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Abstract

Summer rays of sun
Clouds drift; cool ocean below

Sea ice in full bloom

Eszter Kovacs, 2025

This thesis investigates how Southern Ocean phytoplankton influence liquid clouds.

Chapter 2 investigates the extent to which four phytoplankton blooms influenced cloud
properties using satellite data. Three different definitions of ”bloom” were considered, and
cloud properties upwind, over, and downwind of blooms, as well as spatial correlations be-
tween chlorophyll-a concentration and cloud properties were studied. Cloud droplet number
concentration above blooms was increased by 12.6% on average across the four blooms exam-
ined.

Chapter 3 examined the trajectories of air masses that ended up in clouds to ascertain
source regions of aerosols that contribute to cloud droplet number concentration. Air-masses
influenced by Antarctic sea ice were associated with higher cloud droplet number concentration
cloud scenes than their marine counterparts. The biogenic influence from phytoplankton could
still be seen, with the maximum correlation between chlorophyll-a concentration and cloud
droplet number concentration occurring when surface values are considered 5 days before
air-masses arrive in a cloud.

In Chapter 4, a new aerosol precursor gas was added to an atmosphere-only model to
recreate the high cloud droplet number concentration at southern high latitudes. Emitted
from areas of sea ice melt, the gas underwent oxidation, and the resulting gas condensed and
nucleated to represent gases which have been theorised to be the ”missing source of aerosol”
that contributes to aerosol mass over the Southern Ocean. However, the amount of gas needed
to fix the low bias of cloud droplet number concentration in the model led to too-frequent
nucleation, showing that the model underestimation of cloud droplet number concentration
over the Southern Ocean is not consistent with a lack of new particle formation in the region.
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Chapter 1

Introduction

1.1 Background and motivation

Radiative forcing is calculated by comparing the present-day state of the climate to a pre-

industrial baseline. The uncertainty in radiative forcing, and therefore in future predictions

of climate change, partly stems from our lack of knowledge of the pre-industrial aerosol, and

their interactions with clouds. Our insight into pre-industrial aerosol comes from ice cores,

pristine regions in the present day, and climate models (Carslaw et al., 2017). The presence of

present-day anthropogenic aerosol diminishes the change in cloud albedo that occurs due to

aerosol input in a pristine (low-aerosol) atmosphere (Spracklen and Rap, 2013), but pristine

regions such as the Southern Ocean (SO) still show cloud adjustments similar to those that

likely occurred under the pre-industrial climate (Hamilton et al., 2014).

Natural aerosols and their interactions with clouds pose a large uncertainty in climate

forcing (Carslaw et al., 2013; McCoy et al., 2020; Seinfeld et al., 2016). Understanding how

natural aerosols a�ect the properties of clouds will help in reducing these uncertainties through

improved representation of cloud adjustments in global coupled models (GCMs). Natural

aerosols are not well constrained, making the representation of pre-industrial climate in global

models uncertain (Carslaw et al., 2013). Mulcahy et al., 2023 demonstrated how small changes

to aerosol properties in a GCM can have a large in
uence on e�ective radiative forcing in the

UK Earth System Model (UKESM).

1.1.1 Aerosol-cloud interactions

Cloud albedo is one of the ways clouds a�ect climate. More re
ective clouds reduce the

amount of radiation reaching the planet's surface. One property in
uencing cloud albedo is

the number concentration of cloud droplets (Nd) within a cloud. Nd depends on the amount

of cloud condensation nuclei (CCN) present. CCN are de�ned as the aerosols that activate

to form droplets at a given supersaturation. Not all aerosols will act as CCN. The ability of

an aerosol to form a cloud droplet at a given supersaturation is dependant on its size and

ability to take up water, often represented by the hygroscopicity parameter� , a constant that

represents the relationship between aerosol dry diameter and its CCN activity. Aerosol size is

1
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represented by the diameter of a sphere with the same volume as the aerosol. Aerosol suitable

as CCN are generally large and have high� , but the formation of cloud droplets depends on

atmospheric dynamics as well as the presence of suitable aerosol (Rogers and Yau, 1989).

The subset of aerosol that activates into cloud droplets is dependant on particle size.

The critical supersaturation (the supersaturation above which the wet radius of a particle will

continue to grow) is lower for larger particles. In a rising air parcel, where particles compete

for the available water vapour, larger particles are activated into cloud droplets �rst, while

the activation of smaller particles is limited by the rate of condensation compared to the rate

of supersaturation increase. Therefore, particles with 50-100 nm dry diameters are usually

de�ned as "CCN-sized".

The addition of CCN to shallow warm liquid clouds will increase Nd and, assuming the

liquid water content stays constant, will result in smaller cloud droplets and increased cloud

albedo. This is known as the Twomey e�ect after Twomey, 1974. The amount of CCN

activating into cloud droplets depends mainly on updraught speed (Jia et al., 2022) and aerosol

properties, such as size, number concentration and mixing state (Carslaw, 2022; Seinfeld and

Pandis, 2006). Therefore, it is possible to use Nd as a tracer of CCN in liquid clouds with the

caveat that Nd is subject to being changed by cloud processes such as droplet evaporation and

coalescence.

The retrieval of Nd for liquid clouds from satellite data is possible by using remotely-sensed

cloud e�ective radius, cloud optical depth and cloud top temperature (Grosvenor et al., 2018).

Nd measurements have been validated with shipborne data (Efraim et al., 2020), as well as

aircraft observations (Gryspeerdt et al., 2022; Kang et al., 2021; Painemal and Zuidema,

2011).

1.2 Review of Southern Ocean biota-aerosol-cloud research

The SO has the most frequent occurrence of "pristine" days over the globe (Hamilton et al.,

2014), making it an ideal natural laboratory to study naturally occurring aerosol, and their

e�ect on clouds.

Estimates vary, but dimethyl sulphide (DMS) produced by marine organisms globally makes

up between 16 and 30 TgS/year (Anderson et al., 2001; Bock et al., 2021; Hulswar et al.,

2022; Kettle and Andreae, 2000; Lana et al., 2011; Sheng et al., 2015), accounting for approx-

imately 28% of the total (approx 98 Tg/year) sulphur emitted (Brodowsky et al., 2024) and

comparable to the anthropogenic sulphur dioxide emissions at 50 TgS/year (Carslaw, 2022).

The SO contributes to this amount mainly during the summertime (December-February), when

phytoplankton biomass reaches its annual maximum (Lana et al., 2011).

1.2.1 Early observations and theories

Since the 1980s, Antarctic and SO aerosol has been studied with the context that biogenic

activity may play a role in CCN formation. Saxena, 1983 found the presence of silicates and

sulphates in cloud water, with the added surprise that algae started growing in the collected
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cloud water samples. The presence of sulphate in this study was attributed to volcanic emis-

sions, but only a few years later, DMS was measured in seawater (Berresheim, 1987). Based on

the emission of DMS from the ocean, the so-called "CLAW" hypothesis, presented by Charlson

et al., 1987, proposes a biogenic control on cloud brightness via DMS-producing phytoplank-

ton. They theorised that due to the emission of DMS by marine phytoplankton, atmospheric

DMS will oxidise and form sulphate aerosol, increasing marine CCN. At a �xed liquid water

path (LWP), this will increase Nd and cloud albedo, which results in a loss of radiation to

space. With the decrease in downwelling photosynthetically active radiation, and the cooling

due to the increased albedo, phytoplankton may increase or decrease the amount of DMS they

produce, thereby creating a feedback loop between phytoplankton, clouds and climate. The

CLAW hypothesis sparked decades of Antarctic and SO aerosol research (Clarke et al., 1998;

Davison et al., 1996; Je�erson et al., 1998; Murphy et al., 1998; O'Dowd et al., 1997; Pandis

et al., 1994), as well as research on microbiota in the surface waters (Antoine and Morel,

1996; Arrigo et al., 1999; Jones et al., 1998; Priddle et al., 1996) and their emissions (Keller

et al., 1989; Kettle et al., 1999), even prompting iron fertilization experiments to trigger phy-

toplankton blooms and study their atmospheric e�ects (Boyd et al., 2000; Nightingale et al.,

2000). While links have now been established between DMS, Nd, photosynthetically active

radiation and phytoplankton, the SO is not an isolated system, and so the CLAW hypothesis

is an insu�cient explanation of the variation in SO Nd. It has also been proposed that CCN

concentration is determined by sea spray, speci�cally the organic particles derived from the sea

surface microlayer via bubble bursting, rather than DMS oxidation products (Leck and Bigg,

2005).

1.2.2 Natural aerosol over the Southern Ocean

Aerosols are transported to the SO from several di�erent source regions. Back-trajectories

simulated from sites of aerosol measurements show that SO aerosol comes from the open

ocean marine boundary layer (BL), the free troposphere (FT), the marginal ice zone and sea

ice regions, the Antarctic continent, and from other continents (Humphries et al., 2021; Kang

et al., 2022; Mace et al., 2023; Merikanto et al., 2009; Park et al., 2023; Quinn et al., 2015;

Schmale et al., 2019; Simmons et al., 2021). This thesis focuses on natural aerosol originating

from the ocean and the Antarctic continent, therefore shipping emissions, or continental sources

such as long range transport from fossil fuel combustion, biomass burning, dust and biogenic

emissions from land vegetation are not discussed.

Composition

Aerosol over the SO comprises of sea salt (sodium and chloride), non-sea salt sulphate, organic

carbon compounds (OC, both water-soluble and water-insoluble), nitrates, iodine and ammonia

(Brean et al., 2025; Rinaldi et al., 2020). In the CCN size range, sea-salt emissions dominate

in the winter, and sulphate aerosols take over in the summer time (Quinn and Bates, 2011).

OC contributes to the submicron aerosol population, but models underestimate CCN without

the inclusion of organic emissions (Mulcahy et al., 2020; Roelofs, 2008). OC includes several

species, including methane-sulphonic acid (MSA), organic nitrogen compounds, amino acids
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and many more. While OC encompasses a long list of di�erent compounds, in terms of aerosol

mass concentration, it is only third in line after sulphate and sea salt for particles with diameters

of 70 and 700 nm (Humphries et al., 2021). A population of aerosol is usually an internal or

external mixture of the above species.

Aerosol freshly generated via bubble bursting tends to be di�erent to ambient aerosol,

highlighting the importance of atmospheric processes that change aerosol properties over time,

commonly referred to as aerosol "ageing" (Sanchez et al., 2021a).

Sources

Natural aerosol emissions from the SO can be separated into primary and secondary aerosol.

Primary aerosol is emitted as sea spray and is dominated by sea salt, with an enrichment in

organics in regions high in phytoplankton (Bigg et al., 2004). Secondary aerosol forms when

gases such as H2SO4 or oxidation products of other organics condense onto existing particles,

or partition into particles (nucleation). Due to the condensation of these gases, and the ageing

and mixing of aerosol particles in the atmosphere, the divide between primary and secondary

aerosol is not clear in ambient marine aerosol (Bigg and Leck, 2008).

Sea spray aerosol (SSA) is generated from the ocean via bubble bursting. The production

of SSA is highly dependent on wind speed (Dror et al., 2018; Gong, 2003; Humphries et al.,

2021; O'Dowd et al., 1997; Sun et al., 2023). At wind speeds greater than about 5 m/s,

breaking waves lead to the entrainment of air into the ocean surface, forming bubbles. When

these bubbles re-surface and burst, SSA is produced. At wind speeds of 10 m/s and above,

spume drops are formed directly on the wave crests, producing droplets with large diameters

and short atmospheric lifetimes (Monahan et al., 1983). Due to chemical processing in the

marine atmosphere and entrainment of aerosol from the FT into the BL, the properties of

freshly emitted sea spray di�er considerably from ambient marine aerosol (Quinn et al., 2015),

and, according to Quinn et al., 2017, only a small fraction of marine CCN is made up of SSA.

Primary marine organic aerosols (PMOA) are produced by marine biogenic activity and are

emitted as a part of SSA. PMOA can be an internal mixture with hygroscopic salts (Murphy

et al., 1998), or an externally mixed population without salts (Bigg and Leck, 2008). The

enrichment in PMOA of sea spray from a given phytoplankton concentration depends on

particle size, with larger contributions of PMOA to the smaller aerosol size ranges (Ault et al.,

2013). The overall e�ect of PMOA on CCN is unclear. While clear changes in the composition

of primary SSA due to phytoplankton have been observed (Ault et al., 2013; Moore et al.,

2011), the CCN activity of freshly produced aerosol seems to be insensitive to these changes

(Collins et al., 2016; Moore et al., 2011). However, in the Arctic and tropical Atlantic Oceans,

PMOA produced by phytoplankton or algae has been found in cloud and fog water (Orellana et

al., 2011), suggesting that it might be an important contributor to CCN over oceans worldwide.

Aerosol precursor gases produced by marine biota that lead to the formation of secondary

aerosol are volatile organic compounds (VOC), compounds with high vapour pressure and low

water solubility (Anand et al., 2014). VOCs can oxidise in the atmosphere to form less volatile
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compounds that form new aerosol particles. Biogenic VOCs such as benzene, toluenes, xylene

(Rocco et al., 2021), as well as DMS and isoprene (Dani and Loreto, 2017), are produced

by marine phytoplankton. Di�erent phytoplankton species produce di�erent amounts of these

gases. Monoterpenes, isoprene, and benzenoids add to aerosol mass at a yield of 4-30% (Ng et

al., 2007), and when included in a chemistry-climate model, increased the mass concentration

of secondary organic aerosol (SOA) over the SO by 7.7% (Wohl et al., 2023). While the


uxes of benzene, toulenes and xylenes from oceanic phytoplankton can be similar or even

greater than that of DMS (Rocco et al., 2021), sulphate aerosol is the dominant component

of CCN over the summer months over the SO (Fossum et al., 2018; Gras and Keywood, 2017;

Humphries et al., 2021; Mayer et al., 2020; McCoy et al., 2021). This has lead to the focus

on DMS as the dominant SO aerosol precursor.

DMS emission leads to new particle formation (NPF) and growth through its oxidation

products sulphuric acid (H2SO4) and methane sulphonic acid (MSA) (Seinfeld and Pandis,

2006). DMS also oxidises into hydroperoxymethyl thioformate (HPMTF), whose e�ects on

aerosol are currently uncertain (Veres et al., 2020). DMS in the gas phase is most frequently

oxidised by OH and NO3 (Chen et al., 2018), and BrO speci�cally in the polar regions (Jang

et al., 2022).

Analysis of back-trajectories of sampled aerosol has suggested that particle formation occurs

most frequently above the marine BL inversion, either in the FT or in a decoupled layer above

the marine BL, with these newly formed particles then being entrained into the marine BL,

where subsequent growth of the particles takes place (Merikanto et al., 2009; Raes, 1995;

Sanchez et al., 2021b). Condensation of H2SO4 or MSA onto a particle is another way to

grow a particle to CCN size (Carslaw, 2022; Seinfeld and Pandis, 2006).

NPF in the Antarctic starts in August/September, and gets more frequent in the austral

summer (Hara et al., 2021). NPF events occur most frequently in the FT, with aerosol

subsequently being entrained into the BL (Kang et al., 2021). NPF events have also been

recorded in the BL in and around Antarctica. In order of frequency, BL NPF events occur over

the ocean, then the sea ice, with the rarest events occurring over land (Park et al., 2023).

The seasonal aerosol cycle over Antarctica is likely to be driven by frequent NPF events in the

summer (Lachlan-Cope et al., 2020). Over the open ocean, NPF is rare in the BL (Baccarini

et al., 2021), but gets more frequent over Antarctic sea ice (Baccarini et al., 2021; Humphries,

2015) and near the Antarctic coast (Brean et al., 2021; Weller et al., 2015).

It has been suggested that halogen compounds released from the sea ice contribute NPF

events over sea ice (Park et al., 2023), as well as contributing to the oxidation of DMS

(Saiz-Lopez et al., 2007). Halogen compounds such as BrO or Cl can also oxidize gas-phase

DMS, reducing DMS lifetime in the atmosphere (Breider et al., 2010; Chen et al., 2018), and

thus reducing the time between DMS emission from seawater and e�ect on cloud. In addition,

including HPMTF in an atmospheric chemistry model also reduced mean DMS lifetime (against

both physical and chemical losses) in the atmosphere from 1.5 days to 0.8 days (Fung et

al., 2022). Air-masses containing BrO from �rst-year Antarctic sea ice were shown to have

increased DMS oxidation products compared to low-BrO and high-DMS air masses from the
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open ocean by Jang et al., 2022, which in turn lead to an increased frequency of NPF events

(Park et al., 2023). Iodine compounds have also been shown to form aerosol particles (Baccarini

et al., 2020; He et al., 2021; Roscoe et al., 2015).

Methanethiol (MeSH), another methylated sulphur compound produced in the sea from

the breakdown of dimethylsulphoniopropionate (DMSP. the precursor of DMS), has also been

theorised to be a signi�cant source of sulphate aerosol in the SO, speci�cally in colder areas

(Wohl et al., 2024). Air-sea 
uxes of MeSH are closely correlated with those of DMS, and

while DMS emissions are higher, MeSH has a shorter oxidation lifetime compared to DMS,

and is a signi�cant source of marine SO2 (Novak et al., 2022).

Processes

After being emitted as sea spray or formed via nucleation, SO aerosol undergo several processes,

making ambient aerosol properties di�erent to those of freshly produced aerosol. Aged aerosol

has been shown to have di�erent size distributions to more recently formed aerosol (Brean

et al., 2025; Qin et al., 2022; Xu et al., 2021; Zeppenfeld et al., 2023).

Aerosol growth occurs by condensation or coagulation. The condensation of a gas such

as H2SO4 onto aerosol increases aerosol mass, but decreases the amount of gas available for

nucleation. The main contribution of H2SO4 to CCN over the SO is via nucleation in the

FT rather than condensation (Korhonen et al., 2008). Besides coagulation, aerosol is also

lost through dry and wet deposition. Dry deposition, whereby a particle settles on the Earth's

surface, a�ects the larger aerosols due to their mass. Wet deposition consists of rainout and

washout, the former referring to removal via precipitation of aerosol incorporated into cloud

droplets, whereas the latter refers to the scavenging of boundary layer aerosol by rain droplets.

The lifetime of an aerosol against removal in the atmosphere depends on several factors,

including the height at which they come into existence. Aerosols from sea spray will have

a lifetime of several days, whereas particles produced by NPF in the FT can remain in the

atmosphere for longer. Further complicating matters, aerosol precursor gases also have their

own lifetimes, so changes in the atmosphere due to changes in marine emissions can last

anywhere between a few days to weeks or even months.

1.2.3 Satellite studies

- There's a well-known disconnect between seawater DMS concentration and Chl, as DMS

production is heavily dependent on the species of phytoplankton and further in
uenced by

bacterial processing of DMSP (which is primarily produced by phytoplankton). In general

`marine biota' is a better, more inclusive term to describe DMS producers.

Chlorophyll-a is a photosynthesising pigment of phytoplankton, and the concentration of

chlorophyll-a (CHL) can be measured using multi-spectral satellite data (Antoine and Morel,

1996; Valente et al., 2019). CHL is frequently used as a tracer of phytoplankton biomass, and

in turn a tracer of marine biogenic activity. Remotely sensed CHL peaks in the summer in the

SO and is at a minimum in the winter, exhibiting a similar cycle to that of CCN (Gras and
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Keywood, 2017). Naturally, the co-variation of CHL and CCN, aerosol optical depth (AOD),

and cloud properties has lead to a number of studies attempting to establish a causal link

between phytoplankton and CCN. Using time series data averaged over a large area, AOD and

CCN have been shown to have a positive correlation with CHL over the open ocean in the

southern hemisphere (Gabric et al., 2002; Lana et al., 2012; Vallina et al., 2006). However,

in these studies, no time delay was applied to either time series to maximise the correlation,

which makes causation harder to establish.

Although on a larger scale in the open ocean these correlations are evident, it is di�cult

to establish a causal link between marine biogenic activity and CCN using satellite data. In

order to establish a correlation at a �ner spatial resolution, the transport of aerosol and aerosol

precursors originating from the sea surface must be accounted for. Lana et al., 2012 attempted

this by examining time series over 7°x7° regions, noting that using a �ner resolution would not

make sense with the high wind speeds and atmospheric lifetimes of aerosol precursors. While

they did �nd a correlation between calculated production 
uxes of SOA and cloud droplet

e�ective radius (Re� ), their assumption was that secondary aerosols take 0.5-2 days to form

after DMS emission. This is on the low end of time scales estimated for SOA production from

DMS, as even DMS lifetime itself can approach a week in overcast conditions (Berresheim,

1987). Field campaigns and atmospheric measurement stations often reconcile the e�ect of

atmospheric transport by using back-trajectories (Humphries et al., 2021; Park et al., 2023;

Sanchez et al., 2021b) which allows for aerosol composition to be linked to the source region,

and makes causal factors easier to establish due to the time lag between source and measure-

ment. However, studies using satellite data rarely utilise back-trajectories, as the computational

power required limits the research area. Mace et al., 2023 studied back-trajectories of cloud

scenes over the SO, and found that high-Nd cloud scenes tended to have back-trajectories that

crossed over regions of high primary productivity.

The e�ective radius of cloud droplets (Re� ) is inversely proportional to Nd (see Equa-

tion (2.2)). Meskhidze and Nenes, 2006 found a negative spatial correlation between CHL

and Re� over a phytoplankton bloom in the SO, which corresponds to a positive correlation

between CHL and Nd. However, Miller and Yuter, 2008 showed that this correlation could

not be reproduced in other regions such as the Bering Sea, the Sea of Okhotsk or the North

Atlantic, or even the same region Meskhidze and Nenes, 2006 examined in another year. They

did, however, show that the time series, averaged over a large area, of Re� and CHL show a

negative correlation, possibly connected to the co-variation of AOD and CHL shown by Gabric

et al., 2002; Vallina et al., 2006 and Lana et al., 2012.

The temporal correlation between AOD and CHL in the SO changes at higher latitudes

due to the presence of sea ice. Gabric et al., 2018; Gabric et al., 2005 and Dasarathy et

al., 2021 all showed that the maxima in AOD in the marginal ice zone and sea ice zone

around Antarctica precede the maximum in CHL. They all observed a �rst peak in AOD across

multiple years, coinciding with the onset of sea ice melt. Many further studies (Brean et al.,

2021; Dall'Osto et al., 2022; Humphries et al., 2021; Simmons et al., 2021; Trevena and

Jones, 2006) emphasize the importance of the marginal ice zone and coastal regions as source
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regions of aerosol. Therefore, it is important to connect clouds to aerosol source regions when

investigating the controlling factors of Nd over the SO.

1.2.4 Modelling of Southern Ocean aerosol

The uncertainty in DMS emissions from the SO and associated sulphur chemistry has long

been suspected to be a cause for model inaccuracy in the Southern Hemisphere (Je�erson

et al., 1998; Kettle and Andreae, 2000; Korhonen et al., 2008; Pandis et al., 1994; Stefels

et al., 2007).

Recently, Bhatti et al., 2023 explored di�erent DMS emission parameterizations in an

atmosphere-only con�guration of the UKESM1, and found that when using satellite-derived

CHL as the basis of DMS emissions, modelled atmospheric DMS concentrations matched

measurements more closely than when using the Hulswar et al., 2022; Lana et al., 2011,

or Yool et al., 2013 seawater DMS climatologies. Despite the improvement in representing

atmospheric DMS concentration, the Nd predicted by the model did not signi�cantly improve

over the Southern Hemisphere (Bhatti et al., 2024).

DMS a�ects CCN concentrations mainly through the formation of new particles from

H2SO4 in the FT. Korhonen et al., 2008 found that over 90% of the increase in CCN after

DMS was added to their model (GLOMAP-bin) formed this way, while condensation of DMS-

derived H2SO4 growing small particles to CCN sizes only contributed to CCN by less than 6%.

According to the �ndings of Woodhouse et al., 2010; Woodhouse et al., 2008, in order to see a

signi�cant change in Nd, an unrealistically large increase in seawater DMS would be needed in

GLOMAP-mode. However, Hodshire et al., 2019 showed that based on the assumption made

of the volatility of MSA, it can contribute signi�cantly to aerosol mass via condensation or

even form new particles in GEOS-Chem-TOMAS. It is possible that a combination of adding

in MSA aerosol chemistry and re-distributing DMS emissions would lead to an improvement

in the representation of SO aerosol.

1.2.5 Current theories

The consensus seems to be that the high CCN numbers at high southern latitudes can be

traced back to biogenic production of precursor gases, be it iodine (He et al., 2021; Lai et

al., 2011; Roscoe et al., 2015), MSA (Baccarini et al., 2021; Chen et al., 2012; Jang et

al., 2022), isoprene (Meskhidze and Nenes, 2006), amines (Facchini et al., 2008), or other

compounds. DMS is of course still a contender, with increased focus on its oxidation product

MSA playing a role in condensation, NPF or both (Hodshire et al., 2019). Currently, models

and climatologies still disagree on the SO DMS 
ux, with spatial patterns di�ering signi�cantly.

Some climatologies present high 
uxes of DMS from sea ice regions, whereas others actively

mask out sea ice areas, as sea ice blocks the exchange of gases between the ocean and the

atmosphere.

Emissions from the Antarctic coastline and sea ice region seem to contribute to CCN

concentrations, leading to a gradient of CCN over the SO and high Nd near the Antarctic

coast. Field observations of SO CCN found that high CCN concentrations tended to originate
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from the Antarctic coast (Sanchez et al., 2021a). Analyses of multiple ship campaigns have

also con�rmed that the origin of air masses in the SO will in
uence aerosol number, mass and

composition. Air masses designated "maritime" and "polar" based on their origins, have been

repeatedly shown to di�er in their aerosol concentrations and chemical compositions (Dall'Osto

et al., 2017; Fossum et al., 2018; O'Dowd et al., 1997). The latitude where polar air masses

originate and lead to increased aerosol and CCN concentrations has been termed the Antarctic

Sea Ice Atmospheric Compositional Zone (ASIACZ) by Humphries et al., 2021. The nature of

the mystery aerosol originating from the Antarctic coast is still researched, with phytoplankton

emissions being one theory (Dall'Osto et al., 2022; Schmale et al., 2013; Stefels et al., 2018;

Yan et al., 2020), along with seabird waste (Boyer et al., 2025; Dall'Osto et al., 2022) and

halogens that increase NPF (Breider et al., 2010; Jang et al., 2022; Park et al., 2023).

1.2.6 Summary and thesis roadmap

Phytoplankton and algae a�ect the emission of primary aerosols and precursor gases that lead

to the formation of secondary aerosol. While GCMs (such as the UKESM) include the emission

of PMOA and DMS (which leads to the production of sulphate aerosol), the Nd over the SO,

speci�cally at high latitudes near the Antarctic coastline, is still underestimated, hinting at a

missing aerosol source or a missing process.

Throughout this thesis, the SO environment is used as a proxy for the pre-industrial state

of the climate, under the assumption that anthropogenic sources of aerosol are negligible, and

thus cloud adjustments to aerosol perturbations would be similar to those in pre-industrial

times.

This thesis aims to investigate the following research questions:

1. Do phytoplankton a�ect clouds in a way that can be observed via satellite imagery?

2. To what extent are cloud properties a�ected by phytoplankton blooms?

3. What leads to the observed latitudinal gradient in cloud droplet number concentration

and cloud condensation nuclei in the boundary layer?

4. Can the discrepancy between observed and modelled Nd be �xed by adding in a mystery

gas that contributes to aerosol through a mechanism involving NPF, originating from the sea

ice region around Antarctica?

This thesis investigates the above questions in three research chapters. In Chapter 2,

satellite retrievals of cloud properties over the SO are examined, and connected to retrievals

of CHL. The e�ects of the presence of a phytoplankton bloom on cloud properties are also

investigated using spatially averaged datasets. Chapter 3 expands on Chapter 2 by considering

the history of air-masses that form SO clouds. Back-trajectories are used to connect cloud

scenes with aerosol source regions, and factors that contribute to high Nd are identi�ed.

Finally, in Chapter 4, the atmosphere-only con�guration of the UKESM is used to in-

vestigate how much precursor gas emission and associated particle formation is needed to

adequately represent SO clouds, and how the addition of a new emission coupled to sea ice

melt a�ects aerosol properties.
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Chapter 2

Remotely sensed cloud properties

and their correlations to chlorophyll-a

concentration

2.1 Abstract

Aerosol-cloud interactions in the preindustrial period cause a large uncertainty in climate forc-

ing predictions. The pristine Southern Ocean can be used as a proxy for the pre-industrial state

of the climate. Southern Ocean phytoplankton produce climate-relevant aerosols and aerosol

precursors, but their e�ect on clouds and climate is not well understood. This chapter inves-

tigates the extent to which blooming phytoplankton a�ect clouds over the Southern Ocean.

Satellite data of chlorophyll-a concentration and cloud properties (cloud droplet number con-

centration, cloud e�ective radius and cloud liquid water path) over four phytoplankton blooms

are used to calculate correlation coe�cients between chlorophyll-a concentration and cloud

properties, and to examine clouds upwind of, over, and downwind of blooms. Chlorophyll-a

concentration and cloud droplet number concentration were not always positively correlated.

The presence of a bloom was associated with increased cloud droplet number concentration

over the bloom compared to the region upwind of the bloom by 12.6% on average. These

results are consistent with phytoplankton a�ecting Nd through the emission of gases forming

secondary aerosol, on the time scale of 2-36 hours.

2.2 Introduction

Aerosol-cloud interactions are a large source of uncertainty in climate forcing predictions. A

factor contributing to this uncertainty is the e�ect of natural aerosol on clouds and climate,

which also limits our understanding of preindustrial conditions (Carslaw et al., 2013). The

SO can be used as a proxy for preindustrial climate, as this area of the globe has the highest

occurrence of pristine conditions (Hamilton et al., 2014). Since this region has a lower baseline

aerosol load due to the lack of anthropogenic emissions, an increase in CCN would alter
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the albedo of SO shallow liquid clouds via the Twomey e�ect (Seinfeld and Pandis, 2006;

Twomey, 1974) and subsequent adjustments (Bellouin et al., 2020). Our underestimation of

Nd using climate models compared to satellite observations in this region (Mulcahy et al.,

2020) highlights our lack of understanding of natural aerosol.

Previous research has found a link between CHL and cloud properties. Time series of CHL

was found to be negatively correlated to Re� as well as column integrated CCN concentration

(derived from remote sensing retrievals and assumptions about the state of the boundary layer,

see Vallina et al., 2006) when averaged across the SO in several studies (Kr•uger and Gra�l,

2011; Lana et al., 2012). The large-scale correlations in these studies were attributed to DMS,

a gas produced by phytoplankton that oxidises into H2SO4 and can thus increase CCN amount

via nucleation or condensation. DMS is also the method by which phytoplankton regulate the

climate in the so-called "CLAW" theorem, proposed by Charlson et al., 1987, which is widely

debated. Nevertheless, since DMS is known to be an important source of sulphate aerosol,

it is represented in climate models, either coupled to ocean biology or using a climatology

(Bock et al., 2021). However, increasing DMS emissions from the ocean in a global aerosol

microphysics model only weakly a�ects CCN (Woodhouse et al., 2013).

Other research focusing on the spatial correlation between Re� and CHL (Meskhidze and

Nenes, 2006) attributes the increase in CCN to isoprene, another gas that oxidises to condense

onto existing aerosol or form new particles by nucleation. The lifetime of isoprene is much

shorter, 1.8 hours, than that of DMS at 37 hours in an environment with a typical OH

concentration (Sanchez et al., 2021). This could explain the high spatial resolution of the

correlation, since isoprene could have an e�ect on clouds much closer to where it was emitted

than DMS due to its shorter lifetime in the atmosphere, depending on the lifetime of its

oxidation products. However, the correlation on short spatial scale between Re� and CHL

could not be reproduced over other phytoplankton blooms in a follow-up study by Miller and

Yuter, 2008. Both of these studies compared bloom and non-bloom regions in their data in

order to de�ne the contribution of phytoplankton to the reduction in Re� , but non-bloom

regions still had non-zero CHL, which could have in
uenced CCN amounts in non-bloom

regions, assuming Re� changes with CHL. The de�nitions of "bloom" di�ered in Meskhidze

and Nenes, 2006; Miller and Yuter, 2008, the former determining bloom area by eye, and the

latter using a cut-o� value of 1 mg m= 3, resulting in di�erent correlations for the same region.

Phytoplankton in the SO exhibit large blooms every austral summer. When all of their

environmental and nutrient needs are met, phytoplankton exhibit exponential growth (Boyd

et al., 2000). The SO is iron limited, so blooms tend to occur near coastlines where leaching

sediment fertilises phytoplankton, in regions where dust settles on the ocean surface, or in

upwelling regions of the ocean (Moore et al., 2013).

There are di�erent ways of de�ning when and where a phytoplankton bloom occurs. Harm-

ful algal blooms are usually de�ned by the presence of toxins, but there is no such criteria for

phytoplankton that do not produce toxins. Thresholds of CHL, cell count or biomass are

generally used, but these are region and species dependent (Smayda, 1997). Studies speci�c

to phytoplankton blooms in the SO sometimes characterise blooms based on their temporal
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evolution (Kauko et al., 2021). Bloom initiation is de�ned as the time when biomass exceeds

the threshold of 1.05 times the median, or when the rate of change of algal biomass is positive

for the �rst time. Bloom climax is when the rate of change is at its maximum, and decline

starts when the rate of change becomes negative after the climax.

Phytoplankton produce aerosol precursor gases as a response to environmental stress.

Crowding is a stressor as it leads to phytoplankton death and possibly an increased emission

of aerosol precursor gases. When crowding occurs, the bloom starts to go into decline. At the

same time, zooplankton grazing breaks phytoplankton up into smaller pieces, releasing any

gases contained within their cells (O'Dowd et al., 2015; Wang et al., 2015). The detritus from

dead phytoplankton can also serve as PMOA (Stefels et al., 2007). The maximum organic

enrichment of SSA occurs during the decline of a bloom, when phytoplankton death rates are

increased (O'Dowd et al., 2015).

This chapter aims to quantify the extent to which blooming phytoplankton in
uence cloud

properties over the SO in three parts. First, the correlation between the time series of CHL

and Re� averaged over the entire SO is calculated. Second, individual phytoplankton blooms

are identi�ed, and the extent to which they a�ect Re� , Nd and LWP locally are studied using a

method similar to that of Meskhidze and Nenes, 2006 and Miller and Yuter, 2008. Third, cloud

properties are examined upwind, above and downwind of blooms to see how they in
uence

Re� , Nd and LWP, and whether the e�ects persist downwind of the bloom area. Assuming

more phytoplankton produce more aerosol or aerosol precursors, increase in Nd over high CHL

regions is expected. The spatial scale at which this increase becomes apparent will give insight

into the nature of the processes that in
uence CCN (ie, the lifetime of the compound(s)

a�ecting CCN). This chapter exceeds previous research by comparing the di�erent de�nitions

of "bloom" and the resulting correlations between CHL and Re� ; using a better proxy for

changes in aerosol composition (Nd instead of Re� ); and treating the phytoplankton bloom

as a source of aerosol perturbation and examining the e�ect of the bloom by comparing Nd

upwind, above and downwind of phytoplankton blooms.

2.3 Methods

2.3.1 Satellite derived cloud products

Previously, Meskhidze and Nenes, 2006 (hereafter MN06) and Miller and Yuter, 2008 (hereafter

MY08) used Re� to establish the e�ect of phytoplankton biomass on clouds. This chapter

therefore uses Re� to compare results to that of MN06 and MY08, while also expanding the

analysis to include Nd, which is more closely related to CCN.

The e�ective radius of cloud droplets (Re� ) is the area weighted mean radius of the cloud

droplets, de�ned as:
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Re� =

1R

0
r 3n(r ) dr

1R

0
r 2n(r ) dr

(2.1)

where r is the droplet radius, andn(r ) is the droplet size distribution, the number of

droplets with a given radius.

LWP is the amount of liquid water between two points in the atmosphere, with units g m= 2.

The LWP of clouds is de�ned as LWP between cloud base and cloud top.

Cloud droplet number concentration

Increased CCN can alter Nd via the Twomey e�ect in shallow liquid clouds, resulting in smaller

cloud droplets (smaller Re� ) and increased albedo (Seinfeld et al., 2016; Twomey, 1974). Nd is

used as a tracer for CCN, while Re� and LWP are also examined. Re� is a way of characterising

the distribution of cloud droplet radii from satellite images, and is closely linked to Nd.

The retrieval of Nd for liquid clouds from satellite data is possible by using remotely-

sensed Re� , cloud optical depth and cloud top temperature (Grosvenor et al., 2018a). Satellite

retrieved Nd has been validated with shipborne data (Efraim et al., 2020), as well as aircraft

observations (Gryspeerdt et al., 2022; Kang et al., 2021; Painemal and Zuidema, 2011).

Nd is calculated from satellite data after Grosvenor et al. (2018b), using the equation

Nd =

p
5

2� k

�
f ad cw � c

Qext � w Re�
5

� 1=2

(2.2)

Here, f ad is the assumed fraction of the adiabatic liquid water content (LWC) that the

idealised clouds posses,cw is the rate of increase of LWC with height (dLWC=dz, with units

kg m= 4) for a moist adiabatic ascent (see Grosvenor et al., 2018b for a derivation),� c is the

cloud optical depth,Qext is the ratio between the extinction and the geometric cross sections

of a given droplet and can be approximated by its asymptotic value of 2 (Hulst, 1957),� w is

the density of liquid water, andRe� is the cloud droplet e�ective radius.

The four phytoplankton blooms examined in this chapter were in the summers of 2000-

2001, 2001-2002 and 2003-2004, and in the spring of 2006. Cloud products near the blooms

were obtained from the MODerate resolution Imaging Spectroradiometer (MODIS) sensor

aboard the Aqua and Terra satellites. The Aqua satellite launched in 2002 whereas Terra

launched in 1999, which means that only MODIS Terra data (cloud product MOD08) is

available for the years 2000 and 2001. For 2003 and 2006, data from MODIS Aqua (MYD08)

is used, since MODIS Terra was missing some days of observation within the research period.

Level 3 MODIS cloud datasets (MYD08 and MOD08) are used, which contain observations

of Re� , cloud optical thickness, cloud top temperature, LWP, cloud fraction and many more

at 1° resolution (Platnick et al., 2017). In this chapter the 3.7µm retrievals are used, as they

perform better for Re� and thus for the calculation of Nd (Grosvenor et al., 2018a). Only liquid
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clouds are examined here.

2.3.2 Chlorophyll datasets

The green photosynthesising pigment chlorophyll-a is a common pigment found in phyto-

plankton. In large bodies of water, CHL can be calculated from multispectral satellite data by

comparing the re
ectances of the green and blue bands using a colour index algorithm (Hu

et al., 2012). Due to di�erent remote sensing instruments detecting re
ectances in di�erent

wavebands, retrievals of CHL by di�erent sensors (such as MODIS and SeaWiFS) can lead to

di�ering results. A comprehensive description of the CHL retrieval algorithm for MODIS and

SeaWiFS, the sensors used in this thesis, can be found at Werdell et al., 2023.

In this chapter, satellite-derived CHL data was obtained from NASA's Sea-Viewing Wide

Field-of-View Sensor (SeaWiFS) aboard the SeaStar spacecraft. While CHL can also be derived

from MODIS data, SeaWiFS was chosen for several reasons: it was the sensor used in both

MN06 and MY08, its platform was capable of tilting away from sun glint over the ocean which

the MODIS satellite was incapable of doing, and MODIS had some erroneous and missing

retrievals in its early years. Despite this, MODIS and SeaWiFS retrievals of CHL are very

consistent with each other over the SO (see Section 2.A.1). SeaWiFS data was used for

spatial datasets only, where a high temporal resolution is not needed so that a composite

dataset can be used, decreasing the gaps due to cloud cover.

In addition to SeaWiFS CHL data, the NASA Ocean Biogeochemical Model (NOBM) was

also used to obtain a continuous, representative time series of CHL over several years over

the SO. Satellite retrievals of CHL will have gaps over regions with frequent cloud cover. The

NOBM DAY vR2017 used here assimilates SeaWiFS and MODIS Aqua ocean chlorophyll data

via conditional relaxation analysis method (Gregg, 2008), resulting in a continuous reanalysis

dataset over the oceans. Compared to in-situ CHL measurements, NOBM has similar uncer-

tainty and lower bias than SeaWiFS data (Gregg and Rousseaux, 2017). NOBM data was

used for time series where temporal resolution needs to be high (daily) but spatial resolution

can be coarse (1.25 degree longitude by 0.67 degree latitude).

2.3.3 Temporal correlation between R e� and CHL

Re� and CHL data over the entire SO, de�ned here as 40°S - 70°S, was averaged to give tempo-

ral datasets at daily resolution between 2002.07.04 and 2015.12.31 using NASA's GIOVANNI

service. Re� values from the MODIS Level 3 Aqua and Terra collections were each compared

to CHL data from NOBM. NOBM was used instead of satellite data, since the gaps in CHL

retrievals make it di�cult to obtain a continuous, representative dataset of CHL. NOBM data

was quality controlled using MODIS 8-day averaged CHL data, with the correlation coe�cient

between the two datasets su�ciently high (R = 0.73) at overlapping time steps.

To compare their seasonality, Re� and CHL timeseries were averaged by day of year. To

establish the presence and magnitude of the correlation between Re� and CHL, the Spear-

man's rank correlation coe�cients between CHL and each Re� time series were calculated,

for both the averaged and long-term datasets. Spearman's rank correlation was chosen over
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Pearson's as CHL tends to exhibit exponential growth when phytoplankton are blooming, but

a proportionate decrease in Re� is not expected.

The CHL dataset was shifted forwards and backwards in time by 100 days in each direction.

Correlation coe�cients between the shifted CHL and Re� time series were calculated to �nd the

maximum correlation between datasets and establish whether one time series lags the other,

indicating causation.

2.3.4 Spatial correlation over phytoplankton blooms

To establish a local e�ect of phytoplankton on clouds, spatial correlations between CHL and

Re� were calculated. Four phytoplankton blooms in the SO in the summertime were examined.

Of the four blooms, 3 are in the same study area used by MN06 in the summers of 2000-2001,

2001-2002 and 2003-2004, within the area bound by 40-60°S and 55-21°W, and one is near

the Kerguelen Islands at 40-60°S and 60-90°E, in 2006 November. The MN06 study area was

chosen in order to recreate and establish the persistence in di�erent years of the correlation

MN06 found between CHL and Re� . The 2006 study area was chosen due to it being in the

same latitude band as the MN06 area, and because this region also exhibits large phytoplankton

blooms each summer. This region was also found to have similar correlations between CCN

and both secondary organic aerosol formation in the atmosphere, and primary aerosol emission

as the MN06 area in a study by Lana et al., 2012.

MN06 and MY08 both separated their study areas into "bloom" and "non-bloom" cate-

gories, expecting a stronger e�ect on cloud properties over "bloom" areas of high phytoplankton

biomass. It is possible that over blooming phytoplankton, enough compounds, be it PMOA or

aerosol precursors, are present to induce a regime change in clouds from being controlled by

other factors to being controlled by phytoplankton biomass.

However, in this chapter both "non-bloom" and "bloom" regions are included in the anal-

ysis to establish whether higher CHL leads to higher Nd (and therefore lower Re� ) over phy-

toplankton blooms. Correlation coe�cients for "bloom" and "non-bloom" regions were also

calculated, to compare with the results of MN06 and MY08 directly.

Bloom de�nition

Here three methods of de�ning a phytoplankton bloom based on satellite CHL are compared.

MN06 determined the extent of their phytoplankton bloom by eye to be between 48 and

56°S. Their research area just west of the island of South Georgia experiences phytoplankton

blooms in roughly the same location every austral summer. Although most likely only applicable

to this speci�c location, this de�nition was used across di�erent phytoplankton blooms in this

chapter for completeness.

MY08 used a threshold of 1 mg m= 3 CHL to de�ne a bloom. Their de�nition is based

on a CHL dataset re-gridded to 1°x1° resolution, where grid boxes with a mean CHL over 1

mg m= 3 CHL constitute the bloom regions. This method is applicable to di�erent regions with

di�erent biogeochemistries, not requiring the bloom to appear in the same place. However,
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their method might fail to detect phytoplankton blooms of a lesser magnitude that do not

reach the threshold value of 1 mg m= 3.

The third method in this chapter, hereafter referred to as the "cluster" method, employs

a fuzzy clustering algorithm to de�ne a reproducible, objective way of de�ning the extent of

phytoplankton blooms. The logarithm of CHL was used, because blooming phytoplankton

exhibit exponential growth. During fuzzy clustering, each pixel in the image is assigned proba-

bilities of belonging to 5 clusters based on its CHL. The probability of belonging to the cluster

containing missing data is set to 0 for each point. Each point is assigned to its �nal cluster by

calculating the sum of all probabilities within a neighbourhood (smoothing) and choosing the

cluster with the largest value. The resulting patches of clusters all belong to one of 5 groups,

of which the one with the highest mean CHL is taken to be the "bloom" cluster. The largest

patch of this cluster is then assigned a bounding box, de�ning the resulting bloom area. The

clustering process is illustrated in Figure 2.1. For more information on fuzzy clustering, see

Ross, 2010. A bounding box around the bloom is de�ned rather than a curved boundary be-

cause the clustering is done on the native 9 km resolution dataset, whereas the MODIS cloud

property datasets are on a 1° grid. Using a square boundary makes the conversion between

the two datasets easier, as well as reducing the computational e�ort to select the region .

Figure 2.1: Visual representation of fuzzy clustering applied to the 2000 phytoplankton bloom. The
CHL data (left) is converted into a 2D image on a regular grid. The fuzzy clustering algorithm with 5
centres is applied to the image, resulting in 5 clusters (middle). The cluster number with the highest
mean CHL is found and designated the bloom cluster. In this case, cluster number 3 is the bloom
cluster. Then, the largest cohesive region of bloom cluster on the image is found, and a rectangle is
drawn around it (right).

These de�nitions are applied to four phytoplankton blooms in the SO in the summers

of 2000-2001, 2001-2002, 2003-2004 and 2006. Three of the blooms examined (2000, 2001

and 2003) are in the same location as the MN06 study, between 42°S to 60°S and 55°W to

21°W, near the island of South Georgia. The fourth bloom (2006) is in the same latitude

band further east, 60°E to 90°E, near the Kerguelen Islands. Blooms are determined based

on the three de�nitions above, while non-bloom areas are de�ned as regions not in the bloom

but within the area shown in Figure 2.2. While examining the CHL data, it became apparent

that the bloom MN06 used in their illustration is from the summer of 2000-2001, rather than

2001-2002 claimed in their study. Both 200-2001 and 2001-2002 blooms are included in this

analysis speci�cally to compare to the results presented in MN06.

Figure 2.2 shows the bounding boxes of the blooms, as de�ned by the three di�erent
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methods, for the four blooms across the SO in di�erent years. The cluster de�nition overlaps

well with the MY08 de�nition, with the MY08 blooms having some disjointed areas away from

the main, cohesive bloom region. The MN06 bloom de�nition misses high-CHL areas (light

yellow in Figure 2.2) and includes low-CHL areas (dark blue in Figure 2.2) for every bloom

studied, making it the least e�ective de�nition.

The smallest di�erence between mean bloom and non-bloom CHL was found in the MN06

de�nition, followed by the cluster de�nition, with the largest di�erence in the MY08 de�nition,

where mean bloom CHL is always above 1 mg m= 3, as shown in Table 2.1. Since the MY08

de�nition uses a threshold to separate low and high values, it is not surprising that this bloom

de�nition has the largest di�erence in CHL between its "bloom" and "non-bloom" regions.

The MN06 de�nition, which was determined by eye for the 2001-2002 bloom, was not meant

to be used on other blooms. Despite this, it shows a fair amount of overlap with the MY08

and cluster de�nitions, as seen in Figure 2.2. This is most likely because blooms tend to show

up in the same region each year due to nutrient availability and ocean currents. The MY08

de�nition, while agreeing relatively well with the cluster de�nition, leads to a disjointed bloom

area, and is highly resolution dependent, as the threshold of 1 mg m= 3 is applied to each pixel.

From Figure 2.2, it is evident that applying the MY08 de�nition to the native resolution of 9

km, the shape and even size of the bloom would be di�erent to the results presented using

1°x1° resolution data.

Figure 2.2: Phytoplankton "bloom" areas, using three di�erent bloom de�nitions. MN06 used a
latitude band determined visually from the 2001-2002 bloom which is inapplicable to other blooms.
MY08 used 1°x1° areas where the mean chlorophyll concentration exceeded 1 mg m= 3. "Cluster" refers
to the use of a fuzzy clustering algorithm that groups pixels together based on their chlorophyll values.
3 blooms are from the MN06 region near South Georgia at the same time of year (December 11 -
January 8), and one near the Kerguelen Islands in November 2006.

Ideally, blooms would be identi�ed by considering the distribution of CHL data within an
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Table 2.1: CHL (in mg m= 3) of the selected blooms. MN06 de�ne blooms as 48°S to 56°S. MY08
de�ne blooms as regions of 1°x1° with CHL over 1 mg m= 3. The cluster de�nition uses fuzzy clustering
to de�ne the area with the highest CHL, described in Section 2.3.4. Mean (minimum - maximum)
values in mg m= 3 at the given resolution for each method (2° for MN06, 1° for MY08, 9 km for Cluster)

MN06 de�nition MY08 de�nition Cluster de�nition
Bloom
date

Bloom Non-
bloom

Bloom Non-
bloom

Bloom Non-
bloom

2000 Dec.
11 - 2001
Jan. 8

0.51
(0.13-
1.64)

0.35
(0.11-
1.78)

1.49
(1.01-
2.74)

0.37
(0.07-
1.00)

0.68
(0.08-
27.27)

0.40
(0.03-
39.41)

Actual
MN06

2001 Dec.
11 - 2002
Jan. 8

0.59
(0.13-
3.59)

0.44
(0.16-
1.19)

1.66
(1.00-
3.90)

0.41
(0.11-
1.00)

1.05
(0.12-
16.38)

0.41
(0.09-
32.29)

MN06
from
text

2003 Dec.
11 - 2004
Jan. 8

0.54
(0.17-
1.36)

0.54
(0.22-
1.32)

1.26
(1.01-
2.39)

0.47
(0.15-
1.00)

0.97
(0.13-
23.04)

0.46
(0.09-
81.72)

MY08

2006 Nov.
1 - Dec. 11

0.39
(0.16-
2.32)

0.31
(0.10-
1.84)

1.97
(1.00-
7.93)

0.25
(0.02-
0.99)

0.87
(0.11-
38.44)

0.26
(0.02-
80.51)

image. As phytoplankton blooms tend to exhibit an exponential increase in CHL, it would

be the best practice to identify the log-normal distributions of "background" phytoplankton

and "blooming" phytoplankton. A threshold could then be identi�ed based on where these

distributions overlap. This is similar to what the fuzzy clustering algorithm attempts to do.

The blooms identi�ed by the fuzzy clustering algorithm have consistently di�erent CHL values

for bloom and non-bloom regions and agree with the MY06 blooms, while being a cohesive

unit. Therefore, this de�nition of "bloom" is used to analyse cloud properties upwind and

downwind of blooms in Section 2.3.5.

Spatial correlation

Here, spatial correlations are used to test the hypothesis that an increase in CHL is associated

with a local decrease in Re� due to aerosol production from blooming phytoplankton on four

di�erent phytoplankton blooms in the SO.

Correlation coe�cients between CHL and Re� are calculated for both bloom and non-bloom

regions of each study area shown in Figure 2.2, as well as over the whole study area ("overall"),

following the methods described in MN06 and MY08. Note that both MN06 and MY08 would

have used MODIS data collections 005 or 051, which have since been updated at least twice

to the current 061 collection. The version used in MN06 and MY08 is no longer available and

the averaging of NASA data products has since changed, speci�cally the period of monthly

mean datasets. Both MN06 and MY08 refer to MODIS monthly mean datasets for December

11 - January 8, but the current MODIS monthly mean datasets are only available for calendar

months (eg. December 1 - 31). Therefore datasets were created by averaging from daily

data in an attempt to reproduce their dataset instead of using the currently available MODIS

monthly mean datasets.
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SeaWiFS remotely sensed surface seawater CHL data was used here as opposed to the

NOBM CHL data, obtained via the NASA Ocean Color web service. SeaWiFS retrievals of

CHL were validated over the SO against SEABASS measurements, shown in Section 2.A.1.

The four blooms, along with their dates, are shown in Figure 2.2.

The Spearman's rank correlation coe�cient was calculated between CHL and Re� for bloom

and non-bloom areas, as de�ned by the three di�erent methods outlined in Section 2.3.4, as well

as the entire region of interest ("overall" in Table 2.2). For the MY08 method, satellite data

was re-gridded to 1°x1° resolution, while for the MN06 method, a 2°x2° resolution was used.

The fuzzy clustering algorithm used the native 9 km resolution of the CHL data to establish the

bloom region, which was the regridded to 1°x1° resolution to calculate correlation coe�cients

with cloud products.

2.3.5 Cloud properties upwind and downwind from blooms

Once the bloom area has been identi�ed following the cluster method in Section 2.3.4, two

regions of the same size and shape in the same latitude band were considered east and west

of the bloom area, illustrated in Figure 2.3. Since the SO is dominated by westerlies (winds

blowing from west to east), the area west of the bloom was de�ned as "upwind" of the bloom,

and the area east of the bloom was designated as "downwind". Distributions of MODIS Re� ,

LWP and Nd upwind, over and downwind of each bloom were then examined. For this analysis,

the monthly averaged MODIS data (as described in Section 2.3.4) was used at the native 1°

resolution.

Figure 2.3: Map of Nd 2003 December 11 - 2004 January 8. Upwind, downwind and bloom regions
are shown in dark blue, green and light blue.

2.4 Results

2.4.1 Temporal correlation

The time series of area-averaged CHL and Re� , shown in Figure 2.4, both exhibit yearly maxima

and minima over the SO. CHL peaks in the summer, whereas Re� peaks in the winter. When

examining a climatological mean (Figure 2.4b), the minimum Re� occurs on January 15th,

exactly a month after the maximum CHL on December 15th.

A strong negative correlation (R=-0.90) is present between the time series of CHL and Re�
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(a) CHL and MODIS Aqua Re� between 2002 July
4 and 2015 December 31 at daily resolution.

(b) Climatologies (mean by day of year) of CHL
and MODIS Aqua and Terra Re� over the SO.

Figure 2.4: Daily time series area averaged over the SO (40°S to 70°S) of MODIS Terra Re� and CHL
from NOBM reanalysis data.

for both MODIS datasets (Terra and Aqua) over the SO. After shifting the CHL time series

backwards and forwards 100 days, the strongest correlation (R=-0.91) was found when 7 or

8-day time delay is applied to the data so that Re� lags CHL. When averaging the time series

by day of year (Figure 2.4), the Spearman's rank correlation coe�cients between CHL and Re�

are -0.95, again reaching slightly stronger negative correlations when a time delay of 7-8 days

is applied.

2.4.2 Spatial correlation

This analysis reproduced the negative correlation between CHL and Re� found by MN06 and

MY08 in the austral summer of 2001-2002 when following the de�nitions of bloom used in

those studies, although to a di�erent extent (Table 2.2). MN06 found a correlation of -0.48

between cloud e�ective radius and CHL over the bloom, whereas the correlation here is -0.25

following their method. Note that the MODIS dataset available in 2024 and analysed in this

chapter di�ers to those available in 2006 and 2008 for MN06 and MY08, so slight di�erences

between the results here and the results of MN06 or MY08 are expected. Also note that MN06

and MY08 do not specify which retrieval of Re� they use. Here the 3.7µm retrieval was used.

When using the cluster de�nition of the bloom, the negative correlation is similar with a value

of R=-0.37. The bloom MN06 used in their illustration is from the year before they quoted,

from the summer of 2000-2001. Using this bloom, their method yields a correlation of R=0.00

over the bloom and 0.16 outside the bloom.

The four blooms examined show a variety of correlations between Re� and CHL, inconsistent

across blooms as well as methodologies. The correlation coe�cients, shown in Table 2.2, range

from -0.42 to 0.25 over the bloom areas, and from -0.30 to 0.30 over non-bloom areas. Overall

correlations (without separating the data into bloom and non-bloom categories) also covered

a wide range, from -0.27 to 0.20.

Correlation coe�cients between Nd and CHL are also variable across bloom de�nitions and

include both positive and negative values, as shown in Table 2.3. The 2001 bloom is the only

one out of the 4 blooms that had a consistently positive correlation between CHL and Nd

across bloom de�nitions. The 2003 bloom had mostly positive correlations, with the exception

of the "bloom" area of the MY08 de�nition, which was weakly negative.
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Table 2.2: Spearman's rank correlation coe�cients between CHL and Re� for each bloom. MN06 de�ne
blooms as 48°S to 56°S. MY08 de�ne blooms as regions of 1°x1° with CHL over 1 mg m= 3. The cluster
de�nition uses fuzzy clustering to de�ne the area with the highest CHL, described in Section 2.3.4.

Correlation coe�cient

MN06
de�nition

MY08
de�nition

Cluster
de�nition

2000 Dec. 11 - 2001 Jan. 8

Bloom -0.00 -0.42 0.25

Non-bloom 0.16 0.12 0.08

Overall 0.11 0.11 0.11

2001 Dec. 11 - 2002 Jan. 8

Bloom -0.25a -0.36c -0.37

Non-bloom -0.30b -0.12d -0.11

Overall -0.27 -0.19 -0.19

2003 Dec. 11 - 2004 Jan. 8

Bloom -0.23 -0.15e -0.17

Non-bloom -0.14 -0.09f -0.07

Overall -0.20 -0.14 -0.14

2006 Nov. 1 - Dec. 1

Bloom -0.02 0.17 0.11

Non-bloom 0.30 0.20 0.11

Overall 0.20 0.18 0.18
a -0.48 in MN06
b 0.18 in MN06
c -0.67 in MY08
d -0.02 in MY08
e -0.10 in MY08
f 0.15 in MY08

All "overall" correlations between LWP and CHL are positive (Table 2.4), but correlations

over "bloom" and "non-bloom" regions are variable based on bloom de�nition and across

blooms, with a mix of weakly positive and weakly negative correlations.

The relationships between Re� , Nd, LWP and CHL are also shown as scatter plots in

Figures 2.9 to 2.11. These �gures show that separating the data into bloom and non-bloom

regions can produce very di�erent correlations between the variables. Speci�cally, the MY08

method of determining bloom area signi�cantly alters the correlation between Nd and CHL

over the blooms in the 2000, 2003 and 2006 datasets from the overall correlation values.

2.4.3 Upwind and downwind

When examining cloud properties upwind (west) and downwind (east) of the blooms, it is

apparent that Nd is higher over blooms than outside of blooms(Figure 2.5). On average,

Nd is 12.6% higher above blooms than it is outside of (upwind and downwind) bloom areas.

Compared to the areas upwind of the bloom, mean Nd increases on average by 16.4% over

the bloom, and by 6.5% downwind of the bloom. Mean Nd consistently increases above all
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Table 2.3: Spearman's rank correlation coe�cients between CHL and Nd for each bloom, as in Table 2.2

Correlation coe�cient

MN06
de�nition

MY08
de�nition

Cluster
de�nition

2000 Dec. 11 - 2001 Jan. 8

Bloom 0.14 0.27 -0.18

Non-bloom 0.07 -0.02 0.03

Overall -0.06 -0.03 -0.03

2001 Dec. 11 - 2002 Jan. 8

Bloom 0.45 0.37 0.31

Non-bloom 0.43 0.30 0.30

Overall 0.47 0.36 0.36

2003 Dec. 11 - 2004 Jan. 8

Bloom 0.50 -0.08 0.17

Non-bloom 0.14 0.32 0.25

Overall 0.34 0.27 0.27

2006 Nov. 1 - Dec. 1

Bloom 0.08 -0.23 -0.21

Non-bloom -0.17 -0.05 -0.01

Overall -0.07 -0.08 -0.08

Table 2.4: Spearman's rank correlation coe�cients between CHL and LWP for each bloom, as in
Table 2.2

Correlation coe�cient

MN06
de�nition

MY08
de�nition

Cluster
de�nition

2000 Dec. 11 - 2001 Jan. 8

Bloom 0.08 -0.21 -0.07

Non-bloom -0.04 0.03 0.01

Overall 0.01 0.02 0.02

2001 Dec. 11 - 2002 Jan. 8

Bloom 0.13 -0.07 0.14

Non-bloom 0.02 0.01 0.03

Overall 0.12 0.09 0.09

2003 Dec. 11 - 2004 Jan. 8

Bloom 0.51 -0.14 0.08

Non-bloom 0.22 0.31 0.20

Overall 0.51 0.26 0.26

2006 Nov. 1 - Dec. 1

Bloom 0.20 -0.01 0.03

Non-bloom 0.24 0.16 0.23

Overall 0.21 0.15 0.15
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four blooms examined in this analysis, and increases downwind of three blooms compared to

upwind areas.

(a) Re�

(b) Nd

(c) LWP

Figure 2.5: Box and whisker plot of Re� , Nd and LWP upwind, over, and downwind of the 4 bloom
regions. Boxes extend from the �rst to the third quartile of data. Horizontal black lines denote means.

Re� decreased above the blooms on average by 3.3% compared to upwind and downwind

regions, and increased to values 0.9% higher downwind of the bloom compared to upwind of

the bloom. While all blooms show a decrease in Re� over the bloom, Re� downwind of the

bloom is only lower than upwind in two cases, in the 2000 and 2003 datasets, while 2001 and

2006 Re� values show larger downwind Re� than upwind areas.

LWP was lowest upwind of the blooms for all but the 2006 bloom. On average, LWP in-

creased above the bloom and showed a further increase downwind of the bloom, with increases
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of 8.1% and 12.7% above and downwind of the bloom compared to upwind of the bloom, re-

spectively. In the 2006 bloom, LWP was lower downwind of the bloom than upwind of the

bloom by 4.4%. All bloom areas show a stark increase in LWP above the islands included in

the research areas (South Georgia Island for the 2000, 2001 and 2003 blooms, and Kerguelen

Island for the 2006 bloom), which is responsible for the large whiskers of the box-and-whisker

plot in Figure 2.5. Despite this, the mean LWP downwind of the bloom area is still higher

than over the bloom for the 2000, 2001 and 2003 blooms.

2.5 Discussion

A spatial negative correlation between CHL and Re� was not consistently found over blooming

phytoplankton in the SO in Section 2.4.2, contrasting with the conclusions of MN06 that

phytoplankton-emitted isoprene controls Re� in the SO over blooms. However, the correlation

coe�cients between CHL and Re� were consistently negative for the 2001 and 2003 blooms

across bloom de�nitions, implying an e�ect on clouds from phytoplankton in the 2001 and

2003 datasets.

Nd was found to be higher over phytoplankton blooms than away from them by 12.6% on

average. Areas downwind of the bloom also had higher Nd than their upwind counterparts, by

6.5% on average. Re� also showed a mean decrease over blooms by 3.3%. These results imply

an e�ect of increased Nd and decreased Re� over phytoplankton blooms on cloud properties,

which is consistent with the results found in Section 2.4.1 that show that CHL is temporally

anticorrelated with Re� when averaged over the SO.

The results of decreasing Re� and increasing Nd over high-CHL bloom areas (Section 2.4.3)

are not contradictory to those of Section 2.4.2, where a consistent decrease in spatially averaged

Re� with increasing CHL was not found. Section 2.4.2, after MN06 and MY08, considered 2°x

2° and 1°x1° areas, looking for a correlation over these same grid boxes, making the assumption

that any e�ect of increased CHL will lead to a local e�ect within 1 or 2 degrees. The spatial

extent of the blooms and non-bloom regions considered in Section 2.4.3 are much larger than

the 2°x 2° and 1°x1° grid boxes, on the order of 10s of degrees, and take into consideration

the predominant wind direction.

Using a larger area allows for detecting larger-scale e�ects that occur in the general vicinity

of high-CHL regions. For example, in 2000 December, the mean wind speed over the research

area was around 10 m s-1, or 36 km h-1, as seen in Figure 2.6. At 50°S, 1 degree of longitude

is approximately 71 km. A gas with a lifetime over 2 days (such as DMS) emitted from a

high-CHL grid box would then have its e�ect on a cloud 1728 km, or 24 degrees away, not

within the same 2°x2° or 1°x1° grid box, assuming it has to oxidise �rst to a�ect aerosol and

thus Nd. As presented in Section 2.4.1, the strongest negative correlation occurs between

mean CHL and Re� when a time delay of 7-8 days is applied. With a 7-day delay between

emission from the sea surface and e�ect on cloud, assuming a mean wind speed of 10 m s-1, a

gas may travel over 6000 km (85°) from its origin, assuming it stays around 50°S. The e�ect

of the spatial scale and resolution of the study areas and their implications is discussed further
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in Section 2.5.2.

The analysis in both MN06 and MY08 separated their dataset into "bloom" and "non-

bloom" regions. This distinction reduces the number of data points and may increase the

strength of the perceived correlation. As seen in Section 2.3.4, these distinctions are also

inconsistent between methods and can lead to false conclusions. Because of this, the correlation

coe�cient for the entire research area was also calculated for each bloom, labelled "overall" in

Tables 2.2 to 2.4. For Re� , these overall correlations were found to be weak and evenly split

between positive and negative correlation.

2.5.1 Rainout

The 2001 and 2003 datasets showed the lowest Re� values over and around the blooms. MN06

chose the 2001 bloom partly because of the small associated Re� values, as they are well below

the precipitation threshold of 15µm (Chen et al., 2007). While all datasets in this chapter

fall below the precipitation threshold, the 2001 and 2003 datasets have the lowest Re� values

(see Figure 2.13), and therefore it is possible that the low Re� plays a role in the consistent

negative correlations found in those years. Precipitation would remove droplets with large radii

from the cloud, shifting the Re� distribution to smaller values.

If rainout is more likely to happen over the low-CHL regions due to larger droplet radii, then

after a rainout event, there would not be a negative correlation between Re� and CHL in the

non-bloom region, but there might be one over the high-CHL region, where the Re� distribution

has shifted to smaller sizes, suppressing precipitation. In the 2000 bloom, both "cluster" and

MN06 de�nitions of the bloom include an area of very low CHL centred approximately on 53°S,

31°W due to the shape of the bloom (Figure 2.2a). This region of low CHL could negate the

correlation that would otherwise occur between CHL and Re� , while the MY08 de�nition of

bloom, which yields the largest di�erence in mean CHL between bloom and non-bloom regions

(Table 2.1), does not include the same low-CHL region, and yields a negative correlation

between CHL and Re� over the bloom (Table 2.3).

2.5.2 Time between aerosol emission and e�ect on clouds

All blooms demonstrate an increase in Nd above the bloom compared to upwind areas. As-

suming this is due to aerosol or precursor gas emission, the approximate time between emission

from the bloom and e�ect on clouds can be calculated. Considering average wind speeds over

the SO and the widths of the blooms (17, 14, 11 and 18 degrees respectively for 2000, 2001,

2003 and 2006), the maximum time between cause and e�ect for each bloom can be calcu-

lated. Using the multiplier of 2.0 hr/degree ( 71 km/degree at wind speeds of 36 km/h), the

time needed for an e�ect to show up is around 22 - 36 hours. In 3 blooms, Nd is also increased

in the downwind region compared to the upwind region, but to a lesser extent than over the

bloom (Figure 2.5). While this is an approximation of the lifetime of the compounds causing

the increased Nd and decreased Re� over blooms, it is not a lower limit, since the smallest area

that can be examined is limited by the size of each bloom.

The strongest temporal correlation of the area averaged time series of Re� and CHL over the
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SO occurred at a time delay of 7-8 days. While this is longer than the 22-36 hours estimated

from the upwind/downwind analysis, it is not incompatible due to the temporal evolution of

blooms. There is evidence that the temporal evolution of a phytoplankton bloom a�ects the

type and amount of aerosol or aerosol precursors phytoplankton emit (Bigg and Leck, 2008;

Collins et al., 2013; Mayer et al., 2020). If phytoplankton emit the most cloud-relevant aerosol

in the declining stage, even if the e�ect on clouds was immediate, it would account for some of

the time delay seen in the temporal correlation. Micro- and mesocosm studies have found that

SSA enrichment in organics (the production of PMOA) increases when the bloom declines,

rather than at the bloom maximum. This is due to the release of dissolved organic matter

due to cell death or cell burst (O'Dowd et al., 2015). If an increase in PMOA production

contributes to a decrease in Re� , the minimum in Re� would occur over the period of bloom

demise, which happens after the CHL maximum, when biomass is decreasing. DMS emissions

from phytoplankton can also increase during bloom decline due to zooplankton grazing or as

a response to crowding (Jones et al., 1998; Shemi et al., 2021). Either of these could account

for some of the 7-8 day lag which leads to the strongest temporal correlation.

Examining the time series of average CHL over each bloom region in Figure 2.7, it is

clear that the 2001 bloom is the only one in its declining stage. The 2006 bloom is in its

growth stage, and the 2000 and 2003 blooms do not necessarily meet the temporal de�nition

of "bloom" discussed by Kauko et al. (2021). In 2003, a larger magnitude bloom occurred in

(a) 2000 December 11 - 2001 January 8 (b) 2001 December 11 - 2002 January 8

(c) 2003 December 11 - 2004 January 8 (d) 2006 November 1 - 2006 December 1

Figure 2.6: Monthly mean wind speeds at each bloom. Hourly output wind speed from the MERRA-2
model was obtained via NASA's Giovanni online data system, and averaged over the timeframe of each
bloom.
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November-December, before this analysis, and in 2000, there was not a stark maximum CHL

period comparable to the other years. It is therefore possible that the stage of each bloom

in
uenced the strength of the correlation found between CHL and Nd. Blooms in the declining

stage produce more PMOA (Rinaldi et al., 2013), which can a�ect clouds within a short time

period. This may be the reason that the 2001 bloom shows the strongest spatial correlation

between CHL and Nd.

The spatial correlation analysis can also give us an estimate of minimum lifetime (or rather,

time between cause and e�ect, since in the case of VOCs, there are several intermediary gases

with several lifetimes), hereafter tmin. If tmin=0, a spatial correlation between CHL and Nd
would be expected for all blooms examined in Section 2.4.2, since the aerosol would not travel

any distance between emission and cloud. As tmin increases, correlations should disappear

in the highest wind speed cases �rst, since gases or aerosols would travel further at higher

wind speeds, leaving the grid boxes. From Figure 2.6, this is the 2006 bloom with a mean

wind speed of 12.1 m s= 1, which is higher than the mean wind speed over the other blooms,

ranging 10.0-10.4 m s= 1. Indeed, the 2006 bloom does not show a positive spatial correlation

between CHL and Nd (Table 2.3). The 2001 and 2003 areas both showed a positive overall

correlation between CHL and Nd, for both spatial resolutions (2°x2° for MN06, 1°x1° for MY08

and cluster). At the mean wind speed of 10.2 m s= 1, these resolutions correspond to 1.9-3.9

hours (at 50°S). When looking at the overall correlation between CHL and Nd for the 2001 and

2003 blooms, the correlations get weaker as resolution increases from 2°x2° to 1°x1° between

the MN06 de�nition and MY08 or cluster de�nitions, suggesting that limiting the area over

which correlations are calculated to 1°x1° is too small, and therefore the lifetime to 1.9 hours,

is too short.

It may be possible to estimate the lifetime of the aerosol or aerosol precursor produced by

the phytoplankton blooms by coarsening spatial resolution and �nding the resolution that leads

to the strongest correlation. However, averaging the data over even 2°x 2° and calculating a

Figure 2.7: Mean CHL time series over bloom areas in their respective years. Green shading denotes
the temporal range of data used for calculating spatial correlations.
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spatial correlation as in Section 2.3.4 already removes a large amount of variability from CHL,

as it changes on an exponential scale over shorter distances, as demonstrated in Figure 2.2.

Averaging over larger areas would also reduce the amount of data points, which may lead to

erroneous correlation coe�cients.

A better estimate for the time between emission and e�ect on cloud may be reached by

coarsening the resolution of the data and establishing the resolution at which a maximum

correlation occurs, then calculating the lifetime using the mean wind speed over the bloom.

When this was attempted for the 2001 bloom (not shown), the correlation coe�cient between

CHL and Nd increased until the resolution of 6°x6 ° was reached, at which point the results

became insigni�cant due to the low number of data points.

2.5.3 E�ect on cloud liquid water path

LWP showed a consistent increase over all blooms, and increased further downwind of the

bloom for 3 out of the 4 blooms in this chapter. These results are consistent with the obser-

vations of Mansour et al., 2022, who found an increase in LWP with increasing Nd for low Nd

regions in the Northeast Atlantic Ocean. Koren et al., 2014 showed that in pristine, aerosol-

limited clouds, an input of CCN can lead to cloud invigoration, whereby a cloud's liquid water

mass, as well as horizontal and vertical extent are all increased, which is consistent with the

increased LWP over and downwind from the blooms in this analysis, assuming each bloom has

lead to an increase in CCN.

The overall correlation between CHL and LWP was also positive for all blooms, albeit very

weak in the 2000 bloom. As with Nd and Re� , the correlation between CHL and LWP also

increased as the resolution of the data coarsened from 1°x1° to 2°x2°, con�rming that the time

scale between emission and cloud e�ect is over 1.9 hours, as discussed in Section 2.5.2.

2.6 Conclusions

This chapter examined the large-scale correlations between CHL and cloud properties using

time series, spatially averaged datasets and phytoplankton blooms.

The de�nition of a phytoplankton "bloom" in
uenced its perceived e�ect on cloud prop-

erties. Based on Section 2.5, the strongest correlation between CHL and Nd can be observed

if research areas are chosen by:

ˆ Limiting mean Re� to < 12 µm: ensure lack of precipitation, since clouds will have lower

Re� after precipitation due to rainout of drops with larger radii;

ˆ Limiting mean wind speed to� 10 m s= 1: the lower the wind speed, the higher spatial

resolution correlations will show up on, as particles or gases travel less within their

lifetime, thus the e�ect is more likely to be in the same grid box where emission took

place;

ˆ Picking a bloom in its decline stage: blooms in their declining stage produce more PMOA

as well as precursor gases than in any other stage.
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Due to the lifetime of aerosol precursors, the spatial correlation method introduced in

Section 2.3.4 is unsuitable for the determination of the e�ect of phytoplankton on clouds.

Wind speed and direction, and precursor lifetime needs to be considered in order to quantify

this e�ect.

Using the "cluster" de�nition of bloom, Nd was increased by 12.6% on average over blooms,

and Re� was decreased by 3.3%. The increase in Nd was persistent to a lesser extent downwind

of a bloom, but the decrease in Re� was not. LWP was increased over and downwind of the

bloom, possibly due to cloud invigoration.

Based on the results of this chapter, the time between emission of aerosols or precursors

from a bloom and their e�ect on a cloud is longer than 1.9 hours but shorter than 36 hours.

However, the time lag that maximised the correlation coe�cient between CHL and Re� over

the SO was 7-8 days. The di�erence between these time scales could be because cloud-relevant

compounds are released during bloom decline rather than bloom maximum. It is also possible

that these estimated time scales are due to di�erent compounds, such as PMOA and VOCs.
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2.A Supplement to Chapter 2

2.A.1 Validation of CHL over the SO

Using the NASA SEABASS tool, observations of CHL from the Aerosol Robotic Network -

Maritime Aerosol Network (AERONET-MAN, Smirnov et al., 2009) are compared to satellite

retrievals from the MODIS and SeaWIFS sensors. Mean SeaWiFS bias 0.484, mean absolute

error 2.261.

Figure 2.8: Scatterplot of 90 in-situ CHL measurements with overlapping SeaWiFS retrievals over the
Southern Ocean (South of 40S). Mean bias 0.484, mean absolute error 2.261.
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2.A.2 Visualisation of bloom and non-bloom correlations with CHL

Figure 2.9: Scatter plots of Nd and CHL (log scale) separated into bloom (green) and non-bloom
(black) data points based on the methods in MN06 (left), MY08 (middle), and cluster de�nition of
bloom (right).
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