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Abstract

Dimethyl sulfide (DMS) is a naturally occurring aerosol precursor gas which plays
an important role in the global sulfur budget, aerosol formation and climate. While
DMS is produced predominantly by phytoplankton, recent observational literature
has suggested that corals and their symbionts produce a significant amount of DMS,
which is currently unaccounted for in modelling studies. It has further been hypoth-
esised that the coral reef source of DMS may modulate the climate. In this thesis,
two atmospheric models coupled to online chemistry and aerosol schemes were used
for the first time to explore the influence of coral reef-derived DMS on atmospheric

composition and meteorology across temporal and spatial scales.

A simple non-varying representation of coral reef-derived DMS was developed
and added to a common DMS surface water climatology. By comparing the dif-
ferences between simulations with and without coral reef-derived DMS, the role of

coral reef-derived DMS was quantified.

The Australian Community Climate Earth System Simulator coupled to the
United Kingdom Chemistry and Aerosol model (ACCESS-UKCA) was used to quan-
tify the influence of coral reefs at the global scale. ACCESS-UKCA was evaluated
against satellite observations and other global climate models and the sensitivity
of aerosol, clouds and radiation to large scale perturbations of DMS was tested.
ACCESS-UKCA was found to have similar biases and DMS sensitivity compared to
other models and it was estimated that marine DMS contributes 0.45 K cooling to
the present climate. The influence of coral reef-derived DMS on global to regional

scale climate was then investigated. In the Maritime Continent-Australian region,



where the highest density of coral reefs exist, a small decrease in nucleation and
Aitken mode aerosol was found when coral reefs were removed from the system.
However, these small responses were found to have no robust effect on global or

regional climate.

The Weather Research Forecast model coupled to the CBMZ-MOSAIC (Carbon
Bond Mechanism Z - Model for Simulating Aerosol Interactions and Chemistry)
chemistry-aerosol scheme (WRF-Chem) was then used to study the same question
at higher spatial and temporal scales. WRF-Chem was run to coincide with an
October 2016 field campaign over the Great Barrier Reef, Australia, against which
the model was evaluated. After halving the DMS surface water climatology, the
model performed well for DMS and sulfur processes, though aerosol number was
overestimated. The inclusion of coral reef-derived DMS resulted in no compositional
change in sulfate aerosol mass or total aerosol number. No direct or indirect aerosol

effects were detected.

Throughout this work, the complexities of the aerosol-climate system have been
emphasised and the limitations of current modelling capabilities highlighted. In con-
clusion, while total marine DMS was found to have an important climatic influence,
this thesis has found no robust link between coral reef-derived DMS and climate or
weather. Thus, these results do not support hypotheses around the ability of coral

reefs to modulate global or regional climate.
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Chapter 1

Introduction

1.1 Context and Motivation

Current understanding of the Earth’s climate and weather is underpinned by the
concept of the radiation budget; the balance of energy entering and leaving the
Earth’s atmosphere. Aerosol, i.e. small liquid or solid particles suspended in the
atmosphere, play an important role in maintaining this energy balance and represent

one of the largest areas of uncertainty in atmospheric modelling.

Broadly, aerosol are considered to impact the radiation budget in two ways,
with important consequences for climate. Direct aerosol effects absorb or scatter
shortwave radiation while indirect aerosol effects can alter cloud characteristics in-
cluding radiative properties, cloud lifetime, vertical extent and precipitation. While
in theory the physical mechanisms behind aerosol effects are understood, the scale

and variability of these make the modelling of such mechanisms highly uncertain.

This thesis focuses on one particular natural aerosol precursor: dimethyl sulfide
or DMS. DMS is known to be produced by marine biota, including phytoplankton,

algae and coral reefs, and is at the heart of the CLAW hypothesis (CLAW standing

1



2 Chapter 1

for the authors surnames Charlson, Lovelock, Andreae and Warren, Charlson et al.,
1987). The CLAW hypothesis proposes that marine biota can regulate their envi-
ronment via the production of DMS and the subsequent impacts of sulfate aerosol
on radiation and clouds. Although recent literature has found this hypothesis im-

plausible, the importance of marine DMS for climate is widely acknowledged.

Correspondingly, concern as to what the effects of increasing atmospheric tem-
peratures and ocean acidification may be for the production of DMS, and the ensuing
feedbacks on climate, is becoming more prevalent within the literature. Alarmingly,
coral reefs are expected to be one of the first major ecosystems to face near total

collapse if further anthropogenic climate change is not avoided.

Limited observational studies have suggested that coral reef-derived aerosol may
have some influence on local weather and climate and, by extension, imply that the
loss of coral reefs may have further climatic effects. However, such studies struggle
to isolate the influence of a single aerosol source and often rely on linear statistics
which do not take into account the complex processes involved in aerosol-climate

Interaction.

Until now, no modelling study has included coral reef-derived DMS in surface
water concentration inventories. Thus, no modelling study has considered the influ-
ence of coral reef-derived DMS on climate and weather or the implications of coral

reef extinction for climate.

This thesis is subsequently motivated by two main themes:

e The importance of coral reefs for climate is currently unknown and at risk

e Analysis of aerosol-climate interactions, regardless of the aerosol source, is
highly complex and uncertain. Modelling studies can help improve our under-

standing of this system
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1.2 Research objectives

The overarching aim of this thesis is to quantify the influence of coral reef-
derived DMS on the atmosphere, in terms of composition and meteorol-
ogy, over different temporal and spatial scales. This aim is achieved using
two different atmospheric-chemistry models run at global and regional scales: the
Australian Community Climate and Earth System Simulator coupled to the United
Kingdom Chemistry and Aerosol model (ACCESS-UKCA) and the Weather Re-
search Forecast - Chemistry model (WRF-Chem) respectively. The key objectives

of this thesis are outlined below:

I Review the literature and describe the tools (Ch2 and Ch3)

i Consolidate current understanding of the DMS-climate cycle at multiple scales

ii Contextualise current DMS-climate modelling with that of aerosol and cloud

process uncertainty

iii Summarise current knowledge of the coral reef contribution to the DMS-

climate system in order to apply this knowledge to modelling studies

iv Describe the two models and their limitations

IT Evaluate two atmospheric-chemistry models (Ch4 and Ch7)
i Evaluate the ACCESS-UKCA climate-chemistry model against satellite obser-
vations and in the context of other climate models

ii Evaluate the WRF-Chem weather-chemistry model against field and satellite

observations
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IIT Quantify the large-scale sensitivity of DMS within the current climate
(Ch5 and ChT)

i Comprehensive quantification of the climatic impacts of global DMS beyond
the radiative response (i.e. including composition, cloud and precipitation
response) and assessment of the sensitivity of ACCESS-UKCA to large changes
in DMS

ii Quantification of the impacts of DMS at high time and space resolution for
the first time, including assessment of the sensitivity of WRF-Chem to large

changes in DMS

IV Quantify the DMS contribution by coral reefs (Ch3)

i Using observations from the literature, create a gridded estimate of coral reef-
derived DMS to include into a common DMS climatology at both global and

regional scales

V Determine the impact of coral reefs on global composition and climate

(Ch6)

i Assess if the coral reef source of DMS can impact the climate, both composi-

tionally and meteorologically, and at what scale

ii Quantify what the impact on climate may be if mass coral extinction occurred

in the current climate

VI Determine the impact of the Great Barrier Reef on local atmospheric

composition and weather (Ch8)

i Determine if coral reef-derived DMS interacts with local atmospheric compo-

sition and meteorology
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ii Contextualise these results within current literature and field observations

1.3 Contributions to the state of knowledge

By addressing the aims and objectives outlined above, this thesis aims to contribute

to DMS, aerosol and atmospheric modelling literature as outlined below:

e The first global estimate of coral reef-derived DMS has been created in this

thesis in order to understand the importance of coral reefs for the atmosphere.

e Current coral reef-derived DMS literature is entirely based on observational
studies which are unable to capture the full complexity of this system. This
thesis is the first atmospheric modelling study to consider the impact of coral

reef-derived DMS.

e The original CLAW hypothesis considered a bioregulatory feedback system
that occurs over short time scales (days-weeks). No atmospheric modelling
study has attempted to quantify the DMS-climate system at this scale. This
thesis presents the first regional-local scale study exploring the DMS-climate

system and the potential for a bioregulatory feedback.

1.4 Structure of thesis

In order to address the research questions and objectives outlined above, the struc-
ture of this thesis is outlined below and Figure 1.1 provides a visual overview of the

conceptual structure.
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Figure 1.1: The conceptual structure of this thesis showing how the result Chapters
aim to address the same objectives over different temporal and spatial scales

Chapter 2

Chapter 2 presents and reviews the literature relevant to this thesis. It includes
an introduction to aerosol-climate processes and uncertainties, the DMS-climate
system, a review of global and regional modelling of the DMS-climate system and

the current understanding of the contribution and influence of coral reef-derived

DMS.

Chapter 3

Chapter 3 describes the two atmospheric-chemistry models used to quantify the
overall aim of this thesis at different temporal and spatial scales. Here, the under-
lying structure and capabilities of the models are described as well as the relevant
input files required for each model, how the experiments for the subsequent chapters
are set up and how the model evaluations are performed. Additionally, this Chapter

outlines the statistical methods employed in the analysis of the modelling results.
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Chapter 4

The model evaluation of ACCESS-UKCA is provided in Chapter 4. This evaluation
is performed based on satellite observations of cloud, radiation and precipitation

fields and puts the biases found in ACCESS-UKCA into context with other GCMs.

Chapter 5

Chapter 5 examines the sensitivity of the ACCESS-UKCA model to large-
perturbations of global DMS from all marine sources. This Chapter provides
an initial understanding of how changes to marine DMS manifests within the
climate system of ACCESS-UKCA and to determine what the sensitivity of the

ACCESS-UKCA model is to DMS compared to other studies.

Chapter 6

In Chapter 6, the importance of coral reef-derived DMS on global and regional
atmospheric composition and climate is assessed for the first time. The ACCESS-
UKCA climate-chemistry model is run both as a free running ensemble and nudged

to reanalysis meteorology in order to help identify direct and indirect aerosol effects.

Chapter 7

WRF-Chem is evaluated in Chapter 7 against observations from a recent field cam-
paign over the Great Barrier Reef. In addition, the sensitivity of atmospheric fields

in WRF-Chem to a halving of DMS is examined.
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Chapter 8

In Chapter 8, the influence of coral reef-derived DMS is studied at high temporal
and spatial resolutions over the Great Barrier Reef, Queensland, Australia. WRF-
Chem is run over three nested domains to ensure the effects of cloud parameterising

and cloud resolving scales are represented.

Chapter 9

Finally, Chapter 9 summarises the findings of this thesis and relates the results back

to the overarching objectives identified above.



Chapter 2

Background

This Chapter discusses aspects of the DMS-climate system such as aerosol forma-
tion, aerosol-climate interaction, DMS production, chemical life cycle and the un-
certainties surrounding these processes. Section 2.1 reviews how aerosol form, grow
and interact with the climate system and highlights why aerosol are a considerable
source of uncertainty for climate. Section 2.2 considers the role of DMS as a major
source of atmospheric sulfur and natural aerosol, as well as how DMS is observed
and parameterised. Section 2.2 also discusses how DMS interacts with the climate
and presents modelling studies that have aimed to quantify this impact. Finally,
Section 2.3 introduces coral reefs as a source of DMS and provides the motivation

for the inclusion of coral reef-derived DMS in climate modelling.

2.1 Aerosol and the climate system

In this Section, the radiative effects of aerosol are introduced first to establish the
importance of aerosol in the climate system (Section 2.1.1). Sources, formation and
growth of aerosol are then introduced and key characteristics of certain aerosol are

highlighted (Section 2.1.2), in particular sulfate aerosol. Finally, the uncertainties

9
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surrounding aerosol in the climate system are discussed in the context of global

climate modelling (Section 2.1.3).

2.1.1 Aerosol radiative effects

Aerosol influence the Earth’s radiation budget in a number of different ways depend-
ing on atmospheric conditions and the composition of the aerosol. These effects are
typically split into the ‘direct’ and ‘indirect’ effects and are summarised in Figure 2.1.
The direct effect occurs when aerosol, such as sulfate aerosol, physically scatters in-
cident solar radiation via Rayleigh or Mie scattering. Scattering of light by particles
attenuates incoming solar radiation reaching the surface and hence has a cooling
effect (McCormick and Ludwig, 1967). Semi-direct effects also occur when aerosol
such as black carbon absorb incoming solar radiation causing a local atmospheric

warming effect (Ackerman et al., 2004).

Indirect aerosol effects occur when aerosol interact with cloud processes, sub-
sequently changing cloud properties and energy fluxes throughout the atmosphere.
For example, increased aerosol number concentration can in turn increase the cloud
condensation nuclei (CCN) and cloud droplet number (CDN) concentration. In-
creased CDN, with constant liquid water content (LWC), results in smaller cloud
droplets, which can influence cloud characteristics such as reflectivity (whiter, higher
clouds, Twomey, 1974; Pincus and Baker, 1994) and cloud lifetime (Albrecht, 1989).
Increases in cloud albedo and lifetime can cause more solar radiation to be reflected
off the cloud tops, also resulting in a cooling effect at the surface. In addition, with
increased CDN concentration, greater surface area is available within the cloud onto
which water can condense. This can cause drizzle suppression and increases in the

LWC of the cloud (Warner, 1968), impacting the hydrological cycle.

As such, direct and indirect effects have a substantial effect on the Earth’s
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atmosphere through radiation, cloud and precipitation. Importantly, there effects
are also dependent on the aerosol composition, where some species are better at
scattering or absorbing radiation than others, or are more able to act as nuclei
(liquid or ice) than others. For example, a sulfate aerosol is able to scatter light,
while black carbon tends to absorb light. An aerosol that made is up of black carbon
with a sulfate coating will be less able to absorb or scatter light, demonstrating the

importance of aerosol composition understanding.

vA¢
't
A

v

Indirect effect on
ice clouds/contrails

2\, )

Scattering & absorption Unperturbed cloud Increased CDN Drizzle suppression Increased cloud Increased cloud Heating causes
of radiation (constant LWC) Increased LWC height lifetime cloud burn-off
(Twomey 1974) (Pincus & Barker 1994) (Albrecht 1989) (Ackerman et al. 2004)

\

\ Top of the atmosphere \

L , L -
Direct effects 1st indiirect effect 2nd indirect effect Semi-direct effect

Figure 2.1: Schematic diagram showing the various mechanisms by which aerosol
can influence the radiation budget and cloud properties. Straight lines represent
the incident and reflected shortwave radiation, and wavy lines represent longwave
radiation. The vertical grey dashes represent rainfall. Figure adapted from the 2007
IPCC report (Forster et al., 2007)

2.1.2 Aerosol sources, formation and growth

In the atmosphere, primary aerosol are directly emitted from their environment,
such as sea salt or dust. Secondary aerosol are formed from precursor gases which
then nucleate, for example H,SO,. Aerosol growth occurs via heterogeneous nucle-
ation, i.e. by condensation onto a pre-existing particle. Alternatively, in sufficiently
high atmospheric supersaturation and in the absence of pre-existing surfaces, homo-

geneous nucleation can occur to form new particles. In the free troposphere, cooler
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temperatures, higher supersaturation, and fewer pre-existing particles can provide

ideal conditions for aerosol precursor gases to undergo homogeneous nucleation.

In-cloud aqueous-phase oxidation of SO, is an additional mechanism of aerosol
growth, the processes known as cloud processing (shown in Figure 2.2). Once en-
trained into a cloud, SO, is dissolved into existing cloud droplets, where it is subse-
quently oxidised primarily by O5 or H,O,. This cloud droplet can later be detrained
from the cloud and evaporate (alternatively it can be precipitated out). Importantly,
coalescence of droplets within the cloud can increase the size of particles while reduc-
ing the number, which can have important implications for aerosol characteristics if

the cloud evaporates or these droplets are detrained (Feingold et al., 1996).

Photochemical Oxidation > New
production of OH by OH particle
production

Reflected solar
radiation

it

P 4"‘/ Detrainment—)O;idgtLon—) New cﬁicle
= ——=== ofgases Yy pr on
— (eg., H,0,
SO,, DMS,
05, efc)

Droplet grows to raindrop
i/ by collecting other droplets

(2)Droplet grows Jj
bécondensation.
CN dissolves

Raindrop
collects aerosols
(precipitation
scavenging)

Updrafts onaCCN

with SO,, (nucleation
DMS, O3, etc.  scavenging)
and aerosols

Figure 2.2: Schematic of cloud and precipitation processes that affect the distri-
bution and nature of chemicals in the atmosphere and the chemical compositions
of cloud water and precipitation. The broad arrows indicate airflow. Figure from
Wallace and Hobbs (2006)

The composition and size of aerosol are important to consider for both optical
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properties and cloud-interactions in climate modelling. For example, aerosol activa-
tion into cloud droplets depends not only on aerosol concentration, but on its size
(foremost) and composition. Primary aerosol can enter the atmosphere at a range
of sizes, from tens of nanometers to larger particles of several micrometers. Pre-
cursor gases can either grow pre-existing particles at any size (via condensational
growth), or, if homogeneous nucleation occurs, will form aerosol of approximately
1-3nm in size. The size characteristics and typical concentrations of aerosol in the
atmosphere occur over four distinct size ranges, known as aerosol modes. From
smallest to largest, these modes are called nucleation, Aitken, accumulation and
coarse modes. Particle growth (via condensation, coagulation or cloud processes)
occurs between these modes. Figure 2.3 provides some approximate size ranges of a

number of primary and secondary aerosol and the four aerosol modes.

Sulfur as a precursor gas

Sulfate aerosol are produced from sulfur precursor gases, such as SO, and DMS,
and are a key component of the atmospheric aerosol budget. Sulfates make up 22-
45% of the aerosol mass fraction over continents and up to 75% over the poles and
are dominant at the submicrometre particle size range (Wallace and Hobbs, 2006).
Figure 2.4 shows the tropospheric sulfur cycle with estimates of annual emissions
(Sheng et al., 2015). Second to volcanic activity, DMS makes up approximately
18-40% of global sulfur emissions (Flato et al., 2013), with DMS flux (fluxpyg)
estimates that range from 9-35 Tg year™! of sulfur (Belviso et al., 2004a; Elliott, 2009;
Woodhouse et al., 2010; Tesdal et al., 2016b; Sheng et al., 2015; Flato et al., 2013).
These large fluxp)yq ranges present a considerable problem for the quantification of
aerosol effects. This problem will be discussed in Section 2.1.3, while uncertainties

in DMS will be discussed in further detail in Section 2.2.
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Figure 2.3: Schematic diagram showing the four modes of aerosol size concentration
and their growth pathways; the relationship these size distributions have with cloud
processes; and examples of approximate size distributions of common aerosol. Figure
adapted from Deutscher Wetterdienst (2016) and further data obtained from the
IPCC 2013 report (Boucher et al., 2013)

2.1.3 Aerosol uncertainty

Aerosol play an important role in the global radiation budget, via the direct and
indirect effects described in Section 2.1.1. Total aerosol effective radiative forc-
ing (ERF) was estimated to be -0.9 (-1.9 to -0.1) Wm~2 by the 2013 IPCC report
(Myhre et al., 2013b), substantially offsetting the well mixed greenhouse gases ra-
diative forcing of 2.8 (2.26 to 3.40) Wm™2 (Myhre et al., 2013b). While the direct
aerosol effect can be approximately linearly related to aerosol mass concentration

(Myhre et al., 2013a), aerosol-cloud processes, or the secondary aerosol indirect ef-
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Figure 2.4: Global tropospheric sulfur budget. Solid arrows: net fluxes of surface
emissions, cross-tropopause transport, wet/dry deposition, or chemical and micro-
physical transformations in Tg S yr—!. Arrows point to net direction. Dashed arrows:
one-way fluxes. Boxes: burdens of gases and H,SO, aerosol in Gg§S. Figure adapted
from Sheng et al. (2015)

fects, are highly complex and have larger uncertainties. This is demonstrated by the
approximately 20% larger range of ERF values given to the aerosol-cloud interaction
(-0.45 (-1.2 to 0.0) Wm™2) compared to aerosol-radiation interaction (-0.45 (-0.95

to +0.05) Wm™?) (see Figure 2.5) (Myhre et al., 2013b).

Figure 2.5 shows that the aerosol ERFs are currently the largest source of un-
certainty in the overall radiation budget (Myhre et al., 2013b; Carslaw et al., 2013).
Natural aerosol sources account for the largest portion of this uncertainty, contribut-
ing up to 45% of the variance of aerosol forcing, compared to 34% from anthropogenic
aerosol emissions (Carslaw et al., 2013). Flato et al. (2013) highlight the sulfur cy-
cle, including the sources, chemical processing, transport and removal, as major
contributors to this uncertainty. These uncertainties due to aerosol emission affect
not only the radiation budget, but also chemical and meteorological parameters
such as ozone concentration and photolysis (Kushta et al., 2014), cloud formation,

albedo, temperature and precipitation (Rosenfeld et al., 2014; Rotstayn et al., 2015;
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Figure 2.5: Bar chart for radiative forcing (hatched) and effective radiative forcing
(solid) for the period 1750-2011. Uncertainties (5 to 95% confidence range) are given
for radiative forcing (dotted lines) and effective radiative forcing (solid lines). Figure
adapted from the 2013 IPCC report (Myhre et al., 2013b)

Seinfeld et al., 2016).

Whilst aerosol present a challenge for global climate modelling, the broader
climate system must also be taken into account. Current climate models have con-
siderable difficulty in simulating clouds and their characteristics, including height,
structure, phase (liquid, ice or mixed), etc (Bony and Dufresne, 2005; Cesana and
Chepfer, 2012; Nam et al., 2012; Klein et al., 2013; Bodas-Salcedo et al., 2014; Ma-
tus and L’Ecuyer, 2017). Large low level cloud biases are found in regions of low
level stratiform cloud decks in eastern ocean basins and the Southern Ocean, as
well as in convective cloud in tropical regions (and elsewhere) (Cesana and Chepfer,
2012; Nam et al., 2012; Klein et al., 2013). Clouds play a crucial role in regulat-
ing the global energy balance via cloud albedo and energy/water transport. The
current problems in simulating important cloud characteristics has been found to

have large implications for the global radiation budget and cloud feedbacks (Bony
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and Dufresne, 2005; Bony et al., 2006; Leon et al., 2009). Many of the processes,
including aerosol indirect effects, linking aerosol to cloud and subsequently the ra-
diation budget are only just beginning to be included specifically in global climate
models, placing additional difficulty on understanding these complex processes. In
this thesis, the modelling limitations surrounding both aerosol and cloud processes

are considered.

2.2 Dimethyl sulfide

DMS ((CHj),S) is an important precursor gas for aerosol formation, coming sec-
ond only to volcanic activity as a source of natural sulfur (see Figure 2.4). DMS
is produced predominantly by marine organisms such as algae, phytoplankton and
corals, which are vulnerable to large-scale changes in the climate (discussed in Sec-
tion 2.2.1). Large uncertainty surrounds not only the amount of DMS released into
the ocean (Section 2.2.2) and subsequently the atmosphere each year (Sections 2.2.3
and 2.2.4), but also how DMS influences the current climate. The role of DMS
within the climate system has been a source of debate among scientists since the
1980s, specifically around the feedback system proposed by Charlson et al. (1987)
(Section 2.2.5). Regardless of this debate, DMS has been identified as an important
precursor for natural aerosol with a long-term influence on climate (Section 2.2.6).
Numerous global modelling studies have aimed to quantify the large-scale impact of
DMS, in particular in a changing climate (Section 2.2.7), however limited modelling

research on DMS-climate interaction has been completed at a regional scale (Section

2.2.8).
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2.2.1 DMS production

DMS is a product of the enzymatic cleavage of dimethyl sulfoniopropionate (DMSP)
by catalytic enzymes (DMSP lyases), which are also produced by phytoplankton and
bacteria (Stefels et al., 2007; Alcolombri et al., 2015; Curson et al., 2011). DMSP
(an osmolyte that helps maintain osmotic pressure Vairavamurthy et al., 1985) is
produced by marine organisms via numerous biological and chemical processes at
the cellular level (Gali et al., 2018). DMSP production is influenced by light, salin-
ity, temperature and nutrients, as well as being species specific and dependent on
overall species health (Simd, 2004; Stefels et al., 2007). Whilst these influences are
occurring at the cellular level, they have important implications in understanding

and constraining global levels of DMS production.

Changes in the global environment via anthropogenic climate change and nat-
ural climate variability have important impacts on the production of DMSP and
DMS. Whilst surface warming of the oceans will impact habitable areas, food avail-
ability and stratification of the ocean (to name a few), the effect of anthropogenic
ocean acidification has received the most attention in the literature with regards to
DMS production. Dutkiewicz et al. (2015) show that with increased atmospheric
partial pressure of CO,, many species of phytoplankton face extinction, whilst oth-
ers may migrate and thrive. These varied responses make it difficult to quantify the
magnitude and even sign of how DMS production will change with ocean acidifica-
tion. Elevated CO, experiments have found that under doubled atmospheric CO,,
some phytoplankton produce 24% and 57% less DMSP and DMS respectively (Hop-
kins et al., 2010). However, more recently Hopkins et al. (2018) report that polar
planktonic communities show resilience to ocean acidification. More research, con-
sidering different species of plankton and other major DMS producers, is necessary

to determine the true impact of anthropogenic climate change on DMS production.
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2.2.2 DMS in the ocean surface water

The number of surface water DMS (DMS,) observations have increased substan-
tially over the last three decades. However, significant gaps remain both spatially
and temporally, which are indicated by the DMS  observations first described by
Kettle et al. (1999) and later updated by Lana et al. (2011), shown in Figure 2.6
where the colours represent the month of observation while the size represents the
magnitude. Both temporal and spatial sampling biases exist within this data set,
with approximately half the observations collected in late spring through to summer,

and more than two-thirds of the data collected in the Northern Hemisphere.

The DMS,, database indicates that high latitude regions have the highest DMS
concentrations during the respective summer months in regions where high primary
productivity exists. In these regions, DMS can be of greater than 25nM and up
to as much as 420 nM. Similarly, regions of oceanic upwelling, also associated with
increased biological activity, have high DMS, concentrations. The mean DMS,,
concentration, according to the observations making up Figure 2.6 is 4.3nM with a

median of 2.1 nM and a standard deviation of 11.2nM.

Kettle et al. (1999); Kettle and Andreae (2000) and later updated by Lana et al.
(2011), used these observations to derive a gridded global DMS  climatology, shown
in Figure 2.7, via a piecewise cubic Hermite interpolation technique over fifty four
well defined biogeographic ocean provinces. It is worth noting that with a three-fold
increase in the number of observations used for the Lana et al. (2011) climatol-
ogy (47,000), compared to the earlier Kettle et al. (1999) climatology (15,000), the

estimated global DMS flux (fluxp,g) increased by approximately 17%.

In the years since the Lana et al. (2011) climatology was produced, many new
observations of DMS,, have been made available across the globe. For example,

larger concentrations and/or fluxes of DMS than what is currently considered have
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Figure 2.6: The DMS,, observations first collated by Kettle et al. (1999) and updated
by Lana et al. (2011) used to develop the DMS, gridded climatology (L11). The
observations are coloured by month of measurement and sized by magnitude

been found at the poles, especially around sea ice and polynyas in both hemispheres
(Nomura et al., 2011; Jarnikova and Tortell, 2016; Mungall et al., 2016; Kim et al.,
2017; Gabric et al., 2018). Similarly, high measurements of DMS, have been made
over tropical coral reefs in recent years (Broadbent et al., 2002; Broadbent and
Jones, 2004; Jones and Trevena, 2005; Jones et al., 2007, 2018; Deschaseaux et al.,
2019), which are corroborated by laboratory studies, suggesting that corals and their
symbionts produce large amounts of DMS_ (Deschaseaux et al., 2012; Raina et al.,
2013; Hopkins et al., 2016). These studies will be discussed in further detail in
Section 2.3. These more recent observations suggest it is possible that the current

Lana et al. (2011) DMS,, climatology is underestimating the true DMS,, field.
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Figure 2.7: The monthly Lana et al. (2011) DMS,, climatology on the original 1x1°
grid, used as the benchmark DMS field in this thesis. Note that DMS,, is plotted
on a log scale, in nM

In an effort to improve representation of DMS ,, a number of studies have param-
eterised global oceanic DMS,, (or DMSP) concentrations. Methods include using
primary productivity, insolation, SSTs, mixed boundary layer depth (oceanic) and
other fields as predictors (Anderson et al., 2001; Simé and Dachs, 2002; Belviso
et al., 2004b; Gali et al., 2015) with the Lana et al. (2011) or Kettle and Andreae
(2000) climatology as a reference. However, numerous issues arise when trying to

parameterise oceanic DMS_, including the lack of observations as mentioned, but

w

also that DMS production is species dependent and predictors are not uniformly
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relevant across marine biota. Halloran et al. (2010) found that the Anderson et al.
(2001) and Simé and Dachs (2002) parameterisations of DMS  concentrations per-
form little better than the Kettle and Andreae (2000) climatology when compared

to an independent set of observations (observations post 2000).

More recently, Gali et al. (2018) has developed a non-linear parameterisation
of DMS,, using satellite estimated DMSP from a previous publication (Gali et al.,
2015) and photosynthetically available radiation at the sea surface. Although biases
still exist in this study when compared to the Lana et al. (2011) climatology, the
authors note that the parameterisation performs with significantly better skill than
previous attempts. In light of this, Gali et al. (2018) highlight the need for the
climate community to ‘move beyond’ the fixed monthly climatological representation
of DMS,,, towards time-varying databases in order to fully capture the importance
of this major source of atmospheric sulfur, especially in a changing climate. Gabric
et al. (2018) and Hopkins et al. (2016) make similar statements in their respective
studies. However, it is noted that parameterisations such as Gali et al. (2018) still

do not specifically represent DMS  from coral reef sources.

2.2.3 DMS ocean-atmosphere flux

Stefels et al. (2007) estimate that 10% of DMS, is released into the atmosphere
via sea-air flux. The majority (90%) of DMS in the ocean is removed by bacterial
and abiotic processes, including photochemical and biological oxidation as well as
biological consumption (Stefels et al., 2007). Sea-air fluxes of DMS (fluxp,g) are
poorly understood, have large variability over space and time and are difficult to
measure, subsequently causing large uncertainties in parameterisation (Nightingale
et al., 2000; Kloster et al., 2006; Lana et al., 2012; Elliott, 2009; Tesdal et al., 2016b).
Parameterisation of fluxy,q relies on wind speed, sea surface temperatures and the

contrast in DMS concentration between the ocean and atmosphere, allowing a func-
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tion of gas exchange to be inferred. A full description of a common parameterisation

will be provided at the end of this Section.

Several parameterisations of fluxp,q exist (eg. Liss and Merlivat, 1986; Wan-
ninkhof, 1992; Nightingale et al., 2000), resulting in a large range of annual
global fluxpyg estimates, for example, 15-35 Tgyear™' of sulfur (Elliott, 2009) or
9-35 Tgyear—! of sulfur (Tesdal et al., 2016b). A summary of the most common
fluxpg parameterisations, DMS,, climatologies and the resultant flux,;q can be
found in Table 2.1 where global flux estimations are compared. Tesdal et al.
(2016b), based on an analysis of empirical and prognostic models and observation,

L of sulfur as a reasonable estimate. Tesdal

recommend a range of 18-24 Tgyear™
et al. also note that the global fluxp)y is primarily dependent on the mean
DMS,, concentrations with spatial variance and the gas exchange coefficient (or
the piston velocity - see equations described below) being of secondary importance.
Furthermore, Vlahos and Monahan (2009) and Bell et al. (2017) show that current

parameterisations overestimate the fluxpyq at high wind speeds and suggest that

annual global fluxp,g is likely to be in the lower range of current estimates.

Given the large amount of literature evaluating flux sensitivities, no sensitivity
tests regarding flux parameterisations were performed for this thesis. The parame-
terisation used in this project (for both ACCESS-UKCA and WRF-Chem), is the
Liss and Merlivat (1986) method and is described in detail below. The Liss and
Merlivat (1986) parameterisation is considered a conservative method, inline with
the recommendations by Vlahos and Monahan (2009), Tesdal et al. (2016b) and Bell
et al. (2017).
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Table 2.1: Global fluxpq (in Tgyear~ of Sulfur) as reported by the literature,
including the fluxp)q parameterisation and DMS,, climatology. Note the flux)q is

dependent on wind-speeds, so numbers can vary between studies

Study Fluxpg DMS,, climatology Fluxps
parameterisation

Kettle and Andreae Liss and Merlivat (1986) Kettle and Andreae 15.3

(2000) (2000)™

Kettle and Andreae Wanninkhof (1992) Kettle and Andreae 32.6

(2000) (2000)™

Kettle and Andreae Erickson (1993) Kettle and Andreae 21.8

(2000) (2000)™

Anderson et al. (2001) Wanninkhof (1992) Anderson et al. (2001)? 32.4

Anderson et al. (2001) Nightingale et al. (2000)  Anderson et al. (2001)? 27.6

Simé and Dachs (2002) Liss and Merlivat (1986)  Simé and Dachs (2002)? 17

Simé and Dachs (2002) Wanninkhof (1992) Simé and Dachs (2002)? 34.6

Sim¢é and Dachs (2002) Nightingale et al. (2000) Simé and Dachs (2002)? 23.3

Kloster et al. (2006) Wanninkhof (1992) Kloster et al. (2006)° 28

Elliott (2009) Liss and Merlivat (1986)  Elliott (2009)° 16.8

Elliott (2009) Wanninkhof (1992) Elliott (2009)° 29.3

Elliott (2009) Nightingale et al. (2000)  Elliott (2009) 23.6

Elliott (2009) Elliott (2009) Elliott (2009)° 17.3

Vogt et al. (2010) Wanninkhof (1992) Vogt et al. (2010)° 24

Lana et al. (2011) Liss and Merlivat (1986)  Kettle and Andreae 15
(2000)™

Lana et al. (2011) Wanninkhof (1992) Kettle and Andreae 29.4
(2000)™

Lana et al. (2011) Nightingale et al. (2000) Kettle and Andreae 24
(2000)™

Lana et al. (2011) Liss and Merlivat (1986)  Lana et al. (2011)™ 17.6

Lana et al. (2011) Wanninkhof (1992) Lana et al. (2011)™ 34.4

Lana et al. (2011) Nightingale et al. (2000) Lana et al. (2011)™ 28.1

Tesdal et al. (2016a) Nightingale et al. (2000)  Lana et al. (2011)™ 28.9

Tesdal et al. (2016a) Nightingale et al. (2000) Kettle et al. (1999)™ 25.9

Tesdal et al. (2016a) Nightingale et al. (2000) Kettle and Andreae 24.7
(2000)™

Average 24.8

b denotes a DMS climatology modelled using a biogeochemistry model
P denotes a parameterised DMS climatology
™ denotes a DMS climatology generated from direct measurements
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Liss and Merlivat (1986) flux parameterisation

DMS
fluxpys = k(DMSW i a) (2.1)
DMS, — 0 (2.2)
For:
SCpus \ *
wip < 3.6ms k= 0.17w10< 60D(1;/IS) (2.4)
L . SCpus \ ?
3.6ms " < wy < 13ms™ : k= (2.85wy9 — 9.65) 500 (2.5)
. SCpus \ *
wyg > 13ms™ : k= (5.9wy9 — 49.3) 600 (2.6)

SCpus = 2674.0 — (147.12 x T) + (3.726 x T?) — (0.038 x T?) (2.7)

_ 1
o — o 10-1794+3761.33x 7 (2.8)

The Liss and Merlivat (1986) fluxp,q parameterisation is described in Eq. 2.1
where k, the piston velocity, is parameterised under three wind induced sea sur-
face regimes: smooth (Eq. 2.4) and rough (Eq. 2.5) gas transfer, and a wave
breaking/bubble-bursting regime (Eq. 2.6). « is calculated by Equation 2.8, ac-
cording to Dacey et al. (1984), wyyp = 10 m wind speed (ms™!). Tt is assumed
that the concentration of DMS, is negligible, as it is orders of magnitude smaller
than that of seawater. The Schmidt Number of DMS (SCp)s), a measure of viscos-
ity /diffusion and a function of sea surface temperature, is determined following the

Saltzman et al. (1993) method and is shown in Equation 2.7, where T=SST. The
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denominator in this function is the Schmidt Number of CO, in fresh water at 20

°C, SCqp, = 600, which is used to normalise the numerator (SCpyg).

2.2.4 DMS in the atmosphere

Once DMS is released into the atmosphere, its oxidative pathway is a further
source of uncertainty (von Glasow and Crutzen, 2010). Primarily, atmospheric DMS
(DMS, ) is oxidised by hydroxyl (OH) and nitrate (NO;) radicals, leading to the pro-
duction of methane sulfonic acid (MSA) and SO,, which then oxidise further into
H,50,. The dominant chemical reactions of DMS, are shown schematically in Fig-
ure 2.8. Studies have noted that ozone and halogen oxide radicals, as well molecular
chlorine also react with DMS, (Boucher et al., 2002; Kloster et al., 2006; Khan
et al., 2016), which are currently difficult to quantify and often not considered in
modelling studies. von Glasow and Crutzen (2010) and Khan et al. (2016) have
shown that inclusion of halogen chemistry increases DMS, oxidation rates, reducing
DMS, lifetime, the efficiency of the conversion of DMS to SO, and thereby, the
global sulfur burden. In addition, von Glasow and Crutzen (2010) show that con-
version efficiency of DMS, to SO, is significantly reduced under cloudy conditions,
impacting cloud droplet number and cloud albedo in stratiform clouds. DMS, has
an atmospheric lifetime of approximately 1-2 days (Korhonen et al., 2008; Kloster
et al., 2006; Khan et al., 2016). After oxidation into H,SO,, aerosol formation can

occur via heterogeneous or homogeneous nucleation as discussed in Section 2.1.

2.2.5 The Charlson, Lovelock, Andreae and Warren (CLAW)

hypothesis

The importance of DMS in the natural sulfur cycle was first proposed by Lovelock

et al. (1972) after the sulfur budget was unable to be balanced and observations of
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Figure 2.8: The oxidation of DMS by OH. Figure adapted from Finlayson-Pitts and
Pitts (2000) and von Glasow and Crutzen (2010)

large-scale biological DMS production became available. As further measurements
were made connecting DMS to marine algae (Bigg and Turvey, 1978) and to sul-
fate aerosol (Parungo et al., 1986), it was suggested that oceanic DMS could be
responsible for up to 30% of the sulfur budget (Nguyen et al., 1978). Shaw (1983)
hypothesised that the sulfur cycle could be a more effective form of biothermostasis
than that of the carbon cycle as suggested by Lovelock and Whitfield (1982), in

response to the Gaia theory (Lovelock and Margulis, 1974).

The CLAW hypothesis builds upon Shaw’s (1983) work, bringing with it the
evidence that Shaw lacked (Charlson et al., 1987). The hypothesis relies on three

key assumptions:

e Most species of phytoplankton excrete DMS, which is later oxidized in the

atmosphere to form MSA or sulfate aerosol
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e These non-sea-salt (NSS) sulfate aerosol are found throughout the marine

boundary layer (MBL)

e Aecrosol that act as CCN are perhaps almost exclusively NSS-sulfate aerosol.

From this, the CLAW hypothesis was proposed as follows (see Figure 2.9): marine
plankton produce significant amounts of DMS; plankton are affected by sea surface
temperatures (SSTs) and sunlight. DMS, when released into the atmosphere, affects
cloud albedo via the formation of CCN from sulfate aerosol. This in turn influences
the temperature and sunlight at the surface, thus setting up a mechanism by which

marine plankton, in producing DMS, can influence their environment.

 Seasalt, Cloud properties: ———— Radiation
organic compounds albedo, CDN

!

Precipitation

Wind generated i
wave breaking, Sea-Air Flux

Figure 2.9: Schematic diagram showing the ocean-atmosphere DMS life cycle and
climate-relevant processes
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2.2.6 Evidence of the influence of DMS on the climate sys-

tem

The primary evidence for the DMS-sulfur feedback presented by Shaw (1983) was
based on the assumption that most sulfur derived aerosol were of the size 0.1 pum,
believed at the time to be the most effective particle size for solar radiation scattering
(direct effect). The most effective particle size for solar radiation scattering was
later found to be 0.08-1 um (Murphy, 1998). Furthermore, understanding of the
contribution of sea-salt aerosol at this point was poor, and was unaccounted for in
Shaw’s (1983) theory. Charlson et al. (1987) later assumed that NSS-sulfate made
up the majority of MBL CCN, dismissing sea salt as a major source of CCN due to
low concentrations at marine cloud height. However, the authors conceded that the
role of DMS in CCN formation was poorly understood (Charlson et al., 1987). More
recent research has found that these assumptions are incorrect and that the DMS-
CCN picture is much more complex (Quinn and Bates, 2011; Green and Hatton,

2014).

Despite sulfates dominating submicrometer particle number concentrations, par-
ticle number concentration and CCN variability is difficult to attribute to sulfates
in the remote or coastal MBL. Understanding is further limited due to the very few
observations of sulfate particle formation (homogeneous nucleation) in the MBL
(Ayers et al., 1991; Modini et al., 2009; Humphries et al., 2015). However, studies
have shown that CCN variability cannot be fully explained without the inclusion of
DMS, especially in the mid-latitudes (Korhonen et al., 2008) and Southern Ocean
(Vallina et al., 2006). Modelling shows that the standard deviation of CCN in re-
sponse to changing fluxpyg (of -50 to +100%) is 44% higher under pre-industrial
conditions than today, implying difficulty in capturing the true nature of DMS forced
climate variability in today’s polluted conditions (Carslaw et al., 2013). Somewhat

understandably then, Woodhouse et al. (2010) and Woodhouse et al. (2013) find
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very little change in CCN concentrations in relation to changes in global fluxpyg or

to small regional perturbations in DMS_, in today’s climate.

Sea salt and organic aerosol are important and dominant particles for aerosol
and CCN formation in clean marine air providing an important reaction site for
heterogeneous nucleation of precursor gases (Murphy, 1998; O'Dowd et al., 2004;
Leck and Bigg, 2005; Bigg, 2007; Twohy and Anderson, 2008). Sea salt particle
concentrations are logarithmically related to wind speed (O’Dowd et al., 1993), and
are large enough to act as CCN with little additional growth required. Consequently,
when sea salt particles dominate the MBL, Quinn and Bates (2011) argue that DMS,
has little impact on CCN concentrations, although it remains difficult to separate the
contribution of sea salt and sulfate to CCN formation. However, in later research,
Quinn et al. (2017) found that sea spray aerosol make up approximately 30% of
CCN over the majority of the world’s oceans, with the majority of aerosol made
up from NSS aerosol, attributed in part to entrainment from the free troposphere.
Entrainment of sulfate aerosol nucleated in the free troposphere can account for 43-
65% of summer time remote Southern Hemispheric CCN concentrations, reduced to
7-20% in the winter time (Korhonen et al., 2008). The importance of entrainment
from the free troposphere implies DMS derived aerosol can have far reaching impacts,

not just at the local scale, as suggested by Raes (1995).

In summary, current understanding of the DMS-climate system implies that no
bio-regulatory feedback exists as proposed by the CLAW hypothesis (Quinn and
Bates, 2011; Woodhouse et al., 2013). However, observations show that seasonal
CCN variability cannot be explained without a contribution from DMS (Korhonen
et al., 2008; Vallina et al., 2006), implying DMS is important for global and local
climate (Green and Hatton, 2014). Complicating this problem is our limited under-
standing of the global distribution of DMS, as well as the difficulty in separating the

influence of of sea salt and organic matter aerosol from NSS sulfate aerosol within
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the MBL. Green and Hatton (2014) suggest that the original CLAW hypothesis
oversimplifies a complex process and must be rejected in its original form. However,
Green and Hatton allow that marine biogenic activity nevertheless has an influence
on the long-term climate and suggest that a revised theory taking into account our

greater understanding of the system and all of its complexity may be of merit.

2.2.7 Global DMS-climate modelling

The importance of DMS in large-scale climate has been examined by numerous
global modelling studies. Mahajan et al. (2015) (using the Lana et al., 2011, DMS
climatology) and Thomas et al. (2010) (using the Kettle et al., 1999, DMS clima-
tology) found DMS to have a radiative effect of -1.79 W m™2 and -2.03 W m™2 at the
top of the atmosphere (TOA) respectively. Thomas et al. (2011) doubled DMS,,
concentrations, finding a TOA radiative effect of -3.42 Wm™2. These studies per-
turbed DMS in the climate system in order to quantify the effect on climate, and
noted that the largest changes in radiation and cloud microphysics occurred in the

Southern Ocean and southern Pacific and Indian Oceans.

Other modelling studies have explored the impact of anthropogenic climate
change on marine DMS production, often with contradictory conclusions, making
it unclear whether marine DMS production would increase or decrease with warm-
ing temperatures (e.g. Bopp et al., 2004; Gabric et al., 2004; Kloster et al., 2007;
Cameron-Smith et al., 2011). Six et al. (2013) found DMS emissions were reduced
by 17% by the end of the century, primarily due to decreasing ocean pH caused
by rising anthropogenic CO, emissions. The reduced flux,;g was found to cause
an additional 0.23-0.48 K of warming by the end of the century (Six et al., 2013).
Reduced fluxp,;g due to ocean acidification was also modelled by Schwinger et al.
(2017), who found under the Representative Concentration Pathway (RCP) 8.5 to

the year 2200, DMS production decreases by 48% assuming a strong sensitivity of
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DMS production to changes in pH. Schwinger et al. (2017) calculated a temperature
sensitivity to DMS of -0.041 K per Tgyear—! of sulfur. It is noted that RCP 8.5
is a high-emissions, business as usual scenario, along which the society is currently

tracking, and will likely continue to unless drastic mitigation is undertaken.

Grandey and Wang (2015) attempted to determine if a significant artificial in-
crease of marine DMS production (due to, for example, ocean fertilisation or sig-
nificant aquaculture) in the oceanic ecosystem could offset future warming trends.
Under a scenario where fluxp,q is increased to 46.1 Tgyear—! of sulfur, Grandey
and Wang found global temperature increases due to anthropogenic climate change
under RCP 4.5 were partially offset, primarily due to low and mid-level cloud feed-
backs, resulting in a radiative flux perturbation of -2.0 W m~2. Regional changes in

precipitation of both signs were also noted, up to as much as 30%.

Many DMS-climate modelling studies consider DMS under future scenarios
(Bopp et al., 2004; Gabric et al., 2004; Kloster et al., 2007; Cameron-Smith et al.,
2011; Six et al., 2013; Grandey and Wang, 2015; Schwinger et al., 2017). How-
ever, it is clear that our understanding of DMS in the current climate is not yet
fully established, considering both modelling and observational uncertainties. Stud-
ies exploring DMS changes under current climate conditions (Thomas et al., 2010;
Woodhouse et al., 2010; Gabric et al., 2013; Mahajan et al., 2015) have completed
short simulations (at approximately one year are too short to be indicative of a true
climatological response), use simplified climate models (without detailed chemistry)
or chemical transport models (which cannot provide climate response information).
Furthermore, uncertainties related to DMS emission and fate in the atmosphere
are not the only barriers to the DMS-climate question. Climate model uncertainties
and biases, such as those surrounding aerosol-cloud interactions discussed in Section

2.1.3, should be considered, yet have not been previously.
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2.2.8 Regional DMS-climate modelling

While there have been numerous studies quantifying the global influence of DMS
on climate (as discussed above), this is not the case for impacts of DMS on regional
climate. Regional modelling studies specifically targeting DMS in the atmosphere
and its interactions with local weather and climate are very limited. DMS has been
included in regional climate modelling through models such as WRF-Chem, since
the early 2000s with the incorporation of the Georgia Tech/Goddard Global Ozone
Chemistry Aerosol Radiation and Transport (GOCART) model (Chin et al., 2000).
GOCART (and later schemes) uses the (Kettle et al., 1999) DMS_, concentrations
and the Liss and Merlivat (1986) flux parameterisation. With this availability, DMS
is often included in regional climate simulations using WRF-Chem as a simple option
to switch on or off. However DMS is rarely the field of interest, with little attention
being paid to the effects of DMS on the climate, let alone an evaluation of the
model’s performance. This gap in research is concerning given that DMS has been
found in observational studies to explain a significant part of aerosol variability in
clean marine areas (see Section 2.2.6). Additionally, some high resolution models
are cloud-resolving, hence have the possibility to quantify the DMS-climate system

in a different way to what has currently been done.

One exception is the major campaign VAMOS (Variability of the American
Monsoon Systems) Ocean-Cloud-Atmosphere-Land Study Regional Experiment
(VOCALS-REXx), which took a large range of measurements in the Southeast Pa-
cific stratocumulous deck (off the coast of Chile and Peru) and later compared these
to modelling. VOCALS-REx had two main themes to explore: i) links between
aerosol, clouds, precipitation and radiative properties within marine stratocumulous
decks; and ii) how the coupling between the ocean-atmosphere can affect the above
atmospheric properties (Wood et al., 2011). Whilst DMS was not the main focus,

Yang et al. (2011) and Saide et al. (2012) provide two of the few regional scale mod-
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elling studies to evaluate DMS in WRF-Chem (V3.3) relative to observations. Both
these studies suggest that the fluxp),q is overestimated in the model when compared
to ship based measurements. Yang et al. (2011) used a simplified Nightingale et al.
(2000) parameterisation producing a much larger fluxp,q than Saide et al. (2012),
who used the Liss and Merlivat (1986) parameterisation. The overestimation of the
fluxpyg was further reflected in DMS, concentrations. Whilst these overestimations
of fluxp)g were considerable, both Yang et al. and Saide et al.’s focus was not on
sensitivity testing of DMS (rather on other model features), and hence both studies

stop short of evaluating how DMS alone may affect aerosol-cloud interaction.

More recently, Muniz-Unamunzaga et al. (2018) show the importance of includ-
ing marine halogens and DMS on air quality monitoring for large coastal cities (in
this case, Los Angeles). Using the Community Multiscale Air Quality (CMAQ)
chemical transport model, with meteorology driven by WRF (V3.7), the authors
note that these inclusions can decrease ozone and nitrogen dioxide levels and can
cause large changes in oxidants (OH, HO, and NO;) and the composition of par-
ticulate matter. Studies such as this highlight the importance of DMS not only
on clean marine areas, such as those explored in VOCALS-REx, but also in more
polluted urban environments. However, Muniz-Unamunzaga et al. (2018) provide

no evaluation of the impact of DMS on the local climate.

In this thesis, the sensitivity of the Queensland climate to DMS, as simulated
by the WRF-Chem model, is tested and evaluated against ship based observations.
In Chapter 7 it is noted that due to a lack of research, the default WRF-Chem-
DMS,, field is not up to date (using the Kettle and Andreae (2000) climatology),

with implications for studies that include DMS chemistry.
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2.3 Coral reefs and DMS

Coral reefs have been found to produce large amounts of DMS, comparable to regions
of high primary productivity. The coral reef source of DMS has not been included
in modelling studies to date. With coral reefs globally under significant threat
due to anthropogenic climate change (discussed in Section 2.3.1), how this loss of
aerosol will affect the climate system is currently unknown. In the last two decades,
numerous observational (field and laboratory) studies have identified corals as an
important source of DMS (Section 2.3.2). A number of studies have also tried
to link coral reef-derived aerosol to aerosol and cloud formation locally (Section
2.3.3). However, as described in Sections 2.1 and 2.2, this is a complex system
and observational results alone may not be able to provide conclusive evidence of
such interaction. For this reason, this thesis combines specific field campaign data

(Section 2.3.4) with modelling studies to better understand the system.

2.3.1 Coral reefs

Warm water coral reefs, although making up only 0.1% of the Earth’s surface (just
284,300 km?) in today’s climate (Figure 2.10), are the most biodiverse marine habi-
tats per unit area and are estimated to support between 0.6 - 9 million species
(Plaisance et al., 2011). Coral reefs also provide numerous benefits to human soci-
ety, both economically and culturally. A valuation of Australia’s GBR, a UNESCO
Wonder of the World, suggested its economic, social and icon asset value sat at
$AUDS56 ($US40) billion in 2017 (Deloitte Access Economics, 2017). The GBR
was found to support 64,000 jobs directly and indirectly and contribute $AUDG.4
(3US4.5) billion to Australia’s economy in 2015/2016 via tourism, commercial fish-
ing and aquaculture, recreational activity and scientific research and management.

Spalding et al. (2017), in a more direct valuation of on reef or reef adjacent ac-
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tivities only, estimate the economic value of global coral reefs to be worth $US36
(3AUD51) billion. Despite the estimated economic value of global coral reefs and

their ecological and social importance, their very existence is under threat.

Figure 2.10: Map of the global warm water coral reef distribution provided by
UNEP-WCMC et al. (2010)

Globally, coral reef ecosystems are facing dire risk due to anthropogenic climate
change (Hughes et al., 2017, 2018). The IPCC special report on climate change
(IPCC, 2018) states with 1.5°C global mean warming, 70-90% of coral reefs will
be extinct. The climate risk to coral reefs is multifaceted including increased sea
surface temperatures causing more frequent mass coral bleaching events (Hughes
et al., 2017; King et al., 2017) and increased ocean acidification causing decreasing
calcification and growth of coral species (Hoegh-Guldberg et al., 2017; Magnan et al.,
2016). In addition, changing weather patterns, sea level rise and modified coastal
habitats are identified as severe risks (Great Barrier Reef Marine Park Authority,
2014). In July 2019 the GBR Marine Park Authority declared climate change to be
the greatest threat to the GBR (Great Barrier Reef Marine Park Authority, 2019).

Coastal development, land use-runoff, invasive species and over/illegal fishing also
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pose severe risk to marine ecosystems (Great Barrier Reef Marine Park Authority,
2014). Whilst the extinction of global coral reefs due to anthropogenic climate
change will have clear impacts on the ecosystems and economies they support, a

lesser known, and as of yet unquantified, impact is upon the climate itself.

2.3.2 Coral reef-derived DMS observations

Since the 2000s, numerous studies, both in situ and in the laboratory, have shown
that corals, coral symbionts, coral by-products (eg. mucus and mucus ropes - stringy
lines of mucus separating from coral) and coral carbonate sediments in the GBR also
produce large amounts of DMSP and DMS (Broadbent et al., 2002; Broadbent and
Jones, 2004; Jones and Trevena, 2005; Jones et al., 2007; Deschaseaux et al., 2019).
Many of these studies suggest that the contribution of DMS from coral reefs is a
significant and yet unaccounted for source of marine aerosol, and may have some
climatic relevance. A summary of these findings in the literature is provided in
Table 2.2 (in-situ measurements) and 2.3 (laboratory or controlled measurements
including bubble chambers, benthic chambers on the sea bed and samples taken
from in-situ coral reefs, eg - mucas ropes). From field measurements, an average of
3nM of DMS,, is found, varying from non-detectable limits to 54 nM. It can be seen
that measurements from ship campaigns tend to be lower than measurements taken

directly over coral reefs, as noted in Jones et al. (2018). For DMS,, an average of

a’

2.2nmol m~—3 ranging from non-detectable to 45.9 nmolm=2 is found.

Of note to this thesis, Jones et al. (2018) recently summarised reports of fluxpg
values of 0-153 umolm=2day~! (0-4906 ugm=2day~!), mean 6.4 yumolm—2day~*
(205 ug m=2 day~!), through summer and 0.02-15 ymol m~=2 day ~* (0.6-481 ugm~=2 day 1),
mean 2.4 ymolm~2day ! (77 ugm—2day~!), through winter over the GBR. Jones
et al. (2018) also suggest that total emissions from the GBR are equivalent to

0.64 Gmol year™ (0.02 Tgyear™! of sulfur). This estimate has been made from
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Table 2.2: The average and the range (in brackets) of DMS_ and DMS, measure-

ments taken in-situ over coral reefs as reported by the literature

Study Location Date DMS,, DMS,
(nM) (nmol m~3)

Broadbent and  One Tree Reef ~ Oct 1995 8 (5-11)
Jones (2004) (23.45, 152.1E)
Broadbent and  One Tree Reef =~ Mar 1996 3 (0.5-6)
Jones (2004) (23.45, 152.1E)
Jones and Ship campaign  Jul 1997 1.54 2.38
Trevena (2005)  (18.5-10S, (0.34-5.67) (0.22-6.87)

146-149E)
Broadbent and  One Tree Reef ~ Oct 1994 - Mar 3.8 (0.36-25) 6.5 (0.12-23)
Jones (2006)  (23.4S, 152.1E) 1996
Jones et al. Orpheus Island Dec 1992 - Jul 2 (ns) 0.2 (nd-1.3)
(2007) (18.6S, 146.5E) 1994
Jones et al. Orpheus Island  Feb 1993 7 (1.6-54) ns (nd-0.53)
(2007) (18.68, 146.5E)
Jones et al. Orpheus Island May 1993 1.4 (0.8-1.9)
(2007) (18.6S, 146.5E)
Jones et al. Orpheus Island Aug 1993 0.4 (nd-1.0) 0.1 (nd-0.4)
(2007) (18.6S, 146.5E)
Jones et al. Magnetic Nov 1993 - 1.3 (nd -3.9) 1 (0.13-3.4)
(2007) Island (19.2S,  May 1994

146.8E)
Swan et al. Heron Island May - Jun 2.3 (nd-13.1)
(2012) (23.48, 151.9E) 2011
Swan et al. Heron Island Mar 2012 3.9 (0.6-11.5)
(2017) (23.4S, 151.9E)
Swan et al. Heron Island Jul - Aug 2013 1.3 (0.2-45.9)
(2017) (23.4S, 151.9E)
Jones et al. Ship Sep - Oct 2016 1.5 (0.1-2.7)
(2018) campaign”

(16.9-27.48,

145.9-154.1E)
Average 3.0 (nd-54) 2.2 (nd-45.9)

% nd indicates non-detectable
% ns indicates not stated

“R2R campaign data also used in this thesis
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measurements both over coral reefs and in the GBR lagoon, and also includes
an estimate of the additional flux from tropical cyclones. The tropical cyclone
emission has been calculated (not observed) using the Liss and Merlivat (1986) flux
parameterisation, taking into account average wind speeds of tropical cyclones and
accounting for approximately five cyclone days per year in the region. However,
it has been noted that many parameterisations overestimate the flux at high wind

speed.

In addition to measuring the background DMS,, concentrations over coral reefs,
laboratory and observational studies have studied what influences the production
of DMSP and DMS by corals. For example, recent work has shown a sensitivity of
DMS production by corals when stressed due to tidal exposure, warming tempera-
tures, rainfall events and light exposure (Swan et al., 2012; Fischer and Jones, 2012;
Hopkins et al., 2016; Swan et al., 2017). Of interest to this thesis are the findings
from Hopkins et al. (2016), where the effect of tidal exposure on the coral species
Acropora cf.horrida was studied in the laboratory. From their results, Hopkins et al.
(2016) extrapolate a fluxpyg of 9-35 yumol m~2 day ! over coral reefs. This estimate
is equivalent to 288.6-1122.3 ugm~2day ! of sulfur, and in this thesis is further ex-
trapolated to global coral reef coverage, giving 0.024-0.12 Tg year—! of sulfur. Whilst
these extrapolations are highly speculative in terms of estimated exposure time, cov-
erage of coral reefs and account for just one species of coral and only DMS produced
during tidal stress, the Hopkins et al. (2016) estimations were the first to attempt

to quantify the large-scale impact of coral reef-derived DMS.

The measurements summarised above and in Tables 2.2 and 2.3 of DMS_, imply
that our estimations of DMS_ in tropical reef regions may be of equivalent impor-
tance to that produced by other marine organisms, warranting further research. In
addition, it is found that the DMS production by coral reefs (and likely also phyto-

plankton, although that is not discussed here) has a much more complex cycle, both
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spatially and temporally, than the standard fixed concentrations used in current

modelling studies.

2.3.3 Applying the CLAW hypothesis to coral reefs

Links to coral DMS, aerosol formation, cloud cover and/or SSTs have been made in
numerous studies over the last decade (Modini et al., 2009; Deschaseaux et al., 2012;
Leahy et al., 2013; Swan et al., 2017; Jones et al., 2017; Cropp et al., 2018; Jackson
et al., 2018, 2019). For example, Jackson et al. (2018) show a positive correlation
between the aerosol optical depth (AOD) and SSTs and irradiance, suggesting the
source of volatile sulfur compounds coming from the GBR to be the mechanism
behind this result. Similarly, Cropp et al. (2018) also find a positive correlation
between AOD and coral stress indices taking into account irradiance, tidal activity,
and water clarity. Both of these studies (and others), rely on linear correlations
which cannot take into account the complexity of the DMS-climate system and its
significant non-linearities. Furthermore, studies that rely on observational products
cannot easily separate the many influences on aerosol loading found in complex

coastal regions, for example the influence of sea salt aerosol or continental air mass.

Coral reefs provide the ideal opportunity to detect evidence of bioregulatory feed-
back, being a large, stationary (both in time and space) source of DMS. Jones (2013),
Jones et al. (2017) and Cropp et al. (2018) indeed postulate that coral reefs partic-
ipate in bioregulatory feedback as suggested by the CLAW hypotheses. However,
once again, these postulations are based purely on observational evidence. Many of
the DMS-climate complexities, including the significant chemical non-linearities, in-
teraction with other air masses, and intricate coastal meteorology, can be addressed
through modelling studies. However, no modelling studies have yet been performed
on this subject, let alone included coral reef-derived DMS as a source of sulfur to

date. For this reason, the main goal of this thesis is to conduct model simulations
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Table 2.3: The average and the range (in brackets) of DMS, and DMS, from coral
reef laboratory studies as reported by the literature

Study Experiment DMS,, DMS,
(nM) (nmolm—3)
Broadbent and Jones Coral mucus ropes 17,909 (16,970-18,665)
(2004)
Broadbent and Jones Coral mucus ropes 132 (61-203)
(2004)
Deschaseaux et al. Chamber experiments  ns (0-300) 5.5 (ns)
(2012) on coral branches
Fischer and Jones Chamber experiments 3.5 (2.3-2.9)
(2012) (control) on coral
nubbins
Fischer and Jones Chamber experiments 0.45 (0.4-0.5)
(2012) (increased light
intensity) on coral
nubbins
Fischer and Jones Chamber experiments 0.24 (0.08-0.46)
(2012) (2°C increase) on coral
nubbins
Hopkins et al. (2016) Chamber experiments  ns (279-577)
on exposed coral
mucus
Hopkins et al. (2016) Chamber experiments 373 (ns)
on exposed coral
mucus ropes
Hopkins et al. (2016) Chamber experiments ns (0.1-0.3) ppm
on submerged coral
nubbins
Hopkins et al. (2016) Chamber experiments ns (0.5-1.5) ppm
on exposed coral
nubbins
Hopkins et al. (2016) Chamber experiments ns (0.02-0.1) ppm
on re-submerged coral
nubbins
Deschaseaux et al. Coral reef sediments 1.5 (0.1-2.7)
(2019) benthic chamber
experiments

%ns indicates not stated
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to quantify the role of coral reef-derived DMS on aerosol, clouds and climate.

2.3.4 The Reef to Rainforest Field Campaign

In austral spring 2016 a major field campaign was undertaken titled ‘GBR as a
significant source of climatically relevant aerosol particles’ (Ristovski, 2015) and
nicknamed ‘Reef to Rainforest’ (R2R). The R2R campaign was a result of a success-
ful Australian Research Council (ARC) Discovery Project (DP15010164), awarded
in 2015. It involved groups from Queensland University of Technology, the Com-
monwealth Scientific Industry and Research Organisation (CSIRO), Southern Cross
University, The University of Melbourne and the National Institute for Water and
Atmospheric Research, New Zealand, as well as several other international partners.
The R2R campaign aimed to determine if marine aerosol produced by the GBR
could affect CCN concentrations, cloud formation and subsequently the hydrologi-
cal cycle, providing the essential observational evidence for assessing DMS-climate
interaction. A leading motivation for this field campaign came from observations by
Modini et al. (2009), who observed new particle formation occurring during clean,
marine air mass conditions nearby the GBR, which was attributed to sulfate and

organic precursor gases.

The field campaign took place on two fronts, the first on board the CSIRO
Marine National Facility RV Investigator (RVI) which navigated a path around
the GBR from the 28th September - 22nd October 2016, shown in Figure 2.11.
The RVI is Australia’s purpose-built scientific research vessel. At 94 meters long
it is equipped to support up to 60 scientists, technicians and crew to undertake
biological, oceanographic, geological and atmospheric research for up 300 days a
year. In addition to the permanent air chemistry lab on the RVI, a number of guest
instruments were on board for the voyage to measure multiple aspects of the DMS-

climate cycle. More information about the RVI, including information about its air
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Figure 2.11: Map of the R2R field campaign off the north-east coast of Australia
including the ship track of the RV Investigator (circles coloured at 10 min intervals
from the 27th Sept to the 23rd Oct 2016) and the location of the mobile atmospheric
chemistry lab AIRBOX (purple star). Pink colours show coral reefs

chemistry lab can be found here https://mnf.csiro.au/en/RV-Investigator.

The second aspect of this campaign was the University of Melbourne’s Atmo-
spheric Integrated Research Facility for Boundaries and Oxidative Experiments
(AIRBOX) mobile atmospheric chemistry lab, stationed at Mission Beach, QLD
from the 20th September to the 16th October 2016. AIRBOX is an ARC Linkage
Infrastructure Equipment Facility project managed by the University of Melbourne.
Nine partner organisations collaborate to manage and maintain the equipment
within AIRBOX: CSIRO, the University of Wollongong, the Australian Nuclear Sci-
ence and Technology Organisation, Queensland University of Technology, Macquarie
University, Monash University, University of Tasmania and the Australian Antarc-

tic Division as well as the University of Melbourne. For this campaign, AIRBOX
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was also fitted out with a number of guest instruments. More information about

AIRBOX can be found on the website: https://airbox.earthsci.unimelb.edu.au/.

Observations collected both on the RVI and at AIRBOX comprised measure-
ments of meteorology and atmospheric chemical and aerosol composition, including
DMS,, aerosol number and mass. These observations aimed to capture each step of
the DMS cycle, as described in Section 2.2, over the GBR for the first time. A full

list of instruments used in this thesis from the R2R campaign is found in Section

3.2.5.

Post campaign, a R2R workshop (at the Atmospheric Composition & Chem-
istry Observations & Modelling meeting at CSIRO, Aspendale, December 2018),
concluded that the observations taken during this campaign were unable to provide
direct evidence of DMS-atmosphere interaction. Specifically, no clear new particle
formation events, as reported by Modini et al. (2009), were observed. Whether that
is due to bad timing (possible, as the campaign was in continental air-mass for much
of the time) or because the source of sulfur is too weak, was unable to be determined

at that stage.

The R2R campaign focused on observing the DMS-climate system and much
work remains to understand the measurements. This thesis aims to contribute to

the overall findings by adding a modelling component.

2.4 Summary

This Section has summarised the relevant processes and literature that link aerosol-
climate interactions to coral reefs. In addition, several gaps in the literature have
been highlighted, most prominently being the lack of modelling studies exploring

coral reef-derived DMS, and regional-scale DMS-climate modelling. Without such
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studies, low confidence is placed in the findings of current literature linking coral
reef DMS to climate. In the next Chapter, the model descriptions of both ACCESS-
UKCA and WRF-Chem are provided, as well as the methods employed to address

the objectives outlined in Chapter 1.2.
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Methods and data

Two coupled atmospheric-chemistry models are used in this thesis to explore the
impacts of DMS on the atmosphere at different scales. The first, ACCESS-UKCA,
is a global climate-chemistry model operating over coarse time and spatial resolu-
tions. ACCESS-UKCA is used to examine the overall importance of DMS and the
mechanisms linking it to climate and to assess the impact of the loss of coral reef
-derived DMS on a global-regional scale. The model description, setup, input fields,
experiment setup, evaluation and analysis methods are discussed in Section 3.1.
The second model used in this thesis is WRF-Chem, a weather-chemistry model.
WRF-Chem operates at a regional scale making it suitable to study the short term
influence of DMS on local weather. Section 3.2 describes the WRF-Chem model,
including the chemistry and physics options, the input files, experimental setup
and evaluation methods. This Chapter concludes with Section 3.3 describing the

statistical methods used throughout this thesis.

46
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3.1 ACCESS-UKCA

The ACCESS-UKCA coupled climate-chemistry model is used to evaluate the in-
fluence of DMS on the global climate. This Section describes the model set up
and key modelling processes relevant to this thesis (Sections 3.1.1 and 3.1.3), the
DMS,, climatologies needed for the two studies performed with ACCESS-UKCA
(Section 3.1.4), as well as the experimental setup for those studies (Section 3.1.5).

Finally, the methods and data used for performing the evaluation and analysis of

ACCESS-UKCA are discussed in Section 3.1.6 and 3.1.7.

3.1.1 Model setup

The physical atmospheric component in the ACCESS model is the United King-
dom Met Office’s Unified Model (UM). In this case, UM version 8.4 is used (and
described in Section 3.1.2), in conjunction with the UKCA chemistry model (Abra-

ham et al., 2012), which includes the GLObal Model of Aerosol Processes GLOMAP-

mode aerosol scheme described in Section 3.1.3.

All ACCESS-UKCA simulations presented in this thesis are run for the years
1999-2009, with the year 1999 discarded as spin up. Horizontal grid resolution is
1.25° latitude x 1.875° longitude, with 85 vertical levels, with the model top at 85 km.
Monthly mean SST and sea ice coverage are prescribed as per the Atmospheric Model

Intercomparison Project (AMIP) (Taylor et al., 2015).

The UKCA model is coupled to the ACCESS radiation scheme via O, CH,,
N,O and aerosol (direct scattering and absorption). Aerosol further influence the
large-scale cloud and precipitation schemes via the CDN concentration, allowing

changes in the the chemical/aerosol fields to affect the meteorology.
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3.1.2 ACCESS

The atmospheric component of ACCESS-UKCA is the UMS8.4. The ‘new dynam-
ics” dynamical core includes a semi-implicit, semi-Lagrangian, predictor corrector
scheme solving non-hydrostatic, deep atmosphere equations and is described in Stan-
iforth et al. (2006). The UM employs the Arakawa C grid in the horizontal and a

Charney-Phillips grid in the vertical.

The radiation scheme in ACCESS-UKCA is described in Edwards et al. (2013).
Shortwave radiation considers absorption in the stratosphere by ozone and in the
troposphere, by water vapour and to a lesser degree carbon dioxide and oxygen.
Scattering by aerosol, water droplets and ice crystals are considered, as is Rayleigh
scattering by molecules and reflection from the surface. In the longwave, emission
from the Earth’s surface and atmosphere are considered as are the absorption and

emission from water vapour, CO,, ozone, clouds and other gas species.

The microphysics scheme is an updated version of the Wilson and Ballard (1999)
3B scheme, which includes water vapour, liquid water droplets, rain, aggregate
(large) and crystal (small) ice and graupel and is compatible with the prognos-
tic cloud and condensate scheme (PC2). The more recent scheme (3D) is described
in Wilkinson (2012) and includes updates to a number of prognostics, the autocon-
version mechanisms, ice nucleation processes, latent heat and cloud fraction calcu-

lations, ice and rain fall speeds, among others.

PC2 predicts cloud fraction and condensate prognostically following that of
Tiedtke (1993) and described in Wilson et al. (2011). The convective scheme, origi-
nally developed from Gregory and Rowntree (1990), considers diagnostics from the
boundary layer scheme to trigger shallow or deep convection, where the respective
mass flux schemes are called. A mid-level convection scheme may also be called if the

respective grid points are above the boundary layer, or above the termination level
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of shallow or deep convection (Stratton et al., 2009). Environmental modification is

allowed and is followed by the subsequent diagnoses of convective cloud.

The boundary layer scheme (Lock and Edwards, 2012) parameterises vertical
turbulent transport of heat, moisture and horizontal momentum and includes a
free troposphere component. It considers surface heating, wind shear, radiative and
evaporate cooling and local instabilities driven by wind shear. This scheme is closely
coupled to the convective scheme and the land surface scheme. The land surface
scheme, Joint UK Land Environment Simulator (JULES) considers land surface-
atmosphere fluxes of carbon, water, energy and momentum (Best et al., 2011; Clark

et al., 2011).

3.1.3 UKCA

GLOMAP-mode

The GLOMAP-mode aerosol scheme uses two-moment pseudo-modal aerosol dy-
namics to simulate aerosol mass and number distributions (Mann et al., 2010, 2012).
Within GLOMAP-mode, aerosol size distribution is represented across four soluble
modes (corresponding to nucleation, Aitken, accumulation and coarse modes) and,
in this work, one insoluble mode (Aitken), though up to three insoluble modes are
available. The aerosol dry particle diameter size ranges can be found in Table 3.1.
Each mode is considered to be internally mixed and has a fixed geometric standard
deviation. Growth within the modes can happen via condensation, coagulation or
cloud processing. Inter-modal coagulation can occur at larger aerosol sizes, and be-
tween soluble and insoluble modes (resulting in soluble aerosol). Similarly, insoluble
aerosol age into soluble aerosol via condensation. Once the geometric standard de-
viation is exceeded for a specific mode, then a fraction of aerosol mass and number

is transferred to the next largest mode. GLOMAP-mode includes particle composi-
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tions of sulfate, sea-salt and elemental and organic carbon (Mann et al., 2010).

Coagulation in GLOMAP-mode occurs both within modes and between modes
following Seinfeld and Pandis (1998) and Spracklen et al. (2005). Condensation of
H,SO, and secondary organics on aerosol across all modes is calculated according to
Fuchs and Sutugin (1971). New particle formation of sulfate aerosol occurs via two
mechanisms in GLOMAP-mode: free tropospheric binary homogeneous nucleation
(Kulmala et al., 1998) and organic-mediated boundary layer nucleation (Metzger
et al., 2010). The nucleation and condensation schemes compete for H,SO, through
substeps within each timestep. In grid boxes with low-level clouds, the GLOMAP-
mode aqueous chemistry scheme calculates the dissolution of SO, and H,O, into
cloud droplets within the soluble accumulation and coarse modes (Mann et al.,
2010). Aerosol dry deposition is calculated following Slinn (1982), Zhang (2001)
and Binkowski and Shankar (1995), representing Brownian diffusion, impaction, in-
terception and sedimentation (Mann et al., 2010). Aerosol scavenging is calculated
based on large-scale and convective rain rates. The DMS oxidative pathway param-
eterisation used in GLOMAP-mode and the reaction rate coefficients at a constant
temperature (T) are shown in Table 3.2 (Abraham et al., 2012). A full description
of GLOMAP-mode can be found in Mann et al. (2010) with improvements detailed

in Mann et al. (2012).

Table 3.1: The four modal size distributions used by GLOMAP-
mode. Note that all four soluble aerosol modes and the insoluble
Aitken mode are parameterised

Mode Particle dry diameter range (nm)

Nucleation (soluble) <5
Aitken (soluble and insoluble) 5 to 50
Accumulation (soluble) 50 to 500

Coarse (soluble) > 500
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Emissions

GLOMAP-mode simulates precursor gas emissions including DMS (via Liss and
Merlivat, 1986, see Section 2.2.3), SO, (from fossil fuels, volcanoes and biomass
burning, see details below) and secondary organic carbon precursors (assumed to be
monoterpenes, GLOMAP-mode does not require isoprene). Sea salt emissions are
calculated online and occur following the Gong (2003) parameterisation. The Gong
(2003) parameterisation is a function of wind speed and particle dry diameter and
emits particles into the soluble accumulation and coarse modes while neglecting the
primary emission of marine organics. Recent literature has found that the (Gong,
2003) parameterisation overestimates sea spray flux, especially at high wind speeds
(Revell et al., 2019). Dust is treated outside of GLOMAP-mode according to the
scheme detailed in Woodward (2001).

Anthropogenic emissions are prescribed pre-2000 from the Atmospheric Chem-
istry and Climate Model Intercomparison Project (ACCMIP) (Lamarque et al.,
2010), and post-2000 from the Representative Concentration Pathway 6.0 (van Vu-
uren et al., 2011). Surface concentrations of methane and nitrous oxide are similarly
prescribed from ACCMIP and RCP6.0. Ozone depleting substances are prescribed
by WMO (2010). Biomass burning emissions are from the Global Fire Emission
Database Version 4 (GFED4, van der Werf et al., 2017) and are based on observed
burning for the simulated years. Terrestrial biogenic emissions are from MEGAN-
MACC (Model of Emissions of Gases and Aerosols from Nature - Monitoring Atmo-
spheric Composition and Climate) (Sindelarova et al., 2014) and oceanic emissions of
CO, ethane and propane are taken from the POET (Precursors of Ozone and their
Effects in the Troposphere) data base (Olivier et al., 2003; Granier et al., 2005).

Lightning NO, emissions are calculated online.
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Table 3.2: The DMS oxidation pathways as parameterised in the UKCA and the
reaction rate coefficient values at constant temperature T (Abraham et al., 2012)

Reaction

Reaction Rate

DMS + OH — CH,SO,

DMS + OH — CH,SO,
DMS + OH — MSA

DMS + NO, — CH,SO0,

1.12 x 107 exp =220

9.3x1073% exp 5212[0,]
1+ (7.4>< 1029 exp 2610 [02})
9.3x1073% exp 5212[0,]

1+ (7.4>< 1029 exp 2610 [02})

0.9 x

0.1 x

1.9 x 103 exp %

CH,SO, + O; — CH,S0, 100.1

CH,SO, + NO, — CH,SO, 6.3 x 10712
CH,S0, — SO, + CH, 2.2 x 10711
CH,SO, + HO, — MSA 5.0 x 10~
CH,S0, — SO, + CH, 1.2 x 1073

GLOMAP-mode evaluation

In this thesis, an evaluation of ACCESS-UKCA has been performed with respect
to cloud, radiation and precipitation fields. The evaluation methods are provided
in Section 3.1.6. An evaluation of chemistry and aerosol fields in ACCESS-UKCA
has not been performed in this thesis as numerous other studies have already per-
formed such evaluation with respect to GLOMAP-mode. Although these evalua-
tions have used differing atmospheric or chemical transport models in conjunction
with GLOMAP-mode, in most cases the meteorology has been nudged or driven by
reanalysis fields, minimising the impact of meteorology on the chemical response.
In addition, apart from the chemical transport model in Mann et al. (2010) and
Mann et al. (2012), the remaining evaluations presented here use atmospheric mod-

els within the Unified Model family. These evaluations are summarised below.
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Mann et al. (2010) evaluated GLOMAP-mode within a chemistry transport
model driven by ERA-40 reanalysis fields. Compared to a selection of high-quality
point observations, surface SO,, sea salt and dust aerosol mass were found to be
well captured, while black carbon and primary organic matter were underestimated.
Condensation nuclei were found to be well simulated in marine areas, but underes-
timated in continental and coastal regions, suggested to be due to underestimated
primary emissions and new particle formation in these regions. CCN was found to

be well captured over a range of environments.

An updated version of GLOMAP-mode, again run within a chemical transport
model driven by ERA-40 reanalysis, was presented in Mann et al. (2012) and evalu-
ated against observations. GLOMAP-mode was found to have good agreement with
the DMS annual cycle at three Southern Hemisphere observational stations, with a
positive bias at Cape Grim, whilst a negative bias at Amsterdam Island and Du-
mont D’Urville. Marine SO, was underestimated at Amsterdam Island and heavily
overestimated at Cape Grim, attributed to the observation of only clean-marine con-
ditions in this location and model resolution. Continental SO, was well captured,
however a high bias was found over Europe in summer. Surface SO, in GLOMAP-
mode compares well to North American and European observations, although with
a negative winter bias and a positive summer bias. Marine SO, was well represented
in terms of annual cycle and magnitude. Sea salt was found to be improved in the
updated version of GLOMAP-mode. Black carbon over North America was well
correlated to the model, with a small negative bias, while organic carbon showed a
strong negative bias in winter and a moderate negative bias in summer. Low cor-
relations to marine condensation nuclei number concentrations were found despite
only a small negative bias. Similarly, for Aitken mode aerosol, a negative correlation
was found between the model and observations, with underestimated aerosol num-
ber concentrations in the Southern Hemisphere and overestimated concentrations

in the Northern Hemisphere. Good correlations were found for the accumulation
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mode aerosol number concentration. The modelled concentration of ultrafine par-
ticles agreed well with aircraft observations in the Pacific and for larger particles
over Germany. Finally, Mann et al. (2012) found good agreement with CCN, with

a weak high bias, although marine sites were less well simulated.

Bellouin et al. (2013) evaluated GLOMAP-mode within the Hadley Centre
Global Environmental Model (HadGEM) against a mass based aerosol scheme
CLASSIC (Coupled Large-scale Aerosol Simulator for Studies in Climate) and
both reanalysis AOD products and observations. Although the simulations using
CLASSIC and GLOMAP-mode used different versions of the HadGEM model
(GLOMAP-mode uses the updated version three, compared to two), both simula-
tions were nudged to the ERA-Interim reanalysis, as were the simulations evaluated
in this thesis. Bellouin et al. (2013) find that globally averaged AOD in GLOMAP-
mode correlates better to reanalysis compared to CLASSIC. Both aerosol schemes
generally underestimate AOD by about 30%, although with different spatial biases.
The largest differences between the two aerosol schemes were found in relations to
dust treatment, sea salt in the Southern Ocean, in regions of significant biomass
burning and over the Northern Hemisphere continents. Compared to observations,
a negative bias was found to be generally smaller in GLOMAP-mode and the

correlations higher.

Woodhouse et al. (2015) compare a similar ACCESS-UKCA setup used in this
thesis to observations of CO, O4 and AOD. CO is found to be well simulated against
two Northern Hemisphere observational sites at Mauna Loa and Minamitorishima,
while in the Southern Hemisphere (Cape Grim), the model overestimated CO espe-
cially in the first half of the annual cycle. O is under-predicted at all three sites,
although the annual cycle is reasonably well captured. Once again, at Cape Grim

the model performs to a lower standard than at its Northern Hemisphere coun-

terparts. Finally, Woodhouse et al. (2015) evaluated ACCESS-UKCA against four
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AOD observation sites across Australia. Moderate correlation between modelled
and observed AOD was found, while the average AOD was found to be reasonably

captured in all but one site on the south-west coast.

Finally, Revell et al. (2019) have evaluated HadGEM3 over the Southern Ocean.
The AOD was found to be overestimated in winter, while underestimated in summer.
Revell et al. (2019) attribute the winter AOD bias to overestimated sea spray at
high wind speeds. After applying a correction to the sea spray flux however a
compensating error in DMS was found. Revell et al. (2019) then modified the DMS
chemistry representation within the UKCA, resulting in a 20% increase in CCN and

CDN and improved agreement with observations.

The studies presented here indicate that the GLOMAP-mode model provides an
improved representation of aerosol processes compared to its predecessors. While
biases remain within the aerosol scheme, improvement of the specific components

causing these biases is an active area of research (eg. for the sea spray flux presented

in Revell et al., 2019).

3.1.4 DMS climatologies and perturbations

The Lana DMS,, climatology

The Lana et al. (2011) gridded DMS,, climatology (subsequently referred to as L11
and shown in Figure 2.7) has been used in this thesis as the baseline climatology.
This climatology is commonly used across the literature (see Section 2.2) making
comparisons to other work possible. In addition to this, as the L11 climatology
consists of very few observations over coral reefs (see Figure 2.6), the L11 climatol-
ogy is used as an example of a possible world in which all coral reefs have become
extinct in Chapter 6. The original L11 climatology, on a 1x1° grid, can be down-

loaded from https://www.bodc.ac.uk/solas_integration/implementation_
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products/groupl/dms/ (NERC, 2014). Three DMS, climatologies have been
created for this research, in addition to L11, to explore the importance of DMS
in the global climate system. These climatologies are summarised in Table 3.3 and
discussed below.

Table 3.3: Summary of the four DMS  climatologies used in the ACCESS-UKCA
simulations and the annual mean (2000-2009) total global fluxpg

Simulation DMS Climatology fluxpys (Tgyear™! of sulfur)
L11 The Lana et al. (2011) climatology — 17.41
Z All marine DMS,, set to zero 0.72

L11MX Zonal maximum DMS, from the 37.05
L11 climatology

L11C50 Weighted 50nM DMS,, over coral 17.72
reef regions added to the L11
climatology

Large-scale DMS perturbations

In Chapter 5 of this thesis, the sensitivity of the global climate to large perturbations
in DMS, concentrations is explored with two experiments using the Z and L11MX
climatologies compared to the L11 climatology. In the Z climatology, all marine
DMS was set to zero, resulting in a fluxp)q of 0.72 Tgyear—! of sulfur, derived from
terrestrial sources (for example Jardine et al., 2015). By comparing the Z simulation
to the L11, the role ocean-derived DMS plays in shaping current climate can be
determined and enhance understanding of how the physical processes underpinning
the DMS-climate system operate. This knowledge may further aid understanding

of how natural aerosol interact with the global radiation budget.

In the L11MX climatology, the DMS  field was set to each latitude’s monthly
zonal maximum value (at the model resolution of 1.25°), following a similar method

to Grandey and Wang (2015). The January and July climatology can be seen in
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Figure 3.1, while the full climatology can be seen in Appendix A. This climatology
allows exploration of how the climate responds to large increases in DMS_, the
non-linearities in the system and comparison to other work. In this simulation, the
1

global fluxp,;g more than doubles to 37.05 Tgyear—! of sulfur, from 17.41 Tg year™

of sulfur.

013 02 03 05 08 12 19 30 47 74 120 180 290 450 710
nM

Figure 3.1: The January and July zonal maximum of the L11 DMS, climatology
(L11MX). Note that DMS, is plotted on a log scale, in nM

Coral reef DMS perturbations

Chapter 6 aims to determine the impact of mass coral extinction on climate. In
this thesis, the L11 climatology is considered to have no contribution of DMS from
coral reefs. For that reason, a ‘coral’ climatology was created by adding DMS,,
attributed to coral reefs to the L11 climatology. To determine the amount of DMS
to be added to the L11 climatology, the areal fraction of each ACCESS-UKCA grid
box covered by warm water coral reefs was calculated using the UNEP-WCMC et al.
(2010) data and is shown in Figure 3.2. The maximum percent of grid box coral

reef coverage was 15.6% in the northern GBR.

The areal extent fraction of coral reefs was then used to weight the amount of
DMS,, to be added to the L11 DMS, climatology. A number of different DMS,,

concentrations were tested, ranging from 10nM to 500 nM (if 100% reef coverage is
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0 2 4 6 8 10 12 14
density of coral reef per ACCESS-UKCA gridbox (%)

Figure 3.2: The areal fraction of each ACCESS-UKCA grid box covered by warm
water coral reefs as indicated by UNEP-WCMC et al. (2010)

assumed). The weighted addition of 50 nM of DMS_, caused a global average increase
of 0.03nM and an additional fluxp,;q of 0.3 Tgyear™'S. These amounts do not
significantly impact the global sulfur budget, contributing only 1.7% of additional
sulfur to the global fluxpyq. The 50 nM assumption adds a mean of 0.74nM and a
maximum of 7.8nM to coral reef regions. The DMS, climatology with the weighted
50nM is referred to as L11C50. The January and July L11C50 climatology can be

seen in Figure 3.3, while the full climatology can be seen in Appendix A.

The additional average daily fluxp,q simulated by ACCESS-UKCA is shown in
Figure 3.4. The average daily fluxpyq (With a maximum of 621.9 ygm—2day~!S)
is comparable to that of the Hopkins et al. (2016) estimations of fluxpy due to
one coral species Acropora in response to tidal stress (288.6-1122.3 ugm=2day ! S).
Furthermore, Jones et al. (2018) suggest that the total fluxp,;s from the GBR and
surrounding lagoon is approximately 0.002 Tgyear~*S. If this number is extrap-
olated to global coral reef regions then an annual fluxpy of 0.12Tgyear™'S is

estimated. The values from the Hopkins et al. (2016) and Jones et al. (2018) both
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Figure 3.3: The January and July L11 climatology with an additional weighted
50nM of DMS_ (L11C50). Note that DMS, is plotted on a log scale, in nM

suggest that the amount of DMS attributed to coral reefs in this thesis at the upper

range of what is currently expected from observations.

However, it is noted that the values stated here are averages over large grid-
boxes, and so may overestimate the extent of coral reef influence. Nevertheless, the
50nM perturbation was chosen in part to ensure that if no significant changes in
the atmosphere were found it would not be because the additional coral reef-DMS

was too small.

3.1.5 Experiment setup

For the two studies performed with ACCESS-UKCA, different model setups were
employed to best answer the respective questions: what is the global importance of
total marine DMS and does the contribution of coral-reef DMS have any influence

in the global-regional context? The two set-ups are described below.
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Figure 3.4: The annual average fluxpyq using the L11C50 climatology (a) with
an additional weighted 50nM of DMS_ and (b) that for the L11 climatology in
pgm-2day~!S.

Setup for Chapters 4 and 5: ACCESS evaluation and large-scale DMS

perturbation

For the analysis of model sensitivity to DMS in ACCESS-UKCA, presented in Chap-
ter 5 of this thesis, three simulations are performed: the L11 is run as a control and
the Z and L11MX as experimental simulations. Each of the simulations are nudged
to ERA-Interim (Dee et al., 2011), using the horizontal wind components and poten-
tial temperature, at 6 hourly intervals in the free troposphere. The use of nudging
does not allow aerosol and cloud responses to perturbed DMS to affect synoptic scale

meteorology, hence the results here represent instantaneous responses in the climate
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system. Nudging was deemed desirable for this study to limit computational ex-
pense, allowing single runs of 10 years. Due to nudging, responses in the simulation
may be dampened (i.e. feedbacks are restricted by wind and temperature) but can

be attributed directly to the DMS perturbations and not internal model variability.

For the analysis in Chapters 4 and 5, three regions of interest are defined and
averaged over for their relevance to the broader Australian community or are of
particular interest in the DMS-climate system. They are the Australian region:
45°S to 10°S, 110°E to 160°E, the Southern Ocean (SO): ocean grid points south
of 40°S and the South Eastern Pacific (SEP) which represents an area of significant
stratiform cloud decks: 240°E to 270°E, 25°S to 0°. These regions are shown in

Figure 3.5a.

a) Areas averaged for ACCESS-UKCA Chapters 4 and 5

[ 1~ = (= ’\I N : AUS
eSS 5 - g SEP

g ’ s NG~ so |
S v Y\@;%.m \%@ |
\ R - <2
k £
(o Ew ¢

‘ K\}J

b) Areas averaged for ACCESS-UKCA Chapter 6
- AUS Land GBR e PNG

eSS T T S QLD Land MC . Epac . awb
e TS, ©
e DT NS
‘ £
AR e 2
U {_{

—— 2

Figure 3.5: The areas used for averaging over fields for Chapters 4 and 5 (a) and
Chapter 6 (b). In b), selected points of interest are also shown. Specific locations
are described in text in Sections 3.1.5 and 3.1.5



62 Chapter 3

Setup for Chapter 6: coral reef-derived DMS

To analyse the importance of coral reef -derived DMS in ACCESS-UKCA, two sets
of simulations were performed, both of which include a simulation without coral reef-
derived DMS (L11 evaluated in Chapter 4) and a simulation with coral reef-derived
DMS (L11C50). The first setup follows the methods described above (Section 3.1.5)
in which the L11 and L11C50 simulations were nudged to the ERA-Interim data set.
In the second setup the model was allowed to run freely, with no nudging applied.
Without nudging, feedbacks within the meteorology, such as changes in wind fields,
can manifest within the model. With this method, much greater model variability
occurs and differentiating between a true signal from the perturbed DMS fields and
internal model variability was difficult. For this reason, seven sets of simulations (for
both the L11 and L11C50), each of ten years, were performed with the free running
setup to provide an ensemble. Each set of simulations used different atmospheric
initial conditions; the start dumps from UTCO000, January 1 for 1996, 1998, 1999,
2000, 2001, 2002 and 2003. Whilst this exercise was computationally expensive it

provides sufficient data to perform statistical analysis.

For Chapter 6, the following regions were defined for averaging: the Maritime
Continent - Australian (MC-Aus) region from 17.4°S to 10°N, 95.625°E to 153.75°E;
the Queensland (QLD) land only region from 30°S to 10°S, 138.75°E to 153.75°E
and the Australian land only region from 45°S to 10°S, 112.5°E to 153.75°E. Four
grid points were selected for analysis of aerosol size distribution: a location off the
coast of Papua New Guinea (PNG) at 10.5°S, 151°E, a point in the East Pacific
(E.Pac) at 10.5°S, 165°E, a location over the GBR at 20°S, 151°E and a point in
inland QLD at 20°S, 140°E. These regions and points are shown in Figure 3.5b. In
addition the boundary of the South Pacific Convergence Zone (SPCZ) is defined as

the area within the 6 mm day ™! or greater threshold (Vincent et al., 2011).
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3.1.6 Evaluation

A comparison of ACCESS-UKCA to satellite observations was performed in Chapter
4 to provide a model evaluation and to put the results from this thesis into context
with other literature. Global means at the surface were calculated over the 2000-2009

period, except for the cloud climatologies, of which were available from 2006-2009.

The following global data sets were compared to the model output: low, medium
and high cloud fractions from the GCM-Oriented Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observation Cloud Product (CALIPSO-GOCCP) (Chep-
fer et al., 2010), radiation fluxes from the Clouds and the Earth’s Radiant Energy
System - Energy Balanced and Filled (CERES-EBAF)-TOA Edition 4.0 (Loeb et al.,
2009) and CERES-EBAF-Surface Edition 4.0 (Kato et al., 2013) and precipitation
from the Tropical Rainfall Measuring Mission (TRMM) (Huffman et al., 2007).
Cloud level fraction is defined according to the CALIPSO-GOCCP: high cloud is
between 50-440 hPa, medium between 440-680 hPa and low between 680-1000 hPa.
Direct comparison of cloud fractions between model output and satellites cannot
take into account satellite measurement biases, which can be resolved using a cloud
satellite simulator such as the Cloud Feedback Model Intercomparison Program
(CFMIP) Observation Simulator Package (COSP). Unfortunately, COSP was not
available in the version of ACCESS-UKCA used here and hence these measurement

biases must be considered throughout the subsequent analysis.

3.1.7 Global energy balance model

Due to prescribed SSTs and the nudging of ACCESS-UKCA to ERA-Interim (de-
scribed in Section 3.1.5), a direct estimate of how global temperatures might respond
to DMS,, perturbations is not possible. For this reason, a simple energy balance

model has been used to estimate the effects of the DMS, perturbations on global
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mean temperatures, a useful metric for comparison to some previous studies.

The climate component of the Finite Amplitude Impulse Response (FAIR) model
has been used in this thesis. This model is based on one first proposed by Boucher
and Reddy (2008) and subsequently used in the IPCC Fith Assessment Report for
equivalent emission metric calculations (Myhre et al., 2013b). FAIR’s climate com-
ponent is a simple impulse response model which emulates the behaviour of more
complex Earth System Models, given a certain radiative forcing (in this case due
to DMS). FAIR has been designed to determine temperature responses to radia-
tive forcing of similar magnitudes to the DMS radiative effect (Millar et al., 2017).
FAIR’s temperature response is calculated as the sum of two components, approx-
imately representing the response of the upper mixed layer and deep ocean to a
change in radiative forcing (Millar et al., 2017). Due to its simplicity, FAIR in this
application does not capture the non-linearities and feedbacks of the climate system,

and hence the temperature response calculated must be taken as an estimate only.

In this work, we are only using FAIR’s component which represents the temper-
ature response to radiative forcing. This component is represented by Equation 3.1,
where T} is the global mean surface temperature anomaly response (K), F' is the
radiative effect (ie. forcing, Wm™2) and j = 1,2 representing the deep ocean and
mixed layer responses. Subsequently, ¢; = 0.33 KW 'm™2 ¢ = 041 KW-!1m~2
and d; = 239 years, dy = 4.1years. After solving for 7} in Equation 3.1, we then sum
the ocean temperature responses to find the total temperature anomaly T' (Equation

3.2).

dfy _ ;I —1;
d — d;

T=>1T, (3.2)

(3.1)
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The radiative effect due to increasing or decreasing DMS,, (Rpyg) is defined
as the difference between the TOA energy balance (Q*) of an experimental run
(eg. Z or L11MX) from the control (L11). The TOA radiation fields can be taken
directly from ACCESS-UKCA to calculate Q*. By providing this radiative effect to
FAIR’s climate component, the difference in temperature expected across the ten

year period under Z or L11IMX DMS, conditions can be estimated.

The FAIR model is used in this study to provide an estimate only of the possible
temperature response due to the radiative forcing of DMS over the 10-year period
and does not consider any possible feedbacks. The radiative forcing provided by
ACCESS-UKCA also does not take into account feedbacks due to both the nudged
meteorology restricting their occurrence and the lack of a coupled ocean. Similar
simulations, with free-running meteorology and a fully coupled chemistry-climate

(atmosphere and ocean) may yield differing results.

3.2 WRF-Chem

WRF-Chem is a regional weather-chemistry model that is freely available and has
wide ranging applications (Grell et al., 2005; Fast et al., 2006). The modelling suite
can be run at both high temporal and spatial resolution at the user’s discretion.
WRF, as the name implies, is routinely used for weather forecasting services, as well
as for case studies of extreme weather events and testing of new parameterisations
or model sensitivities. Coupling this model to a chemistry scheme allows for detailed
air-pollution transport and atmospheric chemistry research to be performed. Here
WRF-Chem version 3.9 is used to determine the influence of coral reef DMS on the
local weather around the GBR. Several simulations have been performed to explore

this question, each having the same following characteristics unless otherwise stated.

The Advanced Research WRF (ARW) dynamical core is used in this work to
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ensure compatibility with the chemistry schemes. The ARW is an Eulerian mass
dynamical core which employs mass based terrain-following vertical coordinates and
is fully compressible. ARW represents basic dynamical equations including high-
order advection, pressure gradients, Coriolis, buoyancy and diffusion as well as finite
differencing including numerical filters, Arakawa C-grid staggering structure and a
3rd-order Runge-Kutta time integration scheme. This core also allows for one or

two way nesting, nudging and full physics.

Each simulation is run for the period: 1st October 2016, at 1200UTC to the 25th
October 2016, 1200 UTC, to align with the R2R campaign. Three nested domains
have been chosen (see Figure 3.6). The outer (D01) covers the majority of the
Australian continent and the Coral Sea and is run at a 27km horizontal resolution
with a 120 second time step. The middle domain (D02) runs at a 9km horizontal
with a 60 second time step and covers the state of Queensland and the majority of
the Great Barrier Reef. The inner domain (D03), is run at 3km with a 20 second
time step and focuses on an area of dense coral reef and the location of the fourth
station of the RVI campaign (see Figure 3.6). All simulations have 41 vertical levels
in the troposphere (up to 20.4km), and produce instantaneous hourly output for

each domain.

The chemistry and physics options, experiment set up, DMS climatologies and
methods of evaluation are described in the following Sections. In many instances,
the choice of the chemistry-aerosol scheme used in this study dictated the physics
options. These chemistry and physics options have been selected to not only best
represent the aerosol processes examined in this thesis, but to also align with pre-
vious studies such as Saide et al. (2012); Yang et al. (2012) and as advised by Dr

Steve Utembe and the WRF-Chem tutorials.
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Figure 3.6: The three WRF domains used in this thesis, Domain 1 (D01) at 27km
resolution, Domain 2 (D02) at 9km resolution and Domain 3 (D03) at 3km resolu-
tion, with the contours showing the density of coral reefs per grid box for the outer
domain (D01). AIRBOX and two of the RVI stations are shown by green and blue
stars respectively

3.2.1 Chemistry and aerosol options

In this thesis the Carbon Bond Mechanism Z (CBMZ) chemical mechanism with
aqueous chemistry and DMS is used in conjunction with the Model for Simulating
Aerosol Interactions and Chemistry (MOSAIC) aerosol scheme. The full chemistry
namelist is provided in the Appendix B, Table B.1 and is described below. This
combination of chemistry and aerosol schemes was chosen because of its ability to
represent DMS and its pathways through the climate system as well as providing

an eight bin aerosol scheme.

All WRF-Chem simulations have been restarted every four days, where the

chemistry is reinitialised to the global chemical conditions (see the description of
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the initial and boundary conditions in the next paragraph). This was advised to
ensure consistency in the chemical and aerosol fields with conditions that have been
evaluated globally (Emmons et al., 2010) and to compare with observations. The
restart, which begins every fourth day at 0000, includes a 12 hour spin up that is
discarded, with the previous time period running up to 1200 on the day of restart
ensuring a continuous simulation. Subsequent analysis has revealed that this set-up
limits the ability for the model to respond to changes in the aerosol fields and I

suggest that continuous runs, without reinitialisation, are performed in the future.

The chemical boundary and initial conditions are provided by the Model
for Ozone and Related Chemical Tracers (MOZART-4, Emmons et al., 2010).
MOZART-4 is a global chemical transport model driven by meteorology from
the Goddard Earth Observing System Model, Version 5. MOZART-4 includes
85 gas phase species, 147 gas phase reactions and 39 photolysis reactions
and 12 bulk aerosol species. Terrestrial biogenic and sea salt emissions are
calculated online while anthropogenic, biomass burning, volcanic and DMS
emissions are provided by global databases, for details see Emmons et al.
(2010). MOZART-4 has been specifically made available for use as bound-
ary/initial conditions in models such as WRF-Chem and can be downloaded from

https://www.acom.ucar.edu/wrf-chem/mozart.shtml.

In WRF-Chem, MOZART-4 provides the boundary /initial conditions for thirty
three gas phase species and eight bulk aerosol species mass, including SO,, NH,,
NH,NO;, secondary organic aerosol, black carbon, organic carbon, dust and sea
salt. Dust is represented across four size ranges while sea salt across three. For the
aerosol species, WRF-Chem is required to approximate the aerosol mass and number
to the eight simulated bin sizes from the bulk aerosol mass provided by MOZART-4.
Aerosol mass for each of the eight bins is a fractional approximation of the relevant

bulk aerosol species mass. For the aerosol number, the sum of the fractional masses
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of the aerosol species relevant to each bin size is calculated. For example, dust
and sea salt are not included in the smallest bin. The namelist detailing these
approximations can be found at https://github.com/CohenBerkeleyLab/M0OZBC/

blob/master/src/CBMZ-MOSAIC_8bins. inp.

Chemistry

The CBMZ scheme (Zaveri, 1999) is a lumped-structure mechanism where the chem-
istry is categorised by reactions of similar carbon bonds. This scheme built upon
CBM-1IV (Gery et al., 2008) by updating the treatment (explicit or parameterised)
of many species, increasing the over all number of species considered, whilst also
making the mechanism suitable for longer simulations over larger areas. The CBMZ
scheme includes 73 species and 237 chemical reactions. Dry deposition of gases
and aerosol are turned on, as is wet scavenging (including convective wet scaveng-
ing). In-cloud chemistry, turbulent mixing and subgrid convective transport is also
switched on. The FTUV (Fast Tropospheric UltravioletVisible) photolysis scheme

(Tie, 2003) is used.

Aerosol

MOSAIC was developed to overcome numerous issues including computing expense
and oscillatory solutions (Zaveri et al., 2008). MOSAIC includes eleven specific
aerosol species (SO, , HSO, , CH;50;, NO,, Cl, CO4, NH,, Na, Ca, black carbon
(BC), primary organic matter (OC) and water and treats other unspecified aerosol
species as a lumped mass or through substitutions of equivalent species. Some
gas phase species, including sulfuric acid and MSA, are allowed to partition to
the particle phase. The MOSAIC scheme uses an augmented selection of prognostic
species (67) and reactions (164) from the CBMZ scheme which have been partitioned

into four subroutines: background (occurring at all times), urban, biogenic and
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DMS (occurring where appropriate) (Zaveri et al., 2008). The atmospheric DMS
chemistry is not a part of the CBMZ scheme, but was added with the development
and coupling of MOSAIC (Zaveri et al., 2008). The DMS chemistry is based on
that of Zaveri (1997) and is shown in Table 3.4. It includes eleven species and 30

reactions.

MOSAIC represents aerosol via a sectional approach with eight discrete sized
bins. Table 3.5 shows the bin sizes for this thesis and Figure 3.7 provides a visual
representation. For each bin, the number and mass of particles are simulated: de-
fined by the lower and upper limit of the dry particle diameter (Zaveri et al., 2008).
Particle growth is calculated in a Lagrangian manner and transfer of particles be-
tween bins is calculated using a two-moment approach (Simmel and Wurzler, 2006).
Coagulation of aerosol is calculated according to Jacobson et al. (1994) using a
Brownian coagulation kernel. Homogeneous nucleation of H,SO,-H,O in MOSAIC
is calculated via the Wexler et al. (1994) scheme. Zaveri et al. (2008) note that homo-
geneous nucleation is a complex mechanism with many issues including both under
prediction and over prediction of nucleation rates. In MOSAIC, growth to Aitken
mode particles is simulated implicitly as newly nucleated particle sizes are smaller
than the smallest simulated aerosol size in the model. Heterogeneous nucleation
in MOSAIC is partitioned into two schemes, treating condensation of non-volatile
gases (H,SO, and MSA) and condensation and evaporation of semi-volatile gases

(HNO,, HCI and NH;) separately (Zaveri et al., 2008).

Emissions

The Liss and Merlivat (1986) parameterisation described in Section 2.2.3 is used
to calculate the fluxp,;g emissions inWRF-Chem. Sea salt emissions are calculated
online via either the Gong et al. (1997) parameterisation or the Fuentes et al. (2010)

adaptation which includes a large addition of marine organic matter. All sea salt
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Table 3.4: The DMS oxidation pathways as parameterised in the CBMZ-MOSAIC
chemistry-aerosol scheme (Zaveri, 1997; Zaveri et al., 2008)

Reaction Reaction Rate
DMS + OH — CH3SCH,00 + H,0 9.6 x 1072 exp =234
DMS + NO; — CH3SCH,00 + HNO, 1.4 x 10713 exp 220
DMS + O(*P) — CH3S0, + CH;0, 1.3 x 107 exp 42

DMS+OH — aCH350,5+aCH305+(1—a)DMSO+(1—a)HO, 1.7 x 10712¢

CH,SCH,00 + NO — CH,;S0, + HCHO + HO, 8.0 x 10712
CH3SCH,00 + CH;0, — CH;SO, + 2HCHO + HO, 1.8x 10713
DMSO + OH — 5.8 x 10110
BCH3S0,H 4 BCH;0, + (1—38)DMSO, + (1—-3)HO,

DMSO, + OH — CH;3S(0),CH,00 1.0 x 10714
CH;5(0),CH,00 4+ NO — CH3S0, + HCHO + NO, 5.0 x 10712

CH,4S(0),CH,00 + CHyy0, — CH3SO, + 2HCHO + HO, 1.8 x 10713

CH4SO,H + HO, — CH4S0, + H,0, 1.0 x 1071°
CH4SO0,H + NO; — CH;3S0, + HNO,4 1.0 x 10713
CH3S0,H + CH;0, — CH;3S0, + CH;00H 1.0 x 10715
CH3SO,H + OH — CH4S0, + H,0 1.6 x 10711
CH;SO,H + CH;SO; — CH3S0, + MSA 1.0 x 10713
CH,S0, -5 SO, + CH,0, 2.5 x 1018 exp =868
CH4S0, + NOy, — CH3S04 + NO 1.0 x 10714
CH;S0, + O3 — CH3S04 + O, 5.0 x 1071°
CH;S0, + HO, — CH3S0, + OH 2.5 x 10713
CH;3S0, + CH50, — CH3SO5 + HCHO + HO, 2.5 x 10713
CH;S0, + OH — MSA 5.0 x 10711
CH,4S0, + 0, —15 CH,S(0),00 2.6 x 10-18

“a=5x105/(5x 10° + Oy x 3 x 10712)
bB=1.5x107/(1.5 x 107 + O, x 1.2 x 10712)
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Table 3.4: The DMS oxidation pathways as parameterised in the CBMZ-MOSAIC
chemistry-aerosol scheme (Zaveri, 1997; Zaveri et al., 2008) (continued)

CH,S(0),00 -2 CH,S0, + O, 3.3
CH,S(0),00 + NO — CH,SO, + NO, 1.0 x 10711

CH,S(0),00 + CH,0, — CH,SO, + HCHO + HO, 5.5 x 10712

CH;350, S H,SO, + CH;30, 2.0 x 107 exp %
CH;S0O5 + NO, — MSA + HNO, 3.0 x 10-15
CH,S0, + NO — MSA + HNO, 3.0 x 10717
CH,SO, + HO, — MSA + O, 50 % 10-11
CH,SO, + HCHO -2 MSA + HO, + CO 1.6 x 10717

Table 3.5: The eight bins used by MO-
SAIC (Fast et al., 2006)

Bin Particle dry diameter range (um)

1 3.90625 x 1072 to 7.8125 x 1072
2 7.8125 x 1072 to 1.5625 x 107!
3 1.5625 x 107! to 3.125 x 107!

4 3.125x 107" to 6.25 x 107!

5  6.25x 107" to 1.25 x 10°

6 1.25 x 10° to 2.50 x 10°

7 2.50 x 10° to 5.00 x 10°

8 5.00 x 10° to 10.0 x 10°
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Figure 3.7: A visual representation of the aerosol bins used in the WRF-Chem model
(top) compared to a modal distribution (bottom). Figure adapted from Bath (2018)

schemes have been found to overestimate sea salt emissions in WRF-Chem (eg. in
Saide et al., 2012) and the Fuentes method especially so. Hence for simulations
using the Fuentes high organics option the sea salt emission was halved, as was the

sea salt mass within the MOZART-4 boundary and initial conditions.

Dust emissions are calculated via the Shao et al. (2011) scheme. The scheme
was tested in an Australian environment by Shao et al. (2011) and found to be sat-
isfactory. Wet deposition of dust has been turned on and follows the Jung and Shao
(2006) method. For daily biomass burning emissions, fire location data is provided
by FIRMS (Fire Information for Resource Management System) via the MODIS
(Moderate Resolution Imaging Spectroradiometer) Collection 6 platform operated
by NASA and available from https://earthdata.nasa.gov/firms. The fire loca-
tion is provided to Prep-Chem (Preparative-Chemistry) which calculates the respec-
tive emissions and plume rise at daily resolution via the Brazilian Biomass Burning

scheme (Longo et al., 2010). Plume rise frequency is set to 120, 30 and 10 seconds
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for each domain respectively. Biogenic emissions are calculated online using the
Guenther scheme (Guenther et al., 1994; Simpson et al., 1995) and anthropogenic
emissions are provided via the Emissions Database for Global Atmospheric Research
(EDGAR) V4.2, available at https://edgar. jrc.ec.europa.eu/ (European Com-
mission Joint Research Centre and Netherlands Environmental Assessment Agency,

2012). Aircraft and volcanic emissions are not included.

3.2.2 Meteorology and physics options

All WRF-Chem simulations have been meteorologically nudged to provide the best
comparison to the R2R field campaign and to ensure that the responses found in the
model are attributable to the DMS, perturbations and not internal model variability.
The Australian Bureau of Meteorology (BoM) Atmospheric high-resolution Regional
Reanalysis for Australia - Regional domain (BARRA-R) has been used to perform
nudging at six hour intervals (Su et al., 2018). The BARRA-R data set is currently
available at a 12km horizontal resolution with 70 vertical levels and hourly time
steps for the years 1990-2018 inclusive. More information can be found here http:
//www.bom.gov.au/research/projects/reanalysis/. Nudging has been applied
to temperature and water vapour above the planetary boundary layer and to wind

above vertical level 19 (above 3km) at six hourly intervals.

The physics options selected for this study are the recommended options for use
in conjunction with the CBMZ-MOSAIC chemistry-aerosol scheme, ensuring that
aerosol-climate interaction via both direct and indirect aerosol effects are permitted
within the model (this will be discussed in Section 3.2.2). All simulations in this
thesis use the Morrison double moment cloud microphysics scheme (Morrison et al.,
2008). This scheme predicts the mixing ratios and number concentrations of cloud
droplets, cloud ice, snow, rain, and graupel. The RRTMG (Rapid Radiative Trans-

fer Model for General circulation models) radiative transfer model for longwave and
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shortwave radiation were used (lacono et al., 2008), including the Monte Carlo In-
dependent Column Approximation method for random cloud overlap (Barker et al.,
2003). This scheme, in combination with the Morrison scheme, allows for indirect
aerosol effects. In D01 and D02 cumulus parameterisation was performed using
the Grell 3D scheme, similar to the Grell-Devenyi Ensemble Scheme (Grell and
Dévényi, 2002), a multi-closure, multi-parameter, ensemble method that includes
cloud and ice detrainment. In addition, cumulus radiation effects are switched on,
allowing interaction of the radiation scheme and parameterised convective clouds
(Gustafson et al., 2007). Cloud fractions are calculated using the Xu and Ran-
dall (1996) method, while cumulus and aerosol radiative feedbacks are permitted.
Aerosol optical properties (Mie calculations) are approximated using the volume
averaging method, in which refractive indices (a unitless number describing how
light propagates through a particle) are averaged over a volume depending on its
composition. The refractive indices for seven species (including dust) are defined by

literature with some species having wavelength dependence.

The Noah Land Surface Model is used, with soil temperature and moisture
in four layers, fractional snow cover and frozen soil physics (Chen and Dudhia,
2002). The boundary layer scheme used is the Mellor-Yamada-Janjic scheme (Janjié,
1994), a prognostic turbulent kinetic energy scheme with local vertical mixing. The
boundary layer scheme operates in conjunction with the surface layer physics scheme,
Eta (Janjic, 1996), based on the similarity theory of Monin and Obukhov (1954),
with separate parameterisations over land (Zilitinkevich, 1995) and water (Janji¢,

1994). The namelist for the physics options is provided in Appendix B, Table B.2.

Aerosol effects

In WRF-Chem, with the chemistry and physics namelist options described above,

aerosol direct and indirect effects are permitted via the radiative, photolysis and
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cloud microphysical schemes. For direct aerosol effects, the size, number and com-
position of aerosol and aerosol water, refractive indices of aerosol types (based on
literature) and the Mie calculations (Bohren and Huffman, 1998) update the AOD,
the single scattering albedo and the asymmetry factor used in the RRTGM radiation
scheme. Aerosol water has a large impact, and hence the relative humidity must also
be considered when direct effects are being examined. In this thesis, water vapour
has been nudged to the BARRA-R reanalysis, hence should not change significantly
between experiments. It is noted that in MOSAIC, aerosol water is a prognostic
aerosol for which the hysteresis effect is taken into account. Additionally, aerosol
can also impact photolysis rates (in the FTUV scheme) and photochemistry via the

direct effect.

For indirect aerosol effects, the CCN number and composition is used to calcu-
late the CDN in aerosol activation modules (Abdul-Razzak and Ghan, 2000, 2002).
Activation of an aerosol requires the environmental supersaturation of an air mass
entering a cloud to be greater than the critical supersaturation of that aerosol.
Hence activation depends on the composition and size of the particle (i.e. their hy-
groscopic properties), as well as the vertical and turbulent velocities of the air mass.
The hygroscopic properties of the aerosol are computed in the chemistry module,
after which the bulk hygroscopic volume is passed to the physics module, where the
CDN is able to interact with cloud properties. For the first indirect effect, CDN
and the cloud water mixing ratio is used to calculate the cloud particle size and
effective radius, which then informs the cloud albedo. The second indirect effect is
simulated within the cloud physics routines (Morrison et al., 2008), which are in-
formed by the CDN and subsequently updates the autoconversion rate, rain mixing
ratio and precipitation of the module. Lastly, for the semi-direct effect, the cloud
optical properties are influenced by the absorption of solar ultra-violet and infrared
fluxes altering the heating rate of cloud liquid water. It must be noted that the

indirect effects can only be simulated via the microphysics and hence at non-cloud



Section 3.2 77

resolving scales care must be taken in the interpretation. For this reason the third

WRF-Chem domain in this thesis is performed at cloud resolving scales.

3.2.3 DMS climatologies

At the beginning of this research it was found that the default DMS_ climatology
provided by WRF-Chem is the older Kettle and Andreae (2000) climatology on a
1x1.25° grid. This climatology has been updated by Lana et al. (2011). In ad-
dition, the interpolation performed by WRF-Chem (via Prep-Chem) was deemed
unsatisfactory (creating unphysical patterns around the coastlines and generally a
very coarse interpolation). For this reason, the L11 climatology for October was
interpolated to each WRF-Chem domain using the python (v3.5) basemap bilinear
interpolation (see Figure 3.8a, b and c), overriding the default WRF-Chem DMS,,
climatology. Further smoothing around the coastlines was performed. All fields that
pass through Prep-Chem underwent the same interpolation to a higher resolution

for consistency.

Four DMS, climatologies were subsequently made for the WRF-Chem model,
to evaluate the model against the R2R observations and to explore the influence
of DMS on the local climate. These experiments were designed to test whether
relationships reported in the literature (Section 2.3.3) could be captured by the

model and are provided in Table 3.6 and below.

Scaled DMS climatology

The L11 climatology was initially planned to be used as a the control DMS,, cli-
matology. However, after initial testing, it was found that L11 was overestimating
DMS,, observations taken during the R2R campaign (this finding will be described

in further detail in Chapter 7). For this reason, a scaled DMS climatology was
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Figure 3.8: The L11 October climatology (top) and scaled L11 climatology for
WRF-Chem D01 (a,d), D02 (b,e) and D03 (c,f). Note the different scales of DMS,,.
Markers represent the locations of AIRBOX and two of the RVI stations

created, where L11 was divided by 2.8 to match the average observations taken dur-
ing the R2R campaign. This climatology (referred to as L11S) was subsequently
used as the control climatology and considered, like L11 to be a climatology with

no contribution from coral reef -derived DMS,,.

Coral DMS climatology

To test if coral reef -derived DMS,, can influence the local weather, three climatolo-
gies were created with additional amounts of DMS_, over reef regions, representing
a low, high and very high coral reef sources. The creation of these climatologies
follows a similar method to that described in Section 3.1.4 for ACCESS-UKCA:

a fixed amount of DMS_, weighted by the density of coral reefs per grid box was

w

added to the L11S climatology. The DMS scaling by areal coral reef fraction was
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Table 3.6: Summary of the four DMS_, climatologies used for the WRF-Chem sim-
ulations

Short name DMS Climatology

L11 The Lana et al. (2011) climatology

L11S The scaled Lana et al. (2011) climatology

L11SCL Weighted 2nM DMS,, in coral reef regions added to the L11S
climatology

L11SCH Weighted 8 nM DMS, in coral reef regions added to the L11S
climatology

L11SCVH  Weighted 50nM DMS,, in coral reef regions added to the L11S
climatology

performed for each WRF-Chem domain separately, using the UNEP-WCMC et al.

(2010) global coral reef data to inform the weighting.

The amount of DMS,, added was informed by DMS, measurements taken di-
rectly over reefs (not ship based), averaging 3.4nM (summarised in Table 2.2) and
the fluxp,g estimated by Jones et al. (2018) (winter and summer means (ranges) of
2.4 (0.002-15) and 6.4 (non-detectable-153) yumol m~—2 day ! respectively) and Hop-
kins et al. (2016) (9-35 yumolm~2day~!). The resulting DMS_ additions were 2, 8
and 50 nM, which are referred to as the L11SCL, L11SCH and L11SCVH climatolo-
gies respectively. These values are within those provided in the literature and reflect

a plausible range as shown in Figure 3.9.

After this scaling had been applied, the L11SCL climatology was deemed too
low to warrant a simulation, as it made very little impact on the DMS, field and was
unlikely to impact the subsequent aerosol and climate fields (as shown in Figure 3.9).

The remaining L11SCH and L11SCVH climatologies are shown in Figure 3.10.
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Table 3.7: Summary of the four WRF-Chem simulations, the DMS climatology
(see Section 3.2.3) and the differences in setup

Simulation DMS Climatology Namelist options

C1 L11 No biomass burning or dust, Gong et al. (1997)
sea salt emissions (opt 2)

c7 L11S Includes biomass burning and dust, Fuentes
et al. (2010) sea salt emissions (opt 4), with
halved sea salt flux and initial and boundary

mass
CRH L11SCH Same as C7
CRVH L11SCVH Same as C7

3.2.4 Experiment setup

Four WRF-Chem simulations are presented in this thesis and are summarised in
Table 3.7. Two simulations were compared against the R2R data to evaluate the
WRF-Chem model in Chapter 7. The first control simulation (C1) used the L11
climatology, with no biomass burning or dust and with the Gong et al. (1997) sea
salt emissions. The second control climatology, C7, used the L11S DMS climatology
and the Fuentes et al. (2010) sea salt parmeterisation with high organics, where
the sea salt flux and the sea salt mass in the initial and boundary conditions were

halved. Biomass and dust emissions were also included.

C7 is subsequently used as the control simulation to examine the impact of
coral reef DMS in the simulations presented in Chapter 8. For the two coral reef
simulations the same setup as C7 was used. CRH used the high estimated of coral
reef DMS (L11SCH) while CRVH used the very high estimate of coral reef DMS
L11SCVH.
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3.2.5 Evaluation

WRF-Chem has been evaluated against data collected during the R2R field cam-
paign. Timeseries comparisons, correlations and a bias factor metric have been
used (see Section 3.3), evaluating equivalent model fields to the observations taken
during R2R (see Figure 2.11). Evaluation focused on D02 as this encompasses the
entire ship track, and little difference was notable between D01, D02 and D03. For
aerosol comparisons, particle size bins were not equivalent to observed particle sizes
so the a linear interpolation was made, assuming aerosol bins are internally mixed.
The nearest neighbour method was used to locate the ship track within the gridded
model data. Tables 3.8 and 3.9 provide a summary of observational fields used, the
institute responsible for the collection/processing of the observation, the instrument
used, references linking to methods where available and how this data may be ac-
cessed. Below, brief descriptions of how the data was collected and processed are
provided. Where possible, literature that provides full description of these instru-
ment’s methods have been cited for the readers reference. In some instances where
this literature is not available, greater detail has been provided. Parts of the meth-
ods described in this Section have been contributed by the parties responsible for
the measurement and processing of the data, including Yuko Omori, Sarah Lawson,

Hilton Swan, Joel Alroe, Luke Cravigan, Simon Alexander and Zhenyi Chen.

DMS observations

DMS,, observations were taken by the RVI for the duration of the voyage. Seawa-
ter samples (from between 0-5m depth) were pumped through to the wet chem-
istry laboratory as part of the ship’s routine underway measurements every minute.
For the first half of the voyage (up until the 14th October) a Shimadzu gas chro-
matograph (GC-2010) (employing purge and trap gas chromatography) was used

to detect DMS_ . After the 14th October, due to competing demands for the GC,
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Table 3.8: List of all RVI observations used in the WRF-Chem evalua-
tion, the institute responsible for data collection and processing, details on
the instrument used and literature relevant to the data processing meth-
ods and information on how this data can be accessed. More informa-
tion can also be found here https://mnf.csiro.au/en/RV-Investigator/Underway-
science/Atmospheric-sampling

Field Institute Instrument Methods* Data Avail.
DMS,, University of  GC-2010- (Omori et al., Upon request
Tsukuba FPD & 2013, 2017;
EI-PTRMS Kameyama
et al., 2009)
DMS, CSIRO PTR-MS NA Upon request
SO, QUT ACSM (Frohlich Upon request
et al., 2013)
Organics QUT ACSM (Frohlich Upon request
et al., 2013)
NO4 QUT ACSM (Frohlich Upon request
et al., 2013)
NH, QUT ACSM (Frohlich Upon request
et al., 2013)
Black Carbon CSIRO/QUT MAAP Kanaya et al. Upon request
(2013)
CN10 QUT CPC (TSI, NA Upon request
Model 3772)
CCN CSIRO/QUT CCNc NA Upon request
Radon ANSTO/CSIRORadon (Chambers Upon request
detector et al., 2015)
Wind speed CSIRO CSIRO CSIRO (2016)
& direction (2016)
RH CSIRO CSIRO CSIRO (2016)
(2016)
Temperature ~ CSIRO CSIRO CSIRO (2016)
(2016)
Pressure CSIRO CSIRO CSIRO (2016)
(2016)
BLH BoM/AAD Leosphere (Alexander BoM data base TBD

R-MAN510 and Protat,
Raman UV 2018, 2019;

polarization Baars et al.,
lidar 2008)

@ *Refer to in text data description for full methods
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Table 3.9: List of all AIRBOX and satellite observations used in the WRF-Chem
evaluation, the institute responsible for data collection and processing, details on
the instrument used and literature relevant to the data processing methods and
information on how this data can be accessed. For AIRBOX, more information can

also be found here https://airbox.earthsci.unimelb.edu.au

Field Institute Instrument Methods Data Avail.
DMS, Southern Cross GC-PFPD (Swan et al., Swan (2017)
University 2015)
SO, QUT AMS Drewnick et al.  Upon request
(2005)
Organics QUT AMS Drewnick et al.  Upon request
(2005)
NO;4 QUT AMS Drewnick et al.  Upon request
(2005)
NH, QUT AMS Drewnick et al.  Upon request
(2005)
Black Carbon CSIRO/QUT MAAP Kanaya et al. Upon request
(2013)
CN10 QUT CPC (TSI, NA Upon request
Model 3772)
Radon ANSTO Radon detector  (Chambers Upon request
et al., 2015)
Wind speed UoM Thompson NA Upon request
and direction WS800
RH UoM Thompson NA Upon request
WS800
Temperature UoM Thompson NA Upon request
WS800
Pressure UoM Thompson NA Upon request
WS800
BLH UoM/Chinese Sigma, Space (Chen et al., Upon request
Academy of MiniMPL-532-  2019; Xiang
Sciences C et al., 2019)
Micro,
CTH BoM Himawari Heidinger Upon request
(2013)
aclid BoM Himawari Pavolonis Upon request
(2010)

@ Refer to in text data description for full methods
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DMS,, was measured using an Equilibrator Inlet (EI) - Proton Transfer Reaction
Mass Spectrometry (PTRMS) system (Kameyama et al., 2009; Omori et al., 2013,
2017). The seawater samples pumped by the ship system were flowed continuously
into a 10-L glass equilibrator at 1 Lmin~!. Pure nitrogen flowed from the bottom
to the upper outlet of the equilibrator at 120 sccm. Dissolved DMS was extracted
into the N, gas phase and introduced into the PTRMS (Ionicon Analytik GmbH,
Innsbruck, Austria). The mass signal of DMS in the sample gas was obtained at
10 second integration to obtain a mass signal at 1 minute intervals. The DMS con-
centrations were calculated from concentrations in the sample gas extracted from the
equilibrator with Henry’s law constant (Kameyama et al., 2009). Comparison be-
tween the DMS,, observations taken by the two techniques show excellent agreement

(r? = 0.999) with high confidence (p < 0.001).

Accompanying the DMS, measurements on board the RVI were DMS, observa-
tions. A commercially available high sensitivity PTRMS (Ionicon Analytik GmbH,
Innsbruck, Austria) was used to measure DMS,. The PTRMS sampled via a 30 m
3/8 inch ID PFA line with an inlet at the top of the mast on the foredeck 17 m above
water level at a flow rate of 5L min~'. The PTRMS scanned masses from m/z 21 to
160 giving a full mass scan approximately every 10 minutes. DMS, was measured at
m/z 63 corresponding to the protonated parent molecule (C,H,SH"). The PTRMS
drift tube was operated with an applied voltage of 600V, pressure of 2.2 mbar (E/N
= 133Td) and an average primary ion signal (m/z 19) of 1.78 E+07cps. Data
was filtered to remove periods of instrument instability. The PTRMS was operated
with a CSIRO custom built auxiliary system which controlled whether the PTRMS
sampled VOC-free air to determine instrument background, calibration gas to de-
termine instrument response or ambient air. Zero air measurements occurred twice
daily (0100-0200 AM and 1300-1400 UTC) and an interpolated zero signal was sub-
tracted from the reported ambient and calibration measurement signals. Once per

day (1400 to 1500 UTC) calibration measurements occurred by diluting a certified
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calibration gas standard containing 997 ppb DMS, (Apel -Reimer Environmental
Inc, Colorado, USA) (stated accuracy +5%) into VOC-free air. The instrument
sensitivity to DMS, was 11.3 normalised cpsppb™! (rel. stdev +3%). The mini-
mum detectable limit (MDL) for a single 5 sec measurement at m/z 63 (DMS,) was
0.029 ppb determined using principles of ISO 6879 (ISO 1995). Values less than the

MDL were removed.

At AIRBOX, DMS, was measured using an automated gas chromatograph (GC)
- pulsed flame photometric detector (PFPD). Measurements were taken every 20
minutes via an auto-sampler programmed to control the GC-PFPD. Full details on

the instrumentation and data processing, including uncertainties, can be found in

Swan et al. (2015). The DMS, data from AIRBOX is available at Swan et al. (2017).

Aerosol and radon observations

At AIRBOX, the total number concentrations of aerosol with diameters larger than
10 nm were measured with a series of condensation particle counters (CPCs). Sam-
pling was initially performed with a TSI Model 3787 CPC. This unit failed on 1st
October 2016 and was replaced on the 3rd October with a TSI Model 3782 CPC. In
the intervening period, aerosol concentrations were calculated from size distributions
measured by a TSI 3080 scanning mobility particle sizer (SMPS). The SMPS was
operated with a TSI Model 3782 CPC and a custom-made differential mobility anal-
yser, which allowed measurement of aerosol with diameters from 11-600 nm. From
11th October 2016 onwards, a newly calibrated TSI Model 3772 CPC was operated
in parallel with these instruments, providing reference measurements that were used
to correct the counting efficiencies of SMPS and Model 3782 CPC. In turn, the
counting efficiency of the Model 3787 CPC was calibrated against the Model 3782
based on co-located measurements taken at the beginning of the campaign. The

measurements were averaged to a 3-minute time resolution.
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On board the RVI, total number concentrations of aerosol with diameters larger
than 10nm were measured with a TSI model 3772 (TSI, Shoreview, MN) CPC.
Aerosol size distributions were measured at diameters from 14 to 685 nm the using
a TSI 3080 SMPS. The SMPS was operated with a TSI Model 3772 CPC and a TSI
3081 differential mobility analyser, with a sheath flow of 3 L/min and aerosol flow
of 0.3 L/min.

The number concentration of CCN was measured on the RVI using a continuous-
flow streamwise thermal-gradient CCN counter (CCNe¢, model CCN-100, Droplet
Measurement Technologies, Longmont,CO, USA). The instrument was configured
to run continuously at 0.5 % supersaturation and the flow rate was set to 0.5 L /min.
The CCNc and CPC measured from approximately the same point on the sampling

line. At AIRBOX, CCN measurements were unavailable due to instrument failure.

Mass concentrations of black carbon (BC) at AIRBOX and on the RVI were
obtained with a Thermo Scientific Model 5012 multi-angle absorption photometer
(MAAP). The MAAP sampled through a dedicated PM10 inlet, which was heated to
minimise the influence of humidity on the BC measurements (Kanaya et al., 2013).
Samples were acquired at 5s time intervals and have been averaged to a 10 minute

time resolution.

An Aerodyne compact Time-of-Flight Aerosol Mass Spectrometer (AMS) pro-
vided the non-refractory chemical composition of submicron aerosol at AIRBOX
(Drewnick et al., 2005). The AMS sampled through a membrane dryer (Nafion MD-
700) and a silica gel diffusion dryer which maintained sample relative humidities
below 40%. Daily measurements through a high-performance particle filter were
used to calculate detection limits and correct for concentrations of background air
species (Allan et al., 2004). Samples were averaged to 10-minute intervals. At this

time resolution, the campaign-average detection limits were 54ngm—3 (Organics),

5ngm—2 (SO,), 4ngm™3 (NO,) and 46ngm—3 (NH,).
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On board the RVI, an Aerodyne Time of Flight Aerosol Chemical Speciation
Monitor (ACSM) was used to obtain chemical composition of the non-refractory sub-
micron aerosol. A full description of its design and operation is given in (Frohlich
et al., 2013). The ACSM inlet efficiency is at a maximum for vacuum aerodynamic
diameters between 100-450 nm (Jayne et al., 2000; Liu et al., 2007) and therefore
the composition measurements best represent accumulation mode aerosol. The AMS
sampled through a membrane dryer (Nafion MD-700) and a silica gel diffusion dryer
which maintained sample relative humidities below 40 %. Samples were averaged to
10-minute intervals, and at this time resolution the campaign-average detection lim-
its were 127ng m~3 (Organics), 18 ngng m—3 (SO,), 11ngm—3 (NO;) and 151 ngm >
(NH,).

In addition, atmospheric radon-222 concentrations were measured both at AIR-
BOX and on the RVI using dual-flow-loop two-filter atmospheric radon detectors.
Radon concentrations have been shown to be an accurate, independent measure of
residual terrestrial influence within an airmass. Radon can subsequently be used
to determine if an airmass has a marine or terrestrial origin, and can be satisfac-
torily used to detect ‘baseline’ airmass at locations such as Cape Grim (Chambers
et al., 2015). While at Cape Grim, the baseline radon concentration is considered
to be 30mBq or below, on board the RVI and at AIRBOX, terrestrial influence
over the airmasses was much higher given their coastal location and the prevailing
wind directions. For the RVI, a threshold of 300 mBq was used to determine marine
from terrestrial airmass. At AIRBOX no satisfactory threshold of radon could be

determined to separate marine and terrestrial influences.

Meteorological observations

On board the RVI, meteorological observations were taken as part of the routine

observations. Observations are available at 5 or 10 second, or 5 minute intervals.
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The five minute interval has been used in this study. Where port and starboard
observations were available, an average over the two was taken. These observations
have been processed by the Marine National Facility and can be downloaded from the
Marlin Metadata System (CSIRO, 2016), where more information can also be found.
At ATRBOX, wind speed and direction, RH, temperature and pressure observations
were taken using a Thompson WS800 weather station. Observations were taken

every 15seconds. These observations have undergone basic visual checks.

On the RVI, a Leosphere R-MAN510 Raman UV polarization (RMAN) lidar
provided one minute vertical profiles of aerosol back scatter. The RMAN lidar is
able to receive both elastic aerosol backscatter (Rayleigh) and in-elastic backscatter
(Raman) by transmitting in both 355 and 387 nm wavelengths. This allows lidar
equations to be solved at both day and night time. Due to the inclusion of Raman
backscatter, profiles are retrieved up to 4km. Full instrument details, including
setup, calibration and data processing can be found in Alexander and Protat (2018,
2019). In this thesis, the RMAN lidar observations were used to detect the boundary
layer height (BLH) using a wavelet covariance transform method as described by
Baars et al. (2008). Alexander and Protat (2019) show that this method, using the
same instrument as in this thesis, performs well when compared to the lifting con-
densation level retrieved by radiosondes. This data will be made publicly available

at a location to be determined (personal communication S. Alexander).

The BLH at AIRBOX was estimated from observations by a scanning Mini Mi-
cro Pulse lidar -532-C Micro (MiniMPL) System (Sigma Space Corporation, Lan-
ham, MD, USA). The MiniMPL operates at 532 nm wavelength and retrieves elastic
aerosol backscatter every 10-20 seconds between 30-9,990 m. More information about
the MiniMPL, including the set-up, calibration and data processing can be found
in Chen et al. (2019). To detect the PBLH an extension of the gradient method of

lidar backscatter was employed, which is explained in Xiang et al. (2019).
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Finally, satellite observations of cloud top height, spherical albedo and cloud
type were provided by the Himawari-8 geostationary satellite (maintained by the
Japanese Meteorological Agency). The cloud fields examined were processed and
provided by the BoM using algorithms developed by the National Oceanic and Atmo-
spheric Administration (NOAA) National Environmental Satellite, Data, and Infor-
mation Service (NESDIS) Center for Satellite Applications and Research (Pavolonis,
2010; Heidinger, 2013). The WRF-Chem output was further processed to retrieve
fields comparable to observational data, such as cloud effective radius, cloud albedo,
cloud optical thickness, updraft velocity and liquid water path. Code to perform

this was provided by Dr Steve Utembe.

3.3 Statistical methods

Bootstrapping

A moving block bootstrap (Wilks, 2011) has been used to provide a measure of model
uncertainty in a given field where ensemble experiments have not been performed (for
example, those described in Section 3.1.5). By selecting, with replacement, blocks
of size 2 (as determined by the timeseries auto-correlation) to create 1000 alternate
timeseries, the 10th and 90th percentile confidence intervals of mean change of a
given field are provided. This method has been applied in Chapter 5 to the Q* field
and used in the calculated temperature response as described in Section 3.1.7, as

well as for the fluxp,,q for comparison to other studies.

Statistical testing and correlations

To test the significance of differences in a given field where enough data points are

available (for example the ensemble described in Section 3.1.5), the two-tailed Stu-
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dent T-test (Wilks, 2011) and the respective field significance (Wilks, 2011) are used.
Both of these methods have been evaluated at confidence levels of the 95th percentile
(p < 0.05) unless otherwise stated. In addition to this, ensemble agreement, where
at least five out of the seven ensemble members agree on the change in sign, has
been provided as a further indicator of confidence for Chapter 6. In Chapters 7
and 8, correlation analysis has been performed using Spearman’s rank correlation
methods (Wilks, 2011). This method is a non-parametric test that quantifies the

monotonicity of the relationship between two variables.

Model performance

To evaluate WRF-Chem against field observations in Chapter 7, the Normalised
Mean Bias Factor (NMBF, Yu et al., 2006) is used and described below where
M represents modelled values and O measured values. The NMBF is a symmetric
metric, i.e. negative biases are not bound by zero, and remains viable when measured
values are much smaller than model values. This metric is an improvement on other
model performance metrics, as described by Yu et al. (2006), and is commonly used

for air quality and aerosol studies (eg. Woodhouse et al., 2019).

If M > O:

NMBF:(Z¥%5;Q) (3.3)

Ql
Vv
<|

NMBF:(Z%%iQQ (3.4)

To ensure clarity of this metric across both positive and negative biases, the

NMBEF has been converted into a bias factor (BF), where:
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It NMBF > 0:

BF = NMBF +1 (3.5)

It NMBF < 0:

BF =1— NMBF (3.6)

3.4 Summary

This Chapter has provided the model descriptions, methods and observational data
used for this thesis. Whilst the ACCESS-UKCA model is under licence and hence
not available publicly, it is hoped that the model description provided here pro-
vides enough information for other users. WRF-Chem is freely available and for
that reason the chemistry and physics namelists have been provided in Appendix
B for reproducibility. Both models have inherent biases and limitations which I
have highlighted throughout this Chapter and will be examined more closely in the
respective evaluation chapters (Chapters 4 and 7). In addition, this Chapter has de-
scribed the processes undertaken to evaluate the sensitivities of ACCESS-UKCA and
WREF-Chem to DMS, and to estimate coral reef -derived DMS and its subsequent
atmospheric influence. The influence of these DMS perturbations are examined in

Chapters 5, 6 and 8.
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ACCESS-UKCA Model

Evaluation

This Chapter evaluates the ACCESS-UKCA model against available satellite data.
Annual average and annual cycles of ACCESS-UKCA cloud, radiation and precipi-
tation fields are compared to satellite-derived observations. The satellite data used
in this Chapter are described in Section 3.1.6. In order to give context to this evalu-
ation, the ACCESS-UKCA output is also compared to that of the CMIP5 (GCMs)
and uncertainties surrounding these GCMs are highlighted. Area averages are pre-
sented to quantify biases in regions of interest (see Figure 3.5 for area locations).
Significant parts of this Chapter are based on the results of the paper: Fiddes, S.
L., Woodhouse, M. T., Nicholls, Z., Lane, T. P., & Schofield, R. (2018). Cloud, pre-
cipitation and radiation responses to large perturbations in global dimethyl sulfide.

ACP https://doi.org/10.5194 /acp-18-10177-2018.
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4.1 Cloud evaluation

The cloud fraction comparison is performed for the years 2006-2009, aligning with
the availability of CALIPSO-GOCCP data. ACCESS-UKCA simulates too little
low level cloud fraction (Figure 4.1a-c) over the majority of the globe (mean bias of
-0.16), which is consistent with findings for the CMIP5 GCMs (Cesana and Chepfer,
2012; Nam et al., 2012; Klein et al., 2013). Areas of large stratiform cloud decks
in eastern ocean basins are significantly underestimated, by a fraction larger than
0.5, consistent with other CMIP5 and CFMIP Phase 1 and 2 findings (Bony and
Dufresne, 2005; Cesana and Chepfer, 2012; Klein et al., 2013). Low level marine
clouds have an large impact on the global radiation budget (Leon et al., 2009) and
have been identified as the primary source of uncertainty in tropical cloud-climate
feedbacks (e.g., the effects of the cloud albedo) in GCMs (Bony and Dufresne, 2005).
These biases have been attributed to poor vertical distribution of clouds in the
models, difficulty capturing overlapping cloud layers, the misrepresentation of cloud
structures, deficiencies with the statistical parameterisation of clouds and problems
with the cloud microphysics (Nam et al., 2012). Low level clouds over the polar
regions and some areas of northern Asia and America are slightly overestimated.
The ACCESS-UKCA low level cloud biases over the Arctic are within the range of
biases found for the CMIP5 GCMs studied in Cesana and Chepfer (2012). It should
be noted that satellite observations are subject to biases in detecting low clouds,

particularly over the Southern Ocean.

ACCESS-UKCA reproduces the medium level cloud fraction (Figure 4.1d-f)
reasonably well, within £0.1 in most regions (global mean bias of -0.01). The largest
discrepancies are overestimated medium level cloud fraction over the Southern Ocean
and Antarctica, where the simulated medium cloud fraction is at its highest globally.

The Antarctic bias is of opposite sign to the CMIP5 models compared in Cesana and
Chepfer (2012). Bodas-Salcedo et al. (2014) note that issues within GCMs around
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ACCESS-UKCA Observations ACCESS-UKCA - Observations

Low Cloud Fraction

Middle Cloud Fraction

High Cloud Fraction
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Figure 4.1: The 2006-2009 annual mean of the ACCESS-UKCA Ctl (first column)
compared to the CALIPSO-GOCCP (Chepfer et al., 2010) climatology (second col-
umn), with the relative differences between the two shown in the third column
(model - observations). The top row shows the low level cloud fraction, the middle
row shows the middle level cloud fraction and the bottom row the high level cloud
fraction

distinguishing between clouds with tops at actual mid level and low level clouds

contribute to such biases.

The biases in high level cloud fractions (Figure 4.1g-i) show similar spatial pat-
terns to that of the low level cloud fraction, where underestimation occurs over most
of the tropics and mid-latitude. The global mean bias is 0.05 for high level clouds.
The largest negative biases, of up to 0.3, occur over the Maritime Continent. Mod-
erate overestimation of high level cloud is noted over the polar regions. These biases
are within the range of those found for the CMIP5 models studied in Cesana and
Chepfer (2012).
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Interestingly, Nam et al. (2012) noted that due to underestimated low level cloud
fraction in the tropics, the CMIP5 models over compensate by making optically thick
and too bright low clouds and produce more high clouds, impacting the radiation
budget. In this research, an underestimation of low clouds is also found in ACCESS-
UKCA, although there is no evidence of an over-compensation of high clouds. A
small underestimation of high cloud fraction is found in this simulation at tropical
to mid latitudes (Figure 4.1i). The optical properties of low clouds have not been

analysed.

The annual cycles for cloud fractions are displayed in Figure 4.2, for both the
Australian region (green) and the Southern Ocean (blue), as defined in Section 3.1
and Figure 3.5. The low and middle level cloud fractions (Figure 4.2a-b) show
little seasonality in the observed climatologies for both the Australian region and
the Southern Ocean, whilst high level cloud fraction shows strong seasonality for
the Australian region only. For the Southern Ocean, simulated cloud fractions are
within at most 0.1 of the observed, though this varies from month to month, and
the annual cycle is inverted compared to the observations. Over the Australian
region, consistent underestimation of the low level cloud fraction by over 0.1 exists
throughout the year, though the annual cycle is well captured. The high level cloud
fraction (Figure 4.2c) over the Australian region is underestimated the most (by
approximately 0.2) during the summer months, when persistent tropical convection
to the north of the country is experienced. Over the rest of the year, high level cloud

fraction is within 0.1 of observations.

4.2 Radiation evaluation

The remaining analyses for this Chapter consider means over the period of 2000-

2009. The comparison of the observed and simulated outgoing longwave radiation
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a) Low Cloud Fraction b) Middle Cloud Fraction ¢) High Cloud Fraction
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Figure 4.2: Monthly means (averaged over 2000-2009) displayed as an annual cycle
(lines) and the annual average (dots/squares on right) for the eight fields compared
above: a) low level cloud fraction, b) middle level cloud fraction, ¢) high level cloud
fraction, d) LW?roa, €) SWtroa, f) SWlswt, g) total precipitation. The solid,
darker lines represent the observed climatology; dashed, lighter lines the ACCESS-
UKCA climatology. Green colours represent the average over the Australian (Aus)
region; blues the average over the Southern Ocean (SO). Note that no observed
precipitation was plotted for the Southern Ocean in g) due to lack of coverage by
observed climatology

at the top of the atmosphere (LW1roa) is shown in Figure 4.3a-c. The observed
global mean of 239.7 W m~2 is closely matched by the simulated 241.0 W m~2. Com-
pared to the CMIP5 ensemble, which tends to underestimate LW1roa, 238.6 W m 2
from Stephens et al. (2012) and 238.9 W m~2 from Wang and Su (2013), LW1r0a
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in ACCESS-UKCA is slightly overestimated. The regions with the largest biases
(both positive and negative) occur in regions of deep convection (Figure 4.3c), and
align well spatially with the biases in high cloud fractions shown in Figure 4.1c.
Underestimation by -3 W m™2 of LW1roa occurs over the polar oceans which may
partly result from an overestimation of cloud fraction at all levels, especially the

mid-level clouds (Figure 4.1f) in this region.

ACCESS-UKCA Observations

TOA Outgoing LW

TOA Outgoing SW

Surface Incoming SW

30 60 90 120 150 180 210 240 270 300 27 -21-15 -9 -3 3 9 15 21 27
wm? W m2

Figure 4.3: As for Figure 4.1 but for annual means for 2000-2009, where the top row
shows the LWTroa and the second row: SW1Troa and the third row: SWgu¢. The
observations are from the CERES-EBAF - TOA and Surface Ed. 4.0 (Loeb et al.,
2009; Kato et al., 2013); all units are in Wm™2

Spatial biases in the outgoing shortwave radiation at the top of the atmosphere
(SWtroa) (Figure 4.3d-f) are of greater magnitude than that of the LW roa. In
most regions the sign of the SW1roa bias is opposite to that of the LW1roa. The
same processes that block LWTrpa from escaping the atmosphere also reduce in-

coming shortwave radiation at the surface (SWgsut), hence reflecting more sunlight

and enhancing the albedo at the top of the atmosphere. Globally, ACCESS-UKCA
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performs reasonably well, simulating the global mean SWtroa of 101.8 Wm™=2 com-
pared to the observed 99.6 W m~2, consistent with the multi-model mean of GCM
ensembles from previous studies (Stephens et al., 2012; Wang and Su, 2013). In
Figure 4.3f, an abrupt change in sign of SW*roa at 60°S is found, which is also
present in the CFMIP comparisons (Bodas-Salcedo et al., 2014). In the Southern
Ocean, wrongly assigned mid-level cloud types have been found to be a leading cause
of the model underestimation of SW1rpa (Bodas-Salcedo et al., 2014). In addition,
poor representation of the physical processes surrounding super-cooled liquid water
in the Southern Ocean has been found to account for 27-38% of the total reflected
solar radiation (Bodas-Salcedo et al., 2016). Over the Antarctic ice sheets, both
SW?roa and SWg. s are overestimated, due to an underestimation of low clouds,

which allows the high albedo to reflect too much SW1rpa back out to space.

Globally, ACCESS-UKCA overestimates SW/gy,s (Figure 4.3g-i), with
202.4 W m~2 compared to observations of 198.3Wm~2. This overestimation is
in agreement with that found for CMIP5 GCMs of 246 Wm™2 (Stephens et al.,

2 exist. The most

2012). Nevertheless, large regional biases of over £30 Wm™
notable features, apart from those discussed above, are too much SW]g.t over
the continents and the tropical regions, which can be attributed in part to the
underestimated cloud cover. The northern Pacific and Atlantic Oceans, the Arctic

Ocean and parts of the Southern Ocean all receive too little SW gy, consistent

with overestimated cloud cover.

For each of the radiation fields shown in Figure 4.2d-f, the seasonality is captured
with reasonably good skill. Some biases exist at times of highest or lowest radiation.
The SWgws experiences the largest biases for both regions of up to =20 Wm™2,

which are likely to have a strong impact on surface temperatures.
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4.3 Precipitation evaluation
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Figure 4.4: The mean (2000-2009) annual total precipitation of a) the ACCESS-
UKCA climatology b) the satellite climatology from TRMM (Huffman et al., 2007)
and c) the difference between ACCESS-UKCA and the TRMM product (model -

observations). Units are in mm year™!

Precipitation in ACCESS-UKCA (Figure 4.4) has large positive biases in regions
that receive the most annual rainfall and align with the Intertropical and South Pa-
cific Convergence Zones (ITCZ/SPCZ). These regions overestimate precipitation by

over 2000 mm year~*.

Poor performance of GCMs in this region are not unusual
however (Stephens et al., 2010), with the current CMIP5 GCM ensemble overesti-
mating precipitation in a similar region by more than 1000 mm year~! (Flato et al.,
2013). Stephens et al. (2010) found that models in these regions produce light rain
too frequently and suggest that convective processes are poorly simulated. Two of
Australia’s CMIP5 GCMs, ACCESS 1.0 and 1.3, both overestimate precipitation
in this region by similar amounts to that of the ACCESS-UKCA model (Bi et al.,
2013). If biases of precipitation are considered as a percentage (not shown), the

largest differences occur in the eastern basins of the South Pacific (493% over the

SEP region) and South Atlantic Oceans (275% from 0-25°S, 330-10°E).

Finally, large biases in precipitation (Figure 4.2g) are found in ACCESS-UKCA
for the Australian region, though these are consistent with those noted for other

CMIP5 models as discussed above. Insufficient rainfall observations exist over the
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Southern Ocean region to provide a satisfactory analysis. Over Australia, too much
rainfall is simulated, especially for the summer months, coinciding with the northern
region’s wet season. Late winter rainfall shows the least biases. It must be noted
however, that the TRMM observational data set underestimates Australian rain-
fall, with station based 2000-2009 average annual total reported as 487 mm year™!
(Bureau of Meteorology, 2017), compared to that of 282 mm year—! for TRMM and
935mm year~! for ACCESS-UKCA. However, even compared to the station-based
rainfall observations, ACCESS-UKCA overestimates precipitation by almost a factor

of two.

4.4 Discussion

The ACCESS-UKCA chemistry-climate model, which includes a detailed micro-
physical aerosol module, has been evaluated against satellite observations of cloud
fraction, radiation and precipitation. The ACCESS-UKCA model has been found

to perform with comparable skill to current CMIP5 GCMs.

Of particular interest, this evaluation of ACCESS-UKCA shows a large under-
estimation of high, medium and low clouds over tropical regions. These biases have
large impacts on the radiation budget for the region, with SW g+ significantly over-
estimated especially around the Maritime Continent regions, and for precipitation,
which is also heavily overestimated. In the Australian region, the high and low
cloud annual cycles are not well captured, leading to the larges biases occurring in
the austral summer for both radiation and precipitation. In addition, an underesti-
mation of large stratiform cloud decks located in the eastern mid-latitude basins of
the Earth’s oceans is found. These are regions of extensive low cloud that produce
little rainfall (which is overestimated by the model) and are often regions of high

primary productivity.
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Many of these biases have not been attributed to a single cause (multiple the-
ories have been proposed, as discussed in Section 2.1.3 and within this Chapter),
indicating a gap in understanding of atmospheric processes in these regions (Nam

et al., 2012).

Numerous DMS-climate studies do not consider the performance of the model
alongside their studies, potentially limiting their understanding and application.
The evaluation performed here provides crucial context to inform the results dis-
cussed in the next two Chapters, Chapter 5 where the large-scale sensitivity of
ACCESS-UKCA to DMS is considered, and Chapter 6 that examines the influence
of coral reef-derived DMS.
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Sensitivity of the current climate

to large perturbations in global

marine DMS

Natural aerosol emission represents one of the largest uncertainties in understanding
of the radiation budget (Carslaw et al., 2013). Sulfur emitted via DMS by marine
organisms constitutes at least one-fifth of the global sulfur emissions (Flato et al.,
2013) and yet the distribution, fluxes and fate of DMS remain poorly constrained.
Numerous global modelling studies have evaluated the importance of DMS in large-
scale climate, however, few have placed these results into the context of current or
future climate uncertainties. In addition, many of the studies discussed in Section
2.2.7 focus on one or two aspects of the DMS-climate system, commonly reporting
on the fluxp),;q and its radiative and temperature effects. In this study the whole sys-
tem is evaluated, examining chemical, aerosol and meteorological changes, including

cloud and precipitation effects.

In this Chapter, ACCESS-UKCA is used to test the large-scale sensitivity of the

present day climate to prescribed large-scale changes in DMS_ . Here, sensitivities

103
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within the specific context of the DMS climate system are discussed in addition to
the broader context of uncertainties in global DMS and climate modelling. The
majority of this Chapter is based on the results of the paper: Fiddes, S. L., Wood-
house, M. T., Nicholls, Z., Lane, T. P., & Schofield, R. (2018). Cloud, precipitation
and radiation responses to large perturbations in global dimethyl sulfide. ACP
https://doi.org/10.5194 /acp-18-10177-2018.

Three simulations are performed to explore the chemical, aerosol and meteoro-
logical implications of large DMS_, perturbations. In Section 5.1, the L11 simulation
is compared to the Z simulation, in which all DMS, is removed from the system to
determine its current contribution to the climate. In Section 5.2, the L.11 simulation
is compared to L11MX, where DMS,, is increased to the zonal maximum. The re-
sults of this section are compared to that of the work by Grandey and Wang (2015).

A description of how the DMS,, fields were created can be found in Section 3.1.4.

5.1 Removal of global marine DMS

5.1.1 Chemistry response

The 2000-2009 annual mean ocean fluxp, g from ACCESS-UKCA is 17.41 Tg year™!
of sulfur, resulting in an atmospheric DMS, annual mean surface concentration of
81.9 ppt. Taking all marine DMS_, out of the model (but retaining the terrestrial
source of 0.72 Tg year~! of sulfur) results in a 94% reduction in DMS, at the surface;

throughout the troposphere, it results in a 98% reduction of DMS, .

The impact of this reduced fluxp,;y on atmospheric sulfur can be seen in Fig-
ure 5.1a-b, d-e. Globally, there is a net decrease of 15% of SO, at the surface. The
largest absolute differences are in the tropics and mid-latitudes over the oceans.

Large relative decreases in SO, occur in the SO and SEP, 84% and 94% respectively.
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Figure 5.2a shows the vertical profile of SO, for the Australian region (red), the SO
(blue) and the SEP (green). The large peak in concentration at approximately 500 m
occurring in the Australian profile is attributable to industrial and energy-related
emissions of SO,, which is due to lofting by chimneys and smokestacks. The SO, in
7 is consistently lower than that of the L11 throughout the troposphere, though for

the regional means, the difference begins to decrease closer to the tropopause.
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Figure 5.1: Mean (2000-2009) values for the L11 simulation (first column), the
difference between Z (zero DMS, ) and the L11 (second column) and the difference
between L11MX (zonally enhanced DMS) and the L11 (third column). The first
row shows the volume mixing ratio of SO, in ppb; the second row the volume mixing
ratio of H,SO, in ppt

Surface H,SO, (Figure 5.1d-e) decreases significantly in predominantly clean
marine areas; the SO has a 79% decrease and the SEP an 84% decrease, compared
to a 49% global mean decrease. Interestingly, heavily polluted regions, especially
busy shipping lanes, undergo an increase in H,50,. H,SO, is an aerosol precursor
gas, which can participate in the formation of secondary sulfate aerosol, or it can
condense onto pre-existing particles. The increased H,SO, concentration in heavily
polluted regions results from a decreased condensational sink (not shown). Similar

non-linearities have been described in Thomas et al. (2011).
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The vertical profiles of H,SO, in Figure 5.2b, show that the largest differences
between the Z and the L11 occur in the free troposphere (between 1-10km) for
all regions. In all three regions (each considered a relatively clean atmospheric

environment), net decreases of H,SO, occur.
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Figure 5.2: The vertical profiles of a) SO,; b) H,SO,; ¢) nucleation mode number
density; d) Aitken mode number density; e) accumulation mode number density; f)
coarse mode number density; g) N nuclei number; h) CCN; and i) CDN. The solid
lines represent the LL11; dashed lines shows Z; and dotted lines show L11MX. Blue
lines show the SO mean, red the Australian region mean and green the SEP. All
units are cm ™3, apart from a): ppb and b); ppt x 1073



Section 5.1 107

5.1.2 Aerosol response

The majority of gaseous H,SO, is taken up by aerosol formation (99.99%) as opposed
to being removed by dry deposition (0.01%) (Mann et al., 2010). The peak in nucle-
ation mode number density in the free troposphere in Figure 5.2¢ coincides with the
peak concentration of H,SO,. Surface global nucleation mode number concentration
decreases by 9% between Z and the L11 (see Figure 5.2c). While in absolute terms,
clean terrestrial regions have the largest decreases, the Australian region only has
a relative decrease of 18% in nucleation mode particles. Over the oceans, although

few nucleation mode particles exist, there are large relative differences of both signs.

In absolute terms, the differences in the aerosol number concentration are great-
est in the smaller aerosol modes, particularly the nucleation mode described above.
Figure 5.2d-f show the number concentrations for the Aitken mode, accumulation
mode, and coarse mode (global maps not shown). The Aitken mode (Figure 5.2d)
shows some differences between the two simulations, with profiles reflecting reduced
new particle formation in the free troposphere and reduced condensation-growth of
H,S0, onto pre-existing particles in the boundary layer. The largest differences are
seen over the Australian region. Similar boundary layer differences are also present
in the accumulation mode, with the differences between the Z and L11 consistent
below 1km (Figure 5.2e). Little difference is seen in the coarse mode throughout

the troposphere (Figure 5.2f), which in marine regions is dominated by sea salt.

As aerosol grow towards the larger end of the Aitken mode, they become relevant
to cloud processes. Figure 5.3a shows the L11 condensation number concentration
particles with a dry diameter greater than 3nm (Nj). The difference in surface N,
concentration between the L11 and Z shows the largest relative decreases occur in
clean, coastal regions, predominantly in the Southern Hemisphere, as well as some
regions of the SO. In heavily polluted terrestrial regions a small increase in the N,

number concentration occurs. A decrease of 8% is found globally. For the Australian
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region (representative of a clean, terrestrial region), a decrease in N4 of 17% is found.
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Figure 5.3: As for Figure 5.1, but where the first row shows the number concentration
of Nj; the second the number of CCN; and the third the CDN concentration. All

unitsare in cm ™3

Over the SO a relative decrease in N of 39% occurs at the surface. The SO and
the SEP have far fewer aerosol in all modes except the coarse mode (see Figure 5.2¢c-
f), where sea salt dominates. This decrease in number concentration in small aerosol
modes represents a large portion of the aerosol loading in the region. The decrease
in nucleation mode particles is reflected in the N, for the SEP region, via a more

moderate decrease of 20%.

Figure 5.3d-e show the number concentration of CCN with dry diameters greater
than 70nm (CCN,) for the L11 and the differences resulting from Z. The largest
absolute differences are in the tropics, which, similarly to the Nj, has the highest
concentration. Relatively, when all DMS_, is removed, there is a global decrease of

5% in CCNy,, while decreases of 7% were found over the Australian region, decreases



Section 5.1 109

of 8% over the SO and decreases of 20% over the SEP. Differences in CDN are shown
in Figure 5.3g-h. The relative differences in CDN show a similar spatial pattern to
that of the CCN,,. Global mean CDN decreases by 5%. A decrease of 5% is also
found for the Australian region, whereas the SO shows an 8% decrease, and the
SEP shows an 18% decrease. In both the CCN;, and CDN, the marine Southern
Hemisphere mid-latitudes have the largest decreases of 14% (averaged between 5-

35°S) despite the SO having some of the larger decreases in SO, and H,SO,.

The larger differences in concentration of both CCN,, and CDN in the oceanic
Southern Hemisphere tropics and mid latitudes, compared to the SO, warrant further
investigation of how sulfate aerosol are interacting with their background environ-
ments, for example cloud processes and pre-existing aerosol. Additionally, in areas of
persistent low cloud formation, in-cloud aqueous sulfate oxidation is the dominant
reaction (over gaseous nucleation), which allows almost instantaneous growth of
existing aerosol, and is temperature dependent. It is speculated that poor represen-
tation of low clouds in the SO may have further impacts on atmospheric composition
modelling than currently appreciated. A cloud resolving modelling study may be

better suited to gain understanding of the complexity of the system described here.

Following the method of Woodhouse et al. (2010, 2013), global and hemispheric
sensitivities of CCNy, to fluxpyg have been calculated (Table 5.1). The results pre-
sented here suggest a lower CCN.,, sensitivity to fluxp,,;q compared to the Woodhouse
et al. (2013) study where absolute sensitivities of 94 and 63cm™/mgm~2 day ! of
sulfur were found globally for June and December respectively. Similar CCN, sen-
sitivities are reported in the Woodhouse et al. (2010) study (63 cm™/mgm—2 day !
global average). The lower sensitivities in this study are likely the result of the
large (near 100%) changes in fluxpyg (the denominator), and further show that the

DMS-climate system is non-linear. Relative CCN sensitivities calculated here com-

pare well with the Woodhouse et al. (2010) and Woodhouse et al. (2013) studies.
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For example Woodhouse et al. (2010) finds mean hemispheric relative CCN, sensi-
tivities of 0.02 for the Northern Hemisphere and 0.07 for the Southern Hemisphere.
These results highlight the greater relative importance of DMS in the Southern

Hemisphere.

Table 5.1: Global and hemispheric means of the CCN sensitivity to the
fluxpyg (as defined by Woodhouse et al. (2010, 2013)) in both absolute
(cm™3/mgm? day~!) and relative terms, for Z and L11MX

Region Z Absolute L11MX Absolute 7 Relative L11MX Relative

Global 16.9 12.4 0.048 0.036
SH 15.8 11.2 0.090 0.063
NH 18.6 14.5 0.029 0.023

5.1.3 Cloud, radiation and precipitation response

Meteorological responses to the DMS perturbations must be considered carefully.
As detailed in the methods section, the ACCESS-UKCA simulations are nudged to
ERA-Interim potential temperature and horizontal winds, preserving synoptic scale
meteorology and limiting any feedbacks. While performing a non-nudged simulation
would allow the meteorology to respond to changes in the chemistry and aerosol more
freely, it would make comparison of the aerosol and meteorological responses more
difficult. Within ACCESS-UKCA, GLOMAP-mode is directly coupled to the large-
scale cloud and precipitation schemes via the CDN (Abraham et al., 2012), as well
as the radiation scheme via aerosol and some gases (see Section 3.1.3). Convective
rainfall and cloud formation are not directly coupled to the aerosol scheme, but can
be indirectly influenced via changes in radiation (which can act on temperature,

moisture, etc).

Differences in low cloud fraction occur predominantly in areas with large strati-

form cloud decks (Figure 5.4a). The largest differences occur in eastern basins of the



Section 5.1 111

Low cloud fraction

Surface incoming SW

Figure 5.4: Comparisons in of the low cloud fraction (as a percentage) (a-b) and
SWiswt (Wm™2) c-d) over the 2000-2009 period for Z (first column) and L11MX
(second column) minus the L11. The absolute values for the L11 of these fields can
be seen in Figure 4.1 and 4.3

Southern Hemisphere’s oceans. The SEP region shows an annual mean decrease in
low cloud fraction of 9%. In the Northern Hemisphere (including the north eastern
Pacific where significant stratiform cloud decks are found) and the SO (where per-
sistent low cloud formation occurs) only small differences are evident, which may in
part be due to the modest differences in CCN,, and CDN concentrations discussed
in Section 5.1.2. Stratiform cloud deck low cloud fractions are consistently under-
estimated by ACCESS-UKCA and other GCMs (see Chapter 4) in comparison to
other areas of significant low cloud formation such as the SO. The mechanism behind
the different responses (between the SO and cloud deck regions), and whether the
long standing model biases, especially those around the formation of supercooled
liquid water, have contributed to the differing responses should be the subject of

future investigations.
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The decrease in low cloud fraction and aerosol number concentration discussed
above lead to an increase in SWlgys (Figure 5.4c). This increase in SWlgyy is
highest in the regions of stratiform cloud deck formation. In the SEP region there

is a mean increase of 7W m™2.
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Figure 5.5: Comparisons of the (a-c) Q. at 1700m height, (d-f) large-scale rainfall,
(g-1) convective rainfall over the 2000-2009 period. The L11 absolute values are
shown in the first column, and respectively 7Z and L11MX minus the L11 in the
second and third columns. Units are in kgkg™! and mm year—!

Decreases of cloud liquid water (Q,) at 1700 m height shown in Figure 5.5a-b
are found in the stratiform cloud deck regions. Globally, small differences in Q)
are found to occur at the surface. The decrease in Q, is coincident with increases
in large-scale precipitation in the stratiform cloud decks, regions with very little
precipitation (Figure 5.5d-e). In the SEP region large-scale rainfall increases by

17mm year~! (15%) over the L11 mean of 111 mm year~'.
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In the Southern Hemisphere stratiform cloud decks, and in particular the SEP
region, the model demonstrates a distinct cloud lifetime effect in response to remov-
ing DMS in Z. Decreased CDN concentration and the associated increase in cloud
droplet size and increased liquid water lead to increased autoconversion and large

scale rainfall. The overall impact is to reduce low cloud fraction.

Figure 5.5g-h shows the differences in convective rainfall. While the convective
rainfall scheme is not coupled directly to GLOMAP-mode, there are differences be-
tween the simulations. Convective rainfall decreases in Z compared to the L.11 along
the ITCZ (a mean difference of 11 mm year™! between 20°S-20°N). This difference
represents a small fraction (less than 1%) of the total convective rainfall. Relatively,
(not shown) the largest differences (a 5% decrease in the SEP) are found once again

in eastern ocean basins of Southern Hemisphere stratiform cloud decks.

Seifert and Beheng (2006) note that even when convection schemes are coupled
to an aerosol scheme, the effects of CCN,, on convection, and the resultant pre-
cipitation and associated maximum updrafts, differs significantly depending on the
cell type and size, making these effects difficult to quantify. Large differences in
convective rainfall would not be expected in these results, due to the meteorological

nudging used in the experiments.

5.2 Increasing DMS to the zonal maximum

This section considers the global response to zonally enhanced DMS_, resulting in

a fluxpyg of 37.05 Tgyear™ of sulfur (relative to 17.41 Tgyear™! of sulfur in the
L11 simulation). For comparison, the Grandey and Wang (2015) study considered

U of sulfur (up from 18.2

the impact of zonally enhanced fluxp,,q of 46.1 Tgyear™
Tgyear—! of sulfur), under global warming scenarios. Many of the differences re-

sulting from zonally enhancing DMS_ show similar spatial patterns, with similar
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magnitude but reversed sign compared to the Z simulation.

Globally, the differences in SO, (Figure 5.1¢) are of comparable magnitude to Z.
Increased SO, concentrations occur over the Australian region, the SO and the SEP:
increases of 42%, 172%, 89% respectively. There is a net decrease in H,SO, of 14%
in Australia, and a larger decrease over the tropical oceans. Over the SO there is an
increase of 9%, while in the SEP a decrease of 37% occurs. Similar non-linearities
are discussed in terms of doubled DMS_ in Thomas et al. (2011). These differences

in SO, and H,S0, are also clear in the vertical profiles shown in Figure 5.2a-b.

Differences in the aerosol modes (see Figure 5.2¢-f) are of similar magnitude but
opposite sign to those noted in Section 5.1.2. Global mean N;, CCN7zy and CDN
increases by 6%, 4% and 5% respectively (Figure 5.3c,f,i). Larger differences are
seen over the SO of 27%, 15% and 13% and the SEP of 14%, 19% and 17% for N,
CCN7g and CDN respectively.

Globally, there is little difference in low cloud fraction or Q, though increases

ey
are noted in regions of large stratiform cloud decks (Figure 5.4d), which show similar
spatial patterns to that of Z. SWg.¢ has a global mean decrease of -1.75 W m~2.
This decrease is comparable to the Grandey and Wang (2015) finding of -2.2 W m—2
(noting the larger DMS, perturbation by Grandey and Wang, 2015). Lastly, de-
creases in large-scale precipitation are found, again in regions of stratiform cloud
decks (Figure 5.5f), while general increases in convective precipitation over the tropi-
cal oceans occur (Figure 5.51). The Grandey and Wang (2015) study, which analysed
a warming climate, also found large relative decreases in precipitation rate predom-
inantly in eastern ocean basins. Under the current climate, the largest relative
increase in total precipitation are found in the southeast basins of the Pacific and
Atlantic ocean (not shown), however the results presented here are much noisier

than the Grandey and Wang (2015) results. Grandey and Wang (2015) find that

artificial enhancement of DMS may offset some global warming, which is supported
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by this study as implied by the decreases in SW s, however the precipitation

responses warrant further study.

5.3 Determining the temperature response to

changes in radiative forcing

Table 5.2: Summary of the global mean (2000-2009) radiation fields: absolute L11
values for the TOA shortwave (SW) and longwave (LW) outgoing and Q*; and the
differences in these quantities resulting from Z and L11MX (from L11) as well as the
FAIR temperature response. The ranges shown for Z-L.11 and L11MX-L11 indicate
the 10th and 90th percentile confidence intervals

Simulation TOASW1T  TOALWYT  Q* (Wm™2)  FAIR

(Wm™?) (Wm~2) response (K)

Ctl absolute 101.79 241.04 -1.35 NA

values

Z - L11 -1.82 (-2.62 to  0.13 (0.04 to 1.69 (1.13 to 0.45 (0.30 to
11.23) 0.20) 2.43) 0.64)

L1IMX - L11  1.57 (1.08 to -0.12 (-0.20 to  -1.45 (-2.33 to  -0.38 (-0.61 to
2.48) 20.04) 20.98) -0.26)

The global 2000-2009 mean of Q*, and its main components are provided in Ta-
ble 5.2, along with the relevant confidence intervals derived from the bootstrapping
technique (see Section 3.3). Due to the nudging used in the simulations, it is not
expected that the TOA Q* will be balanced (i.e. Q* = 0). The differences in Q*
seen in Z and L11MX, 1.69 Wm™2 (1.13 to 2.43, 10th and 90th confidence intervals)
and -1.48 Wm™2 (-2.33 to -0.98, 10th and 90th confidence intervals) respectively,
show a substantial radiative effect of DMS on the energy budget. The Q* response
found for Z is consistent with the Mahajan et al. (2015) findings of 1.79 Wm™2.
Using the FAIR model’s climate component (see Section 3.1.7), the 2000-2009 mean
temperature response is calculated to be 0.45K (0.30 to 0.64, 10th and 90th per-

centile range) for Z and -0.38 K (-0.26 to -0.61, 10th and 90th percentile range) for
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L11MX.

Other studies generally consider DMS changes under global warming. To make
comparisons, the sensitivity of the estimated global temperature response to changes
in the fluxpyg (see Table 5.3) is used. In this study, a response of 0.027K per
Tgyear—! of sulfur in Z, and 0.019K per Tgyear~! of sulfur in L11MX is found.
These results are of similar magnitude to the Grandey and Wang (2015) study
(0.029K per Tgyear~! of sulfur) and in the range of the lowest impact scenario of
Six et al. (2013) (0.03 - 0.060 K per Tgyear—! of sulfur). The other scenarios in the
Six et al. (2013) study (0.046 - 0.11 K per Tgyear~! of sulfur) suggest much higher
temperature sensitivities to changes in fluxp,q, as does the Schwinger et al. (2017)
study (0.041 K per Tgyear~' of sulfur).

Table 5.3: The estimated temperature response to perturbations in the

fluxpyg (K per Tgyear—! of sulfur) for the current study’s experiments (Z

and L11MX) and those found in the literature. The ranges shown for Z and
L11MX indicate the 10th and 90th percentile confidence intervals

Experiment K per Tgyear—! of sulfur
Z 0.027 (0.018 to 0.038)
L11MX 0.019 (0.013 to 0.031)
Schwinger et al. (2017) 0.041

Six et al. (2013) - low pH impact scenario 0.03 - 0.060

Six et al. (2013) - medium pH impact scenario 0.046 - 0.096
Six et al. (2013) - high pH impact scenario 0.051 - 0.11
Grandey and Wang (2015) 0.029

5.4 Discussion

Globally, removing or enhancing DMS , from the climate system leads to significant
responses in chemistry and aerosol concentrations. While changes in meteorological

parameters (low level cloud fraction, large-scale precipitation, moisture, radiation)
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are largest in the Southern Hemisphere stratiform cloud decks, global mean differ-
ences were small. DMS in these stratiform regions is found to play an important
role in cloud processes and precipitation suppression (as discussed in Thomas et al.
(2011) or with regards to anthropogenic pollution in Ackerman et al. (2004)). Fur-
thermore, it has been demonstrated that marine DMS is responsible for increasing
low level cloud fraction in stratiform cloud deck regions, a demonstration of the
second aerosol indirect (or lifetime) effect (Albrecht, 1989). These results indicate
that a greater understanding of natural aerosol and their interaction with cloud pro-
cesses (both via observations and modelling studies) in these regions may improve
model representation, as these regions were found to have considerable model bias

in comparison to observations in the Chapter 3.1.6.

In other regions of significant low cloud formation (SO, Northern Hemisphere
cloud decks), anthropogenic aerosol and modelling deficiencies may be preventing
responses due to changes in DMS-derived aerosol. In the SO, representation of
cloud characteristics in global climate models is poor (see Chapter 3.1.6), especially
with respect to supercooled liquid water (Bodas-Salcedo et al., 2016). It is likely
that these deficiencies are misrepresenting the DMS-climate interactions in the SO.
Improvement in the representation of these characteristics, such as cloud height and

phase, may yield a greater understanding of how DMS interacts with climate.

In addition, the Northern Hemisphere was found to be less sensitive to changes
in marine DMS. The Northern Hemisphere is considered a less ‘clean’ environment
than the Southern Hemisphere. The reduction in sensitivity in polluted conditions
is supported by Carslaw et al. (2013), who found a much higher response of CCN
to fluxp)g perturbations under pre-industrial conditions compared to today’s condi-
tions. This finding may have important implications for how much coral reef-derived
DMS can influence the environment, given many of the world’s coral reefs are located

near polluted regions (eg. southeast Asia, India and Central America).
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By nudging these simulations, the model response to the DMS perturbations is
limited to fast aerosol and cloud changes. Similarly, the temperature estimate pro-
vided by the FAIR model can only take into account direct changes in temperature
due to the radiation forcing provided and cannot account for subsequent feedbacks
in the system. It is suggested that free running ensemble experiments be performed
to gain insight into the aerosol-cloud-climate processes and the subsequent feedbacks
occurring in regions of significant DMS influence. Such experiments should focus on
improving microphysical aspects of aerosol-cloud interaction in these regions (and
how it differs among regions), improving the representation of aerosol, in particular
natural aerosol and on understanding the interconnected nature of the DMS-climate

system.

Previous studies examining the role of DMS in the climate system have not
identified stratiform cloud decks as regions of particular importance. Instead, these
studies focused on cloud feedbacks in the SO (Thomas et al., 2010; Mahajan et al.,
2015). Mahajan et al. (2015) estimated the global TOA radiative effect of DMS to
be 1.79W m™2, which is consistent with the results of this thesis (1.69 W m™2), but
slightly lower than the estimation of 2.03 W m~2 estimated by Thomas et al. (2010),

who used the previous Kettle and Andreae (2000) DMS,, climatology.

In this study, the estimated temperature responses per unit change in DMS-
derived sulfur flux (0.027 or 0.019 K per Tgyear~! of sulfur) are lower than those
reported in the Six et al. (2013) (0.046-0.096 K per Tgyear—! of sulfur, medium
impact scenario) and Schwinger et al. (2017) (0.041 K per Tgyear~! of sulfur) stud-
ies. The temperature response sensitivities calculated here are comparable to those
given in Grandey and Wang (2015) (0.029 K per Tgyear~! of sulfur). Without fur-
ther information, it is difficult to speculate on the cause of the discrepancy between
the results presented here and those in Six et al. (2013) and Schwinger et al. (2017).

One such cause could be the relative simplicity of the FAIR model in comparison
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to fully coupled climate models and hence cannot represent all feedbacks. How-
ever, we note that the FAIR morel is a GCM emulator and so the results should be
superficially comparable (as it is for Grandey and Wang, 2015). Nevertheless, the
discrepancy between these results suggests the need for better observational con-
straints to constrain fully coupled climate simulations and highlights the complexity

of the DMS-aerosol-cloud system.

Natural aerosol account for a significant source of uncertainty in climate mod-
elling and radiation budgets (Carslaw et al., 2013). This study uses the Lana et al.
(2011) DMS,, climatology with the Liss and Merlivat (1986) flux parameterization.
Though this dataset and method are commonplace for DMS-climate studies, both
are limited by sparse observations and uncertainties (Tesdal et al., 2016b). Obser-
vational deficiencies become particularly relevant when considering the stratiform
cloud deck regions. In the Lana et al. (2011) dataset, the SEP region contains only
two ship campaigns collecting measurements in January and February. The cloud
deck in the Southern Hemisphere eastern basin of the Indian Ocean has no DMS,,
observations. The higher susceptibility of cloud and precipitation to changes in
DMS in these regions suggest that they should be a priority for future atmospheric

composition field campaigns.

To place the conclusions of this study into a broader perspective, the DMS-
climate system must be considered within the context of anthropogenic climate
change despite the uncertainties discussed above and in Section 2.2.7. A better
understanding of current global DMS is essential before future scenarios can be
considered with certainty. Nevertheless, Hopkins et al. (2011), Six et al. (2013) and
Schwinger et al. (2017) have suggested that global production of DMS by marine
phytoplankton is vulnerable to ocean acidification, amongst other oceanic changes
expected with global warming, for example impacts on nutrient availability, salinity,

mixed layer depths, and light penetration (Kloster et al., 2007). While both the Six
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et al. (2013) and Schwinger et al. (2017) temperature responses are much larger than
those found here, the results presented here imply a 25% decrease in fluxp,;s would
result in an increase of 0.12K (0.07 to 0.16, 10th and 90th confidence intervals)

globally.

Considering the current Paris Agreement target of limiting global warming to
1.5-2.0 K, the sensitivity of ocean-derived sulfate aerosol to warming temperatures
and ocean acidification becomes important. Strategies to mitigate anthropogenic
climate change must consider not only the effect of increased CO, on temperatures,
but also on ocean pH. Mitigating only temperature increases, (e.g. via solar radiation
management) may have short term cooling effects, however, without removing CO,
from the atmosphere, ocean acidification will continue to impact marine life, and as
demonstrated here, the climate. Coral reefs are expected to be one of the first major
ecosystems to collapse if anthropogenic climate change is unmitigated. How corals
contribute to the global sulfur and hence energy budget is currently unquantified.

This question is addressed in the forthcoming Chapter.



Chapter 6

The atmospheric influence of coral

reef-derived DMS globally

At the global scale, Chapter 5 found that DMS from phytoplankton contributed
an important cooling effect to the climate (and regional cloud and precipitation
changes), without which, the effects of anthropogenic climate change could be ex-
acerbated. Building upon that knowledge, this Chapter asks the question: what
climatic effects might be expected if coral reefs no longer contributed to the DMS
derived sulfur burden? This question has particular relevance as the extinction of
all coral reefs, whilst alarming, is a scenario that is quickly becoming reality (see

Chapter 2.3.1).

In this Chapter, a large estimate of coral reef-derived DMS,, (L11C50) has been
included in global model simulations for the first time. This allows the possible
influence of coral reefs on climate to be explored through comparison with a world
without a DMS_ source from coral reefs (L11). All results are presented as the L11
world minus the L11C50 world in order to demonstrate the impact of the loss of
coral reef-derived DMS. Differences in the free running ensemble and nudged sim-

ulations are presented side-by-side to demonstrate where meteorological responses

121
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are having an impact (see Section 3.1.1 for setup details). In the free running simu-
lations, stippling indicates where at least five of the seven ensemble members agree
on the change in sign, and for area averages, the student t-test is used to determine

significance, p (see Chapter 3.3).

The inclusion of coral reef-derived DMS, is found to increase the total global
fluxpyg by only 1.7% and subsequently has no influence on the global energy balance.
Using the temperature-flux sensitivity found in Chapter 5.3, it is estimated that this
would translate to a 0.006-0.009 K cooling. These temperature estimates are unlikely
to have any impact on global climate. At regional scales, however, the findings are
much more nuanced. For this reason, the MC-Aus region is the main region of
focus in this Chapter. The areas are defined in Chapter 3.1.5 and summarised in
Figure 3.5b, as are the four specific locations used to show aerosol size distributions.
Area averages are presented as violin plots to show the range and ensemble spread

of these results.

In Section 6.1 the influence of coral reef-derived DMS, on atmospheric compo-
sition and the subsequent direct and indirect effects on radiation in the MC-Aus
region are presented. In Section 6.2, the implications these results have for QLD,
Australia are examined and Section 6.3 summarises the Chapter and considers the

many uncertainties and caveats associated with this work.
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6.1 Impacts of coral reef-derived DMS over the

MC-Aus region

6.1.1 DMS and sulfur dioxide

This Section describes the changes in DMS, when coral reefs are removed (L11 mi-
nus L11C50), noting that the results are presented this way in order to demonstrate
what the impact of the loss of coral reefs may be on the climate system. The annual
differences in DMS, (with respect to the L11C50 simulation, shown in Figure 6.1a)
for the nudged simulations (Figure 6.1b) and the free ensemble (Figure 6.1c) are
spatially very similar to each other and to the respective change in fluxp,;q (shown
in Figure 3.4a). Good agreement across the ensemble is found with the free running
simulations over reef regions. Figure 6.1d-g shows, for both the free and nudged
simulations, a strong seasonal signal over the MC-Aus region in terms of both mean
value and the range of values. A seasonal signal is found in both the DMS, and
fluxpyg (see Table 6.1), and is in part due to the variation of the L11 DMS, cli-
matology. In DJF, the range of results from the ensemble are larger than those
of any other season and it appears that the free running meteorology is actually
dampening the response of DMS, compared to the nudged runs. This damped re-
sponse is not surprising as surface wind speeds were found to be stronger in this
region at this time in the free ensemble (see Appendix C, Figure C.1). Increased
wind speeds (and hence increased fluxp,q) causes the the decrease in fluxp,q and
DMS, expected due to coral reef removal to be less pronounced than in the nudged
runs. Such examples of wind driven DMS responses are also found in other locations
(and in other seasons), including over the SO at around 60°E and 60°W (see annual
plots in Figure 6.1c). These responses highlight the complexity of the DMS-climate
system. In addition, wind driven responses in other aerosol sources are found in

regions around the globe (eg. from sea salt and dust), but are not discussed further
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here.
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Figure 6.1: The annual DMS, concentration (ppt) for the L11C50 simulation (a) and
the L11-L11C50 difference for the nudged simulations (b) and free running ensemble
(¢). In ¢) the model agreement, where at least five of the seven ensemble pairs agree
in the sign of the difference, is shown by stippling. d-g) show violin plots of the
average seasonal difference (L11-L11C50) in DMS, over the MC-Aus region as a
percentage, where all years in the ensemble is shown by the distribution, the dashed
lines represent the 25, 50 and 75th percentiles, the grey dots show each pair of
models mean difference, red represents the ensemble average and yellow represents
the nudged average

Figure 6.2 shows changes in SO, that are spatially similar to that of DMS,.
However the reductions around smaller coral reefs, such as those in the central Pa-
cific, Indian or Caribbean oceans, are of lesser magnitude to that of the coral reefs
in the MC-Aus region. This is true for both the nudged (Figure 6.2b) and the free
simulations (Figure 6.2c) which implies that these areas of lower reef density are un-
likely to have a significant impact on regional climate. In terms of seasonality, Table
6.1 and Figure 6.2d-g indicate less SO, variability compared to DMS, throughout
the year for both the free and nudged simulations. MAM has the smallest, statis-

tically insignificant change (-0.9% and -1.3% for the free and nudged simulations
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Table 6.1: Seasonal changes over the Maritime Continent-
Australian region as a percent (except for SWlgur.cs, SWTroa,cs
and SWgu¢ which are an absolute change in Wm~2 and w in
cms™ ') for both the free running ensemble (F) and the nudged
simulations (N)

Field Run DJF MAM JJA SON
fluxpys F 5,199 -13.7% -19.29  -13.5%
(%) N -8.89  -12.2% -18.6%° -11.4%
DMS, F -6.199  -14.2% -22.3% -14.3%
(%) N -8.9%  -12.6% -20.6%°  -13.3%°
SO, F -3.2% .09 -3.8% 249
(%) N 2.7 -1.3 -2.2 -1.5
N, F 0.1 -4.6% -5.299 539
(%) N 3.3 -3.8% -5.1 -3.6%
Nuc. ND F -0.2  -52% -6.0%  -6.2%
(%) N 3.8 -4.4% -6.1 -4.6%9
Nuc. MS F 1.4 -64% -6.5%  -6.6%
(%) N 4.3 -58% -5.5 -4.3%
Ait. ND F 0.0 -1.9% -2.1%  -15
(%) N -3 -1.2 -2.3% 1.1
Ait. MS F -1.6 0.0 =319 2.0
(%) N 2.4 -1.2 -1.3 -1.2
Acc. ND F -1.4 01 -1.8 -1.3
(%) N 0.5  -0.8 -0.7 -0.7
Acc. MS F -4.390 11 -4.3% 2.0
(%) N 1.9 -15 1.1 -0.6
Coa. ND F 1.8 -1.3 0.0 -1.9
(%) N -04 0.2 0.2 -0.4
Coa. MS F -2.3% 0.7 -390 _3.4%°
(%) N 09  -1.8 -0.4 -0.7
CCN F -0.7 0.3 -1.4%0 _1.4
(%) N -0.6  -0.8 -0.9 -0.9

95 Statistical significant at the 95th percentile, p < 0.05
90 Statistical significant at the 90th percentile, p < 0.1
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Table 6.1:

Seasonal changes over the Maritime Continent-

Australian region as a percent (except for SWlgur.cs, SWTroa,cs

and SW g which are an absolute change in Wm~™

and w in

cms™ ') for both the free running ensemble (F) and the nudged

simulations (N) (continued)

Field Run DJF MAM JJA SON
AOD F -14 0.0 -1.6% -1.7
(%) N 1.1 -1.1 -0.6 -0.6
SWttoa,cs F -0.04 0.00 -0.06 97 -0.11 %
(Wm™2) N -0.05 -0.04  -0.03 -0.04
SWlswrcs F 0.12 0.00 0.11 0.03
(Wm™2) N 0.07 0.06  0.01 0.05
CDN F -0.6 0.1 -0.990 -0.9
(%) N -0.4 -0.6 -0.4 -0.6
TQy F 0.3 -0.8 0.4 0.4
(%) N -0.1 -0.2 0.3 0.2
HuS F -1.0 0.0 -0.1 1.0
(%) N 0.1 0.1 -0.1 -0.1
CldL F 0.7 -0.6 0.9 1.7
(%) N 0.1 -0.1 -0.4 0.2
CldH F -1.0 -0.6 0.5 -0.1
(%) N -0.1 0.0 -0.1 -0.1
Pr F -0.3 -0.4 0.2 0.8
(%) N -0.2 -0.2 0.4 0.2
PrL F 0.9 -0.7 -0.8 1.0
(%) N -0.2 0.6 0.6 0.1
PrC F -0.4 -0.3 0.3 0.8
(%) N -0.2 -0.3 0.4 0.2
w500hPa F -0.009 -0.004 -0.001 0.015
(cms™1) N -0.001 -0.001  0.003 -0.001
SWlsurt F 0.56 0.23  0.01 -0.14
(Wm~2) N 0.11 0.25  0.01 0.09

95 Statistical significant at the 95th percentile, p < 0.05
90 Statistical significant at the 90th percentile, p < 0.1
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respectively), while DJF and JJA show larger changes over the MC-Aus region of
-3.2 and -3.8% (p < 0.05) in the free ensemble and -2.7 and -2.2% (p > 0.1) for the
nudged runs. The violin plots indicate there is a similar degree of variability for each
of these seasons (compared to DMS,) and the influence of free running meteorology

is again noted where changes in SO, are found outside of coral reef regions.
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Figure 6.2: As for Figure 6.1 but for SO, in parts per billion (ppb) (a) and percent
(b-g)

Interestingly, in the nudged (b) and, to a lesser degree, the free (c) simulations
in Figure 6.2, a small increase in SO, is found to the west of PNG. This anomaly
is larger in both MAM and SON than in JJA and is almost non-existent in DJF
(not shown). The localised increase is found to have an impact on the larger (ac-
cumulation size) aerosol number concentrations and the sulfate mass, subsequently
increasing the AOD. A similar anomaly is noted in the results presented in Chapter
5.1.2 (see Figure 5.1) and in Woodhouse et al. (2019), a study on secondary or-
ganics using the same version of ACCESS-UKCA. These similarities indicate that
this anomaly is not specific to coral reef DMS, but is instead a sensitivity within

the model in this region to changes in secondary aerosol. This anomaly has some
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impact on the results in this area and will be kept in mind for the remainder of this

Chapter.

6.1.2 Aerosol

Nucleation and Aitken mode aerosol

The removal of coral reef-derived DMS leads to a significant (p < 0.05) decline
in nucleation mode aerosol number of -5.1, -6.0 and -6.2% for MAM, JJA and
SON respectively in the free ensemble over the MC-Aus region (see Table 6.1). In
the nudged simulations, SON decreases by -4.6% (p < 0.05) and MAM by -4.4%
(p < 0.1). Although not statistically significant, JJA continues to show the largest
changes (-6.1%), and DJF the smallest (-3.8%), in the nudged runs. The changes
in nucleation mode number density are strongly reflected in the N4 concentrations,
which are shown annually in Figure 6.3. The violin plots in Figure 6.3d-g show a
large range in the response in DJF, while a much smaller range in SON, with many

of the individual free running pairs agreeing on the magnitude of the change.

These small aerosol (nucleation mode sized) show a greater response to changes
in DMS than the larger aerosol sizes (see Table 6.1) in both the free and nudged
simulations, aligning with the results of Chapter 5. This result is likely due to a
range of complex interactions. In particular, it indicates that fewer homogeneous
nucleation events are occurring in the free troposphere as a result of removing coral-
derived DMS. Hence, fewer particles are being entrained back into the boundary
layer. This process is confirmed by the vertical profile of N, showing a decrease in

the upper levels of the atmosphere (not shown).

The size distributions shown in Figure 6.4 at four select regions also support
this, indicating that most of the decreases are occurring in the nucleation mode and

the Aitken mode. The range of locations shown by the size distribution, including



Section 6.1 129

a) L11C50 (free) d)DJF e) MAM NIJA g) SON

N b0 o

10 10° 5 10° Ensemble « Ensemblemean - Nudged mean
cm”™
b) L11 - L11C50 (nudged) C)L11-L11C50 (free)

P [l P T P 2~ ¥ 4 = P T i) \e-r:-mv?
¢ Chl e T 17

AR TR

s Lf\‘uj ) &

q T T T T T T T T T T T T D>
-18 =12 -6 0 6 12 18
Percentage

Figure 6.3: As for Figure 6.1 but for condensation number in cm™ (a) and percent
(b-g)

directly over coral reefs (GBR and PNG) and removed from coral reefs (East Pacific
and QLD) demonstrate that the effect of coral reef-derived DMS loss is not restricted
to directly over coral reef regions. This is shown notably at the QLD location for JJA
in both the nucleation and Aitken modes and SON for the Aitken mode. Over the
MC-Aus region, decreases in the soluble Aitken aerosol number occur in MAM and
JJA of -1.9 and -2.1% respectively (p < 0.05). The changes in both the nucleation
and Aitken mode number concentrations are accompanied by similar changes in

aerosol mass at this size (see Table 6.1).

Accumulation and coarse mode aerosol

At the larger sizes (soluble accumulation and coarse modes) little change in aerosol
number is found on average over the MC-Aus region. However, significant (p < 0.05)
decreases in aerosol mass are found in the coarse mode during DJF, JJA and SON,

and in the accumulation mode in DJF (p < 0.1) and JJA (p < 0.05) for the free



130 Chapter 6

running ensemble (see Table 6.1). Declines of smaller magnitude (p > 0.1) are found
for the nudged runs. For the free ensemble, the larger change in mass instead of
number suggests a reduction in aerosol growth at these sizes as the larger aerosol
sizes rely on condensational growth and cloud processing to interact with DMS-
derived sulfate. One exception to the observed change in mass instead of number
is the region west of PNG, which varies by season (not shown). In this region, a
small increase in accumulation mode aerosol number is found, accompanied by a
larger increase in the aerosol mass. This increase is more evident in the nudged runs
and is linked to the sensitivity of the model to SO, in this region. Once again, a
similar result can be found in the simulations presented in Chapter 5 (Figure 5.3).
Subsequently, it is suggested that this positive anomaly is not an effect of coral reef
removal and is instead masking some of the effects of removing coral reef-derived
DMS when results are averaged across the MC-Aus region, especially in MAM and
SON.

CCN

At this stage, the results show that the largest response in aerosol due to loss of coral
reef-derived DMS occurs over the MC-Aus region. For this reason, all subsequent
plots focus on this region. It is noted that there are impacts on aerosol from the
free running meteorology outside of this domain, but these can mostly be explained
by changes in surface wind speeds (see Appendix C). In addition, the influence of
the free running meteorology is found to have a larger impact on the results in
subsequent analysis, with greater seasonal variation. Hence Figure 6.5 is provided

at a seasonal resolution.

Despite the loss of coral reef-derived aerosol having the largest impact on the
nucleation mode aerosol, these small aerosol don’t interact with climatic processes

via direct or indirect aerosol effects. While the changes are small in the larger sized
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Figure 6.4: Aecrosol dry diameter in nm (x-axis) and number concentration (as a
function of number over the log of the diameter) in cm™ (y-axis), both in log scales,
for four regions: off the coast of PNG (blues), in the East Pacific (reds/oranges),
over the GBR (green/turquoise) and inland QLD (yellow/brown), for the L11C50
(dashed lines) and L11 simulations (solid lines) (see Figure 3.5b for regions), for four
season DJF (a), MAM (b), JJA (c), SON (d). The lines show the ensemble mean
for the free running simulations and the shaded regions show the range of results
from all years in the ensemble

aerosol number and mass, a cumulative response to the loss of coral reef-derived
sulfur has some interesting impacts. Figure 6.5 shows the column integrated seasonal
CCN,, response to removal of coral reef-derived DMS. For the nudged simulations in
Figure 6.5b, f, j and n, a consistent, yet small and insignificant reduction in CCN,
is found over the MC-Aus region (between -0.6 to -0.9%). Interestingly, over the
SPCZ region, decreases of -1.0, -0.3, -1.9 and -1.1% are also found in the nudged
simulations for each season (DJF, MAM, JJA and SON) respectively. The SPCZ
is a relatively clean region, with few CCN., sized aerosol (see Figure 6.5a) and also
few coral reefs. This lack of direct aerosol source suggests that changes in aerosol

from other regions is affecting this region via transport along the SPCZ.
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For the free ensemble, in Figure 6.5¢, g, k, and o, the SPCZ region again stands
out in MAM, JJA and SON with decreases in CCNy, of -2.8, -2.2 and -1.9% for
each season respectively (MAM and SON, p < 0.1, and JJA, p < 0.05). In this
region, little change in surface wind speeds are found, suggesting that the changes
found here are also likely due to loss of aerosol from coral reefs and their subsequent

transport, as seen in the nudged runs.

Over the MC-Aus region in the free running ensemble, JJA and SON have
decreases in CCN of -1.4% (p < 0.1 and p > 0.1 respectively). In MAM, an increase
is observed, demonstrating the anomaly in SO, processes near PNG discussed earlier,
the influence of the free running meteorology and the non-linearity of this system.
The violin plots in the far right column of Figure 6.5 indicate large model spread
in the CCN,, changes. SON (Figure 6.50) has the most ensemble agreement over
the MC-Aus region, while little agreement is observed in other seasons. For this
reason, from this point only the SON results will be shown and discussed (although

the statistics for all seasons can be found in the continuation of Table 6.1).

Whilst the changes in aerosol discussed in this section are small, it is worth
remembering that in Chapter 5, when all marine DMS, was removed, a global
decrease of 8% of all Ny (17 % for Australia) was found. For CCN,,, a decrease of
just 5% was found globally (8 % for Australia). It is clear from the perturbation of
total marine DMS that global DMS contributes only a small amount to the total
aerosol number. Hence local differences from coral reef-derived DMS found in this

Chapter could be considered to be relatively large.

6.1.3 Direct aerosol radiative effects

Aerosol of greater than 5nm are used by the ACCESS-UKCA radiation scheme

to calculate aerosol direct radiative effects. In Figure 6.6, the SON AOD, clear
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Figure 6.5: The seasonal (DJF - top row, MAM - upper middle row, JJA - lower
middle row and SON - bottom row) total column CCN., (particles of dry diameter
greater than 70nm) concentration (in cm~2) over the broad MC-Aus region for
the free L11C50 simulation (left column); the L11-L11C50 difference for the nudged
simulations (middle left column); and the L11-L11C50 difference for the free running
ensemble (middle right column) with the model agreement shown by stippling, where
at least five of the seven ensemble pairs agree in the sign of the difference. The right
column shows violin plots of the average seasonal difference (L11-L11C50) in total
column CCNy, over the MC-Aus region as a percentage, where all years in the
ensemble is shown by the distribution, the dashed lines represent the 25, 50 and
75th percentiles, the grey dots show the mean of each pair of models, the red dots
the ensemble average and the yellow the nudged average

sky outgoing shortwave radiation at the top of the atmosphere (SW1Troa cs) and
clear sky incoming shortwave radiation at the surface (SW]gws cs) are shown. The
clear sky radiation fields are examined in this Section to allow detection of direct
effects from aerosol without the influence of clouds. Changes in the all sky fields are

dominated by the convective cloud response, which will be discussed in Section 6.2.
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Figure 6.6: SON averages over the MC-Aus region for top row: the AOD (unitless
and changes in percentage); upper middle row: SWtros cs (Wm™2); lower mid-
dle row: SWlgutcs (W m_2); and bottom row: column average specific humidity
(gkg™! and percent). The left column shows the free L11C50 simulation; the middle
left column shows the L11-L11C50 difference for the nudged simulations; the middle
right column shows the L11-LL11C50 difference for the free running ensemble with
the model agreement shown by stippling, where at least five of the seven ensemble
pairs agree in the sign of the difference; and the right column shows violin plots of
the average seasonal differences (L11-L11C50) as a percentage for AOD and specific
humidity and in Wm™2 for SWtroa.cs and SWsutcs, where all years in the en-
semble are shown by the distribution; the dashed lines represent the 25, 50 and 75th
percentiles; the grey dots show each pair of models mean, the red dot the ensemble
average and the yellow the nudged average

The spatial response of AOD to changes in aerosol in the nudged simulations
(Figure 6.6b) is broadly consistent with the CCN,, findings (Figure 6.5n). Decreas-

ing AOD is found over most of the MC-Aus region, while the area to the west of
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PNG experiences an increase. The seemingly amplified aerosol response in the PNG
region is due to the increased accumulation mode sulfate mass, and to a lesser de-
gree the increased particle concentration numbers once again associated with the
SO, anomaly discussed earlier. This increase is not believed to be associated with
coral reef-derived DMS removal but a function of complex non-linearities and model
sensitivities in a polluted region. This anomaly is likely to be dampening the area

averages over the MC-Aus region.

In Figure 6.6f, the change in nudged SWtroa cs is consistent with the AOD,
indicating that there is a weak reduction in the amount of shortwave radiation
being reflected out to space at the top of the atmosphere over significant coral reef
regions. This decrease in SW1roa cg suggests more shortwave radiation is passing
through the atmosphere and reaching the surface. For the nudged runs, this is
broadly true, as shown by the SW gt cs in Figure 6.6j. These results indicate that
when no interaction with meteorology is allowed, a weak, statistically insignificant
direct aerosol effect is associated with certain regions over the MC under clear sky

conditions in austral spring.

For the free running ensemble, however, the result is far less clear, primarily due
to interactions with meteorology. The AOD response (Figure 6.6¢) is again broadly
consistent with the changes in CCN, (Figure 6.50), where over the MC-Aus region
a decrease of -1.7% (p < 0.1) is found. The SW1roa cs responds as expected with a
decrease of -0.11W m™2 over the MC-Aus region (p < 0.1, with considerable model
agreement). However, the subsequent SWgsut cs response (Figure 6.6k) is not as
straightforward. While the SON MC-Aus average suggests a weak, insignificant
increase in shortwave radiation reaching the surface, the spatial patterns are not

consistent with the AOD, aerosol fields or the SW*roa cs.

In ACCESS-UKCA, the shortwave (defined as wavelengths between 0.2-5 um)

radiative transfer scheme considers not just the scattering and absorption of energy
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by aerosol and cloud droplets, but also the absorption of energy by water vapour
(Edwards et al., 2013). Water vapour has an effect at wavelengths greater than
0.7 pm. In Figure 6.60, the average change in water vapour throughout the column is
shown, which is more spatially consistent with the free running SW g, cs response
than that of the AOD or SW1roa cs. This consistency is particularly clear over the
Australian region. An increase in water vapour in the column would suggest more
absorption of radiation throughout the column, and hence less energy is received
at the surface, as found in the SWgytcs results (Figure 6.6k). It is emphasised
that this interaction of energy with water vapour is only found in the free ensemble,

when meteorology is allowed to vary.

The cause of the change in water vapour is difficult to determine as it is intri-
cately linked to both local and large-scale climate processes. For example, mete-
orological effects found in this study that could explain the water vapour increase

include:

e Warming at upper levels (15-20km) of the atmosphere over the tropics (not

shown), indicating more water vapour can be held in the atmosphere

e Increased in latent heat flux at the surface over the Australian region (not

shown), suggesting increased evaporation

e A general increase in vertical motion found for the Southern Hemisphere
tropics-mid latitudes (Figure 6.7b), aligning neatly with the regions of in-
creased water vapour (Figure 6.7d). Increased vertical motion is accompanied
by decreased southwards transport at upper levels and decreased northwards

transport at the surface (Figure 6.7f), suggesting a weakening of the southern

branch of the Hadley Cell.

e Increased high level cloud and convective precipitation found over the MC-Aus

region, causing increased high cloud cover, an overall decrease in SW{gu¢ and
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Figure 6.7: The zonal mean vertical profiles over the MC-Aus longitudinal region for
vertical velocity (w, top row) in cms™!, water vapour (middle) in gkg™! and the v
component of wind (bottom) in ms™!) for the free running L11C50 simulation (left
column) and the difference in L11-L11C50 the free ensemble (right column), with
the model agreement shown by stippling where at least five of the seven ensemble
pairs agree in the sign of the difference. For a-b) and (e,f), the black dashed lines in
all plots represent the zero contour of the L11C50 field, while in b) and f) the solid

grey line indicates the zero contour of the L11 field

increased convective precipitation.

It is hypothesised that the increase in short wave radiation passing through the
atmospheric column results in warming, which may cause increased evaporation,
vertical transport and convective activity, and subsequently increased water vapour.

Despite many of the responses described above having good ensemble agreement,
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low confidence is attributed to this hypothesis for three reasons:

e The top of the atmosphere direct radiative effect that is proposed to initiate
these responses is small. Furthermore, the changes in aerosol and AOD that
have caused the radiative effect are also small and insignificant. Hence it may
be unreasonable to suggest such small changes in aerosol could be causing a

direct radiative effect.

e Over the MC-Aus region as a whole, little statistical significance is found in
these responses, and ensemble agreement can be found in regions that are
seemingly not associated with coral reef-derived DMS. Thus, internal model

variability cannot be ruled out as the cause for these meteorological responses.

e In Chapter 5, when all marine DMS-derived aerosol were removed from the
system, decreases in convective activity were found over the tropics, despite
those simulations being nudged (nudging can allow small differences in mete-
orology if the forcing is large enough). That change is of the opposite sign

found here, casting doubt on the legitimacy of these results.

Therefore, despite a weak yet significant (p < 0.1) decline in SWtroa cs, it is
concluded that over the MC-Aus region, no robust impact on climate via the direct
radiative effect can be confidently detected. This result may be due to averaging
over a large area, as the same processes are found over QLD with generally greater
statistical significance and ensemble agreement. This will be discussed further in

Section 6.2.
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Figure 6.8: As for Figure 6.6 but for CDN (top row) in cm™3, TQ_, (middle row) in
kg m~2 and percent and low cloud fraction (bottom row) as a fraction and in percent

6.1.4 Indirect aerosol radiative effects in the large-scale

cloud and precipitation scheme

Indirect aerosol effects take place as CCN particles activate and become CDN. In
ACCESS-UKCA, aerosol activation depends on the size and composition of aerosol
as well as the atmospheric supersaturation, which is influenced by the vertical ve-
locity. Thus, the significant increase in smaller size aerosol found earlier may have
some influence over indirect aerosol effects in certain conditions, although it is noted
that larger aerosol have much greater ability to influence indirect effects. Figure 6.8
shows the responses of CDN, total cloud liquid water (TQ) and low cloud frac-
tion (noting that only the microphysics scheme can respond to change in CDN).

For both the nudged and free simulations, the changes found in CDN are consistent
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with, though weaker than, the changes observed in the CCN fields (noting again the
vertical integral of CDN through the column is shown). No statistical significance
is attributed to the changes in CDN over the MC-Aus region, although reasonable
ensemble agreement is found in Figure 6.8c. These weak changes suggest that the

reductions in CDN are unlikely to have an effect on cloud properties.

A small decrease in the amount TQ, is found on average over the MC-Aus region
in the free simulations, although Figure 6.8g-h shows a large amount of variability
in the region and little model agreement. This change in CDN and TQ_ has had
little impact on properties such as low cloud fraction (Figure 6.6k) or large scale
precipitation (see Appendix C), as shown in Table 6.1, over the MC-Aus region
for each season. In addition there is very little model agreement in these fields.
For the nudged simulations, constrained meteorology has meant little response of
cloud properties is allowed. Subsequently, these results suggest that the loss of coral

reef-derived aerosol has no impact on climate via the indirect aerosol effects.

6.2 Implications for Queensland, Australia

A relatively large change in precipitation, of 11 %, has been found over QLD. Al-
though approximately equivalent declines were found in the large-scale and con-
vective precipitation (10.9%, p > 0.1, and 9.4%, p < 0.1), very little large-scale
precipitation occurs in this region, with convective precipitation by far the more
important of the two. No evidence of indirect aerosol effects are detected within
the microphysics (low cloud or large-scale rainfall) over QLD or the MC-Aus region

(Section (6.1.4), ruling out indirect aerosol effects as the cause.

At this point, it is worth remembering that the convective scheme is not cou-
pled to the aerosol scheme thus has no knowledge of the removal of coral reef-derived

DMS. Hence the increased convective activity must be occurring dynamically, with
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possible causes discussed in Section 6.1.3. Specifically, over QLD, a significant de-
crease in Ny of 5% is found (p < 0.05). Although this does not translate into a
meaningful decrease of CCN., (0.5 %), a significant (p < 0.1) decline in the AOD is
found of 1.6 %, which has resulted in less SWtroa cs of -0.16 Wm™2, (p < 0.05). As
for the MC-Aus region, the increased radiation through the atmospheric column has
been absorbed by increased water vapour (see Figure 6.60), resulting in a significant
reduction in SW g, of -0.38 Wm™2 (p < 0.1). While high cloud cover has increased
by 7.4% (p < 0.1), which in turn has caused a decrease in SW gy of -1.61 W m™2
(p < 0.1), linking these convective responses to the changes in direct aerosol effect

at the top of the atmosphere is not able to be done with confidence.

Interestingly, however, the relatively large change in all sky surface solar radi-
ation is of the opposite sign to what one would expect following the aerosol direct
and indirect theories, due to increased high cloud cover. Further, it is noted that the
changes in the all-sky radiation is much larger than that of the clear-sky radiation
and indicates that the response in cloud cover is much more important for radiative

processes in this region than the direct aerosol effects.

Despite the changes presented in this Section having greater statistical signifi-
cance and more ensemble agreement than over the MC-Aus region, low confidence
is still attributed these results due to an unclear physical mechanism (Section 6.1.3)
and the existence of similar responses elsewhere that are likely to be model noise
(not shown). It is emphasised that the meteorological results discussed above are
considered to be a response to a direct aerosol radiative effect, only possible when
meteorological feedbacks are allowed. Nevertheless, these results were interesting
and unexpected, demonstrating a clear example of how non-linear the DMS-climate
system is and how important it is to consider the system as a whole, rather than

isolating certain aspects.



142 Chapter 6

6.3 Discussion

This Chapter set out to determine if the loss of coral reefs could have any impact
on regional or global climate. On the global scale, coral reefs appear to have little
influence on the sulfur budget or global energy balance. At regional scales, however,
this Chapter has found some interesting and unexpected effects that would not have

intuitively been hypothesised.

The MC-Aus region has been found to have the largest aerosol response to re-
moval of coral reef-derived DMS across the globe. This is unsurprising given that
this region has the highest density of coral reefs in the world. Over other coral reef
regions, the effects of coral-derived DMS are quickly diluted by other influencing fac-
tors, such as pollution. Significant decreases in the free running ensemble’s small size
aerosol (both number and mass) are found over the MC-Aus region. For the larger
sized aerosols, small, generally insignificant decreases in sulfate mass are found while
little change in number is noted. The nudged simulation shows a more consistent
small decrease across all aerosol fields and seasons. The decreases in aerosol have
cumulatively lead to an insignificant decrease in SON of AOD in the MC-Aus region,
and a significant decrease of AOD over QLD. No significant or robust changes were

detected in other seasons.

Despite the weak AOD response over the MC-Aus region, a significant reduction
in SW?toa cs of -0.11 W m~? was found for SON in the free running ensemble and
attributed to the reduction of aerosol in the region. This result appears to be
enhanced when compared to the nudged results. Much smaller (or no) reductions
were found in all other seasons. In contrast to the nudged simulations, for the free
running SON reduction in SW{roa cg does not directly translate to similar increases
in SWsut,cs as expected. Here, the leading hypothesis suggests that interaction of

shortwave radiation with water vapour causes the opposite SW gyt cs effect, which



Section 6.3 143

is itself a result of complex meteorological feedbacks. The response of water vapour
could not be confidently attributed to changes in aerosol (as opposed to internal
model variability) and the direct effects at the top of the atmosphere are considered
to be weak. For these reasons, this Chapter concludes that no robust direct aerosol

effects can be confidently associated with coral reef-derived DMS.

This Chapter has found little to no indirect aerosol effects in any region in re-
sponse to coral reef DMS. This is unsurprising given the small and insignificant
changes found in the CDN and also the results of Chapter 5, where few indirect ef-
fects were observed outside of the clean marine regions of the Southern Hemisphere
mid-latitudes. However, it may also be a result of the lack of coupling between
the convective scheme and aerosol in the model. Coral reefs are located in tropical
regions that are dominated by convective processes, with little large-scale meteo-
rological activity. Hence, it is possible that no indirect effects were found in this
work simply because such effects are only allowed to occur in the large-scale scheme,

which is not particularly active in the regions of interest.

How the convective scheme may interact with changes in aerosol is currently a
large source of uncertainty (Tao et al., 2012). Aerosol-induced convective invigo-
ration theories suggest that with less aerosol, CDN would rain out more quickly,
reducing the amount of latent heat release caused by condensation, thus, inhibiting
convection. This mechanism has been found in both simulations and observations
with respect to increased anthropogenic ultrafine aerosol over the Amazon invigo-
rated deep convection Fan et al. (2018). Conflicting the Fan et al. (2018) results,
Hassim et al. (2016) found a reduction in deep convection in simulations of a pol-
luted environment over New Guinea, demonstrating the complexity of this problem.
Nishant et al. (2019) has demonstrated that while satellite observations correlating
high aerosol loading to increased convection, the presence of aerosol may not be the

cause of connectivity activity due to the co-variation of aerosol-wind and wind-cloud
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processes. Fan et al. (2016) summarise that the influence of aerosol on convection
is highly dependent on different kinds of convective systems (eg. the trigger, if it is
a super cell) and the environment (eg. wind shear, cloud base temperature). The
studies discussed above and the results of this thesis indicate that aerosol interaction

with climate is far from linear.

Interestingly, this Chapter has found some unexpected dynamical results in the
convective processes, including a significant increase of 10.9% in convective rainfall
over QLD, attributed to suppressed downwards motion in the region. However, low
confidence is given to the physical cause (weak direct radiative effects) of the changes
in vertical motion, especially due to the fact that Chapter 5 found, in nudged simula-
tions, an opposite signal when aerosol was removed from the system. Unfortunately,
in the simulations completed for this study, the required model outputs to further
investigate this issue are not available (for example fields to calculate the lapse rate),

but should be kept in mind for future studies.

It is noted that the weak direct effects discussed above are considering clear sky
processes only. The changes in convective processes result in significant changes in
high-cloud fraction. Increased cloud cover subsequently has large impacts on the all-
sky radiation response (decreased SWgyf), overwhelming any clear-sky responses.
This again highlights the complexity of the system and issues a warning to the

oversimplification of aerosol effects in climate models.

The weak - and in some cases unexpected - response of radiation, both at the
surface and the TOA, combined with no robust response via indirect effects, have
implications for the validity of the CLAW hypothesis, both in respect to coral reefs
and other marine organisms. In this work, it has been shown that these processes
are far more complex than what has been assumed, even in more recent literature

(eg. Quinn and Bates, 2011; Green and Hatton, 2014).

The tool used for this work, ACCESS-UKCA, is able to provide detailed di-
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agnostics of the DMS-climate system; however, some important model limitations
remain. By conducting a global study, a limitation of this work is resolution in space
and in time. The coarse temporal resolution of the output for this model (monthly)
has made extracting process information difficult, as the averaging applied at these
time steps often overwhelms initial perturbations and the subsequent response. In
addition, by allowing the model to run freely, disentangling responses due to coral
reef-derived DMS as opposed to internal model variability has been difficult. While
an effort to resolve this problem has been made by creating a seven member en-
semble (limited by computer resources) and comparing to nudged simulations, there
remains a significant likelihood that some of the results presented in the work are

purely from internal model variability.

Further limitations of this model are the inherent biases (discussed in Chapter
4) and the inability of the model to represent certain microphysical processes, which
can have important effects on how aerosol interact with the climate. For example,
Chapter 5 showed that ACCESS-UKCA significantly underestimated all cloud lev-
els, which led to overestimated SW1roa. The responses found here in cloud and
radiation are well within the model uncertainties reported in the literature and are
smaller than the model biases themselves. In effect, improved model representa-
tion of the climate system may have a larger impact on the energy balance than
the small perturbation applied in this work. The sensitivity of GCMs to changes
in model structure has been highlighted recently by some CMIP6 GCMs, where
the models reportedly have a higher climate sensitivity than CMIP5 in part due to

improved representation of cloud feedbacks (Zelinka et al., 2020).

The results presented here indicate that although the loss of coral reef-derived
DMS may have small impacts on small sized aerosol, the end result is not as straight-
forward as the aerosol effects theory suggests. This complexity is highlighted by the

difference between the nudged simulations and the free ensemble, where in the lat-
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ter, the impact of changing meteorology in response to a weak direct effect has
impacts on the radiation budget often opposing what was expected. These results
also demonstrate how interdependent this system is and suggests that considering
only a few aspects of the DMS-climate cycle, as much literature has done, may
be misleading. These results further highlight the costs and benefits of the two
modelling methods (free versus nudged simulation) when trying to separate climate

responses from climate variability.

This has been the first study to include coral reef-derived DMS in a global
climate-chemistry model and to then determine what possible effect the loss of this
DMS source may have on climate. It is noted that the amount of DMS assumed
to be produced by coral reefs in this work (a weighted 50 nm) is likely larger than
reality due to area averaging and the far more variable nature of DMS production.
That said, no robust evidence of indirect effects and weak evidence of a direct effect
over just one season (SON) has been found over the MC-Aus region. These results
suggest that with smaller estimates of coral reef DMS_, little to no impact on the
climate would be found. These results have significant implications for current coral-
DMS-climate literature, effectively signalling that coral reefs have no importance for

the climate.

In the proceeding chapters, a similar experiment to quantify the importance of
coral reef-derived DMS is performed with a focus on weather at a regional-local
geographical scale. However, firstly, an evaluation of the WRF-Chem model is

performed in the next Chapter, along with its sensitivity to large changes in DMS .
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WRF-Chem model evaluation and
atmospheric sensitivity to large

perturbations in DMS

Up to this point in this thesis, the global to regional influence of DMS, and more
specifically coral reef-derived DMS, has been analysed. While marine DMS has been
shown to be important for the global climate, the role of coral reef-derived DMS in
atmospheric processes was found to be small and in most cases insignificant at
large scales. In this Chapter and the next, a similar question will be examined but
at time scales that may better represent the complex chemistry and meteorology
of the DMS-climate system. Instead of detecting the influence of coral reefs at
a climate scale, the possibility of a bioregulatory feedback is explored in a broad
interpretation: do corals impact local composition or weather? Before addressing
this question however, a model evaluation and sensitivity test is performed in order

to contextualise the subsequent results.

In this Chapter, WRF-Chem is evaluated over DO2 (9 km, 60 second resolution,

see Figure 3.6) against observations of meteorology (Section 7.1), DMS and sulfate
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aerosol (Section 7.2) and total aerosol (Section 7.3) from the R2R campaign. In
addition, Section 7.4 evaluates WRF-Chem against cloud fields from the Himawari-8
satellite along the RVI track and at AIRBOX. T'wo configurations of WRF-Chem are
evaluated: C1, which uses the original L11 DMS_ climatology and does not include
biomass burning or dust; and C7, which uses the scaled L11S DMS,, climatology,
and includes biomass burning, dust and a higher marine organic emission. More

details about the two control simulations can be found in Section 3.2.4.

Timeseries and distribution plots are used to show the model performance
against RVI and AIRBOX while the BF (calculated using the NMBF) and Spear-
man rank correlation coefficient (R) are calculated as a measure of model skill (see
Chapter 3.3). It is noted that little difference was found between D01, D02 and
D03 in the evaluated fields, even considering cloud characteristics (noting that D03
resolves convective cloud and D01 and D02 parameterise convective cloud). The
differences between the three domains therefore is not discussed. It is further noted
that the AIRBOX grid box within WRF-Chem is designated as water, where the

adjacent eastwards grid box is designated as land.

7.1 Meteorology

Figure 7.1 to Figure 7.4 evaluate the meteorological fields from the C1 and C7
WRF-Chem simulations compared to the observations taken on the RVI and at
AIRBOX. In most instances, C1 and C7 are effectively the same due the nudged
meteorology. In addition, the observations taken by the RVI have been assimilated
into the BARRA-R reanalysis product which nudges the simulations present here.
For this reason, only C7 will be discussed in this Section, while the differences

between C1 and C7 will be examined more closely in the next Sections.

Figure 7.1a and i show the timeseries and distribution of wind speed for the RVI.
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Figure 7.1: Timeseries along the RVI track (in UTC, left) and distributions or wind
roses (right) in descending order: wind speed, wind direction, temperature, sea level
pressure, relative humidity, surface incoming radiation, rainfall and boundary layer
height, comparing WRF-Chem simulations C1 and C7 to observations. Summary
statistics are shown for the observations and C7 including the mean (M) (or sum
¥)), the correlation (R) and the BF. * indicates where the R values are significant to
the 95th percentile. The shaded grey areas in a-h) represent periods when the ship
was at station (S2, S3.1, S3.2 and S4). For j), the wind roses of the RVI and C7
are shown instead of a distribution of wind direction and summary statistics. The
y-axis in g) and x-axis in o) have been limited to 5 mm for clarity. Observations in
h) are flagged by grey dots when cloud was detected, and these points have been
excluded for p) and the relevant statistics
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Figure 7.2: The diurnal cycles along the RVI track (in AEST) of a) wind speed,
b) temperature, c¢) relative humidity and d) boundary layer height comparing the
WRF-Chem simulations C1 (yellow) and C7 (pink) to the observations taken by
the RVI (black). Solid lines indicate the mean, while for C7 and RVI, the 25-75th
percentile range is shown by shading. Periods where clouds were observed in for
>50% of the hour have been excluded in d)

Overall, the model performs well, with a BF of 1.06, and a correlation coefficient of
R=0.87. The diurnal cycle is also well captured (Figure 7.2a), although the model
tends to underestimate and delay the peak wind speed. This is attributed to the
poor simulation of the sea breeze. For AIRBOX, the wind speed is significantly
overestimated, with a BF of 3.63. However, the discrepancy between the model and
observations may in part be caused by an underestimation of the observations due
to the sheltering of AIRBOX. At Mission Beach, AIRBOX was located on top of
a cliff overlooking the beach and surrounded by rainforest, with the meteorological
station on top of the container (4 m) and not clearing the tree tops. Hence it is likely
that observed AIRBOX wind speeds are lower than what would be expected if the
observations were free of interference. Unlike for the RVI, the model shows strong
diurnal variation in wind speed at AIRBOX (Figure 7.4a) associated with the land-
sea breeze cycle. Little diurnal variation is found in the observations, again likely
due to the AIRBOX location. The complexity of the AIRBOX location, for both

the observations and simulations is highlighted in many instances in the following
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sections.

Figure 7.1b and j show the timeseries of wind direction and the wind rose for both
RVI (left) and C7 (right). In the timeseries, the simulated wind direction appears
to capture the trends of variability of the observations well. However, comparison
of the wind roses indicates that the model has a significant bias of winds from
the south-east. This bias reflects the predominant large scale flow over the area
for this time of year. It is also likely that the ship’s wind direction observations
may contain significant amounts of noise and possible biases (for example, lack of
observations due north). A similar south-east tendency in the model is found at
AIRBOX (Figure 7.3j), although this is somewhat supported by the observations.
It is noted in Figure 7.3b that the structure of the sea-land breeze cycle is better
represented in the wind direction for the AIRBOX observations than it was for the

wind speed.

Both the wind observations for the RVI and AIRBOX show a distinct period of
predominantly south-easterly flow during the 4-9th October. This event was caused
by a high pressure system moving eastwards across the continent. Back trajectory
analysis (Chen et al., 2019) indicates that the airmass originated over the Australian
continent and circled anti-cyclonically over the reef, with more of a marine influence
towards the end of the period (as the anticyclone moved offshore). Little to no
sea-breeze activity was noted for this period (Vincent et al., 2019). These findings
indicate that despite the wind direction coming from the marine sector, considerable

continental influence remained in the airmass.

The model’s temperature along the RVI track shows a consistent underestima-
tion in both the timeseries and distributions in Figure 7.1c¢ and k, of approximately
0.7°C. C7 and the observations correlate moderately well, with R=0.65. However,
as shown in Figure 7.2b, the timing of the minimum temperature lags by about 3

hours, while the maximum is timed relatively well, though underestimated. At AIR-
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Figure 7.3: Timeseries for AIRBOX (in UTC, left) and distributions or wind roses
(right) in order of top to bottom of wind speed, wind direction, temperature, sea
level pressure, relative humidity, surface incoming radiation, rainfall and boundary
layer height, comparing the WRF-Chem simulations C1 and C7 to the observations.
Summary statistics are shown for the observations and C7 including the mean (M)
(or sum ), the correlation (R) and the BF. * indicates where the R values is
significant to the 95th percentile. The shaded grey areas in a-h) represent nocturnal
periods. For j), the wind roses of AIRBOX and C7 are shown instead of a distribution

of wind direction and summary statistics

BOX, a similar underestimation by C7 of 1°C and a correlation of R=0.47 is shown
(Figure 7.3¢,k and Figure 7.4b). The model at AIRBOX is unable to correctly re-

produce the structure of the diurnal cycle, where the maximum peak is significantly
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Figure 7.4: The diurnal cycles for AIRBOX (in AEST) of wind speed a), temperature
b), relative humidity ¢) and boundary layer height d) comparing the WRF-Chem
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underestimated and the timing is late (Figure 7.4b). This is likely due to the model
struggling with the coastal nature of this location, where there is a strong influence
of the marine environment (where as WRF-Chem registers this location as ocean).
Conversely, the AIRBOX minimum temperature is relatively well simulated in terms

of both magnitude and timing.

Following the temperature deficiencies, WRF-Chem systematically overes-
timates the sea level pressure by about 3hPa for both the RVI and AIRBOX
(Figure 7.2d, Figure 7.4d). However, the model captures the variability and trends
well (R=0.96 and R=0.97 for RVI and AIRBOX), as well as the diurnal cycle (not
shown). The overestimation for both locations may reflect the reality that the ship’s
observations are not taken at sea level but at a height of 17m and that AIRBOX

was located approximately 10 m above sea level on a cliff overlooking the beach.

For the RVI, the mean bias factor for C7 relative humidity is 1.17, where the
model is overestimating the observations by approximately 12 % (absolute value) and

has a narrower distribution (Figure 7.2e and m). The variability in the timeseries
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is captured to a degree, with R=0.62; however, the diurnal cycle (Figure 7.2c) is
poorly captured, with little to no change throughout the day. At AIRBOX, the
model overestimates the observations by approximately 11% (absolute), with a BF
of 1.14 (Figure 7.3e and m). A moderate correlation between the two timeseries
is found (R=0.57); however, the model is unable to reproduce the structure of the
diurnal cycle appropriately, missing the daytime minimum completely, again likely

due to a strong marine influence (Figure 7.4c).

For both RVI and AIRBOX, incoming surface solar radiation (SWgy,s) is mod-
elled well, with BFs of 1.02 and 1.08 and correlation coefficients of 0.91 and 0.92
(Figure 7.1h and n and Figure 7.3h and n). It is only during periods of cloudy
conditions (as indicated by the rainfall in plot g in both Figure 7.1 and Figure 7.3)
that the model overestimates surface radiation. How well the model captures cloud

formation is discussed further in Section 7.4.

Rainfall in both the observations and WRF-Chem is highly variable, and we note
that the rainfall shown for WRF is the mean over the nine gridboxes centred over the
ship/AIRBOX. Figure 7.1h and Figure 7.3h indicate that the model does produce
rain during more persistent observed rainfall events; however, fails to capture the
magnitudes correctly. For example, for the RVI, over the entire time period, a total
of 157mm of rain was observed compared to just 25 mm modelled. Conversely, at

AIRBOX, 64 mm was observed, while 51 mm was simulated.

Lastly, for the RVI, the modelled BLH (Figure 7.1h,p) is simulated better than
expected, given generally poor simulation of this field in the literature (eg. Chen
et al., 2019, and discussed further in Section 7.5). C7 captures some of the variability
in the timeseries, although with a BF of 1.4 and a weak correlation of R=0.15.
The lidar observations from the RVI also have limitations, including an inability
to detect BLHs below 500m and issues detecting thin clouds. For example, closer

examination of the lidar output (not shown) for the period of 1st-5th of October
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suggests the existence of cloud which has not been detected by the cloud detection
scheme (described by Alexander and Protat, 2019), suggesting that the high BLH
observations in this period are not accurate. The 500m limitation can be seen
clearly when comparing the diurnal cycle of the observed BLH to the simulated
(Figure 7.2d). Here, the model shows little diurnal variation, while the observations
show a peak during mid morning (noting that sunrise is at 0500) and a minimum

at sunset (1800).

At ATIRBOX, lidar observations were significantly interrupted, with many pe-
riods of missing data. Here, the model performs consistently worse compared to
the RVI, with a BF of 2.33. Interestingly, the model captures some of the diurnal
variability, including the peak at 0600. A similar result is found for a meteorology

only simulation of WRF and is described by Chen et al. (2019).

7.2 DMS and sulfate aerosol

Figure 7.5 shows the evaluation of WRF-Chem for DMS , DMS,, fluxpyg and SO,
aerosol for the RVI. In Figure 7.5a, the effect of scaling the L11 DMS climatology
can clearly be seen, where C7 represents a much more realistic value for the GBR
region with a BF of 1.02 compared to C1 of 2.74. Figure 7.5b and f indicate that de-
spite the model not having any variability in DMS_, it is able to do a comparatively
good job representing the average fluxp,g, with a BF of 1.37 for C7, compared
to 2.07 for C1 (noting the the RVI fluxp,q is calculated from observed fields as
per Chapter 2.2.3). This skill is predominantly due to the well captured marine
wind speeds discussed in Section 7.1. Figure 7.5f indicates that C7 tends to have
a bi-modal distribution, likely due to the nature of the flux parameterisation that
calculates the fluxpyq as a function of effectively binned wind speed regimes. Visu-

ally, the C7 fluxp,;g timeseries appears to follow that of the observations relatively



156 Chapter 7

IS

a) = 3Ty Mops: 1.58
< - 5 My 1.55
3 — RVI Rops,c7: 0.317
= \ 1 BF ops, c7: 1.02
g e
. :
a2 Wy \"""ml‘j“"\,f\' W 1 VMV‘\_:\_-\A VN 5 e !j 0 y T
1 N o DMS,, (nM)
2 b) f Miobs: 4.22
0.15 Mcy: 3.08

0.10 Robs,c7: 0.257°

LI /‘/'\ BFops,c7: 1.37
) Jw A A \7\"“4 o 0.05 '
&Lr’f N""L/ }J MM'UJ\J\ L_MJ - 2 o w000 1'0\ 20 30

DMS; (umol m=2 d~1)

DMS; (umol m=2 d~1)
=
o

o

)

) Mops: 0.0541
20 Mey: 0.0419
Rops, c7: -0.15
| 10 .
v Voo h0 W BFops,c7: 1.29
MN»}_A“W\\// W LM\-&“mJa ’ . l/‘- P (] ,\; .
0

DMS, (ppb)
o o
= N

0
0.0 0. 0.1 0.2 0.3
Contaminated DMS, (ppb)
= 15 Clean Marine
i h Mops: 0.46
£ 3
2 Mc7: 0.354
et 2 Rops,c7: 0.44°
2 1 \ BFobs,c7: 1.3
0 0 > .
02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 0 1 2
Oct -
S04 (g m™3)

Figure 7.5: Timeseries along the RVI track (left) and distributions (right) in order
of top to bottom of DMS, fluxp,g, DMS, and SO, aerosol mass comparing the
WRF-Chem simulations C1 and C7 to the observations. Summary statistics are

shown for the observations and C7 including the mean (M), the correlation (R) and
the BF. ” indicates where the R values is significant to the 95th percentile. The
shaded grey areas in a-d) represent periods when the ship was at station (S2, S3.1,
S3.2 and S4). Observations in d) are flagged by grey dots when then airmass was
considered to be contaminated; however, the flagged values have not been excluded
for h) or the statistics shown. *The distribution in e) has been limited in the y-axis
to ensure clarity

closely, with a well captured variance (where oc7 = 3.08, oops = 3.16), although the

weak R value of 0.25.

Figure 7.5c and g, showing DMS, observed from the RVI, tells a similar story
to that of the fluxp,;q, where the average is reasonably well captured (slight under-
estimation) by C7 (a BF of 1.29) although the distribution is less bimodal. A weak
and insignificant R value (-0.15) is found between the two timeseries. At AIRBOX,
a similar overestimation of DMS, is found (Figure 7.6a and ¢, where the BF is 1.42.
A weak correlation of -0.12 is found between C7 and AIRBOX, implying that the
model is not reproducing variability in DMS, well. Both the RVI and AIRBOX

correlations show weak negative values suggesting that the model may be missing
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Figure 7.6: Timeseries for AIRBOX (left) and distributions (right) in order of top to
bottom of DMS , fluxpyg, DMS, and SO, aerosol mass comparing the WRF-Chem
simulations C1 and C7 to the observations. Summary statistics are shown for the
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an important aspect of DMS, variability, such as a sink via particular chemical
mechanisms. While WRF-Chem has more robust DMS chemistry, comprising 30
DMS oxidation pathway reactions, compared with other chemical models (such as
the UKCA, described in Chapter 3.1.4, comprising only eleven DMS reactions), it
is possible that it is still missing an important component. For example, the impor-
tance of DMS removal by BrO or Cl, has been highlighted in the literature (Khan
et al., 2016; Muniz-Unamunzaga et al., 2018). Specifically, Khan et al. (2016) note

that without these inclusions, the variability of DMS, is not well modelled.

Finally, Figure 7.5d and h show the observed and simulated sulfate aerosol
mass for the RVI. For C7, over the entire timeseries, the model underestimates the
observations by approximately 0.11 ug m—3, with a BF of 1.3. A moderate correlation
of R=0.44 suggests that the model is capturing some of the observed trends and
variability. For AIRBOX, the underestimation of the observations by C7 increases
to 0.16 ugm™> and the BF is 1.43 (Figure 7.6b and d). In addition, a significant,
though inconsequential, negative relationship is found between the two timeseries
(R=-0.15), reflecting the negative relationships found in the DMS, at AIRBOX.

This may also be due to a number of local sulfate sources observed by AIRBOX
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that were unable to be included in the model, for example, vehicle emissions.

Importantly, it is clear from both the RVI and AIRBOX that the difference
between sulfate aerosol mass in C1 (with the L11 DMS,) and C7 (with the L11S
DMS,,) is small. It is possible that this is because C7 also included biomass burning,
which C1 did not; however, for the RVI results, this was not expected to be a strong
influence in a marine environment. Additional experiments (not shown) testing the
inclusion of biomass burning also support this conclusion, where by little differences

in SO, mass was found.

The mean difference of SO, surface concentration for C1 and C7 over the entire
RVI timeseries is -0.039 ug m—3, or a decrease of 10 % of the C1 mean. When periods
of contaminated air (airmasses that contained high levels of black carbon, terrestrial
influence or were flagged for other reasons) are filtered out of the calculations, the
means became 0.298 and 0.249 g m~3 for C1 and C7 respectively, with a difference
of -0.049 ugm=3, or -15%. The difference between the filtered and unfiltered means
suggests that the inclusion of biomass burning has offset the reduction in DMS,,

only marginally (by about 5%).

7.3 Total aerosol

WRF-Chem simulates too many particles in both the N,, (acrosol greater than
10nm) and CCN,, fields compared to the RVI, as shown in Figure 7.7. For Ny,
the model overestimates the observations with a BF of 2.07. The overestimation
shown here however may in fact be underestimated. The limited size range of
particles simulated by WRF-Chem, down to approximately 39 nm, means that the
smaller particles represented in the observations are not captured by the model,
suggesting that the overestimation of N, may actually be much larger. For CCN,

a larger overestimation is found, where the BF is 4.0. In both N,;, and CCN,, some
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interesting features are captured by the model, including a peak in the late stages
of the 15th October, which is attributed to a peak in nitrate aerosol (see Appendix
D). For AIRBOX (Figure 7.8), the modelled N, is captured similarly to the RVI,

with a BF of 1.38. Unfortunately, CCN, observations at AIRBOX are unavailable

due to failed instrumentation.
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Figure 7.7: Timeseries along the RVI track (left) and distributions (right) of Ny,
(top) and CCN., (bottom) comparing the WRF-Chem simulations C1 and C7 to the
observations. Summary statistics are shown for the observations and C7 including
the mean (M), the correlation (R) and the BF. " indicates where the R values is
significant to the 95th percentile. The shaded grey areas in a-b) represent periods
when the ship was at station (S2, S3.1, S3.2 and S4)
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Figure 7.8: Timeseries at AIRBOX (left) and distributions (right) for N, comparing
the WRF-Chem simulations C1 and C7 to the observations. Summary statistics are

shown for the observations and C7 including the mean (M), the correlation (R) and
the BF. ~ indicates where the R values is significant to the 95th percentile. The
shaded grey areas in a) represent nocturnal periods

Analysis of other terrestrial and anthropogenic aerosol species (black carbon,
ammonium, nitrate and organics - see Appendix D) mass concentrations cannot
explain the overestimation in aerosol number. All species but black carbon (slightly

overestimated) and organics (captured very well) were underestimated under clean
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marine conditions from the RVI and under the coastal conditions at AIRBOX. Sea
salt is known to be overestimated in WRF-Chem, especially at high wind speeds.
Unfortunately model comparison to observations is unable to be performed due to
further data processing requirements (personal communication Joel Alroe). In this

study, the sea salt flux was halved in an attempt to mitigate its overestimation.

Due to the model set-up, where the re-initialisation of the chemical fields occurs
every four days (at 0000 UTC, followed by a 12 hour spin-up), step changes can be
found in both the N,, and CCN, fields at both locations on October 5, 9, 13, 17 and
21 at 1200 UTC. The step changes are more pronounced in the marine environment.
After the re-initialisation, the model tends towards the observations, suggesting
that the boundary and initial conditions used here (derived from MOZART-4) are
overestimating aerosol number in this region, especially for the marine environment.
Similar step changes were not observed for the aerosol species mass concentrations
(SO, and others - see Appendix D), implying that the species examined here (many
of them with online flux calculations) are not the cause of this overestimation. It
is suggested here that the WRF-Chem approximation of aerosol number from the
bulk aerosol mass provided by MOZART-4 may be the cause. The implications of

this approximation are discussed further in Section 7.5.

Lastly, insignificant differences in aerosol number concentrations are found be-
tween C1 and C7 for both the RVI track and at AIRBOX. For the RVI, insignificant
differences of less than 3 % are found for the N, in both marine only conditions and
over the entire timeseries. For CCN.,, the difference is less than 1%. At AIRBOX,
while the magnitude of N, is higher, the same result is found, with insignificant
differences of less than 1% between C1 and C7. Effectively no difference between
C1 and C7 suggests that, in this study, large changes in DMS_, has little impact on

total aerosol numbers in WRF-Chem.

This lack of sensitivity may be a result of the overestimation of total aerosol
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number enforced by the four day restarts, as described above. It may also be be-
cause the area of study in this work is a predominantly coastal-marine environment.
As Chen et al. (2019) showed, much of the airmass measured at AIRBOX had strong
terrestrial influence, with signatures of biomass burning. Strong terrestrial influence
was also found for this work, where radon concentrations were consistently high at
AIRBOX (above 1000mBq). For the RVI, despite periods of low radon concentra-
tions of below 300 mBq (which in this case is considered to be ‘clean marine” when
coupled with low black carbon measurements), this concentration is far from what is
considered ‘clean marine’ in other regions (eg. 30mBq at Cape Grim). In addition
to unfavourable synoptic conditions (such as those described in Section 7.1), one
such cause of a lack of clean marine periods is the influence of sea-land breeze cou-
pling. Over coastal-marine regions, recycling of air masses over the land and ocean
can occur and have far reaching impacts. For example, Vincent et al. (2019) found
for the RVI campaign, under favourable conditions, the sea-land breeze influence

was detected up to 150 km offshore.

7.4 Cloud height and albedo

Figure 7.9 and Figure 7.10 examine the model performance of cloud top height and
cloud albedo compared to observations derived from the Himawari-8 satellite, at
points along the ship track and at AIRBOX. It is noted that for all the distribution
plots and statistics discussed below, only points where both the Himawari-8 observed
and the model simulated cloud are considered. Furthermore, spatial maps of these
fields were also produced, but did not add extra information to his analysis and

hence have not been included.

For the cloud top height along the RVI track (Figure 7.9a,c), the model can

be seen to preferentially simulate low and high level clouds, with few occasions
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where the R values is significant to the 95th percentile. The shaded grey areas in
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Figure 7.10: Timeseries (left) and distributions (right) at AIRBOX of cloud top
height (top) and cloud albedo (bottom) comparing the WRF-Chem simulations C1
and C7 to the Himawari-8 satellite. Summary statistics are shown for the observa-

tions and C7 including the mean (M), the correlation (R) and the BF. ~ indicates
where the R values is significant to the 95th percentile. The shaded grey areas in
a-b) represent nocturnal periods

of mid-level clouds simulated in the timeseries. This bias is clearly seen in the
strongly bimodal distributions of the model. Nevertheless, the model does appear
to be capturing some cloud features appropriately (although the period between
the 13-16th October is poorly simulated), with a correlation of R=0.48. Overall,
the model underestimates the cloud top height, with a BF of 1.83. At AIRBOX

(Figure 7.10a,c), a similar result is found, with an increased BF of 2.4, although
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with much less coherence between the two timeseries (R=-0.09, insignificant).

For cloud albedo (Figure 7.9b, d and Figure 7.10b, d), for both the RVI track
and at AIRBOX, the results are much more noisy, with large variability in both
the model and observations and significant amounts of missing data points. Despite
this, the model performs better than the cloud top height for both locations in terms
of BFs (1.13 and 1.12 respectively), with the RVI results in particular capturing the
distribution well. An insignificant correlation of R=-0.27 is found for the RVI, while
at AIRBOX, R=0.92. While visually, C1 and C7 appear to be different in the
timeseries shown for cloud albedo, it is noted that C7 does present an improved
distribution for both cases. However, given the amount of missing data, it is not

felt that this is a robust result.

7.5 Discussion

This Chapter evaluated WRF-Chem against observations taken during the R2R
field campaign. In terms of meteorology (excluding clouds) along the RVI track,
the model performs reasonably well, in part due to the assimilation of the ship’s
observations into BARRA-R, which was then used to nudge the model. At AIRBOX,
the meteorology is less well simulated, especially when considering the structure of
the diurnal cycle. However, issues with the placement of the instruments, and the
complexity of the location (right on the coastline) is likely to play a role in this

poorer performance.

Many of the biases found in the meteorology, and especially those noted in
the diurnal cycle, can be in part attributed to the performance of the PBL scheme.
Rahn and Garreaud (2010) in particular note that the Mellor-Yamada-Janjic (MY J)
boundary layer scheme used in this thesis underestimates the BLH the most in

coastal marine areas, which then improves further offshore. This appears to be sup-
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ported by the results of this study. Hariprasad et al. (2014) found at a tropical
location that the MYJ scheme could represent moderately deep convective layers
appropriately and a stable morning layer. While some deep boundary layers have
been simulated in this work, significant issues are found in particular for the after-
noon BLH. Other studies at mid-latitude location have found that the MY J scheme
tends to be too moist and cool overnight, resulting in problems with the nocturnal

BLH (Hu et al., 2010; Shin and Hong, 2011).

In terms of DMS, and the calculated fluxp,q, the model performs reasonably
well once the DMS,, was scaled to an appropriate level, in part due to the well
captured marine wind speeds along RVI track. However, the large differences be-
tween simulations with scaled DMS, and the original was not carried through to
the sulfate aerosol mass concentrations at either location. A small difference (-15 %)
in sulfate aerosol mass is found between C1 and C7, with at least 10 % attributed
to the halving of DMS,,. Therefore, it is concluded that DMS has only a small

influence over sulfate aerosol mass in this study.

The reduction in sulfate mass due to halved DMS, was found to have effectively
no influence on N,,, which was significantly overestimated. This lack of influence
by DMS,, could be a result of the four day restart interval causing a step change
of number concentration to higher values which then slowly track towards the ob-
servations. Thus, the re-initialisation may overwhelm any possible aerosol number
response to changes in DMS. However, it is noted that towards the end of each four-
day period, no change in the difference between C1 and C7 is found, implying that
the boundary /initial conditions, despite being the likely cause of the overestimation,
may not be the reason for this lack of sensitivity to DMS_, changes. In future stud-
ies, we suggest both limiting nudging to only the outer domain in addition to letting
the chemistry run freely (no re-initialisation). Alternatively, methods such as piggy

backing’ as described in Grabowski (2014, 2015), in which two sets of diagnostic
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outputs are built into a model, one representing control conditions and the other

'piggy backing’ the experiment, may be of use in applications such as this.

In addition, problems with restart intervals were only apparent for aerosol num-
ber concentration (both N, and CCN.,) and not for the aerosol mass of any species
analysed here. Aerosol mass was found to be simulated better than aerosol number
even though speciated aerosol mass was also provided by boundary /initial condi-
tions, and approximated into respective bin sizes by WRF-Chem. For this reason,
the overestimation of total aerosol number found in this Chapter is attributed to the
calculations performed within WRF-Chem to convert the bulk aerosol species given
by the boundary/initial conditions to number concentrations at the aerosol bin size

ranges.

An additional limitation of WRF-Chem to be considered is the binned aerosol
scheme only representing aerosol of Aitken mode sizes and larger. The DMS-climate
cycle is in part dependant on nucleation sized aerosol, as found in Chapters 5 and 6,
where nucleation in the free troposphere has an important role. Approximating this
processes, rather than directly resolving nucleation sized aerosol may have a signifi-
cant impact on the results, especially when considering the response in aerosol mass
while no response in aerosol number found here. The respective changes to aerosol
mass and number are similar to what was found in Chapter 6 for the larger aerosol
sizes (accumulation and coarse mode) in ACCESS-UKCA. The equivalent changes
in the smaller size aerosol number found in ACCESS-UKCA are not represented in
WRF-Chem, which may also help explain the lack sensitivity to aerosol to changes
in DMS. This suggestion is supported by Zaveri et al. (2008) who state that the
Wexler et al. (1994) homogeneous nucleation parameterisation used in this work
under predicts binary homogeneous nucleation. An aerosol scheme that captures

smaller sized aerosol would be desirable for future studies.

A further reason for the lack of influence by DMS is the study location. Ter-
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restrial sources of aerosol were found to dominate the aerosol concentration for the
majority of the study period due to the proximity to the coast and prevailing syn-
optic conditions, both in the model and observations, at both locations (also found
by Chen et al., 2019, at AIRBOX). When there is an abundance of aerosol (such
as from anthropogenic sources), low volatility gases (such as DMS, ) will more likely
condense onto these particles rather than nucleate. Hence under these conditions,
changes to precursor gases may manifest in the larger particle sizes, rather than
at smaller sizes, where the growth, coagulation and deposition of particles may be
altered. In this work, while sulfate mass decreased with reduced DMS,, suggesting
less condensation, marginally higher CCN concentrations (statistically insignificant
insignificant) were found, possibly indicating reduced coagulation processes. A sim-
ilar study in a clean marine environment (devoid of anthropogenic sources) would

be of interest in the future.

In comparison to other WRF-Chem marine based aerosol-cloud interaction stud-
ies, this work has found lower sensitivity of cloud properties to changes in aerosol
(Yang et al., 2011, 2012; Saide et al., 2012). However, it is likely that this is due
to the constraining of the model both chemically and meteorologically. Yang et al.
(2011) found that accurate modelling of aerosol number, mass and optical properties
lead to improved simulation of cloud properties. Interestingly, Yang et al. (2012)
found a large indirect aerosol response to a five times increase in anthropogenic
emissions over a relatively clean marine region of the southeast Pacific. This result
suggests that such clean marine regions are particularly sensitive to transported an-
thropogenic emissions, as found in this work. Yang et al. (2012) further stress that
the accurate simulation of natural aerosol emissions is essential in understanding

the impact of anthropogenic emissions.

To summarise, this Chapter has found that WRF-Chem simulates DMS pro-

cesses and speciated aerosol mass reasonably well, yet significantly overestimating
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aerosol number. While the aerosol number was found to be insensitive to changes in
DMS, sulfate aerosol mass responded in a manner that fits with our understanding.
Model limitations including four day restart intervals and the inability to explicitly
resolve small aerosol are likely to be causing some of the apparent lack of sensitivity
to total aerosol found. However, it is also suggested that close proximity to the coast
and dominant continental airmass has limited the opportunity for aerosol number
to respond to changes in marine DMS. It is therefore concluded that over the GBR
in October 2016, DMS played no detectable role in marine aerosol formation as sim-
ulated by WRF-Chem. This finding has significant implications for the following

chapter where the influence of coral reef-derived DMS,, is explored.



Chapter 8

The atmospheric influence of DMS

derived from the Great Barrier

Reef

This Chapter uses WRF-Chem to explore the role of DMS produced by the Great
Barrier Reef for local and regional atmospheric composition and weather. The C7
simulation evaluated in the previous chapter is compared to two additional simula-
tions with coral reef-derived DMS representation. As discussed in Chapter 2.3 and
Chapter 6, coral reefs are currently under threat of extinction due to anthropogenic
climate change and a number of observational studies suggest corals play an im-
portant role in the DMS cycle. Thus, understanding the role of coral-derived DMS
contribution is important for future climate monitoring and modelling. This is the
first modelling study to analyse the atmospheric role of coral reef-derived DMS at

short timescales and regional-local spatial scales.

This Chapter, while using a similar method to that of Chapter 6, explores a
slightly different question due to the differences in scale (in both time and space)

between ACCESS-UKCA and WRF-Chem. The climatic impacts of coral reef loss

168
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cannot be explored within WRF-Chem, due to the three-and-a-half-week simulation
period. However, the ability of coral reef-derived DMS to influence the weather can
be assessed. This Chapter explores the extent to which DMS is able to influence
atmospheric aerosol burden and the subsequent direct and indirect aerosol effects.
Thus, in broad terms, this Chapter also attempts to quantify the existence of any
bioregulatory feedbacks at the scale for which the CLAW hypothesis was originally

proposed.

To do this analysis, the WRF-Chem control simulation (C7 - with L11S DMS,,),
evaluated in Chapter 7, is compared to simulations that have a high (CRH) and
very high (CRVH) estimate of coral reef-derived DMS included in the DMS, con-
centrations (a weighted 8 nM and 50 nM respectively - see Chapter 3.2.3). For this
Chapter, timeseries analysis over a representative grid box (with approximately 36 %
coral reef coverage, seen in Figure 3.6) and comparisons are performed. Statistical

testing (student t-test) is used in both instances to detect significance of the signals.

8.1 Differences in DMS, sulfate aerosol mass and

the aerosol burden

Figure 8.1 shows the timeseries of DMS,, SO, aerosol mass and N, over a grid
point that is representative of significant coral reef coverage. CRVH is shown to
have DMS, concentrations approximately 42 % greater than that of the control (C7),
with the entire distribution shifted to the right in Figure 8.1d. In Figure 8.1a, it is
evident that the difference between C7 and CRVH is greater during periods of high
wind speeds (not shown), while at lower wind speeds little difference is found. For
CRH, only an 8% difference is found between C7 and CRVH, although this is still
significant. Only small differences can be seen in Figure 8.1a, again during periods

of higher wind speeds.
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Figure 8.1: Timeseries (left) and distributions (right) for a representative grid box
with significant coral reef coverage for surface DMS,, SO, aerosol mass, N,, and
incoming solar radiation (RSDS) at the surface comparing the WRF-Chem control
simulation C7 to the experimental simulations CRH and CRVH. The means (M),
of each simulations are shown. ~ indicates where the R values is significant to the
95th percentile

Considering now DMS, across D02, Figure 8.2 indicates that the addition of a
weighted 8nM of DMS,, in CRH has made little difference to the DMS, over the GBR
and QLD generally. Over the entire domain, an insignificant increase of 4 % is found
for CRH. The difference between CRVH and C7, however, is larger, with statistical
significance found for much of the domain. Interestingly, the increased DMS, can
be seen advecting north-west across the QLD coast, due to the model’s tendency
to produce south-easterly winds found in Chapter 7. On average, the increase in
DMS, is a significant 12% over the entire domain. For D03 (see Appendix D),
greater detail over the GBR can be seen and reefs dominate most of the marine
area. Hence an increase of 28 % in DMS, is found for CRVH and of approximately
5% for CRH.

The differences in DMS, found above, however, have not resulted in meaningful
differences in SO,, as shown in Figure 8.1b and e, where the means over the time-

series are equal and little difference is visually discernible. The lack of change is also
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d) CRVH
N

e) CRVH-C7
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Mc7: 0.024
MCRH: 0.025
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Figure 8.2: Average surface DMS, concentrations over D02 for a) C7, b) CRH and
d) CRVH and the differences between CRH minus C7 in ¢) and CRVH minus C7
in e). Stippling in ¢) and e) indicate where the change is statistically significant
(p < 0.05). In the lower left corner the area mean for each simulation is shown and
" indicates that the mean is significantly different to C7

evident in Figure 8.3c and e, for which there is no difference in the domain averages
(for both D02 here and D03 in Appendix D). The differences found locally cannot
be attributed to coral reef DMS, and are very small (see scales) and hence are likely
to be model noise, especially at the boundaries. It is noted that the scales of the
difference in Figure 8.3 ¢ and e and in figures throughout the rest of this Section are
typically on orders of 1-2% or less of the actual values given in a, b and d, again

indicating that the differences shown are very small.

Figure 8.3a, b and d imply that a large portion of the sulfate aerosol mass is de-
rived from anthropogenic sources. There are coal fired power stations in Gladstone
(the largest plant in Queensland) and Stanwell in the south-eastern corner of the do-
main, and the gas turbine power station in Townsville, in the middle of the domain.

Australian power stations currently are not required to use sulfur scrubbers, cat-
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alytic converters or other means of pollution reduction, making them a large source
of fine particulate matter and other toxic emissions. In addition, the influence of
biomass burning can be seen to a lesser extend in some areas also contributing to

the sulfate aerosol mass.

a) C7 b) CRH c) CRH-C7

e) CRVH-C7

S04 (ug cm™3)

Mc7: 0.48
MCRH: 0.48
MCRVH: 0.48

Figure 8.3: As for Figure 8.2 but for surface SO, aerosol mass concentration

Figure 8.1c and f indicate that the perturbations in DMS_ in CRH and CRVH
(compared to C7) have not had any meaningful impact on the total aerosol number
concentration N, directly over significant coral reefs. This result is unsurprising
given that of Chapter 7. Once again, the lack of response is clearly shown in Fig-
ure 8.4. Here, the influence of anthropogenic and biomass burning sources is also

evident. A similar result is found for the CCN,, (see Appendix D).

The significant lack of response in N, can be attributed to the similar lack of
response found in the SO, aerosol mass. In addition, given that Chapter 7 found
an approximately 10 % decline in SO, mass due to a halving of DMS_, it is unlikely

that the small perturbations in coral reef DMS_, presented here would have a large
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effect. Chapter 7 also suggested that the overestimation of N,, due to four day
restart intervals and the inability to simulate small size aerosol explicitly may be
reducing the sensitivity of N, to SO,. The lack of change in SO, found in this
Chapter suggest that even if N,, were well captured and more sensitive to SO,, no

change would be found.

c) CRH-C7

e) CRVH-C7

CN (cm3)

Mc7: 1790
MCRH: 1790
MCRVH: 1790

Figure 8.4: As for Figure 8.2 but for surface N, concentration

These results, from DMS, through to N, imply that when significant amounts
of DMS,, are added to the climate system, little to no impact is found on the aerosol
burden. With this knowledge alone, it is reasonable to hypothesise that the addition
of DMS,, is unlikely to have any influence on the local weather over the GBR. This

hypothesis will be explored in the next Section.
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8.2 Direct and indirect aerosol effects

Figure 8.5 shows the SW gyt cs over D02, which is used in this thesis to assess the
direct radiative effects of aerosol burden without the influence of clouds. In this
Figure, no change in the SWgyutcs is apparent, with little model noise (see scale
of ¢ and e). The lack of response supports the conclusions drawn from the previous
section that the inclusion of high estimates of DMS has not resulted in a direct
aerosol effect, either over the reef, or in the region, due to the lack of change in the
SO, aerosol mass, N, and CCN,, (see Appendix D). This is supported by findings
for D03 (not shown) and the nudged results of ACCESS-UKCA in Chapter 6, where

over the GBR no change in SW gyt cs was found.

a) C7 b) CRH c) CRH-C7

d) CRVH e) CRVH-C7

» © m S m oG
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Mc72 318.0

MCRH: 318.0
MCRVH: 318.0

Figure 8.5: As for Figure 8.2 but for SWgur.cs

Finally, Figure 8.6 shows that no difference in the liquid water path was found
when coral reef DMS  was included. Analysis of other cloud properties, such as
cloud fraction CDN (see Appendix D), cloud albedo and cloud height (not shown)

also indicate no significant change attributable to perturbations in DMS. As a result,
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the SWgsu (not shown) and total precipitation over D02, see Figure 8.7 have not
changed (the same is found for D03 - not shown). The consistent lack of differences
found in cloud fields in this Section provide clear indication that no indirect aerosol
effects have occurred as a result of including DMS, in WRF-Chem. These local-scale

results support the conclusions of Chapter 6 at the global scale.

c) CRH-C7

a) C7 b) CRH
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e) CRVH-C7

Mc7: 0.0209
MCRH: 0.0207
Mcrvn: 0.0209

Figure 8.6: As for Figure 8.2 but for the liquid water path

8.3 Discussion

This Chapter has analysed the atmospheric effects of including coral reef-derived
DMS,, in WRF-Chem simulations. It has been shown that neither the high nor
very high estimates of coral reef DMS_ had an influence on atmospheric compo-
sition analysed here beyond the DMS, concentrations. As a result, no differences
in meteorological properties were found, including no evidence of direct or indirect

aerosol effects. These results are in agreement with what was concluded at the end
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Figure 8.7: As for Figure 8.2 but for the period’s total rainfall

of the R2R campaign (personal communication Zoran Ristovski).

These results are not unexpected given the findings from Chapter 7 where the
halving of DMS_ was found to have a small impact on sulfate aerosol mass and no
impact on aerosol number. Chapter 7 suggested that the airmass in the QLD/GBR
region was dominated by continental sources (also noted in this Chapter), despite
the predominant south-easterly flow. The influence of these non-marine airmasses
make the likelihood of marine aerosol influencing the local atmospheric composition
and weather small. A study over more remote marine locations may overcome this
influence. However, large coral reefs are inherently located along coastlines, hence
limiting the possibility of such work to remote island reefs, which may not be large
enough to have any effect as found in Chapter 6. In addition, anthropogenic sources
operate year round so it is suggested that studying a different time of year is unlikely
to change this finding. As an interesting aside, an experiment testing the impact of

cleaning up Australia’s anthropogenic pollution from energy generation may yield
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interesting results.

Chapter 7 also noted that the four day restart interval and inability to resolve
small size aerosol explicitly may have impacted the ability of WRF-Chem to respond
to changes in DMS_,. However, in this Chapter, the significant lack of response at
the SO, stage of the atmospheric DMS cycle suggest that no response would be

expected even if these issues were overcome.

The results of this Chapter also agree well with the nudged ACCESS-UKCA
results presented in Chapter 6, where no significant direct or indirect aerosol effects
attributable to coral reefs were found over the QLD region. It is possible that
repeating these experiments with free running meteorology, as done for ACCESS-
UKCA, may yield different results due to the allowance of meteorological feedbacks,
and in particular, that of water vapour. As found in the ACCESS-UKCA results
however, the interaction of water vapour with shortwave radiation makes detecting
the influence of aerosol difficult. Given the consistent lack of differences in SO,, Ny,
and CCN,, found in this Chapter, it is postulated that a robust direct radiative

response due to aerosol is unlikely if WRF-Chem were allowed to run freely.

Little difference is found between the results of D02 and D03, despite D03 being
of a cloud resolving resolution. Possible future work to explore this further could
include identification of particular convective periods to perform a case study. How-
ever, it is noted that in the current simulations, the nudging of water vapour may
inhibit potentially interesting results. Hence it is suggested that such an analysis

should be done with free running simulations.

It is therefore concluded that coral reef-derived DMS has little influence over SO,
aerosol mass or total aerosol number. Subsequently, coral reefs are suggested to play
no role in the balancing of the energy budget at short time scales over QLD and
the GBR. This result does not support postulations from much of the observational

literature discussed in Chapter 2.3 that coral reef-derived DMS is important for
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climate/weather. These studies, unlike this one, could only examine aspects of the
atmospheric DMS system that are relatively removed from each other (for example,
comparing coral stress indices to the AOD). By examining the atmospheric DMS
system from sea-air flux to cloud and radiation properties, this study has considered
the significant complexities and non-linearities of this system. This method, in
addition to the satisfactory skill of WRF-Chem to reproduce DMS, and SO, aerosol
mass found in Chapter 7, has meant high confidence is given to the results of this

Chapter.

Of particular note, the lack of difference in composition and meteorology when
coral reef DMS was included at high concentrations further suggests that little po-
tential for a bioregulatory feedback mechanism exists, especially as in reality the

DMS produced by corals is highly variable and of lower magnitude.
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Conclusions

This thesis aimed to quantify the influence of coral reef-derived DMS on the at-
mosphere, both compositionally and meteorologically, across temporal and spatial
scales. This has been done using two atmospheric-chemistry models running at dif-
ferent spatial and temporal resolutions to simulate the DMS-climate system from
the ocean-atmosphere flux to changes in the energy balance and hydrological cycle.
In order to contextualise the results, evaluation of model performance and consid-
eration of how sensitive each model is to large perturbations in total marine DMS,,
was also performed. The results of this thesis and their implications for the state of

knowledge are presented below.

DMS produced by phytoplankton was found to cool the Earth by approximately
0.45K when total marine DMS_, was removed from nudged ACCESS-UKCA sim-
ulations, demonstrating the importance of marine DMS for the global climate. In
addition to this, DMS was found to play an important role in cloud formation and
precipitation in regions of significant stratiform cloud decks in the Southern Hemi-

sphere.

Southern Hemisphere stratiform cloud decks were found to have significantly
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underestimated low level clouds and overestimated precipitation. DMS was found
in this work to play an important role in low level cloud formation and the suppres-
sion of precipitation in these cloud decks. These results highlight the importance of
accurately simulating natural aerosol emissions, especially in clean marine environ-

ments.

Interestingly, other regions of significant low level cloud formation, such as the
Southern Ocean or Northern Hemisphere stratiform cloud decks, showed less re-
sponse to the removal of marine DMS. It is hypothesised that poor representation of
cloud characteristics, such as cloud phase and structure, may be preventing the ex-
pected climate response to changes in DMS in the Southern Ocean. In the Northern
Hemisphere, high levels of pollution is suggested to overwhelm the small influence
that DMS may have. The lack of sensitivity in these regions has important im-
plications for climate modelling and highlights the need for improved aerosol and

aerosol-cloud process representation.

Of note for this work, little influence of DMS on large-scale cloud and precip-
itation fields were found in tropical regions, where coral reefs are found. Tropical
regions are dominated by convective processes with little large scale activity. How-
ever, current aerosol-climate modelling does not consider how convective processes
may respond to changes in aerosol. This omission places a significant limitation on
atmospheric models and on the results of this thesis. Despite this however, in nudged
simulations, small and noisy decreases in convective processes are found around the

tropics when all marine DMS is removed.

With knowledge of how the climate within ACCESS-UKCA responds to large
perturbations in DMS, the importance of the much smaller contribution of DMS by
global coral reefs was examined for the first time. To do this a nudged simulation pair
and a seven-pair free-running ensemble of ACCESS-UKCA simulations were used.

A world with a high-end estimation of global coral reefs (the estimation added to the
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Lana et al., 2011, climatology) was compared to a world without (the Lana et al.,
2011, climatology). At the global scale, coral reef-derived DMS was found to have
effectively no impact on the climate, with an estimation of less than a 0.01 K cooling

effect.

Regionally however, coral reefs were found to have a small yet significant con-
tribution to the sulfur burden and nucleation and Aitken mode aerosol numbers,
with some seasonal variation. These significant contributions were only found over
the MC-Aus region, where the highest density of coral reefs are found globally, and
highlight the importance of representing nucleation mode aerosol and subsequent
growth explicitly in climate models. In other regions of lower density coral reefs,
coral reef-derived DMS was found to be too weak to have any meaningful impact

on atmospheric composition.

Responses to coral reef-derived DMS in accumulation and coarse mode aerosol
were generally smaller and insignificant compared to those found in the nucleation or
Aitken mode, with aerosol mass responding more than aerosol number. As a result,
small and generally insignificant responses in CCN,,, AOD and CDN were found,
with the most consistent response in austral spring. Interestingly, for many of the
aerosol fields, the results were enhanced by the free-running meteorology, although

remained insignificant despite the seven member ensemble.

Small reductions in the SWtroa cs were found in both the nudged simulation
and free running ensemble in response to removal of coral reef-derived DMS. While
in the nudged simulation the reduced SW1rpa cs corresponded to a similar but
opposite change in SW gyt cs, in the free running ensemble, the influence of water

vapour on short wave radiation was clearly demonstrated.

Increases in water vapour were found to overwhelm the aerosol response sug-
gested by the nudged simulations. The water vapour response highlights the impor-

tance of meteorological effects on aerosol processes and also the difficulty in sepa-
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rating the two. In addition, this research indicates that changes in water vapour
could be as important or possibly even more so than small changes in local aerosol

to the radiation budget and warrants further investigation.

A physical mechanism explaining how water vapour could be responding to
changes in coral reef-derived DMS was unable to be determined with confidence,
implying that internal model variability could not be ruled out as the cause. It was
subsequently concluded that although coral reefs contribute a small amount of small
sized aerosol, the subsequent direct radiative effects are likely to be too small to have
any climatic importance. In addition to this, no indirect effects were detected in

either CDN, low cloud properties or large-scale precipitation.

While the findings above related to the broader MC-Aus region, over QLD,
the meteorological response to coral reef-derived DMS were enhanced. Over this
region, statistical significance and greater model agreement than over the MC-Aus
region were found with respect to AOD, SW1roa cs, SWlswtcs and convective

cloud processes.

Interestingly, an unexpected increase in convective precipitation of 11 % was
found over QLD when coral reef-derived DMS was removed from the system. This
increase must have occurred dynamically as the convective scheme is not explicitly
coupled to the aerosol scheme. However, difficulty in detecting a physical cause
linking these convective changes to the weak direct effect has meant low confidence
is given to this result. In addition, earlier results examining the influence of DMS
derived from plankton indicated an opposite response in the convective system.
Nevertheless, this result highlights the complexity of the aerosol-climate system and
clearly demonstrates why considering the system as a whole, as opposed to a few

select parameters, must be analysed to understand aerosol-climate interaction.

The regional scale model WRF-Chem was then used to further understand the
effects of coral reef-derived DMS over the QLD region. Nudged WRF-Chem simu-
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lations were run over three nested domains, the inner of which, at 3 km horizontal
and 20s temporal resolution, was at a cloud resolving resolution in an attempt to
overcome the issue of convective cloud parameterisation not being coupled to aerosol
schemes. WRF-Chem was run over the period of October 2016 to coincide with R2R

field campaign, the observations of which were used to evaluate the model.

Two high end estimations of coral reef-derived DMS, were added to a scaled
version of the Lana et al. (2011) climatology, reduced by a factor of 2.8 to match with
observed DMS_ . Many regional and global models include DMS without considering
its accuracy or impacts. For this reason, it is crucial to ensure that the climatology
used is accurate. I highlight this point, as the default WRF-Chem DMS_ climatol-
ogy is the Kettle et al. (1999) climatology, not the more recent Lana et al. (2011)

climatology.

Using the WRF-Chem simulations, over QLD, and more specifically over the
GBR, no influence of coral reef-derived DMS could be detected beyond changes in
DMS,. When coral reef-derived DMS was added into the system, despite significant
increases in DMS,, no response in SO, aerosol mass was found. WRF-Chem was
found to simulate DMS, and SO, aerosol mass satisfactorily when compared to
observations and SO, aerosol mass was found to be sensitive to large-scale changes
in DMS, . These two findings suggest that poor model performance or low sensitivity
to DMS is not the reason for the lack of response to coral reef-derived DMS in SO,

aerosol mass.

Alternatively, it was suggested that anthropogenic sources of sulfur, associated
in this case with energy generation in QLD, may be playing a significant role in SO,
aerosol mass, with a larger effect than marine sources of sulfur. This suggestion is
supported by the global results from ACCESS-UKCA and by literature (Carslaw
et al., 2013). For the Australian region, the importance of anthropogenic sulfur

on local weather warrants further examination, especially considering the transition
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towards fossil fuel free energy generation. A future study exploring how low anthro-
pogenic SO, emissions need to be for coral reef-derived DMS to have a local impact

may be of interest.

Furthermore, for the period analysed, significant terrestrial influence was de-
tected throughout (Chen et al., 2019), while literature has also shown that the sea
salt aerosol flux in WRF-Chem is overestimated (Saide et al., 2012; Yang et al.,
2011). The combination of these two influences over coral reef regions further sug-
gests that a coral reef contribution to aerosol is likely to be too small to have an

impact under current conditions.

The significant lack of response in SO, to coral reef-derived DMS subsequently
meant no response in aerosol number (N, or CCN,,) was found. In these simula-
tions, WRF-Chem was restarted at four day intervals. However, the re-initialisation
resulted in significant overestimation of both N, and CCN,, at the start of the four
day period, likely due to the approximations performed by WRF-Chem in estimat-
ing aerosol number from bulk aerosol mass. The influence of the re-initialisation
may have had some impact on the sensitivity of WRF-Chem to larger changes in
marine DMS. However re-initialisation is not suggested to have influenced the coral
reef-derived DMS response due to the lack of response of SO, aerosol mass. In a
similar vein, it is suggested that running WRF-Chem freely, as done for ACCESS-
UKCA is unlikely to yield differing results. Finally, the inability of WRF-Chem
to explicitly simulate small sized aerosol has also likely played a role in the lack of
sensitivity of aerosol number, as small sized aerosol are an important aspect of the

DMS-climate system.

As a result, no direct or indirect aerosol radiative effects were found in WREF-
Chem in response to coral reef-derived DMS, in any domain (cloud resolving or
parameterising), agreeing with the results of the nudged ACCESS-UKCA-coral sim-

ulations.
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This research has demonstrated that coral reefs have no robust impact on local,
regional or global weather or climate. The estimate of coral reef-derived DMS,
added to the Lana et al. (2011) DMS_, climatology in ACCESS-UKCA or a scaled
version of Lana et al. (2011) in WRF-Chem, was at the high end of the range
suggested by observations. In addition, the coral reef-derived DMS estimate, despite
being weighted by coral reef density, was an average over grid boxes, likely further
overestimating realistic values given relatively low reef surface area. More realistic
values of coral reef-derived DMS, are likely to be not only lower but much more
variable than what is considered in this thesis suggesting that little atmospheric

influence could be expected with a more realistic representation of coral reef-derived

DMS.

The conclusions of this thesis are in contrast to literature postulating that coral
reef-derived DMS plays a role in atmospheric composition or meteorological pro-
cesses (eg. Deschaseaux et al., 2016; Hopkins et al., 2016; Jones et al., 2018; Cropp
et al., 2018; Jackson et al., 2018, 2019). All of these studies were based on obser-
vations and employed linear statistics to ascertain relationships between coral reefs
and local climate. Even with comprehensive observations, attributing a climatic
response to a particular aerosol source is difficult and prone to error due to the

influence of many aerosol sources, as demonstrated in this thesis.

A combination of modelling and measurement analysis provides the best ap-
proach to quantifying the role of DMS in the atmosphere. This thesis provides one
of the first examples in DMS-climate literature where this has been achieved. In this
work, stepping through the atmospheric DMS pathway from flux to meteorological
effects has shown how complex the atmospheric DMS system is. Furthermore, this
thesis has demonstrated that assumptions of linearity or even of how the climate

responds to aerosol should not be made lightly.

The research presented here suggests that coral reefs are not a significant enough
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source of DMS to participate in bioregulatory feedback. This research was the first,
to my knowledge, to attempt to find an atmospheric response to DMS from any
source at a high time resolution (hours) and at local geographical scale (down to
a 3km grid). This is important as the CLAW hypothesis describes a process that
would have to occur over a matter of days (despite having an accumulative cli-
matic effect). While this work does not disprove the CLAW hypothesis as originally
proposed by Charlson et al. (1987), it provides no supporting evidence towards its

existence.

This thesis is in agreement with the majority of the global DMS-climate litera-
ture that suggest no bioregulatory mechanism by DMS-producing marine organisms
exists (Woodhouse et al., 2010; Quinn and Bates, 2011; Woodhouse et al., 2013;
Green and Hatton, 2014). It must be emphasised however, that these studies and

this thesis, do not dispute the long term importance of DMS in the climate system.

Aerosol-climate and in particular aerosol-cloud interaction is the most uncertain
component of the global energy balance (Myhre et al., 2013b). Carslaw et al. (2013)
suggest that natural aerosol, in particular sulfate aerosol, contribute a large portion
of this uncertainty. Sulfates make up a large fraction of the global aerosol mass
fraction, with DMS the second largest natural source of sulfur to the atmosphere

(Sheng et al., 2015).

Better representation of DMS_  and fluxp,;q has been highlighted as one impor-
tant way to improve natural aerosol modelling. Capturing the correct number and
mass concentration of aerosol is considered to be another. This was especially clear
where nucleation mode sized aerosol are concerned. In this thesis, nucleation mode
aerosol were not explicitly resolved in WRF-Chem, while ACCESS-UKCA demon-
strated these aerosol played an important role in the DMS-climate system. Better
representation of the aerosol size distribution is suggested to be an important aspect

of modelling the influence of natural aerosol. Furthermore, the model evaluations
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presented in this work showed that the simulation of cloud remains a core problem
in both models. The complete coupling of aerosol and cloud processes is an active

research area and one which must be guided by measurements and evaluation.

This thesis has explored the atmospheric DMS system, specifically quantifying
the role of coral reef-derived DMS across temporal and spatial scales. No robust
evidence has been found to indicate that coral reefs have a significant role in cli-
mate or weather under present day conditions. In contrast, this work has shown
that DMS produced by phytoplankton globally contributes a 0.45 K cooling effect,
demonstrating the importance of marine ecosystem health for climate. The possi-
bility remains that in a cleaner world, i.e. one with reduced anthropogenic aerosol

emission, DMS may play a larger role in the climate system.



Definition of terms

aclg Cloud albedo.

ACCESS-UKCA Australian Community Climate and Earth System Simulator -
United Kingdom Chemistry and Aerosol; a global coupled climate-chemistry

model.

ATRBOX Atmospheric Integrated Research Facility for Boundaries and Oxidative

Experiments; a mobile atmospheric chemistry laboratory.

AOD Aerosol optical depth.

BARRA-R Australian Bureau of Meteorology Atmospheric high-resolution Re-

gional Reanalysis for Australia.
BF Bias Factor calculated from the Normalised Mean Bias Factor method.

BLH Boundary Layer Height.

C1 Control 1 WRF-Chem simulation, see Table 3.7 for details.
C7 Control 2 WRF-Chem simulation, see Table 3.7 for details.

CALIPSO-GOCCP GCM-Oriented Cloud-Aerosol Lidar and Infrared Pathfinder

Satellite Observation Cloud Product.

CBMZ Carbon Bond Mechanism Z.
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CCN,, Cloud condensation nuclei with a dry diameter greater than 70 nm.
CCN Cloud condensation nuclei.
CDN Cloud droplet number.

CERES-EBAF Clouds and the Earths Radiant Energy System - Energy Balanced
And Filled.

CFMIP Cloud Feedback Model Intercomparison Project.

CLAW Charlson, Lovelock, Andrea and Warren; the authors of the hypothesis.
CldH High level cloud fraction.

CldL Low level cloud fraction.

CMIP5 Coupled Model Intercomparison Project Phase Five.

COSP CFMIP Observation Simulator Package.

CRH Coral Reef - high estimate WRF-Chem simulation, see Table 3.7 for details.

CRVH Coral Reef - very high estimate WRF-Chem simulation, see Table 3.7 for

details.
CSIRO Commonwealth Scientific and Industrial Research Organisation.

CTH Cloud top height.

DMS, Atmospheric DMS.
DMS,, Surface water DMS.
DMS Dimethyl sulfide.

DMSP Dimethyl sulfoniopropionate.

ERF Effective radiative forcing.
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FAIR Finite Amplitude Impulse Response model.

Huxpyg Sea-air DMS flux.

GBR Great Barrier Reef.
GCM General Circulation Model/Global Climate Model.
GLOMAP-mode GLObal Model of Aerosol Processes; a modal aerosol scheme.

GOCART Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and

Transport.

HuS Specific humidity.

IPCC Intergovernmental Panel on Climate Change.

ITCZ Intertropical Convergence Zone.

L11 The Lana et al. (2011) DMS,, climatology used in both ACCESS-UKCA and
WRF-Chem.

L11C50 The Lana et al. (2011) DMS, climatology with an additional weighted

50 nM over coral reef regions for ACCESS-UKCA.

L11MX The zonal maximum Lana et al. (2011) DMS_, climatology for ACCESS-
UKCA.

L11S The Lana et al. (2011) DMS,, climatology scaled to the R2R observations for
WRF-Chem.

L11SCH The scaled Lana et al. (2011) DMS, climatology with an additional

weighted 8 nM over coral reef regions for WRF-Chem.

L11SCL The scaled Lana et al. (2011) DMS, climatology with an additional

weighted 2nM over coral reef regions for WRF-Chem.
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L11SCVH The scaled Lana et al. (2011) DMS,, climatology with an additional

weighted 50 nM over coral reef regions for WRF-Chem.
LW1roa Longwave radiation up-welling at the top of the atmosphere.

LWC Liquid water content.

MBL Marine boundary layer.
MOSAIC Model for Simulating Aerosol Interactions and Chemistry.

MSA Methane sulfonic acid.

N, Condensation nuclei with a dry diameter greater than 10 nm.
N, Condensation nuclei with a dry diameter greater than 3 nm.

NSS Non-sea salt.

Pr Total precipitation.
PrC Convective rainfall.

PrL Large-scale rainfall.

Q. Total cloud liquid water.

Q* Top of the atmosphere energy balance.

Rpns Radiative effect of DMS.

R2R Reef to Rainforest field campaign.
RCP Representative Concentration Pathway.
RH Relative humidity.

RVI Research Vessel Investigator.
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SEP Southeast Pacific.

SO Southern Ocean.

SPCZ South Pacific Convergence Zone.

SST Sea surface temperature.

SWtroa Shortwave radiation up-welling at the top of the atmosphere.
SW1toa,cs Clear sky shortwave radiation up-welling at the top of the atmosphere.
SW swt Shortwave radiation down-welling at the surface.

SW gurt,cs Clear sky shortwave radiation down-welling at the surface.

TOA Top of the atmosphere.
TQ,, Vertically integrated total cloud liquid water.

TRMM Tropical Rainfall Measuring Mission.

VOCALS-REx VAMOS (Variability of the American Monsoon Systems) Ocean-

Cloud-Atmosphere-Land Study Regional Experiment.

WRF-Chem Weather Research and Forecasting - Chemistry; a regional coupled

weather-chemistry model.

Z Zero marine DMS climatology for ACCESS-UKCA.
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January February

0.13 02 03 05 08 12 19 3.0 47 7.4 12.0 18.0 29.0 450 71.0
nM

Figure A.1: The January and July zonal maximum of the L11 DMS_ climatology
(L11MX). Note that DMS, is plotted on a log scale, in nM
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January February March
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nM

Figure A.2: The monthly L11 climatology with an additional weighted 50 nM of
DMS,, (L11C50). Note that DMS, is plotted on a log scale, in nM
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WRF-CHEM namelists

The following tables provide the namelist options for the C7 simulations.
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Table B.1: The chemistry namelist options selected

for WRF-Chem

&chem

kemit

chem_opt
bio_emiss_opt
emiss_opt
emiss_inpt_opt
bioemdt

photdt

chemdt
io_style_emissions
chem_in_opt
phot_opt
gas_ic_opt
gas_bc_opt
gas_drydep_opt
aer_drydep_opt
gaschem_onoff
aerchem_onoff
wetscav_onoff
cldchem _onoff
vertmix_onoff
chem_conv_tr
conv_tr_wetscav
conv_tr_aqchem
seas_opt
dust_opt
dust_schme
dustwd _onoff
dmsemis_opt
aircraft_emiss_opt
biomass_burn_opt
plumerisefire_frq
have_bcs_chem
aer_ra_feedback
diagnostic_chem
opt_pars_out
aer_op_opt
chemdiag
ne_area

Option

=9,

= 34, 34, 34,
=1,1, 1,
=4, 4, 4,

= 102, 102, 102,
= 30, 30, 30,
= 30, 30, 30,
=0,0,0,

= 2,

=1,1,1,
=3, 3,3,
=0,0,0,

- 07 07 07
=1,1, 1,
=1,1, 1,
=1,1,1,
=111
=1,1,1,
=1,1,1,
=1,1, 1,
=1,1,1,
=1,1,1,
=1,1,1,

=2, (C1) or 4, (C7)
=0, (C1) or 4, (C7)
= 2, (C7 only)
=1, (C7 only)
=1,

—0,

=0

,0,0,(Cl)or1,1,1, (C7)
= 120, 30, 10, (C7 only)
= .true., .true., .true.,
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Appendix B

Table B.2: The physics namelist options se-

lected for WRF-Chem

&physics
physics_suite
mp_physics

radt

bldt

cudt

icloud

num _soil_layers
num_land _cat
sf_sfclay_physics
ra_lw_physics
ra_sw_physics
sf_urban_physics
bl_pbl_physics
sf_surface_physics
cu_physics
cu_diag
cu_rad_feedback
sst_update
sst_skin

progn

Option

v |
HCﬂl\Dl\Dl\Dp—b“%[\Dl\D)bHOO

"CONUS’

oo

= e

AN PR RN
OO NN RN

true.,.true.,.false.,
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Additional plots for
ACCESS-UKCA
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Figure C.1: The seasonal (DJF - top row, MAM - upper middle row, JJA - lower
middle row and SON - bottom row) wind speed at the surface (10m) (in ms™!)
for the free L11C50 simulation (left column); the L11-L11C50 difference for the
nudged simulations (middle column); the L11-L11C50 difference for the free running
ensemble (right column) with the model agreement shown by stippling, where at
least five of the seven ensemble pairs agree in the sign of the difference.
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Figure C.2: As for Figure C.1 but for PrC in mm season™
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Figure C.3: As for Figure C.1 but for SW]gys in Wm™2
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Additional plots for WRF-CHEM
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Figure D.1: Timeseries along the RVI track (left) and distributions (right) in order of
top to bottom of surface chlorine, organic, BC, NO; and NH, aerosol mass comparing
the WRF-Chem simulations C1 and C7 to the observations. Summary statistics are
shown for the observations and C7 including the mean (M), the Pearson correlation
(R) and the BF. indicates where the R values is significant to the 95th percentile.
The shaded grey areas in a-e) represent periods when the ship was at station (S2,
S3.1, S3.2 and S4). Observations in the timeseries are flagged by grey dots when
then airmass was considered to be influenced by exhaust, terrestrial airmass or both
(contaminated), including a log flag. Flagged values have been excluded from the
distributions and statistics
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Appendix D
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Figure D.2: Timeseries at AIRBOX (left) and distributions (right) in order of top
to bottom of surface chlorine, organic, BC, NO; and NH, aerosol mass comparing
the WRF-Chem simulations C1 and C7 to the observations. Summary statistics are
shown for the observations and C7 including the mean (M), the Pearson correlation
(R) and the BF. indicates where the R values is significant to the 95th percentile.
The shaded grey areas in a-e) represent nocturnal periods. * indicates where the

x-axis has been limited for clarity
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a) C7 b) CRH c) CRH-C7

d) CRVH e) CRVH-C7

Mc7: 0.019
MCRH: 0.019
MCRVH: 0.024"

Figure D.3: Spatial timeseries average of surface DMS, concentrations over D03
for a) C7, b) CRH and d) CRVH and the differences between CRH minus C7 in
¢) and CRVH minus C7 in e). Stippling in ¢) and e) indicate where the change is
statistically significant (p < 0.05). IN the lower left corner the area mean for each
simulation is shown and indicates that the mean is significantly different to C7
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a) C7 b) CRH c) CRH-C7

e) CRVH-C7
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Figure D.4: As for Figure D.3 but for surface SO, aerosol mass concentration

c) CRH-C7

e) CRVH-C7
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Figure D.5: As for Figure D.3 but for total column CCN, over D02



207

c) CRH-C7
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c) CRH-C7

Cloud Cover (Fraction)
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Figure D.7: As for Figure D.3 but for total cloud fraction over D02
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