide
whether pollution at a sampling point was affected by local sources or carried by wind from a

farther source.

The web-based HYSPLIT model was run from the Real-Time Environmental Applications and
Display System (READY) site, using GDAS 1-degree data. A back trajectory was run at the
ending time of each sample to create back trajectories per sample air mass. The HYSPLIT
model was run at 50, 500 and 1000 m above sea level for a total of 120 h. A map detailing
sector areas around PPAO created by White et al., based on an analysis of local wind directions
at the observatory, is seen in Figure 2.6 (White et al., 2021, Yang et al., 2016). The sectors
define air mass sources regions which, in conjunction with Back trajectory models, can be used
to classify sample air mass sources. The 50m back trajectory height was used. Back trajectory

example runs are seen in the appendix (Figures Al-4).

Air mass sector classification was decided based on total hours spent in each sector within the
120 h period. However, air masses that crossed over areas with high anthropogenic activity
were considered and discussed individually. This weighting was done for ‘clean’ Atlantic air
masses that crossed over or near sectors containing high anthropogenic activity, whose air mass
was classified based on the last 24 h period. The weighting helps to prevent skewed Atlantic

masses with high concentrations of anthropogenic-sourced air masses, which are typically not
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found in air masses passing over the Atlantic

are found in Table 2.4.

. A breakdown of sample numbers per air mass

- £y
2.Arctic/ |
Atlantic -
1.Atlantic
4.W g
Coast +
Shippinglane

Figure 2.6. Air mass sector classifications developed by (White et al., 2021)

Table 2.4. Sample number breakdown by se

ason and sector across all datasets. Sector data

unavailable for the trace metal Pre-IMO-2022 dataset.

Number of samples Pre-IMO | Pre-IMO Post-IMO
(2015- (2017-18) (2019-20)
16)
Spring 13 21 21
Season Summer 18 16 14
Autumn 9 10 8
Winter 11 9 10
Sector Mainland UK/Ireland 21 11
Central Europe N/A 11 9
Unregulated Shipping 8 21
Clean Marine 16 12
Total 51 56 53
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2.6.1 Clean Marine

The Clean Marine sector represents a region with ‘clean’ Atlantic air masses largely unaffected
by anthropogenic activity except for the long-range transport of aerosols from North America,
and some marine vessels crossing the Atlantic. Mostly, however, the sector has considerably

low marine activity, and, as such, is relatively unaffected by shipping emissions.

2.6.2 Mainland UK/Ireland

The Mainland UK/Ireland sector contains mixed air masses containing inland emissions from
the UK, Ireland, and Scandinavia as well as Atlantic air, including shipping emissions from
vessels navigating these waters. The sector includes a small section of the North Sea SECA, in
which vessels navigating the area must use 0.1% S m/m fuels, as stated in MARPOL Annex

VI (IMO, 2005).

2.6.3 Central Europe

The Central Europe sector contains South-East England and the majority of Central Europe, an
area rich in industrial activity, as well as a large section of the English Channel, whose shipping
lanes have high levels of marine traffic all year round. All vessels in the sector are navigating

the SECA.

2.6.4 Unregulated Shipping

The sector covers Spain, Portugal and South-West France, which are also being affected by
plumes emitted in the shipping lane. Sector classifications for air masses allows for an
understanding of their sources, providing a deeper analysis of samples. A section of the waters
in this sector includes the SECA, however, it is assumed the majority of vessels are navigating
under standard international fuel regulations, i.e. 3.5% w/w S and 0.5% w/w S fuels pre- and

post-1IMO-2020 respectively.
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2.7 Blanks, Limits of Detection and Accuracy

Procedural blank filters were prepared using the same methodology as samples but placed on
the sampler without the pump on for 5 minutes (n=10). The limits of detection for both analyses
were calculated using 3 * standard deviation of procedural blanks (see Tables 2.5, 2.6 and 2.7).
Blank subtractions were carried out using mean across all procedural blanks. Relative standard
deviation for ICP-MS was calculated using 3 repeated-measurement check standards (4, 10 and
20 pg L) (see Table 2.7). A check standard example for V is seen in Figure 2.7. Average
standard deviation of the 3 check standards was calculated, with the relative standard deviation

being calculated with the equation (1)

mean o

RSD = X 100% )

mean check standards

Relative standard deviation was used to calculate error for each sample. CRM sampled value
was then divided by the original CRM value used to calculate error percentage. The CRM did
not include Si. Major ion relative standard deviations were calculated using the same method

using triplicate injections.

The results from the CRM for this study can be found in Figure A5 in appendix. Analysis of Si
and Ag produced no value, therefore an unknown agreement with the CRM. Differences of
over 20% were found for Al, P, Cd, Sb and Pb so this level of uncertainty should be considered
when interpreting the results for these elements. Strong agreement with the CRM was found
for V and Ni (5.9% and 3.1%, respectively), providing greater quality assurance for the two

most important elements.
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Table 2.5. (left) Procedural blank filter analysis results for ICP-MS (showing mean

check standard standard deviations, relative standard deviation and % error from the

certified reference material) and Table 2.6. (right) check standards standard deviations

for IC analysis.

Element [Mean Chk Std StDs RSD CRM Error (%)
Al 0.59 0.03 48.98
Si 7.32 0.08 N/A
P 1.32 0.06 21.56

0.21 0.02 5.90
Cr 0.18 0.02 7.72
Mn 0.20 0.02 11.21
Fe 0.50 0.03 4.90
Co 0.19 0.02 2.12
Ni 0.21 0.02 3.11
Cu 0.20 0.02 0.68
Zn 0.24 0.02 12.93
As 0.18 0.02 9.94
Cd 0.07 0.01 27.46
Sh 0.08 0.01 24.73
Pb 0.13 0.01 38.45

Table 2.7. Blank filter analysis for IC analysis

Procedural blank filter

lon Mean (pg L-1) StD (pg L-1)
F <LoD <LoD
cr 0.44 0.17
NO* <LoD <LoD
Br <LoD <LoD
NO* <LoD <LoD
S0,” 0.36 0.07
PO,* <LoD <LoD
Na* 0.33 0.16
NH* 0.15 0.11
K* 0.05 0.02
Mg?* 0.02 <LoD
ca* 0.04 <LoD

Procedural blank filter
Element Mean StD LOD (3*SD)

Al 1.778 0.419 1.258
Si 82.832 9.608 28.824
P 6.829 0.865 2.595

0.0023 0.0007 0.0022
Cr 0.065 0.014 0.042
Mn 0.013 0.004 0.011
Fe 0.425 0.092 0.277
Co 0.0012 0.0004 0.0012
Ni 0.050 0.013 0.040
Cu 0.026 0.009 0.026
Zn 0.557 0.300 0.900
As 0.011 0.003 0.010
Cd 0.004 0.002 0.007
Sb 0.004 0.002 0.006
Pb 0.038 0.048 0.143
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Figure 2.7. Repeated check standard example for V

2.8 Data handling and Quality Control

Data was flagged under certain conditions with action being taken to treat these cases (Table

2.8)
Table 2.8. Flagging data and actions.

Reason for flagging Subsequent action

Missing fine/coarse fraction data Kept in analysis

Negative values (ICP-MS) Replaced with calculated LoD

<Limit of detection Kept in analysis

Missing triplicate injection results (IC) High or no uncertainty values (in the case of
just 1 injection result) — kept in analysis

Negative nss-SO4% (IC) In samples where the respective uncertainties
could not cross into positive values, omitted
from analysis. Otherwise, set to zero.
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2.9 Statistical Analysis

Microsoft Excel™ 2019 software with the Analysis ToolPak extension and
IBM® SPSS® Statistics were used to carry out data analysis. Descriptive statistics were
calculated for each element in the dataset. Unless stated otherwise, medians were used for

analytical discussions including comparisons with previous datasets and other research papers.

2.9.1 Spearman’s Correlation

The Spearman’s rank correlation coefficient test was run using the Microsoft Excel Analysis
ToolPak add-on to test correlations between variables at the 0.05 confidence level. The method

tests for significant correlations for a non-parametric dataset,

_ 6L
p = 1- nnz-1) (2)

Where di is the difference in ranks and n is the number of observations.

Correlations were run between elements as a method of source appointment. Significant
correlations between elements often emitted by ships, such as V, Ni and Sb, could indicate ship
emissions. Similarly, in elements commonly found in the upper continental crust, correlations
could indicate dust events. Elemental correlations were also run for each season, to investigate
fluctuations in emissions with seasonality, as well as sector correlations being analysed to

investigate common sources of emissions in each sector.

2.9.2 Mann-Whitney U

The Mann-Whitney U test was determined using SPSS software to find significant difference
between groups and non-normal datasets, at the 0.05 confidence level. The test was run
between elements in different seasons, to locate variability in element emissions with

seasonality. The test was also run to compare the 2019-21 dataset with the previous pre-IMO-
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2020 dataset, in order to observe changes in atmospheric concentrations over time, allowing
for a discussion on the efficacy of the IMO-2020 regulation. 10 common elements were
analysed between the datasets. Similarly, statistical differences in V/Ni ratios between the two
datasets were investigated, due to the likely changes in the emissions of these two elements
with new shipping practices. Significant difference was also tested on elements between sectors

to give an insight into differences in aerosol character within the regions analysed.

2.9.3 Charts

Box and Whisker diagrams and bar charts were created using Excel software and MATLAB™
(2022), allowing for a visual interpretation of variability in elements over seasons and sectors,
as well as comparing to the pre-IMO-2020 dataset. Excel software was also used to produce
calibration charts. Stacked histograms were created using SPSS to visualise distributions of

elements in both datasets.
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Chapter 3. Results and Discussion

The aim of the work presented in this chapter is to assess the impact of the IMO-2020 regulation
on marine aerosols through comparisons of pre- and post- regulation atmospheric datasets from
the Penlee Point Atmospheric Observatory (PPAO). The results from the analysis of new
samples from 07/2019 to 06/2021 (termed ‘post IMO-2020’) and any other supporting data
will be presented. These current observations of atmospheric trace element and major ion
concentrations will be compared to currently unpublished supporting data from previously
collected samples from the same atmospheric station. The dataset by Sov Atkinson (University
of Plymouth) from January 2015 to August 2016 analysing atmospheric trace elements, and a
dataset from Caroline White (University of Plymouth) analysing major ions between February
2017 to September 2018 will be termed ‘pre-IMO-2020". The focus is on identifying the effect
of the IMO-2020 regulation and identifying any significant changes in aerosol chemistry

relating to these changes. Specifically, this chapter:

1. Investigates changes in the aerosol V/Ni ratio and evaluate the viability of using the
ratio as a marker of shipping emissions

2. Compares temporal seasonal changes and air mass characterised atmospheric trace
element and major ion concentrations around PPAO

3. Investigates correlations between trace elements of interest

4. Calculates nss-SO4> post-IMO-2020 and determine changes in concentrations in

comparison to pre-IMO-2020
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3.1.1 Aerosol trace element results

Following the analysis of aerosol filter samples by ICP-MS, atmospheric trace metal
concentrations were compared pre- and post-regulation. Water-soluble V and Ni
concentrations and their subsequent ratios are presented, referring to similar literature on the
change of these elements after the implementation of shipping regulations. Data from the two

previous datasets will not be described in detail and used solely to compare current results.

A total of 64 aerosol filter samples were usable for the analysis of trace elements. As detailed
in Chapter 2, these samples were taken from PPAO as a representation of the composition of
different aerosols passing the sample site. Seven samples were taken in 2019, 38 in 2020 and
19 in 2021. Samples taken from July to December 2019 will be considered as post-IMO-2020
samples, under the assumption that IMO-2020 measures were introduced before the 1% January

2020 cut-off date.

As previously stated, the use of medians for comparison was prioritised and used instead of
mean averages due to the non-parametric nature of aerosol data. Figure 3.1 below shows the
log-normal spread of the elemental analyses on a log scale for the post-IMO-2020 samples.
Lighter metals such as Al and Zn are found in higher concentrations than other elements due
to their abundance in the atmosphere, as well as those metals found in the Earth’s crust (Taylor

etal., 1995).
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Figure 3.1. Box and whisker diagram for pre- and post-IMO-2020 atmospheric trace element
concentrations around PPAO. Some elements were not analysed for the pre-IMO-2020

dataset and are thus not shown.

3.1.2 Descriptive post-1IMO-2020 trace element data

Descriptive data for atmospheric elemental concentrations are presented in Table 3.1 While

other elements are mentioned, the focus of this section is on V and Ni.
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Table 3.1 - Descriptive statistics for pre- and post-IMO-2020 air concentrations from elemental ICP-MS analysis. Elements with significant

difference between datasets are in bold (p<0.05).

Values in pmol/m? Al \Y Mn Fe Co Ni Cu Zn Cd Pb Si P Cr As Sh

Mean 515.2 2.87 40.66 37.09 0211 | 7.24 6.47 96.62 0.107 | 0.67 2544 | 287 | 1.871 0.56 | 0.242

Median 340.2 1.44 22.40 28.49 0.114 | 4.80 4.52 67.31 0.095 | 0.51 2602 | 261 | 1.284 0.38 | 0.139

Post-IMO Minimum | 16.66 0.05 4.09 0.31 0.009 | 0.43 0.39 6.21 0.005 | 0.05 569 15 0.004 0.01 | 0.001

Maximum | 31214 | 20.62 | 268.89 | 120.78 | 1.419 | 32.37 | 31.08 | 523.15 | 0.537 | 3.16 5274 | 787 | 12.439 | 2.94 | 0.769

Count 62 63 61 57 59 53 63 63 63 64 61 63 52 62 63

Mean 26.04 4.88 2.56 13.51 0.058 | 1.60 1.06 24.70 0.129 | 1.37

Median 17.53 291 0.86 7.08 0.035 | 0.95 0.42 4.79 0.057 | 0.38

Minimum 0.84 0.43 0.04 0.40 0.005 | 0.05 0.03 0.00 0.005 | 0.01
Pre-IMO

Maximum | 131.65 | 28.51 | 21.65 79.77 0.277 | 7.33 7.07 412.64 | 0.593 | 11.13

Count 51 51 51 51 51 51 51 49 51 51
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3.1.3 Do atmospheric trace elements post-1MO-2020 fluctuate based on season?

Figures 3.2 and 3.3 display V and Ni seasonal distributions, respectively. Post-IMO-2020
results for V ranged from 0.05 to 21 pmol/m*® (mean 2.9 pmol/m?, median 1.4 pmol/m?).
Highest values were found during summer (1.9 pmol/m®) and the lowest for winter (0.9
pmol/m3). Winter concentrations were significantly lower than in spring and summer (p<0.05),
whereas no variation was observed during the other seasons. Ni results post-IMO-2020 ranged
from 0.4 to 32 pmol/m® (mean 7.2 pmol/m3, median 4.8 pmol/m®). The highest values were
found during winter (7.2 pmol/m®) and lowest during autumn (4.2 pmol/m?). Winter values
were found to be significantly greater than the other seasons (p<0.05) with the latter showing

no variation.
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Figure 3.2. Seasonal distribution of vanadium pre- and post-IMO-2020. Some outliers not

visible.
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Figure 3.3. Seasonal distribution of nickel pre- and post-IMO-2020.

3.1.4 How do atmospheric trace elements post-IMO-2020 differ based on air mass
classification?

Investigating air masses and the chemical character of their respective aerosols provides a
stronger interpretation for elements used as shipping emission markers. As air masses can show
great variation depending on wind speed, direction, aerosol emission sources and time spent
traversing over different regions, classifying air masses can be complex. Aerosol elemental
results were separated by the aforementioned air mass classifications (see Methods section 2.6).
Focusing on V & Ni, Figures 3.4 and 3.5 display the distribution of V and Ni concentrations

within each air mass.
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Figure 3.4. Vanadium distribution over air mass classifications post-IMO-2020. Air mass
classifications derived from time spent in respective sectors using backtrajectories. Upper

whisker of Central Europe class not visible in order to scale axis (value 11 pmol/m?3).
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Figure 3.5. Nickel distribution over air mass classifications post-IMO-2020. Upper whisker

not visible in order to scale axis (28 pmol/mq).
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Clean Marine

Detectable Ni was found in the Clean Marine air mass classification, while the lowest V
concentrations were found in this sector (5.3 and 0.8 pmol/m? respectively, see Figure 3.4).
However, the range of data in this sector was large, indicating possible anthropogenic emission
sources influencing the air mass. High Ni concentrations could be attributed to global-scale
long range transport of fine aerosol (fly ash) industrial activity, presumably from northern US
states and southern Canada in cases where air masses passed over these areas within a 120-
hour period. Emissions from the combustion of oils and fuels over land could account for
elevated elemental concentrations since the impact of shipping activity over the Atlantic on the

sector’s air masses is negligible.

Mainland UK/Ireland

While the Mainland UK/Ireland air mass contained air masses passing mostly through the
Atlantic, most passed over or around the British Isles and are thus influenced by both marine
and terrestrial emissions of anthropogenic origin. Mainland UK/Ireland V levels were
significantly higher than the Clean Marine air mass (p<0.05), possibly indicating the presence
of ship or land derived emissions (Figure 3.4). Ni values were not significantly different
compared to the other air masses; however, it showed a large spread of datapoints, indicating

a wide range of emission sources aside from shipping activity.

Central Europe

V and Ni datapoints lay in a wide range in the Central Europe air mass, indicating multiple
emission sources. Central Europe V and Sb levels were significantly greater than those in the
Clean Marine air mass (p<0.05), which can be attributed to greater and more concentrated

marine activity within the air mass.
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Unrequlated Shipping

Significantly greater V concentrations were observed over the Clean Marine air mass (p<0.05).
Aside from this difference, V and Ni concentrations in the Unregulated Shipping sector were
not significantly different to the other air masses but, showed a lower range. The close spread
of data indicates a smaller variety of emission sources, most of which are likely from shipping

activity.

3.1.5 How have trace element concentrations changed due to IMO-2020 requlation?

Changes in V and Ni concentrations can be seen in Figure 3.6 and 3.7.
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Figure 3.6. Comparison of vanadium concentrations pre- and post-IMO-2020 around PPAO
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Figure 3.7. Comparison of nickel concentrations pre- and post-IMO-2020 around PPAO

Although considerable similarity between datasets was shown in terms of range, the majority
of V datapoints lay in the 0 to 3 pmol/m? range pre-IMO-2020, accounting for the greater
average. Pre-IMO-2020 concentration for VV was greater at 2.9 pmol/m® with the datasets
showing significant difference (p<0.05). From the analysis, atmospheric V concentration
around PPAO has reduced in concentration from 2.91 pmol/m?® to 1.44 pmol/m? after the

implementation of IMO-2020.

In terms of Ni, significant difference was found with the pre-IMO-2020 dataset from 2015-16,
with an increase in Ni concentration from 0.95 pmol/m? to 4.8 pmol/m? (p<0.05). Aside from
a small number of samples, pre-IMO-2020 samples were found between 0 and 7.5 pmol/m?
with post-IMO-2020 samples lying between 2.5 and 10 pmol/m3. The increase in Ni around
PPAO is unexpected but the results could be explained by a larger number of
anthropogenically-influenced air masses sampled in the post-IMO-2020 dataset, or fewer pre-

IMO-2020, and not necessarily due to increased Ni concentrations in shipping fuel.
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While there exists some literature investigating V and Ni changes post-sulfur regulations, the
methodologies used consisted of acid-digested aerosol filter samples, thus dissolving a greater
percentage of metal constituents within filters. As for the water-soluble fraction of metals, a
lesser percentage is dissolved compared to acid-digests, however it is known that for aerosols
of anthropogenic origin, metals are more soluble in water than those of crustal origins (Clough
et al., 2019, Baker and Jickells, 2017). Therefore, the following comparisons must consider

these factors and can be used to gain a general idea of V and Ni changes.

The relative decrease in V is in line with a similar study carried out in China (Yu et al., 2021).
In the study, V and Ni concentrations were investigated at a coastal city to determine changes
post-IMO-2020. They found a 74% reduction in V after the regulations were implemented,
similar to our 50% reduction. However, a decrease in Ni of 18% was also found, compared to
a 4-fold increase in the Penlee data. Another study on the effects of the 2015 Chinese ‘Fuel
Switch at Birth’ regulation (reducing sulfur in marine fuels) found that levels of V and Ni in
ship exhausts 2 y after the regulation change were only slightly greater than ambient levels
(Xiao et al., 2018). This was explained by the analysis of MDO being used by ships in the East
China Sea DECA (domestic emission control area), where no V or Ni was detected, compared
to V and Ni concentrations in IFOs of over 100 mg kg™ and 50 mg kg™ respectively. In a study
carried out in the same area, the implementation of the DECA reduced V levels, with strong
correlations found between high S and V content in fuels (Zhang et al., 2019). Zetterdahl et al.
(2016) also conducted a study in the North Sea SECA on board a vessel using IMO-2020
compliant residual marine fuel oil (RMB30). Analysis of the oil found 20 % and 6 % of V and
Ni concentrations respectively, compared to the concentrations of HFO being used prior to
regulation changes (Zetterdahl et al., 2016). With changing V and Ni concentrations in fuels,
our study combined with those of others indicates the global aerosol distributions of these

elements as markers of shipping emissions has changed.
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3.1.6 Is the previous VV/Ni ratio valid as a marker of shipping emissions post-IMO-
2020?

Figure 3.8 demonstrates that the change to the soluble V/Ni ratio, a strong marker of shipping

emissions, has greatly changed in comparison to the pre-IMO-2020 data.

V/Ni ratio

0 | I
Pre-IMO-2020 Post-IMO-2020

Figure 3.8. Comparison of VV/Ni (grams) ratios following IMO-2020 implementation.
Horizontal lines represent the previously accepted ratio range of 2.5 to 4 for shipping

emissions.

Soluble V/Ni ratios in the post-IMO-2020 dataset were significantly lower than the previous
dataset (p<0.05). The decrease in V and increase in Ni concentrations post-IMO-2020 have
affected the V/Ni ratio. Pre-IMO-2020, V/Ni ratios lay mostly between 2.5 and 4, consistent
with the generally agreed-upon range for shipping emissions (Agrawal et al., 2008, Cesari et
al., 2014, Pacyna et al., 2001, Pandolfi et al., 2011). The post-IMO-2020 ratio dropped from
3.3 t0 0.28, indicating a significant change in V/Ni ratio using results from the present study.
With just 4 samples of 64 having a V/Ni ratio between 2.5 and 4 with the new dataset, there is

evidence to conclude that ratios of VV/Ni found within ship-emitted aerosols have changed. This
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could be a result of new practices implemented by shipping companies to meet IMO-2020
standards, such as additions of scrubbers and changes in fuel types. In comparison with the
study by Yu et al. (2021) investigating changes in shipping-emitted V and Ni, a similar trend
was observed in the inverse Ni/V ratios. Using the Ni/V ratio, they observed an increase from

0.4 to 2, whereas this study found an increase from 0.4 to 3.6 (Yu et al., 2021).

3.1.7 How do V and Ni concentrations vary across air masses?

Higher soluble V concentrations in the Mainland UK/Ireland and W Europe air masses
compared to other sections (1.9 pmol/m? and 1.6 pmol/m3, respectively) are likely attributed to
high marine activity in the shipping lane and the high population centres and terrestrial sources
of Europe, despite the presence of the North Sea ECA (Visschedijk et al., 2013). The highest
concentrations of V, found from the Central Europe air mass (2.6 pmol/m?) could be due to the
combination of ship emissions as well as significant industrial emissions in the area. Such
emissions are typically found in the Balkan region originating from oil and petroleum refineries
and other industries (Vuckovi¢ et al., 2013). Soluble Ni showed little variation between sectors,
with the Clean Marine air mass having the highest concentration. Although Ni concentrations
post-IMO-2020 were significantly greater than those pre-IMO-2020, the consistent
concentrations over all sectors indicate a common source. While shipping activity is observed
in all sectors, the Atlantic sees much lower marine traffic, yet presented the greatest soluble Ni
concentrations. The results could indicate the impact of land-based industries, including
emissions from oil combustion in Europe and the UK as well as aerosols transported over the

Atlantic from North America.

3.1.8 Correlation between V and Ni

Correlation coefficients were calculated for the soluble metal data. The Spearman’s test for

correlation was used and found no significant correlation between V and Ni post-IMO-2020.
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The scatter plot in Figure 3.9 shows the change from highly correlated V and Ni pre-IMO-
2020, to the lack of such post-IMO-2020. The lack of correlation between V and Ni is an
indication of a change in shipping emissions of these elements, potentially due to IMO-2020.
This is an important observation when considering the situation pre-IMO-2020, where V and
Ni were consistently correlated and reflected in the previous V/Ni shipping marker ratio,
agreeing with the literature. This finding strengthens the argument that the V/Ni ratio in fuel

content has changed, and thus calls into question the V/Ni ratio as a marker.

Another important correlation was found between Sb (a common constituent of marine fuel)
with V and Ni (p<0.05). Correlations between Ni and Mn and Fe indicate potential dust
sources. The correlations with Sb provide evidence of the presence of shipping-emitted

aerosols in sampled filters.
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Figure 3.9. Scatter plot of V against Ni pre- and post-IMO-2020.
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3.2 Sulfate and soluble major ion aerosol concentrations, pre- and post-IMO-2020
reqgulations changes

Major ion results from IC analysis were used as a basis for observing the changes in
atmospheric sulfur concentrations around PPAO for the two pre- and post-IMO-2020 datasets.
The calculated nss-SO+%* was compared between both datasets as well as within each dataset,
investigating distribution over seasons and different air masses. Aerosol filter samples classed
as pre-IM0O-2020 from 2017-18 (n=61) were compared to post-IMO-2020 samples from 2019-

21 (n=43).

Air mass sector classifications were considered when comparing datasets. Changes in nss-S04>
within the Unregulated Shipping air mass, due to the influence of shipping emissions on air
masses, could be attributed to IMO-2020. For the remaining sectors, the changes could not
solely be attributed to the IMO regulation. The number of Unregulated Shipping samples are
only 9 and 17 in number for pre- and post-IMO respectively, and seasonal variations in nss-
SO4% must also be considered due to the presence of natural DMS production in the marine

atmosphere.

3.2.1 Have nss-SQ.2” concentrations in air masses arriving at PPAQO changed since the
requlation change?

Figure 3.10 compares the concentration distributions of each dataset. Lower nss-SO4?
concentrations are clearly seen post-regulation and are significantly different to pre-IMO-2020

using the MW-U test (p<0.05). nss-SO4% concentration dropped from 1.4 to 0.3 pg/m®.
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Figure 3.10. nss-SO42" distribution pre- and post-IMO-2020.

Post-IMO-2020 nss-SO4% concentrations lay consistently in the range of 0-2 pg/m3, with the
exception of one outlier. In comparison, nss-SO4% concentrations around PPAO before 2020
mostly ranged between 0-3 pg/m?®, with multiple datapoints reaching up to 14 pg/m?®. Given
the location of the sampling of the study, reduced SO4? emissions as a result of shipping traffic
are expected from IMO-2020 changes. In areas inland and/or further from shipping activity,
clear decreases in nss-SO4> might not be observed due to more abundant alternative sources of
the pollutant but such a change in atmospheric chemical composition in coastal regions could

be reasonable.

3.2.2 How do the air mass distributions compare between datasets?

The number of samples per air mass classification vary between the two datasets. Significantly
greater nss-SO42 concentrations were observed across all air masses pre-regulation compared
to post-IMO-2020 (p<0.05). Average comparisons by air mass are seen below in Figure 3.11,

with differences in average concentrations clearly visible.
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Figure 3.11. Mean average nss-SO4% concentrations pre- and post-IMO-2020 split by air
mass classification with error bars (use of mean average due to low sample number in

comparison groups).

Interestingly, no significant differences were found between any air mass for the pre-IMO-
2020 regulation dataset (p>0.05). Figure 3.12 reflects the similarity in nss-SO4% between air
masses, with no clear differences in character. Also, the post-IMO-2020 dataset did not find
any significant difference between air masses (p>0.05). Although averages were similar, the
similarity between air mass nss-SQO42 concentrations could be explained by less frequent high
nss-SO42 events. These results indicate that, at least for the datasets investigated, the analysis

of filter samples cannot be used to distinguish chemical differences in air masses.
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Figure 3.12. Pre- and post-IMO-2020 nss-SO4? split by air mass classifications.

3.2.3 How do seasonal variations of nss-SO4% compare between datasets?

Clear variations in nss-SO4% by seasons were observed post-IMO-2020. The spring and
summer seasons were significantly greater than autumn and winter (p<0.05), with Figure 3.13

in showing the fluctuation.
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Figure 3.13. Pre- and post-IMO-2020 seasonal nss-SO4% variation. Upper whiskey for pre-
IMO winter (7.19) hidden for scale. ‘x’ symbol represents mean with central line representing

median.
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Differences in average seasonal concentration for both pre- and post-IMO-2020 are found in
Figure 3.14. Revisiting the variation in nss-SO4% over time in 3.9, a clearly visible increase in
the spring and summer seasons is shown followed by a decrease after these periods, and this is
reflected in the average seasonal concentrations. A strong argument of major change to
atmospheric chemistry in the region can be made since it appears that natural DMS production
dominated nss-SO4? concentrations in the marine atmosphere around PPAO, compared to the
pre-IMO-2020 dataset which showed constant and much higher nss-SO4? throughout all
seasons. Although, it must be noted that due to a greater number of sampled Unregulated
Shipping air masses, and comparison of seasonal variations pre- and post-regulation must take

this into account.
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Figure 3.14. Mean average seasonal concentrations of nss-SO4?" pre- and post-IMO-2020

with error bars (use of mean due to low sample numbers in comparison groups).
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In contrast, data from the pre-IMO-2020 period showed no seasonal variation in nss-SO4>
(p<0.05). Concentrations were relatively stable over seasons, as seen in Figure 3.13. It is
apparent that for the pre-IMO-2020 dataset, DMS production was not a main factor affecting
marine atmospheric nss-SO4".

The possibility of changing contributions of DMS production between the two datasets must
be considered when using nss-SO.4? to investigate the effect of the IMO regulation on marine
atmospheric sulfur. If it was the case that spring and summer nss-SO4? concentrations were
greater post-IMO, it could possibly be attributed to DMS production. However, it is unlikely

that the difference in concentrations could be due to an increased DMS signal.

3.2.4 Potential limitations of this study

The results are accompanied by uncertainties for various reasons, mainly mathematical
uncertainties calculated from the IC analysis as well as theoretical uncertainties and low sample
numbers. The widely used method of subtraction of ss-SO4? from total SO4% using the typical
chemical composition of sea salt can often introduce great uncertainty. With the potential
presence of foreign nss-Na* this calculation can often underestimate nss-SO4? as depicted by
the negative values in this study. However, high uncertainties are only found for a small
proportion of the data allowing important trends elucidated and comparisons to be made.

The slight difference in sampling method, i.e. the use of fraction-separation with a cascade
impactor for the current project rather than just a filter, could possibly bias major ion
concentrations from the restriction of flow rate through the filter. Although, the equipment and
processing were the same apart from this and the interpretation due to a change in sampling
strategy has been taken into account.

The methodology for deciding air mass classifications introduces some uncertainties that need
consideration. Classified air masses often passed over multiple sectors leading to mixing, thus

affecting chemical composition of aerosols. The weighting applied to Clean Marine samples
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helped in classifying these ‘pristine’ samples properly; however, the limitations of the
methodology as a whole must be considered in the sector analysis results.

The impact of restrictions set in place to reduce the spread of the COVID-19 pandemic must
also be considered. Reductions in maritime activity, and the consequent reduction in shipping
emissions, could have affected concentrations of V, Ni and nss-SO4> in samples taken during
the most intense lockdown periods (e.g. March to July, 2020). In terms of the comparison of
pre- and post-IMO-2020 values, reductions in atmospheric concentrations could be attributed
to reduced shipping activity. A study using AIS data found global changes of +2.3 to -13.8%
in container, dry bulk and wet bulk shipping activity, alongside reductions in passenger traffic
between 19.6 and 42.8% (Millefiori et al., 2021). A similar study estimated total global
maritime trade to have reduced by up to 9.6% (Verschuur et al., 2021). An AlS-based study on
six locations with high shipping activity found a total decrease in traffic occupancy of 1.4%
(including a maximum reduction of passenger ship activity of 30% (March et al., 2021). The
study also found a peak reduction in shipping activity around the UK of 11%. The marine-
activity based estimations of reductions in maritime activity suggest that in general, maritime
activity did not drop substantially enough to significantly affect the results found in this study.
Nevertheless, the added uncertainty from the COVID-19 pandemic is something which should
be taken into account.

With respect to the data quality, cases with very high uncertainties were attributed to missing
repeat measurements of aerosol filters, either due to instrumental IC errors or to the removal
of a singular measurement with substantially higher or lower concentrations than remaining
injections. Negative nss-SO4% values are also observed for the samples carried out during the
current project, most of which are accompanied by high uncertainties. The results can be
explained by the nss-SO4% correction using sodium and sulfate with the standard chemical

composition of sea water as a reference. The assumption provided by the correction does not
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consider foreign nss-Na* which can lead to an over-estimation of ss-SO4%> which is then
removed from the equation. An argument could also be made for the deposition and subsequent
crystallisation of sea salt onto foreign surfaces (such as sand and soil), thus changing sea salt
composition based on the place of deposition. In these cases, once the sea-salt crystals are
transported by wind onto the filter, the applied mathematical corrections cannot be used

reliably. Overall, nss-SO4% concentrations have decreased based on the datasets analysed.
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Chapter 4. Conclusions and future work

This unique project gives an insight into the change of aerosol chemical character with a focus
on nss-sulfate and V/Ni ratios from shipping post-IMO-2020, the latter often used as a marker
of shipping emissions. As a result of the change in V and Ni, it is apparent that the ratio has
significantly changed in local UK waters and North Western Europe with Ni covarying with
other metals such as Cd, Zn, Co, Cr and Cu, indicating other sources of V unrelated to shipping
activity. Meanwhile, the reduction in soluble V has indicated a potential decrease in shipping-
related atmospheric V emissions, while covarying with only Zn and Sbh. This supports data
from other studies that the previously accepted 2.5-4 V/Ni range will no longer be a sensitive
tracer of shipping emissions. It is clear that with changing fuel types with varying V and Ni

concentrations, shipping emissions have undergone a change in chemical character.

The data from major ion analysis indicated reductions in nss-SO4> around Penlee Point
Atmospheric Observatory in Southwest England. This decrease, although perhaps not to the
same magnitude as indicated in this study, is very plausible due to the location of the sample
site and its exposure to ship exhaust fumes from marine vessels traversing the English Channel
and the Atlantic Ocean. As the IMO-2020 regulation reduced shipping fuel sulfur concentration
7-fold, it is likely that atmospheric sulfur has decreased in regions of high marine traffic.
Additionally, when considering the transboundary aerosol transport of sulfate, the regulation

could improve air quality worldwide, not solely in coastal regions.

In terms of the change in seasonal fluctuation of nss-SO4% observed at PPAO, an interesting
inference could be made. Pre-IMO-2020, we saw a marine atmosphere potentially saturated
with nss-SO4%. Post-IMO-2020, however, the results showed a purely DMS-dominated

atmosphere. With decreased nss-SO42 around PPAO (possibly due to the IMO-2020 sulfur
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regulation), the observatory would be able to track seasonal DMS fluctuation as opposed to

shipping-related sulfur emissions.

Crucially, the potential positive effect on air quality could substantially reduce sulfur-induced
health problems in coastal and land-locked communities. The overall reduction in atmospheric
sulfur from the shipping industry indicates that the IMO-2020 regulation has made a positive

change towards better air quality.

Recommended future work would focus on fuel chemistry and marine ambient concentrations
in order to gain a clearer understanding of the effects of the IMO-2020 regulation on trace
element emissions. In terms of sampling campaigns tracking such changes in shipping
regulations, high-time resolution samples over a long duration is necessary for strong results.
The use of real-time online measurements can eliminate the need for collection and subsequent
analysis of aerosol filters; however, this range of equipment is costly. For a deeper investigation
of sulfur, isotope analysis (using techniques such as Isotope Ratio Mass Spectrometry) can
uncover specific sources of sulfur, adding a new layer of information to nss-SO4? results. The
use of isotope analysis has proven effective in distinguishing between sulfur emission sources

in marine aerosols (Lin et al., 2012).

Further, chemical analyses of marine fuels and onboard exhaust-gas measurements are needed
to track and predict the effect of shipping emissions on the atmosphere. Through the analysis
of newer LSFOs, predictions for emissions of these fuels can be made. Smokestack analyses
can also provide crucial information on ship exhaust emissions before dispersing in the

atmosphere.
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Appendix

NOAA HYSPLIT MODEL
Backward trajectories ending at 0900 UTC 30 Apr 20
GDAS Meteorological Data
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Job ID: 187282 Job Start: Fri Nov 5 15:21:25 UTC 2021
Source 1 lat.: 50.318168 lon.: -4.189167 hgts: 50, 500, 1000 m AMSL
Trajectory Direction: Backward ~ Duration: 120 hrs
Vertical Motion Calgulation Method: Model Vertical Velocity
Meteorology: 0000Z 29 Apr 2020 - GDAS1

Figure Al. Example of HYSPLIT back trajectory classed as a Clean Marine air mass.
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NOAA HYSPLIT MODEL
Backward trajectories ending at 1000 UTC 12 Feb 21
GDAS Meteorological Data
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Job ID: 186381 Job Start: Fri Nov 5 14:23:46 UTC 2021
Source 1 lat.: 50.318168 lon.: -4.188167 hgts: 50, 500, 1000 m AMSL
Trajectory Direction: Backward  Duration: 120 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 8 Feb 2021 - GDAS1

Figure A2. Example of HYSPLIT back trajectory classed as a Central European air mass.
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NOAA HYSPLIT MODEL
Backward trajectories ending at 1100 UTC 12 May 20
GDAS Meteorologlcal Data
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Job ID: 187303 Job Start: Fri Nov 5 15:26:07 UTC 2021

Source 1 lat.: 50.318168 lon.: -4.189167 hgts: 50, 500, 1000 m AMSL

Trajectory Direction: Backward ~ Duration: 120 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 00002 8 May 2020 - GDAS1

Figure A3. Example of HYSPLIT back trajectory classed as a Mainland UK/Ireland
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NOAA HYSPLIT MODEL
Backward trajectories ending at 0800 UTC 16 Jun 20
GDAS Meteorological Data
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Job ID: 187405 Job Start: Fri Nov 5 15:33:29 UTC 2021
Source 1 lat.: 50.318168 lon.: -4.188167 hgts: 50, 500, 1000 m AMSL

Trajectory Direction: Backward ~ Duration: 120 hrs
Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 15 Jun 2020 - GDAS1

Figure A4. Example of HYSPLIT back trajectory classed as an Unregulated Shipping air

mass.

92



50
45
40
35
30

25

20

15

10 I

5

0 IIIII. II
Fe Co Ni

Cu Zn As Mo Cd Sb Pb

% Error

Al P vV Cr

Figure A5. Error from ICP-MS analysis of the certified reference material (EP-L)
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