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Abstract 

The ways in which oceanic biological activity affects climate, by modifying aerosol and cloud 
properties, are not completely understood. This contributes to the high uncertainties 
associated with climate predictions. In this work, in-situ measurements of aerosol chemical 
composition, particle number size distribution, cloud-relevant properties (cloud condensation 
nuclei and ice nucleating particle number concentrations) and ground-based cloud 
observations are combined with high-resolution satellite sea surface chlorophyll-a 
concentration maps and air mass back-trajectory data to investigate the impact of the marine 
biota on aerosol physico-chemical and cloud properties. Studies were performed over the 
North Eastern Atlantic Ocean, the central Mediterranean Sea and the Arctic Ocean, by 
deploying both multi-year datasets and short-time scale observations. This allowed to 
investigate the interaction processes between phytoplankton and aerosols occurring at 
different time scales. All the data were chosen to be representative of the marine atmosphere, 
reducing to a minimum anthropogenic input. 
The present Dissertation evidences a relation between the time evolution of marine aerosol 
properties and the patterns of marine biological activity in all the investigated environments. 
Our studies show that the marine biota influences aerosol properties under a variety of 
aspects, from chemical composition to number concentration and size distribution, up to the 
most cloud-relevant properties. Both primary and secondary aerosol components are affected 
by the marine biota, which acts as a source of both surfactants, that can be incorporated into 
sea-spray particles, and volatile precursors, that can take part in gas-to-particle conversion 
processes in the atmosphere. The impact of oceanic biological activity on the microphysical 
properties of marine stratiform clouds is also evidenced by our analysis, over the Eastern 
North Atlantic Ocean. Such clouds tend to have a higher number of smaller droplets in periods 
of high biological activity than in winter, as a consequence of the higher number of cloud 
condensation nuclei provided by marine biogenic aerosol particles. This confirms the 
possibility of feedback interactions within the biota-aerosol-cloud climate system. 

At short-time scales (1-2 months), we observed that aerosol properties tend to respond to 
biological activity variations (as tracked by Chlorophyll-a patterns) with a delay of about one 
to three weeks. This delay should be considered in model applications that make use of 
Chlorophyll-a to predict marine aerosol properties, at least when operating at time resolution 
of days to weeks.  
As a final remark, this work contributes to filling the current knowledge gap on the dynamics 
of phytoplankton-aerosol-cloud interactions in different marine environments. Achieving a 
better characterization of the time and space relationships linking marine biological activity to 
marine aerosol composition and properties may significantly impact our future capability of 
predicting the chemical composition of the marine atmosphere, potentially contributing to 
reducing the uncertainty of future climate predictions, through a better understanding of the 
natural climate system.
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1. Introduction 

 Ocean-atmosphere interactions play a crucial role in the atmospheric system and in 

climate feedbacks, from the local to the global scale. Oceans, two-thirds of the Earth’s surface, 

are the source of important natural aerosol components, collectively indicated as the marine 

aerosol. Marine aerosol dominates the atmospheric aerosol mass burden and particle number 

concentration over remote oceanic locations, far from continental outflows and can impact 

the Earth’s radiation balance, directly, by interacting with incoming solar radiation, and/or 

indirectly, through aerosol-cloud interactions that modify cloud properties. 

 According to the 5th IPCC report (Stocker et al., 2013), the aerosol direct and indirect 

atmospheric radiative forcings are a major source of uncertainty in global climate predictions. 

Some of this uncertainty results from the poor characterization of the relation existing 

between oceanic biological activity and marine aerosol physico-chemical properties. Figure 

1.1 shows a schematic representation of the potential processes of aerosol formation over 

the oceans and their impact on climate. Most of these pathways, from the ocean to clouds, 

are still poorly understood, leading to a lack of comprehension of both the direction and the 

magnitude of climate feedbacks. A more detailed investigation of the interactions between 

the ocean and the atmosphere, on different timescales, is vital to achieve a better 

understanding of the mechanisms that regulate the physico-chemical properties of marine 

aerosols and their role in climate regulation. 

 This Chapter reviews the current state of knowledge regarding the interaction between 

the oceanic biota and aerosol/cloud properties in the unperturbed marine boundary layer 

(MBL), explains the processes of cloud droplet activation and ice formation and, finally, 

illustrates the goals and objectives of the present study. An outline of the Dissertation is also 

presented. 
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Figure 1.1: A schematic representation of the potential processes of marine aerosols formation and their impact 

on climate. Complex biological mechanisms regulate the composition of seawater, which in turn governs the 

composition of primary sea spray aerosol (SSA) and secondary aerosol formation through gas-phase emissions. 

The Physico-chemical properties of marine aerosol control its ability to interact with solar radiation directly 

(scattering and absorption) and indirectly (through the formation of cloud condensation nuclei (CCN) and ice 

nucleating particles (INP)). 

 

1.1 Definition of Marine Aerosol 

 Marine aerosol is a suspension of solid and liquid particles (with diameters ranging 

between few nanometers and ten-twenty micrometers) in the atmosphere, originating from 

ocean-atmosphere interactions. The term "marine aerosol" comprises the various types of 

particles produced mechanically from the sea surface as well as chemically formed from the 

atmospheric chemical reactions involving gases emitted from the sea. The ocean contributes 

to the majority of the aerosol burden in the overlying atmosphere over remote oceanic 

locations (Cochran et al., 2017a; Cochran et al., 2017b; O'Dowd et al., 2008; Vignati et al., 

2010). Continental aerosols, derived from fossil fuel combustion, biomass burning, mineral 

and soil dust, and terrestrial biogenic emissions, can be transferred across the ocean and 
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contribute to the aerosol burden in the MBL, since the atmospheric transport times involved 

are comparable to the aerosol lifetimes. Furthermore, ship emissions, especially in coastal 

regions, contribute to the aerosol burden over the oceans. Indeed, it is difficult to distinguish 

aerosols in marine and continental types, mainly because of the existence of many 

interactions between marine and continental gases and particulate matter (Saltzman, 2009). 

Nevertheless, in this Dissertation, the term marine aerosol will be used to indicate aerosols 

naturally produced because of ocean-atmosphere interactions, excluding contributions from 

continental or ship emissions. 

1.2 Marine Aerosol Generation 

 Marine aerosol particles are emitted or injected directly into the atmosphere (primary 

marine aerosols, PMA, or sea spray aerosols, SSA) from the sea surface by wave breaking and 

bubble bursting processes (Gantt and Meskhidze, 2013; Quinn et al., 2015) or formed through 

photochemical oxidation and gas-to-particle conversion (secondary marine aerosols, SMA) of 

ocean-derived trace gases (Charlson et al., 1987; O'Dowd et al., 2002; Shaw, 1983), as 

displayed in Figure 1.1. The different production mechanisms result in a wide variety of 

particle sizes and chemical compositions that determine the impact of ocean-derived aerosols 

on climate. 

 Bubble bursting at the surface of the ocean results in the production of sea spray particles 

made up of inorganic sea salt and organic matter. Two distinct types of bubbles are produced 

by wave breaking: film drops and jet drops (Blanchard, 1963; Woolf et al., 1987), which 

generate different sizes of SSA particles. When wind speed exceeds about 5 m s–1, breaking 

waves are formed, which entrain air bubbles into surface waters. Such bubbles rise to the 

surface and burst, creating up to hundreds of film drops with each bubble. Film drops are 

associated with small particles ranging in diameters from tens of nanometers up to 1 µm. The 

formation of jet drops occurs when a bubble bursts and allows water to rush into the freed 

space producing a large drop of similar chemistry to bulk seawater. Jet drops are larger sized 

primary particles, from about 1 to 25 µm. Sea spray particles resulting from film and jet drops 

can have lifetimes ranging from hours to days. At very high wind speeds (> 10 m s–1), larger 

drops known as spume drops are torn directly from the crests of waves (Monahan et al., 1983). 

Those drops are so large (tens of micrometers to several millimeters) that they reside in the 
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atmosphere for only seconds to minutes before falling back to the sea surface (Andreas, 1992), 

and so they do not contribute significantly to the marine aerosol burden. 

 Particles can also be generated in the atmosphere via gas-to-particle conversion processes. 

The mechanisms for secondary particle formation in the MBL include: (a) new particle 

formation (NPF) via the nucleation of stable clusters (homogeneous nucleation) of the order 

of 0.5–1 nm in sizes (these clusters, once formed, can grow to larger sizes via condensation 

processes) and (b) clusters/particles growth through condensation of gas-phase species onto 

existing particles (heterogeneous nucleation), condensation of vapors, and aqueous-phase 

oxidation in cloud or particle-bound water. The most rapid mechanism for the formation of 

secondary aerosol in the marine environment is thought to be cloud processing, in which gas-

phase species can undergo reactions into cloud droplets (O'Dowd et al., 2002). When the 

cloud evaporates, the size and composition of the residual particles left behind are changed. 

 The most investigated example of SMA formation process regards the emission of marine 

biogenic dimethylsulfide (DMS; CH3SCH3) from phytoplankton and successive oxidation in the 

atmosphere, by OH, NO3 and possibly other radical species, to eventually yielding a variety of 

aerosol products like methanesulfonic acid (MSA; CH3SO3H) and sulfuric acid (H2SO4) (Becagli 

et al., 2013; Charlson et al., 1987; Chen et al., 2018; Facchini et al., 2008; Shaw, 1983; Watts 

et al., 1990). H2SO4 and MSA can react with other gas-phase species to form solid particles 

(homogeneous nucleation) or they can condense onto existing particles that lead to their 

growth (heterogeneous nucleation). The final product is a particulate phase containing 

biogenic non-sea-salt sulfate (nss-SO42–) and MSA. The term nss-SO42– is used to differentiate 

between seawater-derived aerosol sulfate (SS-SO4
2–) and sulfate originating from gas-to-

particle conversion processes (secondary sulfate). The SS-SO42– and nss-SO42– are somewhat 

distinguishable by their size distribution, with the marine-salt component typically in coarse 

aerosols and nss-SO42– in the Aitken and accumulation aerosol modes (see further details in 

Section 1.4). Another and strong source of NPF, through secondary processes, is found in the 

coastal environments through the atmospheric reactions of iodine-oxide compounds (Allan et 

al., 2015; O'Dowd et al., 2002; Sellegri et al., 2016).  



1. Introduction 

5 

 

1.3 Marine Aerosol Chemical Composition 

 Aerosol particles are a highly variable mixtures of complex chemical components. A single 

atmospheric aerosol particle may consist of one mineral species or may contain dozens or 

even hundreds of separate chemical compounds (Saltzman, 2009). Marine aerosols consist 

primarily of a mixture of sea-salt (SS), non-sea-salt sulfate (nss-SO42–), ammonium (NH4+), 

nitrate (NO3–) and water-soluble (WSOM) or insoluble (WIOM) organic compounds (Rinaldi et 

al., 2010). Marine aerosol's chemical properties reflect the original composition of particles 

injected or produced in the atmosphere and the chemical alteration of their components 

during atmospheric transport, by chemical reactions within the particle or with the 

surrounding gas phase. The general characteristics and role of the main aerosol components 

are summarized in Table 1.1. 

1.3.1 Sea-salt 

 The generation of SS aerosols is caused by the action of wind on the sea surface which 

produces waves. Ocean waves break at sufficiently high wind speeds (typically > 5 m s−1), 

generating bubbles into the water, which rise to the surface and burst. It is a challenging task 

to develop an algorithm for SS aerosol production across the oceans. It involves understanding 

and parametrizing the wave breakage, the formation of bubbles, the bursting of bubbles, the 

ejection of aerosols, deposition, and entrainment into the boundary layer. Observations of SS 

particle number over the ocean show a seasonal pattern, minimum in summer and maximum 

in winter, as a function of wind speed (Quinn and Bates, 2011; Yoon et al., 2007). In the North 

Atlantic (NA) Ocean, SS dominates all size fractions of SSA mass with a 74% contribution to the 

accumulation mode mass during winter (periods of low oceanic biological activity), while in 

summer (when biological activity is high), water-soluble organic carbon contributes between 

60–90% of the submicron SSA mass (O'Dowd et al., 2004; O'Dowd et al., 2008). 

 SS can have a profound effect on cloud droplets activation, being the most hygroscopic 

aerosol component. In the Southern Ocean, SS was responsible for most of the aerosol-

scattered light and comprised a significant fraction of CCN in the remote MBL (Murphy et al., 

1998; Vallina et al., 2006). Most of cloud droplets can be formed upon SS nuclei (Twohy and 

Anderson, 2008), even under sulphate-rich conditions (O'Dowd et al., 1999). 
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Table 1.1: Key properties of the main aerosol species in the marine troposphere. BC stands for Black Carbon, OA for 

organic aerosols and POA (SOA) for primary (secondary) organic aerosols. Adapted from Boucher et al. (2013). 

Aerosol 
Species 

Size 
Distribution Main Sources Main Sinks Tropospheric 

Lifetime 

Key Climate 
Relevant 

Properties 

Sea-salt 
Coarse and 

accumulation 
modes 

Breaking of air 
bubbles induced 

by wave 
breaking. Wind 

erosion 

Sedimentation 
Wet deposition 
Dry deposition 

1 day to 1 week 
depending on 

size 

Light scattering. 
Very hygroscopic. 

CCN active. 

Organic 
aerosol 

POA: Aitken and 
accumulation 

modes. 
SOA: nucleation, 

Aitken and 
mostly 

accumulation 
modes. 

Aged OA: 
accumulation 

mode 

POA: Emitted 
with sea spray 
in biologically 
active oceanic 

regions 
SOA: Gas-to-

particle-
conversion 
processes 

Sedimentation 
Wet deposition 
Dry deposition 

~ 1 week 

Light scattering. 
Enhances absorption 
when deposited as a 
coating on BC. CCN 

active (depending on 
age, surface tension 
and chemistry). Can 

trigger 
heterogeneous ice 

formation. 

Sulfate 

Primary: coarse 
mode 

Secondary: 
Nucleation, 
Aitken, and 

accumulation 
modes 

Primary: sea-
spray. 

Secondary: 
oxidation of SO2 

and other S 
gases from 
natural and 

anthropogenic 
sources 

Wet deposition 
Dry deposition 

~ 1 week 

Light scattering. 
Very 

hygroscopic. 
Enhances absorption 
when deposited as a 
coating on BC. CCN 

active 

Nitrate 
Accumulation 

and coarse 
modes 

Oxidation of 
NOx 

Wet deposition 
Dry deposition 

~ 1 week 
Light scattering. 

Hygroscopic. CCN 
active 

Ammonium 
Nucleation, 
Aitken, and 

accumulation 
modes 

Marine biota 
emissions. 

Reactions of 
gas-phase 

ammonia with 
sulfuric acid and 

nitric acid 

Wet deposition 
Dry deposition 

~ 1 week Act as CCN 

  

1.3.2 Organic Aerosol 

 Marine aerosol includes both organic matter (OM) compounds released from the surface 

of the ocean, within SSA, and the oxidation products of volatile or semi-volatile organics 

degassed from the sea surface. Sea surface waters contain large amounts of microscopic 
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particulates including phytoplankton, algae, bacteria, viruses, larger organism fragments, and 

organic detritus. Phytoplankton is the primary source of OM in the ocean. Phytoplankton 

releases OM during growth, predation by grazing organisms, and viral lysis. The characteristics 

of the OM in aerosols above the oceans are probably related to the underlying waters 

biogeochemistry. Surprisingly, little is understood about these processes and to what degree 

they affect the marine aerosol properties.  

 Since the 2000s, it has been known that OM makes up a significant fraction of the marine 

aerosol mass. O'Dowd et al. (2004) and Cavalli et al. (2004) reported a significant and 

dominating fraction of OM in sub-micrometer sizes of marine aerosol samples collected at 

Mace Head (Irish West Coast) in clean air masses. They found that the majority was WIOM 

and argued that this organic fraction and a significant portion of the WSOM were likely to be 

derived from bubble-mediated production. This hypothesis was based on the assumption that 

the dominant WIOM fraction cannot reasonably originate from in-cloud processes or from 

gas-phase oxidation processes, where products are more likely to be soluble. The mass 

concentration of OM was lower during the winter corresponding to limited biological activity. 

Similarly, the considerable concentration of WIOM found in marine aerosol samples obtained 

offshore of the Monterey coast (California) was attributed to natural primary marine 

emissions (Kaku et al., 2006). Measurements of aerosol OM in remote regions of the NA and 

Arctic Oceans reported that OM was made up of carbohydrate-like compounds containing 

organic hydroxyl groups derived from primary ocean emissions (Russell et al., 2010). Using 

isotopic carbon analysis, Ceburnis et al. (2011) showed unambiguously that over 80% of the 

marine aerosol organic carbon originated directly from marine plankton emissions.  

 The above-reported results were based on measurements of ambient aerosol in which it 

is hard to discriminate between primary and secondary organic compounds. Numerous 

studies have been undertaken concerning the production of nascent sea spray aerosols to 

overpass this limitation (Cochran et al., 2017a; Cochran et al., 2017b; Collins et al., 2013a; 

Facchini et al., 2008; Hasenecz et al., 2020; Keene et al., 2007; Lee et al., 2015; Prather et al., 

2013). From these laboratory experiments, it was discovered that nascent SSA comprises a 

complex population of particles with a varying chemical composition that is specifically 

affected by complex physical and biological processes occurring in the ocean (see Section 1.8: 

“Final Considerations on Phytoplankton-Aerosol Interactions” for more details). 
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 In addition to primary organic aerosol (POA), multiple evidence elucidates the 

phytoplankton regulation of secondary organic aerosol (SOA). For instance, Facchini et al. 

(2008) observed elevated concentrations of dimethyl- and diethyl- ammonium salts in 

atmospheric aerosols in regions of phytoplankton blooms, mainly in the sub-micrometer size 

range, indicating a secondary production mechanism. MSA, oxalic acid and dicarbonyls have 

been observed in atmospheric aerosols over many ocean regions remote from continental 

sources (Miyazaki et al., 2010; Rinaldi et al., 2011). MSA is the most studied and well 

understood SMA compound (Facchini et al., 2008; Li et al., 1996; Mukai et al., 1995; Savoie 

and Prospero, 1989; Watts et al., 1990; Yoon et al., 2007); apart from this, a clear 

understanding of the physico-chemical processes leading to SOA formation over the ocean is 

still missing. 

1.3.3 Non-sea-salt-Sulfate  

 Sulfates are among the most important, and well characterized, secondary aerosol 

components in the marine atmosphere. Marine phytoplankton produces dimethylsulphonium 

propionate (DMSP) that breaks down to DMS, the primary precursors for sulfate aerosols, and 

several other products. The production of DMSP, the biochemical precursor of DMS, depends 

not only on the different phytoplankton classes (Keller et al., 1989; Orellana et al., 2011) but 

also on the physiological state of the cells within each group (Becagli et al., 2013; Matrai and 

Vernet, 1997). Furthermore, DMS release in the water column is highly related to 

phytoplankton senescence/demise rather than growth (Kwint and Kramer, 1995; Laroche et 

al., 1999; Zhuang et al., 2011) which means that healthy and exponentially growing cells 

release little amounts of DMSP. Biogenic DMS is the dominant volatile sulfur compound in 

ocean surface waters which constitutes approximately 50% of the global natural sulfur 

emissions (Andreae, 1990) to the remote marine troposphere. After emission to the 

atmosphere, the oxidation of DMS results in the producing of a large variety of sulfur-

containing compounds, including, for example, sulfur dioxide (SO2), sulfuric acid (H2SO4), 

dimethylsulfone (CH3S(O)2CH3, DMSO2), methanesulfinic acid (CH3S(O)OH, MSIA), 

dimethylsulfoxide (CH3S(O)CH3, DMSO), and methanesulfonic acid (CH3SO3H, MSA) (Arsene et 

al., 1999; Barnes et al., 1996; Barnes et al., 2006; Urbanski et al., 1998). SO2 can be taken up 

by particles directly to form nss-SO4
2– or can undergo aqueous-phase oxidation in cloud 

droplets to form nss-SO42–.  
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 Toole and Siegel (2004) suggested that the net biological production and concentration of 

DMS in the upper oceanic mixed layer is directly proportional to the ultraviolet radiation dose 

at the sea surface and to seasonally varying parameters such as sea surface temperature (SST) 

and solar flux. This assumption is supported by Becagli et al. (2013) and Vallina and Simo 

(2007) who showed a strong correlation between DMS concentrations and the solar radiation 

dose in the upper mixed layer of the open ocean regardless of latitude, phytoplankton biomass 

and temperature. In the Eastern Mediterranean atmosphere, the monthly DMS 

measurements showed a seasonal variability that is highly correlated to SST (Kouvarakis and 

Mihalopoulos, 2002). 

1.3.4 Nitrate  

 Nitrate aerosol (NO3–) is a particulate matter component formed chemically from the 

oxidation of nitrous oxides (NOx) in the atmosphere. Typical sources of nitric oxides are the 

burning of fossil fuels, soils, biomass, and lightning. Due to the expected increase in nitrate 

precursor emissions, nitrate aerosols are expected to become more significant in the future 

atmosphere (Bauer et al., 2007) as an air pollutant, with rising the annual mean near-surface 

air concentrations. Given its major anthropogenic origin, nitrate is only a minor component of 

marine aerosol, which presence usually indicates contamination of the air mass by 

anthropogenic emissions. 

 Nitric acid is contained mainly in the coarse mode of marine aerosol rather than in the fine 

particle mode because of the reaction between gaseous nitric acid and sodium chloride 

present in SSA particles, which results in the formation of particulate phase sodium nitrate 

(NaNO3) and the release of gaseous chloridric acid (HCl). Redistribution of nitrate to aerosols 

in the coarse mode has a major impact on its role in the climate system. If nitrate is deposited 

in the fine particle fraction, the aerosol and cloud radiative properties would be influenced by 

enhancing the scattering of incoming shortwave solar radiation and increasing the CCN level. 

Nevertheless, nitrate has far less radiative effects on the coarse mode aerosols. The coarse 

distribution of nitrate also ensures that their atmospheric residence time in the MBL is shorter 

than that of sulfate aerosols, resulting in quicker removal from the atmosphere by 

gravitational settlement. Deposition of aerosol nitrate (and other compounds containing 
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aerosol-borne nitrogen) can have a significant impact on ocean productivity, particularly in 

oligotrophic regions with limited upwelling or riverine inputs. 

1.3.5 Ammonium 

 In the remote marine troposphere, NH4+ is the dominant base interacting with acidic 

species, given its presence in the gas and particle phases and in cloud, rain and seawater 

(Quinn et al., 1987). Ammonium sulfate ((NH4)2SO4) and ammonium nitrate (NH4NO3) are 

formed by reactions of gas-phase ammonia with sulfuric acid (H2SO4) and nitric acid (HNO3) 

respectively (Huntzicker et al., 1980; Marti et al., 1997; Stockwell et al., 2003). The formation 

of these hygroscopic secondary salts strongly depends on several chemical and micro-

meteorological factors, such as the levels of gaseous precursors, the concentrations of 

atmospheric oxidants, the characteristics of preexisting aerosols, the air temperature and 

humidity (Baek et al., 2004; Pathak et al., 2009).  

1.4 Marine Aerosols Particle Size Distributions 

 Marine aerosol particles in the atmosphere have widely variable diameters ranging from 

few nanometers to tens of μm. Particle size is one of the most important parameters for 

describing the behavior of aerosols, affecting both physical and chemical properties and, 

ultimately, their lifetime. Aerosol size distributions are usually plotted against the logarithm 

of the particle diameter (𝐷𝐷𝑝𝑝) and are generally defined by their number, surface, or volume.  

 A typical example of marine aerosol number size distribution is shown in Figure 1.2. The 

number size distribution is expressed as 𝑑𝑑𝑑𝑑/𝑑𝑑(𝑙𝑙𝑙𝑙𝑙𝑙 𝐷𝐷𝑝𝑝), or the number of particles per cm3 

of air in a size bin 1 𝑙𝑙𝑙𝑙𝑙𝑙 𝐷𝐷𝑝𝑝 wide. Because 𝑙𝑙𝑙𝑙𝑙𝑙 𝐷𝐷𝑝𝑝 is unitless, the number distribution has units 

of numbers of particles per cm3. The integrated area under the size distribution, therefore, 

represents the total number of particles. In general, the number concentration is dominated 

by particles less than about 0.3 μm in diameter. 

 The size distribution of marine atmospheric aerosol particles is characterized by three 

modes: the Aitken mode (𝐷𝐷𝑝𝑝 < 0.1 𝜇𝜇𝜇𝜇), the accumulation mode (0.1 < 𝐷𝐷𝑝𝑝 < 0.5 𝜇𝜇𝜇𝜇), and 

the coarse mode (𝐷𝐷𝑝𝑝 > 0.5 𝜇𝜇𝜇𝜇) (Fitzgerald, 1991).  These limits of each mode are subjective 

since both concentrations and mean size ranges have hemispheric variations and latitudinal 

trends (Heintzenberg et al., 2000). Nucleation mode is sometimes observed, containing very 
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small particles (𝐷𝐷𝑝𝑝 < 0.01 𝜇𝜇𝜇𝜇). Each aerosol mode has different mechanisms of formation 

and removal, and often very different chemical characteristics. 

 

 

Figure 1.2: Left) Sources, transformation, and removal processes of aerosol particles in the major modes as a 

function of diameter (Saltzman, 2009). Right) Seasonal characteristics of marine aerosol number size 

distributions, Aitken and accumulation modes, over the NA Ocean, reproduced from O'Dowd et al. (2004). 

 

 Figure 1.3 illustrates the average relative chemical compositions and mass distributions of 

remote marine aerosol for the periods of low biological activity (LBA) and periods of high 

biological activity (HBA) in the NA ocean (O'Dowd et al., 2004). In winter, LBA, the SS 

dominates all the size fractions with a 74% (0.3 µg m–3) contribution to the accumulation mode 

mass. The remainder of the mass in this mode comprised 10% (0.045 µg m–3) nss-SO4
2– and 

15% (0.070 µg m–3) OM. By contrast, during algal/phytoplankton blooming periods (HBA), 

from spring to autumn, the OM fraction increased markedly, particularly for the sub-

micrometric sizes, and this fraction increased with decreasing size. The OM in the 

accumulation mode contributed 65% (0.619 µg m–3) of the mass, whereas SS contributed 10% 

(0.097 µg m–3) and nss-SO4
2– dominated 23% (0.216 µg m–3). The largest percentage 

contribution (83%) of OM occurred in the fine mode (0.06–0.125 µm). Across the size range 

from 0.06 to 0.5 µm, the average contributions of water-insoluble and water-soluble organics 

were 45% and 18%, respectively. These seasonal trends can have large impacts on aerosol 

chemistry, ultimately impacting how marine aerosol affects the regional and global climate 

(Brooks and Thornton, 2018; Cochran et al., 2017b; McCoy et al., 2015; Meskhidze and Nenes, 

2006, 2010; Sciare et al., 2009; Yoon et al., 2007). 
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Figure 1.3: Average size-segregated chemical compositions and absolute mass concentrations of marine aerosol 

sampled at Mace Head in the Northeast Atlantic Ocean in a) winter, a season of LBA, and b) summer, a season 

of HBA, reproduced from O'Dowd et al. (2004). The size fractions from 0.125 to 0.5 µm cover the accumulation 

mode and the size fraction from 0.06 to 0.125 µm covers most of the Aitken mode. The concentrations of water-

soluble organic carbon (WSOC), water-insoluble organic carbon (WIOC), and Black Carbon (BC) are reported as 

mass of organic matter (see Cavalli et al. (2004) for the full discussion). 

 

 Cloud processing is believed to be responsible for the transition of material from the gas-

to-particle phase and the growth of particles from the Aitken to the accumulation mode in 

marine non-precipitating clouds (Hoppel et al., 1986), known as “Hoppel theory”. The number-

size-distributions of marine aerosol are mostly bimodal with two dominant peaks, the Aitken 

and accumulation modes. Exposed to non-precipitating clouds, marine aerosol shows 

increased mass associated with CCN particles consistent with the aqueous-phase processing 

of SO2 to SO4
2– (Hoppel et al., 1994), which supports the fact that cloud droplet activation is a 

mechanism of particle growth. Hoppel theory implies that in a well-mixed MBL, an initial 

(monomodal) number-size distribution will be exposed to MBL cloud supersaturation which 

will activate all particles with critical diameters (chemistry dependent) greater than that 

associated with the cloud supersaturation. These particles then expand in mass by aqueous-

phase processing with the addition of SO4
2–, and once evaporated they behave as a secondary 

mode of larger particles. 
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1.5 Climate Relevance of Marine Aerosols 

 The chemical composition, number concentration and size distribution of marine aerosols 

determine their ability to influence climate (Brooks and Thornton, 2018; Charlson et al., 1987; 

Langmann et al., 2008) by either absorbing and scattering incoming solar radiation (the direct 

radiative effect) (Murphy et al., 1998; Zhang and Du, 2017) or serving as CCN and INPs, 

whereby modifying the microphysical and macrophysical properties of clouds (the cloud-

albedo or aerosol indirect effect) (DeMott et al., 2016; McCluskey et al., 2018c; O'Dowd et al., 

2004; Ovadnevaite et al., 2017). 

 Radiative forcing (RF) provides a tool for quantifying how the transfer of energy, into and 

out of the climate system, is influenced by natural and anthropogenic emissions (Myhre et al., 

2013). The IPCC defines RF as the change in net downward radiative flux at the tropopause 

after allowing for stratospheric temperatures to readjust to radiative equilibrium while 

holding surface and tropospheric temperatures and state variables fixed at the unperturbed 

values. Another estimate is the effective radiative forcing (ERF) which is defined as the change 

in net downward radiative flux at the top of the atmosphere after allowing for atmospheric 

temperatures, water vapor, clouds and land albedo to adjust, but with global mean surface 

temperature or ocean and sea ice conditions unchanged. Both RF and ERF are expressed in 

watts per square meter averaged over a particular time and quantifies the energy imbalance 

that occurs when the imposed change takes place. 

 Figure 1.4 shows the RF bar chart for the period 1750–2011 based on emitted compounds 

(well-mixed and short-lived gases, aerosols, and their precursors) or other changes (Myhre et 

al., 2013). The proposed emission-based RF estimates provide substantially different relative 

importance to different considered emissions. The radiatively active short-lived trace gases, 

aerosols and their precursors are often commonly referred to as short-lived climate forcers 

because their atmospheric effect is mainly felt during the first one to three decades of their 

emissions (Fiore et al., 2015; Myhre et al., 2013) as opposed to long-lived greenhouse gases. 
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Figure 1.4: The global average radiative forcing estimation in 2011 relative to 1750 for emitted chemical species 

(gases, aerosols, and their precursors) or other factors. The colors inset in the top part of the figure are used to 

represent RF from emitted species affecting several chemicals while red (positive forcing) and blue (negative 

forcing) are used for emitted components that affect fewer forcing agents. The vertical bars represent the 

relative uncertainty of the RF induced by each component. The net impact of the individual contributions is 

shown by a diamond symbol and its uncertainty (5 to 95% confidence range) is given by the horizontal error bar. 

Taken from Myhre et al. (2013). 

 

 The short lifetime of aerosols and their precursors results in spatially inhomogeneous 

abundances and related forcings highly sensitive to the location of emissions. Consequently, 

their climate influence may be more important on a regional scale (Aamaas et al., 2017; Collins 

et al., 2013b), as opposed to the more homogeneous spatial effect of well-mixed greenhouse 
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gases. In general, the impacts of aerosol on clouds might have a profound negative forcing 

impact and partially offset a substantial part of the global mean forcing of the greenhouse 

gases (Breon, 2006; Slingo, 1990). However, the estimation of climate forcings still has a high 

degree of uncertainty, particularly concerning aerosol-cloud interactions. A large fraction of 

the uncertainty is due to lack of knowledge of the unperturbed natural aerosol-cloud-climate 

system (Carslaw et al., 2013; Rap et al., 2013), partially due to the complex nature of aerosol-

cloud interactions, and also due to the difficulties in performing measurements in pristine 

conditions. It has been shown that 45% of the aerosol forcing variance results from 

uncertainties in natural emissions, while 34% of the variance is related to anthropogenic 

emissions (Carslaw et al., 2013). This reflects the importance of understanding unperturbed, 

pre-industrial, marine environments, dominated by natural aerosols. The RF estimates for 

aerosol direct effect and the aerosol-cloud interaction (cloud albedo effect) are discussed in 

the following Sections. 

1.5.1 Direct Effect 

 The RF due to direct aerosol effect (aerosol-radiation interactions) results from scattering 

and absorption of shortwave and longwave radiation by atmospheric aerosol particles. The 

direct scattering effect of a particle is based on its refractive index, shape, and diameter, 

although, the scattering properties of a population of aerosols are also dependent on the 

number-size distribution of their particles. The greater the impact of scattering, the greater 

the aerosol optical depth (AOD). The global ERF estimate due to aerosol-radiation interactions 

(ERFari) is assessed to be –0.45 (–0.95 to +0.05) W m–2 between 1750 and 2011.  

 The most effective particle size range for the scattering of sunlight is between 0.2 and 1 

µm for a wavelength of 0.55 µm, which corresponds to mid-visible solar radiation. As a result, 

the nss-SO42– aerosol can be a significant contributor to aerosol light scattering (see Figure 

1.3). The SS is among the most significant natural aerosol chemical component in the 

atmosphere as regards direct aerosol effects and solar radiation scattering in the MBL for both 

sub- and super-micrometer size ranges (Bates et al., 2006; Kleefeld et al., 2002; Murphy et al., 

1998). The majority of SS aerosol mass occurs in particles larger than 1 µm in diameter, low 

scattering efficiency, but the abundance of SS mass concentration is enough to compensate 

the low scattering efficiency of this size range. 
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 Scattering properties in the NA Ocean are proportional to the square of the wind speed 

independently of season. However, periods of HBA often result in half the scattering of LBA 

seasons (Vaishya et al., 2012). Vaishya et al. (2012) attributed this scattering discrepancy to 

the presence of a large fraction of sub-micrometric OM particles which reduces the refractive 

index of the particles, explaining 70% of the reduction in scattering alone. When considering 

the modified size distribution during HBA combined with the lowered refractive index of the 

OM particles, another 22% of the reduction in scattering could be explained.  

1.5.2 Indirect Effect (Aerosol-Cloud Interaction) 

 The aerosol-cloud interaction is quantified in terms of the ERF (ERFaci) with an estimate of 

–0.45 (–1.2 to 0.0) W m–2 (Figure 1.4). The total ERF due to aerosols (ERFari+aci, excluding the 

effect of absorbing aerosol on snow and ice) is assessed to be –0.9 (–1.9 to –0.1) W m–2 with 

medium confidence. The effects of marine aerosols on micro- and macro-physical properties 

of clouds are largely determined by the number concentration and composition of particles 

less than 300 nm since this diameter range large enough to take up water vapor and serve as 

nuclei for cloud droplet formation in MBL (Quinn and Bates, 2011). 

 The indirect effect of aerosols occurs through radiation interaction with droplet particles 

in the cloud, which exist in a super-saturated regime in the atmosphere. When an air parcel 

experiences an adiabatic updraft into the higher altitude of the atmosphere, its temperature 

begins to dip below the dew point and water vapor becomes super-saturated (Relative 

humidity (RH) > 100%). RH, expressed as a percentage, is a measure of the amount of water 

vapor that air can retain at a given temperature and pressure. If the relative humidity is < 100 

%, we refer to the air as sub-saturated, while we refer it as super-saturated when RH > 100 %. 

Once supersaturation is reached, water condenses on the aerosol particles, which are 

sufficiently large and soluble enough to take up water, grow, and act as CCN and cloud 

droplets start to form. The aerosol characteristics that are important in cloud droplet 

activation are size, concentration, and chemical composition. A dynamic equilibrium between 

adiabatic cooling (increasing supersaturation) and condensation on existing droplets (that 

reduces supersaturation) sets the supersaturation which develops in clouds. Cooling occurs 

during the initial phases of cloud formation, and supersaturation rises, which induces droplet 

formation. Nevertheless, a stage is achieved where condensation of water vapor is dominant, 
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supersaturation is minimized, and nucleation of droplets stops. Hence the point of maximum 

supersaturation is the quantity which defines how many particles will function as a CCN. 

 Aerosol particles greater than 300 nm in diameter can activate irrespective of chemical 

composition, but due to their limited number, they do not make a major contribution to the 

concentration of CCN numbers. For particles smaller than 300 nm, chemical composition 

influences the activation critical diameter into cloud droplet by assessing the solute molecular 

weight of the droplet, density, solubility, degree of dissociation, and surface tension. Köhler 

theory (Köhler, 1936) estimated the activation critical diameter values between 40 and 300 

nm for soluble compounds that do not greatly impact droplet surface tension at about 0.1–

0.4% supersaturation range. Such a range has been investigated as the effective 

supersaturation of MBL clouds (Hoppel et al., 1996; Leaitch et al., 1996; Roberts et al., 2006), 

although effective supersaturations up to 0.75 % for marine stratocumulus clouds (Martucci 

and O'Dowd, 2011) and 1% for clean stratus clouds (Hudson et al., 2000) have been reported. 

At 1% supersaturation, the activation critical diameter decreases to 20–30 nm. In summary, 

particles smaller than 300 nm in diameter decide the CCN concentration in the remote MBL 

and have the potential to modify cloud properties. The number and size of cloud droplets 

depend on how many particles can serve as CCN (Fanourgakis et al., 2019; Lance et al., 2004) 

and it is controlled by updraft velocity (Jones et al., 2009; Liu et al., 2020a), aerosol size 

distribution (Hegg, 1999), and chemical composition (Twohy and Anderson, 2008). The CCN 

population differs significantly with space and time due to the short atmospheric lifetimes of 

aerosol particles as well as to the inhomogeneous distribution of its local sources and sinks. 

 Clouds in the Earth system have considerable climatic impacts. They play a significant role 

in the Earth's radiative balance by reflecting and absorbing both shortwave solar and 

longwave infrared radiation. Cloud reflectivity (albedo) is controlled by microphysical 

properties, such as cloud droplet number concentration (CDNC), cloud droplet effective radius 

(Reff), and importantly cloud liquid water content (LWC) (Frey et al., 2017; Liu et al., 2020b). 

For the same amount of LWC, an increase in the aerosol/CCN concentrations in the 

atmosphere will produce more CDNC and a decrease in Reff (Twomey, 1974; Twomey et al., 

1984). Enhancement of cloud droplet number concentration and diminishing of cloud droplet 

size contribute to an increase in brightening (more reflectivity) of the cloud as more solar 
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radiation is scattered upward and less is transmitted through the cloud, which is called the 

first indirect effect (Twomey effect) of aerosol in clouds. 

 The second indirect effect refers to increasing cloud lifetime in the atmosphere through 

precipitation suppression. This leaves more water in liquid-phase clouds for longer periods 

due to reducing cloud droplet sizes (Albrecht, 1989; Liou and Ou, 1989; Rosenfeld et al., 2019; 

Toll et al., 2019), which makes them less likely to become rain droplets. Precipitation is 

considered as strongly suppressed when Reff does not exceed 12–14 μm in marine low clouds 

(Fan et al., 2020; Freud and Rosenfeld, 2012). Cloud lifetime is a measure of how long the 

clouds reflectance will last. The cloud lifetime is sensitive to both synoptic meteorological 

conditions and dynamical cloud microphysical interactions. The collision-coalescence of 

droplets becomes less efficient with increased CDNC and decreased Reff which leads to an 

increase in cloud cover fraction with cloud optical depth (COD) for a long-time (Myhre et al., 

2007). Marine clouds are susceptible to perturbation in marine aerosol flux associated with 

natural emissions through processes driving CCN activation. Global models have shown that 

biogeochemical changes in the surface seawater can account for a change in marine CCN 

number concentrations between 5% and +50% (Meskhidze et al., 2011; Tsigaridis et al., 2013; 

Westervelt et al., 2012). 

 The aerosol physico-chemical properties play a key role in the cloud nucleation capability 

of aerosol particles. While recent studies introduced observational and theoretical evidence 

indicating that surface tension reduction by organics can lead to significant increases in cloud 

droplet concentrations (Ovadnevaite et al., 2017; Ruehl et al., 2016), other studies have shown 

that CCN concentrations are mainly controlled by the aerosol number size distribution (Dusek 

et al., 2006). The increase in aerosol concentration leads to an increase in CDNC, which implies 

a decrease in Reff, with stronger effect under more stable conditions, while cloud fraction and 

LWC are not sensitive to the aerosols load (Li et al., 2016; Liu and Li, 2019; Liu et al., 2016). 

Indeed, Lowe et al. (2019) showed that the susceptibility to the particle surface phase of cloud 

microphysics, optical properties, and shortwave radiative effects is determined by an interplay 

between the aerosol particle size distribution, chemical composition, water availability and 

atmospheric dynamics, and so, the surface phase is important primarily in clean environments 

where ultrafine particulate sources occur. 
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 The aerosol-cloud interactions are difficult to study because it is hard to break up the 

aerosol and meteorological effects (Sato and Suzuki, 2019; Stevens and Feingold, 2009). 

Clouds are liable to meteorological conditions that complicate their responses to changes in 

aerosol concentration and composition (Loeb and Schuster, 2008). In the MBL, cloud cover is 

considerably associated with lower troposphere stability (LTS) (Janssen et al., 2011; Wood and 

Bretherton, 2006), a measure of convection strength. The LTS, defined as the difference in 

potential temperature between 700 hPa and the surface, explains most of the seasonal 

variability of marine stratiform cloud coverages at five oceanic regions (Klein and Hartmann, 

1993). An increase of 1 K of LTS produces a 6% increase in cloud fraction. Employing artificial 

neural networks, Andersen et al. (2017) proved that monthly LTS was the main determinant 

of cloud fraction and droplet size. The transport and mixing of the aerosols from the surface 

to the cloud base determines the fraction of aerosols activated into cloud droplets (Janssen et 

al., 2011). When the meteorological effects are excluded, Rosenfeld et al. (2019) concluded 

that aerosol-driven droplet concentrations account for 75% of the radiative cooling effect 

variability mainly due to their effects on the coverage of low-level ocean clouds. 

 Marine aerosols may be involved also in the process of ice formation in clouds, which has 

severe and not well characterized climate effects (Murray et al., 2021). These aspects will be 

treated in the following Paragraph. 

1.5.3 Marine aerosol and Ice Nucleating Particles 

  Ice in tropospheric clouds can form via homogeneous freezing at temperatures below –38 

°C and relative humidity with respect to ice (RHi) above 140%. Outside these conditions, ice 

formation can occur by heterogeneous nucleation, at higher temperatures, aided by aerosol 

particles known as ice nucleating particles (INPs). Heterogenous ice formation occurs through 

four different mechanisms: deposition, condensation, immersion, and contact freezing (Vali 

et al., 2015). Ice formation by deposition occurs when the ambient is super-saturated with 

respect to ice and sub-saturated with respect to liquid water: water molecules can pass from 

the vapor phase directly to the ice phase on a solid substrate (INP). In condensation freezing, 

ice forms as water vapor condenses on a CCN at T < 0 °C, while in immersion freezing a 

supercooled water droplet freezes thanks to a nucleus suspended in the body of water. In 
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contact freezing, an external INP promotes freezing coming into contact with a supercooled 

droplet. 

 Cloud glaciation can quickly and strongly alter the radiative properties of clouds, cloud 

extent, lifetime and precipitation rate (Figure 1.5b) (Kanji et al., 2017; Murray, 2017). In mixed-

phase clouds the role of ice crystals is particularly important because ice can influence the 

supercooled liquid water content through the Wegener–Bergeron–Findeisen process 

(Korolev, 2007; Korolev and Field, 2008). Most precipitation in clouds initiates via the ice phase 

(Lau and Wu, 2003; Lohmann and Feichter, 2005). Therefore, atmospheric processes involving 

INPs can have a strong impact on climate. 

 INPs may be of natural origin (e.g., mineral dust, volcanic ashes, terrestrial biogenic 

material, etc.) or anthropogenic (e.g., industrial processes, biomass burning, etc.) (Hoose and 

Mohler, 2012; Murray et al., 2012). Because of their generally efficient ice nucleating ability 

and their large emission rates, mineral dust particles are recognized as the most significant 

INP type at the global scale (Hoose and Mohler, 2012; Murray et al., 2012). The main sources 

of dust particles are arid soils or deserts, volcanoes, and agriculture soils.  

 Nevertheless, many studies demonstrated that SSA can be a significant source of INPs over 

remote oceanic locations (Bigg, 1973; Bigg and Leck, 2001; Schnell and Vali, 1976). Recently, 

the interest of the scientific community has been fostered by publications confirming the 

potential climate relevance of the marine primary biogenic aerosols from phytoplankton 

exudates as a source of INPs (Burrows et al., 2013; DeMott et al., 2016; Hartmann et al., 2019; 

McCluskey et al., 2018a; McCluskey et al., 2017; McCluskey et al., 2018b; McCluskey et al., 

2018c; Vergara-Temprado et al., 2017; Wilson et al., 2015). Organic material emitted by 

marine organisms was found to nucleate ice well below the homogeneous freezing threshold, 

and for activation temperature (TA) as warm as –10 °C in immersion mode (Wilson et al., 2015). 

By contrast, ice-nucleating properties have rarely been associated with secondary organic 

aerosol in any environment (Kanji et al., 2017; Si et al., 2018; Wilbourn et al., 2020). 
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Figure 1.5: (a) Sea spray aerosol particles enriched with organic material are formed when bubbles burst at the 

air-sea interface. The surface-active organic material of biological origin is scavenged at the interface of the 

bubbles as they rise through the water column. This process enriches the air-sea interface with surface-active 

organic material forming the sea surface microlayer (green layers) as shown by Wilson et al. (2015). (b) 

Representation of the inference of INPs in upper tropospheric and supercooled clouds. For both high (ice) clouds 

and supercooled liquid clouds, heterogeneous ice nucleation produces few and large ice crystals that precipitate 

quicker, decreasing the lifetime of the clouds. Taken from Murray (2017). 

 

 The mechanism of ice formation in clouds from SSA is shown in Figure 1.5a. SSA may 

contain significant quantities of organic material that is ejected into the atmosphere during 

bubble bursting; these organics are thought to be the key factor for SSA ice activation 

(McCluskey et al., 2018b; Wilson et al., 2015). It has been documented that the ice-nucleating 

properties of SSA evolve during the time extent of an algal bloom (McCluskey et al., 2017), 

following the evolution of the algal population. This leads to the hypothesis of a 

phytoplankton-driven seasonality of the INP properties of marine aerosol, which may be 

another piece of the phytoplankton-aerosol-cloud puzzle. However, long term marine INP 

measurement studies are currently lacking, providing little information on INP seasonality and 

spatial source distribution in the marine environment. 
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1.6 The CLAW Hypothesis 

 The CLAW (Charlson, Lovelock, Andreae, Warren) hypothesis (Charlson et al., 1987) 

proposed the first mechanism by which phytoplankton regulates the Earth's climate. It can be 

described by the following negative feedback loop: 1. Increased seawater phytoplankton 

blooms, due to increased world temperature, will raise oceanic DMS concentrations and 

subsequently raise DMS releasing into the atmosphere, 2. DMS, that undergoes oxidation in 

the atmosphere, form sulfate aerosols, and 3. Such aerosols participate in the regulation of 

marine atmospheric CCN populations and thus increase the planetary albedo. The consequent 

reduction in Earth's temperature or in the amount of solar radiation entering the surface will, 

in turn, reduces phytoplankton abundance, and therefore DMS production, thereby closing 

the feedback loop.  

 Many studies support the CLAW hypothesis. For example, during seasons of high biological 

productivity, the increase in biogenic DMS was associated to raise in CCN numbers (Korhonen 

et al., 2008; Lana et al., 2012; Meskhidze and Nenes, 2010; Sanchez et al., 2018; Toole and 

Siegel, 2004; Vallina et al., 2006) and consequently cloud albedo (Charlson et al., 1987; 

Langmann et al., 2008; Sanchez et al., 2018; Thomas et al., 2010), resulting in negative climate 

feedback (Kim et al., 2018; Kogan et al., 1996; Lohmann and Leck, 2005; Mahmood et al., 2019) 

that stabilizes the Earth's atmosphere. At Cape Grim, Tasmania, a remote sampling site in the 

Southern Ocean, the atmospheric concentration of DMS, MSA, nss-SO42–, and CCN were 

maximized in Summer, as is predicted for biologically controlled parameters (Ayers et al., 

1997; Ayers and Gras, 1991). The DMS and CCN measurements made in the MBL over the 

tropical South Atlantic (Andreae et al., 1995) and the northeastern Pacific Ocean (Hegg et al., 

1991) showed that DMS could describe up to 50 percent of the variation in CCN 

concentrations. The observations of the South Atlantic also showed significant correlations 

between MSA/nss-SO42–, and CCN. A recent study by Fossum et al. (2018) concluded that SMA 

(mainly sulfate) dominates the number fraction of activated cloud droplets in the Antarctic 

MBL. Further, over yearly timescales, secondary biogenic aerosol particles dominate the sub-

micrometer number concentration and CCN population during summer in the Arctic 

atmosphere (Lange et al., 2019). Such DMS and CCN seasonality coherence were viewed as a 

support for the hypothesis of MBL CCN regulation by DMS emissions. Experimentally, SMA 
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was linked to phytoplankton abundance and increases CCN activity, implying that SMA is the 

most important factor influencing marine cloud properties (Mayer et al., 2020). 

 Despite the various observations which put in relation the different actors of the 

phytoplankton-DMS-CCN-cloud albedo climate feedback loop, global models have shown that 

the predicted changes in DMS flux have a low impact on the CCN concentration due to the 

abundance of MBL CCN from non-DMS sources (Carslaw et al., 2010; Woodhouse et al., 2010). 

This suggests that the response of clouds to changes in the aerosol may be much more 

complex than hypothesized by CLAW: for instance, Quinn and Bates (2011) hypothesized a 

role of SSA in the marine biota-aerosol-cloud feedback. Indeed, Ovadnevaite et al. (2011a) 

revealed that SSA enriched with POA enhance the CCN activation efficiency and that high 

CDNC concentrations can be explained by SSA enriched by primary organics. Further, biogenic 

marine SOA can influence cloud activation (Croft et al., 2021; Ovadnevaite et al., 2017), which 

makes the climate system even more complex. In addition to various sources of ocean derived 

CCN in the MBL, the continental emissions can travel thousands of kilometers to distant ocean 

areas and contribute to particle nucleation in the MBL troposphere, providing an additional 

CCN source (Korhonen et al., 2008). Nonetheless, the lack of a global climate feedback loop 

dependent on oceanic phytoplankton sulfur emissions does not rule out the link between 

ocean-related CCN and climate, which may have been dominant in the pre-industrial period 

and may still regulate the regional climate over unperturbed oceanic regions (e.g., the 

Southern Ocean) (McCoy et al., 2015). It is worth mentioning that the link between marine 

biota and INP concentration, mediated by SSA (DeMott et al., 2016; McCluskey et al., 2017; 

Ruehl et al., 2016; Vergara-Temprado et al., 2017; Wang et al., 2015; Wilson et al., 2015), was 

not known when the CLAW hypothesis was developed. This adds further complexity to ocean-

atmosphere-climate interactions. 

1.7 Final Considerations on Phytoplankton-Aerosol Interactions 

 There is a general consensus in literature that the characteristics of marine aerosol are 

dependent on the properties of the seawaters from which they are generated and, 

particularly, on the ongoing biological activity (Cochran et al., 2017a; Crocker et al., 2020; 

Facchini et al., 2008; Mayer et al., 2020; O'Dowd et al., 2004; Sellegri et al., 2021). Significant 

efforts have been made worldwide to explain how marine biological activity affects 
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atmospheric aerosol properties and their seasonality since the 1980s, when the (secondary) 

sulfate-driven phytoplankton-cloud-climate feedback was postulated (Charlson et al., 1987). 

For instance, Meskhidze and Nenes (2006) reported CDNC over a blooming ocean area twice 

as high as away from the bloom, with a resulting 30% reduction in Reff. A clear seasonal pattern 

was observed for organic aerosols in the southern Indian Ocean by Sciare et al. (2009) which 

was related to the ocean biological productivity. Miyazaki et al. (2010) observed average 

concentrations of organic carbon and oxalic acid two to three times higher in marine 

biologically more influenced aerosols, than in less influenced aerosols. More recently, McCoy 

et al. (2015) reported enhanced aerosol number concentrations that are spatially correlated 

with regions of high chlorophyll-a concentration (CHL), over the Southern Ocean. As a final 

example, the research by Dall'Osto et al. (2017b), Dall'Osto et al. (2019), Decesari et al. (2020), 

and Rinaldi et al. (2020) showed that the chemical composition of marine aerosol over the 

Weddell sea, is highly influenced by the life cycle of algal communities living at the interface 

between sea-water and sea-ice. At the beginning of the Antarctic summer, when sea-ice melts, 

these micro-organisms produce important amount of exudates to defend themselves from 

the abrupt change of their environment (strong salinity delta, solar radiation, etc…) and such 

osmolytes (and their degradation products) impact the chemical composition of marine 

aerosol particles, possibly triggering also new particle formation. 

 In the NA, where the majority of the data used for the present study were collected, the 

physical and chemical properties of marine aerosol and their link to oceanic biological activity 

have been extensively studied (Cavalli et al., 2004; Facchini et al., 2008; O'Dowd et al., 2004; 

O'Dowd et al., 2008; Rinaldi et al., 2010). Yoon et al. (2007) reported a clear seasonal trend, 

resembling that of oceanic biological activity, for several aerosol chemical components, size 

distribution modal diameters and optical properties. Contextually, the CCN fraction over the 

NA Ocean has been associated with the organic enrichment of sea-spray aerosol (Ovadnevaite 

et al., 2011a), potentially introducing new biosphere-climate feedbacks (Quinn and Bates, 

2011). Sanchez et al. (2018) pointed out a clear seasonality in the CCN budget over the NA 

Ocean, related to phytoplankton induced DMS emissions. Finally, the recent work by Sinclair 

et al. (2020) showed that cloud microphysical properties correlate with marine biogenic 

aerosol concentrations, while cloud macrophysical properties correlate more with 

atmospheric state parameters than changes in CCN concentrations. 
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 Some specific works suggest a direct coupling between phytoplankton biomass and the 

production of organic-rich marine primary aerosols over the NA Ocean (Gantt et al., 2011; 

O'Dowd et al., 2015; Rinaldi et al., 2013), indicating that biological activity has an active role 

in primary aerosol formation. In details, Rinaldi et al. (2013) reported that an eight-day time-

lagged correlation exists between satellite retrieved CHL and organic enrichment in the SSA 

measured at MHD, analyzing a dataset of marine aerosol samples collected from 2002 to 2009. 

Said paper improved previous works by Langmann et al. (2008) and Vignati et al. (2010) and 

was the first one to introduce the spatio-temporal correlation approach for investigating the 

relationship between marine aerosol properties and biological activity. O'Dowd et al. (2015) 

illustrated a clear dependency of the organic fraction of SSA on biological activity with a 24-

day time-lag by using high-resolution aerosol chemical composition measurements from 2009 

to 2011. The interpretation of the time-lag that exists between the peaks of phytoplankton 

activity and SSA emission (or SMA formation) is a big challenge for marine aerosol science (Lee 

et al., 2015; McCluskey et al., 2017; Wang et al., 2015) and may have implication on future 

marine aerosol parametrizations for regional and global models. 

 Similarly, a number of other papers evidenced the influence of freshly produced OM, by 

blooming algal species, on the SSA chemical composition and sometimes cloud-relevant 

properties. These works comprise a vast literature of laboratory studies, including the ones 

performed at the world’s largest lab facility of this kind, at NSF-CAICE in San Diego (Cochran 

et al., 2017a; Cochran et al., 2017b; Collins et al., 2013a; Lee et al., 2015; Prather et al., 2013) 

and laboratory studies by Fuentes et al. (2011) and O'Dowd et al. (2015). Field observations 

by Ovadnevaite et al. (2011a) suggested that hygroscopicity and CCN properties of SSA may 

change significantly when it originates from highly biologically productive seawaters. More 

recently, open sea field observations of primary biological particles showed specific spatio-

temporal distributions as compared to total aerosols, over the NA Ocean, with a significant 

relationship with seawater CHL (Kasparian et al., 2017). Finally, the model simulations 

(Burrows et al., 2014) suggested that SSA organics can be contributed by different types of 

seawater organic compounds, from both fresh and refractory organic carbon, in varying 

proportions according to the region and season. 

 On the other hand, results contrasting the above cited literature have been reported in 

the last years. Publications reporting observations taken in the Western NA Ocean (Bates et 
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al., 2020; Keene et al., 2017; Kieber et al., 2016; Quinn et al., 2014; Russell et al., 2010) show 

a constant chemical composition of SSA independently on the season and the algal blooming 

stage. These studies concluded that the organic fraction of SSA comes from the large pool of 

refractory dissolved organic carbon (DOC) in the ocean and that fresh algal exudates plays no 

role in modifying SSA physico-chemical and cloud relevant properties. Consequently, chemical 

transport and climate models could treat the ocean as a uniform organic SSA source, affected 

only by sea surface temperature. 

 Overall, we can only acknowledge the contrasting results reported in the scientific literature 

on this subject, aware that future studies may be able to settle this issue. In conclusion, the actual 

effect of phytoplankton activity on SSA chemical composition remains controversial, while a 

more general consensus can be found regarding the impact of the marine biota on secondary 

marine aerosols. 

1.8 Aim and Objectives of the Present Study 

 The above discussion shows how far the scientific community is from understanding in 

detail the interactions between the marine biota and the aerosol-cloud-climate system. 

Systematic studies, elucidating the relationship between marine biological activity temporal 

patterns and the main properties of marine aerosol, deconvolving the role of meteorology 

from that of biology, are still missing. Only a small fraction of the marine boundary layer is 

covered by measurements, which, for obvious reasons, tend to be short term observations. 

Most of all, only a few studies have tackled this issue from a multidisciplinary perspective, 

merging information from aerosol physics and aerosol chemistry with oceanography and 

marine biology. 

 The present Thesis aims at understanding to which extent phytoplankton activity have the 

potential to affect climate, by modifying aerosol physico-chemical and cloud properties. 

Specific objectives of this study are: 

• Understanding the relationship between the atmospheric concentration of the main 

marine aerosol chemical components and phytoplankton activity, at different time 

scales and at different locations. 
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• Elucidating how cloud-relevant (CCN & INP) aerosol properties and cloud properties 

themselves are influenced by phytoplankton activity, in comparison to the role of 

meteorology. 

• Investigating the space and time evolution of marine biogenic aerosol sources over 

different ocean domains. 

• Quantifying the time-lag between surface CHL patterns and marine aerosol properties 

evolution, at different time scales and oceanic domains, in order to improve our 

current capability of deriving CHL-based parameterizations of marine aerosols for 

regional and global models. 

 The final goal of the present study is to contribute to increase the actual knowledge of the 

interactions between the marine biota and the aerosol-cloud system, potentially helping to 

improve the current understanding of the natural climate system. Considering this, the 

present study provides an important piece of information that may contribute to the 

development of an improved generation of climate and Earth System Models. 

 The Thesis is structured as follows: Chapter 1 overviews the current literature and the 

objectives of the Thesis. Chapter 2 presents the main data sources and methods of analysis. 

Chapter 3 displays the results of long-term marine aerosol measurements at MHD. Chapter 4, 

Chapter 5, and Chapter 6 show the results of short-term campaigns carried out at MHD, CGR, 

and GVB, respectively. In Chapter 7, we discuss the long-term in-situ measurements of cloud 

properties measured at MHD. Finally, Chapter 8 summarizes the major findings and the 

conclusions of the Thesis.
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2. Data and Methods of Analysis 

 The focus of this Chapter is to describe the in-situ aerosol and ground-based 

measurements at the different sampling stations object of the present study. In addition, the 

remotely sensed ocean color data as well as the methods of analysis employed in this 

Dissertation will be described. It also details several other complementary data like 

meteorological data, satellite ground type maps and air mass back-trajectories. The following 

sub-sections describe the specific instrumentation, acquisitions settings, and techniques used 

to gather the main chemical and physical parameters of interest, including aerosol chemical 

composition, aerosol size distribution, cloud condensation nuclei (CCN) and ice nucleating 

particle (INP) concentrations, and cloud microphysical, macrophysical, and optical properties. 

2.1 Sampling Locations 

 The data used in this study were taken from field measurements at three sampling sites, 

representative of the North East Atlantic Ocean (Mace Head [MHD] Global Atmosphere Watch 

(GAW) research station), the central Mediterranean Sea (Capo Granitola [CGR] Climate 

Observatory) and the Arctic Ocean (Gruvebadet observatory [GVB]), as shown in Figure 2.1. 

All the sites are described in detail in the following Sections, while Table 2.1 presents a 

summary of the available measurements and sampling periods at each site. 

2.1.1 MHD Atmospheric Research Station, NE Atlantic 

 The first measurement location is the MHD (http://www.macehead.org/) GAW research 

station. The station is located on the west coast of Ireland (53.33° N, 09.90° W), westerly 

exposed to the NA ocean, at about 300 m from the waterline and 21 m above the mean sea 

level (MSL). The MHD station is operated by the National University of Ireland Galway (NUIG), 

School of Physics and the University's Ryan Institute Center for Climate & Air Pollution Studies 

(C-CAPS). 

 

 

 

 

http://www.macehead.org/
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Figure 2.1: Sampling locations shown by the red, green, and blue squares and the borders of the studied oceanic 

domains delineated by the red, green, and blue boxes. WMED stands for Western Mediterranean and NA for 

North Atlantic. 

 

Table 2.1: Summary of the in-situ and ground-based remote sensing data used in the Dissertation. 
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Aerosol chemical composition 
Equivalent black carbon 
Particle number concentration 
CCN number concentration 
 
INP number concentration 

HR-Tof-AMS 
MAAP 
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CFSTG-CCN-
Chamber 
DFPC 

31/07 – 21/09/2015 
 
 
31/07 – 31/08/2015 
 
30/07 – 28/08/2015 
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R MSA Concentration HR-Tof-AMS 07 – 25/04/2016 
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B INP number concentration DFPC 

17/04 – 02/05/2018 
11 – 27/07/2018 
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 MHD has been a site for aerosol measurements since 1958 when condensation nuclei were 

measured at a small coastal lookout. In 1985, the site was refurbished for use as a laboratory 

and a standard meteorological recording system was installed there. In 1989, a further 

laboratory was constructed close to the shoreline. A 20 m sampling tower was also built up. 

The Irish Government constructed a second shoreline laboratory and an extension to the 

original cottage, later in 1989. In 1994, the World Meteorological Organization (WMO) 

designated MHD site as one of the most important GAW stations in the Northern hemisphere. 

MHD is the only GAW station in the eastern Atlantic region and is the globally acknowledged 

clean background western European station, providing key baseline input for intercomparing 

with levels elsewhere in Europe. More than 600 publications in refereed journals and over 

25,000 citations that have some connection either with the MHD research station or with 

members, both present and past, of the atmospheric physics research at NUIG.  

2.1.1.1 Long-term (2009-2017) In-situ Measurements 

 Nine years of aerosol chemical composition were measured continuously by an Aerodyne 

High Resolution - Time of Flight - Aerosol Mass Spectrometer (HR-ToF-AMS) which provides a 

real-time size-resolved composition of volatile and semi-volatile particulate matter (DeCarlo 

et al., 2006). The aerosol measurements were performed through the station central aerosol 

sampling system which inlet is set at 10 m above ground level. The HR-ToF-AMS 

measurements were performed at a time resolution of 10 minutes and it was calibrated 

according to the recommendations by Jimenez et al. (2003) and Allan et al. (2003). A Nafion 

drier was installed in front of the HR-ToF-AMS sampling inlet to reduce the relative humidity 

(RH) of the sample to < 20%. The HR-ToF-AMS Composition Dependent Collection Efficiency 

(CDCE) was calculated based on aerosol composition, according to Middlebrook et al. (2012). 

The measurement uncertainty, mainly determined by the applied CDCE, is approximately 30-

40% in AMS mass concentration (Bahreini et al., 2009; Middlebrook et al., 2012). 

 The HR-ToF-AMS measures the aerosol chemical composition (PM1), by providing the 

atmospheric concentration of the major inorganic species, such as sulfate (SO42–), ammonium 

(NH4+) and nitrate (NO3–), and organic matter (OM) in the submicron size range (Canagaratna 

et al., 2007). The sea-salt (SS) concentrations can also be derived following the method 

described by Ovadnevaite et al. (2012). The measured SO42– concentrations include both non-

sea-salt sulfate (nss-SO4
2–) and sea-salt sulfate (ss-SO4

2–). The contribution of the nss-SO4
2– 
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was determined by subtracting the ss-SO42– concentration (7.7% of total SS) from the total 

SO42– concentration (Ovadnevaite et al., 2012; Ovadnevaite et al., 2014). The methanesulfonic 

acid (MSA) concentration was derived from the concentration of mass fragment CH3SO2+, 

following the procedure by Ovadnevaite et al. (2014). All data were analyzed using the 

standard ToF-AMS analysis software SQUIRREL v1.51 and PIKA v1.10 (D. Sueper, available at: 

http://cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html) within 

Igor Pro 6.2.1 (WaveMetrics, Lake Oswego, OR). 

 Furthermore, equivalent black carbon (eBC) concentrations were measured in-situ by a 

multi-angle absorption photometer (MAAP), through the same central inlet as AMS 

measurements (O'Dowd et al., 2014). eBC concentrations were used to discriminate 

anthropogenically impacted air masses, as detailed in Section 2.7.1. 

 The submicron aerosol size distributions were measured by a Scanning Mobility Particle 

Sizer (SMPS, 0.02 < particle diameter (Dp) < 0.5 µm), where aerosols are neutralized (aerosol 

neutralizer: Kr-85, TSI Model 3077) and size-discriminated based on their mobility diameter 

(differential mobility analyzer: TSI Model 3071) and counted by a condensation particle 

counter (TSI Model 3010). Aerosol sizing instruments were located downstream of Nafion 

driers (RH < 20%) (Ovadnevaite et al., 2017), and thus, size distributions refer to the aerosol 

dry diameter (Sanchez et al., 2017). The MHD SMPS system is in line within the general 

uncertainties derived for this type of instrument (Ovadnevaite et al., 2017). The uncertainties 

are around ±10% for the size range between 20 and 200 nm in particle size (Wiedensohler et 

al., 2012), and about ±20% for the particle size range 200–800 nm (Wiedensohler et al., 2018). 

2.1.1.2 Ground-based Remote Sensing Measurements 

 The ground-based remote sensing (GBRS) division at MHD has been a Cloudnet station 

since 2009 (Illingworth et al., 2007) and comprises a cloud radar, ceilometer, and microwave 

radiometer (MWR), and since 2015 a Doppler wind lidar. GBRS provides continuous 

monitoring of the atmosphere at one location, with high vertical and temporal resolutions. 

This provides useful detailed insights into highly complex cloud processes, which can be a 

powerful tool for the detection and quantification of cloud indirect effects (Feingold et al., 

2003). 

http://cires.colorado.edu/jimenez-group/ToFAMSResources/ToFSoftware/index.html
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 The radar is a MIRA36, a 35.5 GHz Ka-band Doppler cloud radar (Melchionna et al., 2008) 

that measures in-cloud reflectivity, linear depolarization ratio, and vertical speed of cloud 

droplets at 30 m and 10 sec vertical and temporal resolutions. The radar was also used to track 

the top level of clouds. Further description of the calibration offset of the radar reflectivity can 

be found in Preissler et al. (2016).  

 The ceilometer is a CHM15k measuring 1064 nm (Heese et al., 2010; Martucci et al., 2010). 

It detects photons backscattered from atmospheric targets at vertical and temporal 

resolutions of 15 m and 30 sec, such as cloud droplets or aerosol particles. Based on the optical 

depth of the atmosphere, it can detect aerosol particles, as well as clouds up to a certain 

penetration point. The ceilometer was used to detect the cloud base altitude.  

 The MWR is a multichannel microwave profiler RPG-HATPRO (Crewell and Lohnert, 2003; 

Lohnert and Crewell, 2003; Lohnert et al., 2009) measuring near water vapour and oxygen 

absorption lines (Martucci and O'Dowd, 2011).  

 The SYnergetic Remote Sensing Of Clouds (SYRSOC) retrieval method uses GBRS data from 

the three mentioned instruments as a primary input. It allows for vertically resolved 

determination of cloud properties from the ground. Using the SYRSOC algorithm (Martucci 

and O'Dowd, 2011; Preissler et al., 2016), the microphysical cloud properties such as Reff, 

CDNC, and LWC and cloud optical properties like cloud optical depth (COD) and cloud albedo 

are retrieved. The vertical and temporal resolutions of the output are 15 m and 10 sec. 

 The present study focuses on a subset of the cloud cases introduced and discussed by 

Preissler et al. (2016), that are cases which could be attributed to clean marine conditions, 

with negligible to null continental influences. From 6 years of cloud observations (February 

2009 to January 2015), homogeneous sections of less than 1-hour duration have been selected 

of all non-precipitating single-layer water clouds. These criteria are necessary to match the 

monomodal droplet size distribution assumption of SYRSOC. 

 A total of 52 clean marine stratiform clouds were analyzed. The cloud cases roughly span 

24.2 h of observations distributed over 47 days. A prevalent marine origin is dominant in the 

formation of stratiform clouds at MHD, while air masses from Europe are typically drier, 

leading to suppressing cloud formation. Although cloud-free conditions are rare at MHD, the 
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downtime of each instrument (radar, ceilometer, and MWR) was 20 to 25% making them 

rarely coincidental (Preissler et al., 2016) which limits cloud microphysics data accessibility. 

 The cloud microphysics retrievals from SYRSOC were compared with in-situ aircraft 

measurements from two-day field experiment conducted at MHD (Martucci et al., 2013), 

showing a very good agreement in the SYRSOC full profiles. In that experiment, the retrieved 

CDNC were compared to the CCN concentrations and the best agreement was occurred at a 

supersaturation between 0.1 – 0.75 % for the marine stratocumulus. Preissler et al. (2016) 

compared SYRSOC results with satellite MODIS observations, concluding a large difference for 

liquid water path (LWP) and COD and a good agreement for Reff with a linear fit of nearly unity 

slope, for the whole dataset. Nevertheless, CDNC retrievals were not extensively validated 

against an independent method and so their level of uncertainty is so far undefined. However, 

we decided to include CDNC in the analysis as the CDNC dataset shows consistency with the 

rest of the cloud parameters, as for example a clear anticorrelation with Reff (R² = 0.72) and 

correlation with the normalized albedo (R2 = 0.29), which are consistent with the theory 

(Twomey, 1974; Twomey et al., 1984). 

2.1.1.3 BACCHUS Campaign 

 An intensive short-term campaign was carried out between 30 July and 21 September 2015 

at MHD station in the framework of the EU project BACCHUS, with the support of the CNR 

project “Air-Sea Lab”. The submicron aerosol chemical compositions and aerosol size 

distributions were collected online by the HR-ToF-AMS and SMPS installed at MHD. The details 

were described above in Section 2.1.1.1. 

 In addition, CCN measurements were performed with a miniature Continuous-Flow 

Streamwise Thermal-Gradient CCN Chamber (CFSTG-CCN-Chamber), which measures the 

concentration of activated CCN over a range of supersaturations (Roberts and Nenes, 2005). 

The supersaturation range spanned 0.2 to 0.82 %. Further details on SMPS and CCN 

measurements are reported in Sanchez et al. (2017). 

 The atmospheric INP concentrations were quantified in the lab by the membrane filter 

technique (Bigg et al., 1963; Vali, 1975). Aerosol samples were collected on nitrocellulose 

membrane filters (Millipore HABG04700, nominal porosity 0.45 μm) by deploying two parallel 

sampling systems, one equipped with a PM1 inlet and the other with a PM10 (cut-point-
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Standard EN 12341, TCR Tecora). The operative sampling flow was 38.3 lpm in each sampling 

line and was generated by two independent pumps (Bravo H Plus, TCR Tecora). The INP 

number concentration (nINP) was measured offline on said filters by using the Dynamic Filter 

Processing Chamber (DFPC) developed at the CNR-ISAC laboratories in Bologna (Italy), 

following the procedure described in Santachiara et al. (2010) and Belosi et al. (2017).  

 The quantification of INPs occurred at an activation temperature (TA) of –22 °C and in 

conditions of supersaturation with respect to water (Sw) equal to 1.01. Uncertainties for TA 

and Sw are about 0.1 °C and 0.02, respectively. Consequently, the estimated, INP 

measurement uncertainty of the DFPC is ±30% (DeMott et al., 2018). Examples of inter-

comparisons between the DFPC and other INP quantification techniques can be found in 

DeMott et al. (2018), McCluskey et al. (2018c) and Hiranuma et al. (2019). The nINP, expressed 

in units of m–3, was calculated by dividing the number of INP quantified for each sample by 

the total volume of air passed through the corresponding filter. 

 At MHD, sampling for INP analyses occurred only in clean marine conditions, to avoid 

continental influences, as detailed in McCluskey et al. (2018c). Briefly, the sampler received 

power from the clean sector sampling system only when eBC is less than 15 ng/m3 and wind 

direction is between 190° to 300°. This ensures sampling of air masses mostly representative 

of clean marine conditions, minimizing anthropogenic influences, as demonstrated in a 

number of previous works (e.g., Ceburnis et al. (2011) and O'Dowd et al. (2014)). 

2.1.2 CGR Climate Observatory, Central Mediterranean 

 The second measurement location is the I-AMICA Capo Granitola (CGR) Climate 

Observatory (37.6667° N, 12.6500° E; 5m above MSL), located 12 Km to the SE from Mazara 

del Vallo (Cristofanelli et al., 2017) and facing the Sicily Channel. The station, run by CNR-ISAC, 

is a regional GAW station and is considered representative of the Mediterranean background 

atmosphere. An intensive aerosol characterization campaign was carried out between 07 and 

25 April 2016 in the framework of the CNR project Air-Sea Lab and the EU project BACCHUS. 

A more detailed description of the campaign can be found in Rinaldi et al. (2019). 

 The atmospheric concentration of submicron MSA was measured online by an Aerodyne 

HR-ToF-AMS (DeCarlo et al., 2006), following the recommendations of Jimenez et al. (2003), 

Allan et al. (2003) and Canagaratna et al. (2007). Briefly, the measurements were performed 
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by alternating between “V” and “W” ion path modes every 2.5 min. The concentrations 

reported here correspond to the data collected in V mode. The resolving power of the V-ion 

mode was about 2000-2200 during the whole campaign. Ionization efficiency (IE) calibrations 

were performed at the beginning, in the middle and after the campaign. Filter blank 

acquisitions during the campaign were performed once a day, at randomly chosen moments, 

to evaluate the background and correct for the gas-phase contribution. 

 The mass spectrometer was connected to the station main aerosol sampling system 

(Cristofanelli et al., 2018) and the aerosol was dried to about 40% RH by means of a Nafion 

drier before sampling. As done for MHD measurements, the HR-ToF-AMS CDCE was calculated 

based on aerosol composition, according to Middlebrook et al. (2012). 

 As at MHD, the MSA concentration was derived from the concentration of mass fragment 

CH3SO2+, following the procedure by Ovadnevaite et al. (2014). Since the MSA quantification 

method has not been standardized in the AMS, and its fragmentation pattern could be 

instrument dependent (Zorn et al., 2008), the obtained concentrations were validated against 

offline measurements. MSA concentration was determined by ion chromatography analysis 

of PM1 filter samples (24 hour time-resolution) collected in parallel to the mass spectrometry 

measurements (Rinaldi et al., 2019).  

2.1.3 GVB observatory, Ny-Ålesund, Svalbard Islands 

 The third measurement location was the Gruvebadet observatory (GVB), located in 

proximity of the village of Ny-Ålesund (78.9167° N, 11.9333° E) on the Spitsbergen Island, 

Svalbard. The observatory is about 70 m above MSL, located about 1 Km SW of the village. 

This position guarantees that the aerosol samples are not affected by local sources of 

pollution, being the main wind flow from southeast (Udisti et al., 2016). The aerosol sampling 

for INP quantification analysis was collected at an inlet located about 1 m above the building 

roof. 

 The nINP were determined by using the DFPC method, as detailed in Section 2.1.1.3. 

Samples were collected during two intensive field campaigns. The spring campaign occurred 

between 17 April and 2 May 2018, while the summer campaign covered the period between 

11 and 27 July 2018. One couple of samples (PM1 & PM10) was collected per day, with a 

sampling duration between 3 and 4 hours, to avoid filter overloading. The sampling generally 
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started in the morning, during the spring campaign, while it started typically in the afternoon 

during the summer campaign. Samples were stored at room temperature until analysis. 

Differently from the INP samples at MHD, measurements were performed at TA of −15 °C, −18 

°C and −22 °C.  

 The aerosol particle number size distribution is continuously monitored at GVB since 2010 

using a SMPS model TSI 3034 for the diameter range between 10 and 500 nm (54 channels) 

and an Aerodynamic Particle Sizer (APS) model TSI 3321 for the diameters above 500 nm 

(same number of channels as the SMPS). Both instruments are connected to a common 

multiple inlet with laminar flow and record data averaged over 10 minutes (Giardi et al., 2016; 

Lupi et al., 2016). The aerodynamic diameters reported by the APS were corrected to real 

physical diameters using a particle mass density equal to 1.95 g cm–3 and the number 

concentration in the resulting overlapping range was taken equal to that from the SMPS. 

 Meteorological parameters (air temperature, T; pressure, P; relative humidity, RH; wind 

speed, WS) were taken from those continuously provided by the Amundsen-Nobile Climate 

Change Tower, positioned less than 1 Km N-E of GVB (Mazzola et al., 2016), while precipitation 

data (type and amount) from the eKlima database, provided by the Norwegian Meteorological 

Institute (https://seklima.met.no/observations/). 

2.2 Satellite Ocean Color Data 

 The present study is based on different satellite ocean-color data products. The best 

estimates “Level-4; Cloud Free” sea surface chlorophyll-a concentrations (CHL; mg m–3) were 

obtained from the EU Copernicus Marine Environment Monitoring Service (CMEMS) through 

the website http://marine.copernicus.eu/. These ocean-color data products are the result of 

merging Sea-viewing Wide Field of View (SeaWiFS), Moderate Resolution Imaging 

Spectroradiometer (MODIS-Aqua), MEdium Resolution Imaging Spectrometer (MERIS), Visible 

and Infrared Imager/Radiometer Suite (VIIRS) and Ocean and Land Color Instrument-Sentinel 

3A (OLCI-S3A) sensors. These sensors measure the average CHL content over the first optical 

depth. A detailed description of all ocean color products is given in the Product User Manual 

(http://resources.marine.copernicus.eu/documents/PUM/CMEMS-OC-PUM-009-ALL.pdf). 

 The surface CHL is chosen as the reference surrogate for tracing the evaluation of marine 

biological activity (Yoon et al., 2007) because it is the most widely available and validated 

https://seklima.met.no/observations/
http://marine.copernicus.eu/
http://resources.marine.copernicus.eu/documents/PUM/CMEMS-OC-PUM-009-ALL.pdf
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ocean color parameter. Moreover, in a previous approach, Rinaldi et al. (2013) concluded that 

there is no need to substitute CHL with other biological surrogates, which are generally 

affected by larger and less quantified uncertainties, considering that they do not produce 

better results than CHL in tracing marine aerosol properties. 

 For the NE Atlantic Ocean domain (period 2009-2017) and the Arctic Ocean (summer 

2018), CHL fields were extracted from the global Level-4 product (Identifier: 

OCEANCOLOUR_GLO_CHL_L4_REP_OBSERVATIONS_009_082), available at 1/24 degree 

(about 4 km) spatial-resolution and daily time-resolution.  

 In the Mediterranean domain, another CHL product was used: the daily 1 km spatial-

resolution (Identifier: OCEANCOLOUR_MED_CHL_L4_NRT_OBSERVATIONS_009_041) which 

has been estimated by the application of the Mediterranean Ocean Color 4 bands (MedOC4) 

algorithm (D'Alimonte et al., 2003; Volpe et al., 2007).  

2.3 Phytoplankton Carbon Estimation 

 A second satellite parameter used in this study is the optical particulate backscattering 

(𝑏𝑏𝑏𝑏𝑏𝑏) at 443 nm wavelength, which is an important parameter to study ocean biology and 

oceanic carbon estimations. The 𝑏𝑏𝑏𝑏𝑏𝑏(443) data over the Mediterranean Sea, as generated by 

the ocean color component of the European Space Agency Climate Change Initiative project 

(ESA-CCI; available at: https://www.oceancolour.org/), is available with daily composites of 

merged sensors (i.e. MERIS, MODIS Aqua, SeaWiFS LAC & GAC, VIIRS) and a spatial resolution 

roughly 4.63 km. The 𝑏𝑏𝑏𝑏𝑏𝑏 is obtained by the application of the Quasi Analytical Algorithm 

(QAA; Lee et al. (2002) and Lee (2014)). The 𝑏𝑏𝑏𝑏𝑏𝑏 retrieval by the QAA was assessed using in-

situ data of matched 𝑏𝑏𝑏𝑏𝑏𝑏 (Pitarch et al., 2020). The results showed a negligible bias when QAA-

derived 𝑏𝑏𝑏𝑏𝑏𝑏 was compared to in-situ 𝑏𝑏𝑏𝑏𝑏𝑏, confirming high efficiency of QAA in the 𝑏𝑏𝑏𝑏𝑏𝑏 

detection. 

 The daily phytoplankton carbon biomass (PHYC) data were computed using the equation 

of Behrenfeld et al. (2005) based on the light backscattering coefficient in seawater due to 

particles, 𝑏𝑏𝑏𝑏𝑏𝑏 (𝜆𝜆) as: 

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = [𝑏𝑏𝑏𝑏𝑏𝑏(443) − 𝑏𝑏𝑏𝑏𝑏𝑏𝑁𝑁𝑁𝑁𝑃𝑃(443)] × 𝑆𝑆𝑆𝑆  [mg C m−3], 

https://www.oceancolour.org/
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where 𝑏𝑏𝑏𝑏𝑏𝑏(443) is the particulate backscattering coefficient (m−1) at 443 nm and it is used as 

a measure of the particle concentration in seawater (Dall'Olmo et al., 2012; Dall'Olmo et al., 

2009; Westberry et al., 2008; Westberry et al., 2010). The 𝑏𝑏𝑏𝑏𝑏𝑏𝑁𝑁𝑁𝑁𝑃𝑃(443) is the background 

contribution of non-algal particles to 𝑏𝑏𝑏𝑏𝑏𝑏(443) and it is equal to the constant value of 0.00035 

m−1, following Behrenfeld et al. (2005). This constant background value was estimated as the 

intercept of the least-square linear regression fit between 𝑃𝑃𝑃𝑃𝐶𝐶 and 𝑏𝑏𝑏𝑏𝑏𝑏 by using global 

SeaWiFS monthly ocean color data (1997–2002). The 𝑏𝑏𝑏𝑏𝑏𝑏𝑁𝑁𝑁𝑁𝑃𝑃 represents a global estimate of 

𝑏𝑏𝑏𝑏𝑏𝑏 by the stable heterotrophic and detrital components of the surface particle population. 

The scaling factor (𝑆𝑆𝑆𝑆 = 13000 mg C m−2) is a constant to convert 𝑏𝑏𝑏𝑏𝑏𝑏 (m−1) into 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 

(Behrenfeld et al., 2005; Bellacicco et al., 2018; Bellacicco et al., 2016; Westberry et al., 2008) 

which is consistent with field estimates from different oceanic regions. 

2.4 Air Mass Back-trajectories 

 The air mass back-trajectories (BTs) were calculated using the Hybrid Single-Particle 

Lagrangian Integrated Trajectory (HYSPLIT4; https://ready.arl.noaa.gov/HYSPLIT.php) model, 

a transport and dispersion model developed by the National Oceanic and Atmospheric 

Administration (NOAA), Air Resources Laboratory (ARL) (Rolph et al., 2017; Stein et al., 2015). 

 For the short-term campaign at MHD, five-day BTs (hourly time step) arriving 100 m above 

the MSL were calculated four times per day (00, 06, 12, and 18 hr UTC) during the sampling 

period, while at CGR, three-day BTs were calculated with the same conditions of time step, 

altitude, and times per day as MHD. At GVB sampling station, the BTs arrival time was set 

simultaneous to the INP samples and five-day backward time was used. Such backward time, 

72 or 120 hours is in line with fine aerosol (PM1) atmospheric residence time and cover the 

oceanic domains in the studied environments. 

 In order to cover the long-term (9 years) of the data sampled at MHD, three-day BTs 

(hourly time step) were considered four times per day, by specifying a new trajectory starts 

from the source location every 6 hours. Each run of the HYSPLIT model was selected to cover 

1 week of the data. Using this procedure, the maximum trajectory duration is restricted by 72 

backward hours for each trajectory. 

https://ready.arl.noaa.gov/HYSPLIT.php
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 For the SYRSOC data, the BTs were calculated simultaneously to each cloud case, arriving 

at the cloud base altitude of the MHD sampling station to define the marine source areas, 

coming from the Atlantic Ocean. 

2.5 Meteorological Data 

 The European Centre for Medium-Range Weather Forecasts (ECMWF) fifth generation 

reanalysis ERA5 (C3S, 2017) data provides estimates for the hourly state of the atmosphere, 

worldwide, with spatial resolution 0.25° × 0.25° at the surface and at different pressure levels. 

The ERA5 data are available by the ESA Ocean Color-Climate Change Initiative (ESA OC-CCI) 

team (http://www.esaoceancolour-cci.org) and the Copernicus climate change service (C3S). 

From the global domain, we extracted multiple atmospheric components like air temperature 

(T), sea surface temperature (SST), net surface solar radiation (SSR), wind speed (WS), relative 

humidity (RH), pressure vertical velocity (PVV), and potential temperature at 1000 hPa 

(surface) and at 850 hPa time series in order to evaluate the relationship between marine 

aerosol/cloud properties and the main meteorological variables, in comparison with the 

importance of the oceanic biological activity in different marine environments. 

2.6 Satellite Ground Type Maps 

 In the arctic ocean, since the ocean (and land) can be covered by ice for part of the year, 

the ground types over which air masses travelled in the 5 day before arrival at the sampling 

station (GVB, see Section 2.1.3) were identified, following Wex et al. (2019). The considered 

ground types were “seawater”, “sea-ice”, “land”, and “snow” (over land). The ground 

condition maps were obtained from the National Ice Center's Interactive Multisensor Snow 

and Ice Mapping System (IMS) (Helfrich et al., 2007; National Ice-Center, 2008), National Snow 

& Ice Data center (NSIDC; https://nsidc.org/). IMS maps are a composite product by 

NOAA/NESDIS (National Environmental Satellite Data and Information Service), combining 

information on both sea ice and snow cover. Information from 15 different sources of input 

are included in the production of these maps (Helfrich et al., 2007).  

 We used the daily Northern Hemisphere maps with a resolution of 4 km. For each BT time 

step corresponding to INP sample, we applied nearest-neighbour interpolation in space and 

http://www.esaoceancolour-cci.org/
https://nsidc.org/
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time to find the corresponding satellite coordinate along the BT. Consequently, the ground 

type conditions during air mass passage were determined.  

2.7 Methods of Analysis 

 To investigate the relationship between phytoplankton activity and marine aerosol 

properties, we applied a multi-step data analysis approach (Figure 2.2). The approach aims at 

identifying the most probable source regions of the marine aerosols observed at the sampling 

stations and at evidencing any eventually present correlation between aerosol properties and 

CHL patterns within said regions. The steps are briefly described below and with more details 

in the following Sections: 

a- Air mass back-trajectory analysis: the aim of this step is to identify the ocean regions 

located upwind to the sampling stations (borders of the studied domains), with respect 

to the main wind circulation patterns during the study periods. Any correlation 

resulting from the following step (b) outside the domain evidenced in step (a) is 

automatically excluded as considered a spurious correlation (i.e., not motivated by a 

physical mechanism). 

b- Spatio-temporal correlation analysis: under the assumption that marine aerosol 

properties should follow the evolution of marine biological activity (traced by CHL), we 

looked for sea regions showing a positive and significant correlation between the 

aerosol (or cloud) properties and CHL patterns.  

c- Source regions location: the potential sources of marine aerosol are spatially 

identified by evidencing the BTs associated to the highest concentrations. These was 

done by applying either the potential source contribution function (PSCF) algorithm or 

the concentration weighted trajectory (CWT) model, according to the time-resolution 

of the available data. 

Only source regions that are plausible according to all the above three steps have been 

considered as reliably identified sources of marine aerosol. Consequently, the evidenced 

correlations between aerosol parameters and CHL, within the identified source regions, have 

been considered as resulting from a physical mechanism (i.e., the correlation is causal, not 

casual) and representing an actual link between phytoplankton activity and marine aerosol 

properties. It is worth highlighting that the spatio-temporal correlation (step b) and the source 
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regions location (step c) methods are totally independent and based on different principles. 

The fact that a source region is identified by two independent methods strongly supports the 

reliability of the discussed results. 

 

 

Figure 2.2: Simplified schematic diagram of the implemented multi-steps approach. 

 

2.7.1 Data Filtration 

 Before applying the spatio-temporal correlation and source regions location analyses, the 

aerosol/cloud data in this study were strictly filtered to select only the cleanest marine air 

masses. This was done to avoid any interference from anthropogenic aerosols from land or 

ship emissions. The filtration was achieved in the different studied marine environments using 

the following means: 

i. The North Atlantic 

 The online high-resolution aerosol data have been averaged to hourly mean and filtered 

against hourly eBC mass concentration as an anthropogenic tracer, to ensure the cleanliness 

of the marine air masses. The hourly averages corresponding to eBC not exceeding 15 ng m–3 

was used to reliably exclude anthropogenically impacted air masses (Grigas et al., 2017; 

O'Dowd et al., 2015; Ovadnevaite et al., 2014; Preissler et al., 2016). The offline samples for 

INP analyses were sampled using the MHD Clean Sector Sampling System (Rinaldi et al., 2009), 

as detailed in Section 2.1.1.3.  
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i. The Mediterranean 

 Given that MSA is considered the best tracer of biogenic marine aerosol, not significantly 

influenced by anthropogenic emissions, no filtration was performed. 

ii. The Arctic 

 No clean sector system was deployed during the collection of the filters at the Arctic 

station. The INPs dataset at GVB have been subjected to ground type contribution analysis to 

exclude the air masses impacted by the land influences, as explained in Chapter 6. Land 

sources are potentially a major source of INPs in the Arctic (Tobo et al., 2019), therefore 

samples corresponding to air masses that travelled extensively over snow-free land were 

excluded, in order to select only samples potentially dominated by marine INPs. 

2.7.2 Spatio-Temporal Correlation Analysis 

 To explore the relationship between marine aerosol/ cloud properties and phytoplankton 

activity (represented by CHL), we computed, by standard least squares regression, the 

correlation coefficients between in-situ aerosol (or ground based cloud) parameters, 

measured at the sampling station, and satellite-derived ocean color data, at each grid point of 

the studied domains. Furthermore, we also explored the effect on the correlation of 

considering a time-lag between the CHL and aerosol/cloud parameters time series. 

 Rinaldi et al. (2013) and O’Dowd et al. (2015) showed that the correlation between marine 

aerosol properties and satellite tracers of oceanic biological activity is maximized when an 

appropriate time-lag is considered. The time-lag was attributed, in that case, to the time scale 

of the processes responsible for the production and release of organic matter that could be 

transferred within sea-spray. Similar results were reported by Lee et al. (2015) and Wang et 

al. (2015), who observed a delay time (4 to 10 days) between changes in sea-spray chemical 

composition and CHL peaks in controlled laboratory experiments. Also, McCluskey et al. 

(2017) demonstrated 4-days time-lag between INPs activation in SSA and CHL peaks, with the 

same experimental setup.  

 Based on the above findings, we tested the effect of considering a delay time between the 

CHL time series and in-situ aerosol properties in all the probed datasets. This approach is also 

justified by the fact that surface CHL tracks the growing phase of algal blooms, while the 



2. Data and Methods of Analysis 

43 

 

release of phytoplankton exudates, likely involved in the production of biogenic marine 

aerosols, occurs mainly at a later stage, during the senescence/demise phase (Kwint and 

Kramer, 1995; Laroche et al., 1999; Miyazaki et al., 2020; Zhuang et al., 2011). This was done 

by shifting back in time the considered time window along the CHL time-series, while keeping 

constant the in-situ aerosol time series (Rinaldi et al., 2013).  

 

 

Figure 2.3: Schematic representation of the time-lag method. 

 

 The graphical representation of the time-lag method is shown in Figure 2.3. Basically, the 

effect of different time-lags on the “aerosol vs. CHL” correlation is tested, starting from 

simultaneous time-series, corresponding to “Lag = 0”, then by sliding CHL backwards day by 

day to get the time-lag which maximizes the correlation coefficient between the two 

considered time series. Such process is conducted for each pixel of the studied domain, to 

obtain the “Lag = n” map where “n” is the number of days by which the CHL time-series is 

shifted back. 
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2.7.3 Source Regions Location  

 Two approaches were carried out to operate the geographical source attribution, 

evidencing the regions associated with high aerosol/cloud droplet concentrations in the 

studied environments, which evidences the most probable source regions. The approaches, 

PSCF and CWT, combine the aerosol/cloud data with air mass BT data. 

2.7.3.1 PSCF 

 The possible source regions of marine aerosol which have high concentration at a receptor 

site are identified by the PSCF algorithm using the spatial probability distribution of pathways 

of air masses that arrived at the sampling site over a time period (Chang et al., 2011; Dall'Osto 

et al., 2017b; Karaca et al., 2009; Polissar et al., 2001). It combines the BTs information with 

the measured data to produce probability fields for potential source regions. 

 The studied domains (NA, Mediterranean) were divided into 𝑖𝑖° × 𝑗𝑗° latitude/longitude grid 

cells covering the limits of BTs. The conditional probability that the air passing through the 𝑖𝑖𝑗𝑗-

th cell has a high aerosol concentration when arriving at the sampling station is given by: 

 𝑃𝑃𝑆𝑆𝑃𝑃𝑆𝑆𝑖𝑖𝑖𝑖 = (𝑚𝑚𝑖𝑖𝑖𝑖 𝑛𝑛𝑖𝑖𝑖𝑖⁄ ) × 𝑊𝑊𝑖𝑖𝑖𝑖 

Where 𝑛𝑛𝑖𝑖𝑖𝑖 is the number of trajectories with segment endpoints in a cell 𝑖𝑖𝑗𝑗 and 𝑚𝑚𝑖𝑖𝑖𝑖 is the 

subclass (𝑚𝑚𝑖𝑖𝑖𝑖 < 𝑛𝑛𝑖𝑖𝑖𝑖) of trajectories connected to aerosol concentrations above a threshold 

defined as concentrations above the median. 

 The PSCF values may be affected by grid cells containing a low number of endpoints that 

may be overestimated so that it is multiplied by a weighting factor, 𝑊𝑊𝑖𝑖𝑖𝑖, (Masiol et al., 2019) 

as indicated below. 

 𝑊𝑊𝑖𝑖𝑖𝑖 = 1  if 𝑛𝑛𝑖𝑖𝑖𝑖 ≥ 2𝑁𝑁� 

 𝑊𝑊𝑖𝑖𝑖𝑖 = 0.75 if 𝑁𝑁� ≤ 𝑛𝑛𝑖𝑖𝑖𝑖 < 2𝑁𝑁� 

 𝑊𝑊𝑖𝑖𝑖𝑖 = 0.50 if 𝑁𝑁�/2 ≤ 𝑛𝑛𝑖𝑖𝑖𝑖 < 𝑁𝑁� 

 𝑊𝑊𝑖𝑖𝑖𝑖 = 0.25 if 𝑛𝑛𝑖𝑖𝑖𝑖 < 𝑁𝑁�/2 

Where 𝑁𝑁� is the average number of endpoints over the grid cells with at least one endpoint. 
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2.7.3.2 CWT  

 Due to the limited time-resolution of INPs collected at GVB, the allocation of regional 

source areas potentially affecting INP concentrations was achieved by applying the CWT 

model (Bycenkiene et al., 2014; Hsu et al., 2003; Jeong et al., 2011), instead of PSCF. In this 

procedure, each grid cell within the studied domain is associated to a weighted concentration, 

which is a measure of the source strength of a grid cell with respect to concentrations 

observed at the sampling site. The average weighted concentration in the grid cell (𝑖𝑖, 𝑗𝑗) is 

determined as follows: 

 𝑃𝑃𝑊𝑊𝐶𝐶𝑖𝑖𝑖𝑖 =
∑ 𝐶𝐶𝑡𝑡 𝐷𝐷𝑖𝑖𝑖𝑖𝑡𝑡𝐿𝐿
𝑡𝑡=1
∑ 𝐷𝐷𝑖𝑖𝑖𝑖𝑡𝑡𝐿𝐿
𝑡𝑡=1

× 𝑊𝑊𝑖𝑖𝑖𝑖 

Where 𝑡𝑡 is the index of the trajectory (arrival time simultaneous to INP samples), 𝐶𝐶 is the total 

number of trajectories (5 days – hourly time step), 𝑃𝑃𝑡𝑡 is the INP concentration observed at 

sampling location (receptor site) on arrival of trajectory 𝑡𝑡, and 𝐷𝐷𝑖𝑖𝑖𝑖𝑡𝑡 is the residence time (time 

spent) of trajectory 𝑡𝑡 in the grid cell (𝑖𝑖, 𝑗𝑗). Given 𝑃𝑃𝑡𝑡 for INP, 𝐷𝐷𝑖𝑖𝑖𝑖𝑡𝑡 can be determined by counting 

the number of hourly trajectory segment endpoints in each grid cell for each trajectory. This 

was repeated for all the back trajectories 𝐶𝐶. A high value for 𝑃𝑃𝑊𝑊𝐶𝐶𝑖𝑖𝑖𝑖 means that air parcels 

traveling over the grid cell (𝑖𝑖, 𝑗𝑗) would be, on average, associated with elevated 

concentrations at the receptor site. 

 The CWT values were subjected to a weighting factor, 𝑊𝑊𝑖𝑖𝑖𝑖, to minimize the effect of grid 

cells containing a low number of endpoints. The 𝑊𝑊𝑖𝑖𝑖𝑖 was based on the 1st quartile and median 

of the number of endpoints over the grid cells with at least one endpoint, as indicated below. 

 𝑊𝑊𝑖𝑖𝑖𝑖 = 1  if 𝐷𝐷𝑖𝑖𝑖𝑖 ≥ 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑛𝑛 

 𝑊𝑊𝑖𝑖𝑖𝑖 = 0.8  if 1𝑠𝑠𝑡𝑡𝑞𝑞𝑞𝑞𝑚𝑚𝑞𝑞𝑡𝑡𝑖𝑖𝑞𝑞𝑚𝑚 < 𝐷𝐷𝑖𝑖𝑖𝑖 < 𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑚𝑚𝑛𝑛 

 𝑊𝑊𝑖𝑖𝑖𝑖 = 0.0  if 𝐷𝐷𝑖𝑖𝑖𝑖 ≤ 1𝑠𝑠𝑡𝑡𝑞𝑞𝑞𝑞𝑚𝑚𝑞𝑞𝑡𝑡𝑖𝑖𝑞𝑞𝑚𝑚 
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3. Seasonality of Marine Aerosol Chemical Components over the NE 

Atlantic Ocean in Relation to the Evolution of the Oceanic 

Biological Activity 

 In this Chapter, a continuous record of submicron (PM1) marine aerosol chemical 

composition data was used to investigate the relation between oceanic biological activity and 

marine aerosol properties over the NE Atlantic Ocean. The submicron fraction is the most 

climate relevant aerosol size range as it dominates the number distribution and comprises the 

majority of the CCN. We examined the results of nine years (2009-2017) of in-situ aerosol 

measurements (by HR-ToF-AMS, see Section 2.1.1.1) collected at the MHD GAW research 

station (Ireland). The dataset, which is presently the longest record of unperturbed marine 

aerosol chemical composition worldwide, provides the atmospheric concentrations of the 

main biogenic aerosol components, such as nss-SO42–, MSA, OM and NH4+ as well as NO3– and 

sea salt (SS). 

3.1 Seasonal Trends of Marine Aerosol Chemical Composition 

 The submicron marine aerosol data were analyzed examining only the cleanest air masses 

characterized by virtually no continental and/or anthropogenic contamination. This was 

achieved by selecting only air masses of marine origin, crossing the NA ocean region, according 

to the BTs classification (Section 3.2). Furthermore, the high-resolution aerosol chemical 

composition data, averaged to hourly resolution, were filtered against hourly eBC mass 

concentration. Only the hourly averages corresponding to eBC concentrations not exceeding 

15 ng m−3 were used to exclude anthropogenically impacted air masses. These criteria have 

been demonstrated to minimize anthropogenic inputs deriving both from long-range 

transport across the NA Ocean, from the North American continent, and eventually present 

ship emissions (O'Dowd et al., 2015; Ovadnevaite et al., 2014). The clean marine hourly 

aerosol data have been averaged daily, to be compared with the satellite retrieved CHL data, 

which are available at the highest time resolution of 24 hours. Days with less than 6 continuous 

hours of clean measurements were excluded from the analyzed dataset. 
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Figure 3.1: Monthly trend of CHL and marine aerosol chemical composition during 2009-2017. On each box that 

represents a month, the central line indicates the median, and the bottom and top edges of the box indicate the 

25th and 75th percentiles, respectively. The connected line represents the monthly mean during maritime air 

masses. The monthly fractions of PM1 chemical composition are shown in the stacked bar. MSA concentrations 

were excluded from OM in the fraction calculations. 

 

 The seasonal trends (monthly resolution) of marine aerosol component concentrations 

and their fractional contributions, as well as the average CHL over the oceanic region directly 
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facing MHD, are shown in Figure 3.1. This region (black box in Figure 3.8) comprises the most 

probable biogenic marine aerosol sources as investigated by the source region identification 

analysis presented in Section 3.6. 

 The seasonal trend of nss-SO42–, MSA, NH4+, and OM concentrations exhibits maxima in 

summer (HBA) and minima during winter (LBA), in consistent with previous studies performed 

at MHD (Cavalli et al., 2004; O'Dowd et al., 2004; Ovadnevaite et al., 2014; Yoon et al., 2007) 

with less extensive dataset. This trend coincides with the marine biological activity seasonal 

variations as indicated by CHL, a proxy of phytoplankton productivity, suggesting a significant 

impact of marine biological activity on the chemical composition of aerosol observed at MHD. 

CHL during HBA is of the order of 0.50 ± 0.09 mg m–3 (summer) while it goes down to 0.21 ± 

0.04 mg m–3 in winter, as presented in Table 3.1. An almost equal concentration of CHL during 

the transition seasons, autumn and spring. The reported correlation coefficients between CHL, 

within the black box, and nss-SO42–, MSA and OM are 0.61, 0.60, and 0.57, respectively. It is 

worth highlighting that SS and NO3–, the only marine aerosol components not related to 

biological precursors, do not follow the above concentration seasonal trend. 

 As known from the literature, the NA ocean is spatially characterized by diverse types of 

phytoplankton generating a distinct bloom occurring mainly in spring and going on through 

the summer (Friedland et al., 2016; Lacour et al., 2015; McKinley et al., 2018). Figure 3.2 

displays the climatic seasonality of CHL during the study period, between 2009 and 2017 over 

the NA Ocean. The outlined black box (45° − 60° N and 12° − 38° W) corresponds to the spatial 

domain in which ocean biota emissions have the largest influence on aerosol properties 

sampled at MHD (see further details in Sections 3.5 and 3.6). 

 



3. Seasonality of Marine Aerosol Chemical Components over the NE Atlantic Ocean 

49 

 

 

Figure 3.2: Spatial distributions of seasonal average CHL over the NA Ocean between 2009 and 2017. The black 

box is the oceanic area off the MHD coast exerted the most influence on marine aerosol properties. 

 

 Nss-SO42– and MSA show the most pronounced seasonality as a result of the increase in 

DMS emission (gaseous precursors of both aerosol components), produced by the marine 

biota during the HBA period (Andreae, 1990; Charlson et al., 1987) and to the concurrent 

enhanced photochemical activity of the atmosphere (Barnes et al., 2006). By comparing the 

monthly trend of median CHL and marine biogenic aerosol chemical composition (Figure 3.3) 

in a normalized scale, the CHL peak appeared wider than the marine aerosol one, indicating 

that biomass concentration starts to grow earlier, and aerosol chemical composition follows 

accordingly. Furthermore, OM is characterized by a broader seasonal trend (Figure 3.3) than 

nss-SO42– and MSA. This is probably due to the number of different processes (primary and 

secondary) contributing to generate marine organic aerosol. Rinaldi et al. (2010) pointed out 

that the peak in primary OM concentration at MHD is likely to occur in spring, when seawater 

is enriched in biogenic organic components and wind speed has not reached yet the summer 

minimum. Conversely, OM is more likely to be contributed by secondary sources during 

summer, when the photochemistry reaches its maximum, even though Ovadnevaite et al. 
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(2011b) demonstrated the occurrence of occasional plumes of highly concentrated primary 

OM in that season. This variety of processes may explain the broader shape of OM seasonal 

trend. 

 

Figure 3.3: Normalized monthly median of CHL, OM, nss-SO4
2–, and MSA during 2009-2017. 

 

 The clean marine average (median) nss-SO42– concentration at MHD in the 9 years of the 

study ranges from 0.05 (0.03) μg m–3 in winter to 0.46 (0.38) μg m–3 in summer; the MSA 

concentration in summer is 0.07 (0.04) μg m–3, while it goes down to less than 1 ng m–3 in 

winter (further comparisons are presented in Table 3.1). OM exhibits seasonal variations from 

winter to summer between 0.03 (0.02) and 0.18 (0.15) μg m–3. Conversely, the SS mass 

concentration increases during winter (mean 0.33; median 0.22) months, with the minimum 

concentrations (0.16; 0.09) observed in summer. Higher wind speeds are common for the NA 

Ocean during the winter (Rinaldi et al., 2013) and result in higher amounts of sea spray due to 

the power-law relationship between spray and wind speed (Monahan et al., 1983; 

Ovadnevaite et al., 2012). No clear seasonal pattern is exhibited for NO3
– which is only a minor 

component in submicron marine aerosol.  

 In agreement with Ovadnevaite et al. (2014), standard deviations are often larger than the 

average aerosol mass concentrations, demonstrating that mass concentrations were not 
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normally distributed. Seasonality in the submicron marine aerosol (2009-2017) is in good 

agreement with MHD aerosol climatology for the 2002–2004 (Yoon et al., 2007) and 2009-

2011 (Ovadnevaite et al., 2014) periods. The coincident seasonalities between aerosol 

components and CHL suggest a relationship between biological processes and the formation 

of marine aerosol. But it could be explained also by the different origin of the air masses 

reaching MHD in different seasons. In other words, this seasonality could be driven by either 

the dependence of aerosol chemical composition on the seasonal cycle of the NA biological 

activity or from the different contribution of different air mass types per season. This last 

aspect will be addressed below. 

3.2 Classification of Air Mass Back-Trajectories at MHD 

 To classify the origin of air masses arriving at MHD for the period 2009-20117, 3-day back-

trajectories (BTs) were calculated every 6 hr (4 times a day) with an arrival height of 100 m 

above MSL of the sampling station. By applying the non-hierarchical clustering algorithm 

(Dorling et al., 1992; Tripathi et al., 2010), using squared Euclidean distance as a similarity 

measure, the BTs were grouped into 4 main clusters showing the long-term general circulation 

of air masses arriving MHD (Figure 3.4). Cluster analysis is a multivariate statistical method 

that involves separating a collection of statistics into a variety of clusters that are distinct 

regarding standard group values of the variables. The goal is to maximize the variance 

between groups and to minimize variance within each group. 

 The BTs representing air masses during 2009-2017 are shown in Figure 3.4. Three air mass 

clusters, encountered at MHD, have a maritime origin, namely marine Arctic (mA), marine 

Polar (mP), and marine Tropical (mT), according to the classification by Dall’Osto et al. (2010). 

An air mass cluster, labelled as continental European (cP), represents air masses reaching the 

sampling station after passing over Northern Europe. This cluster and associated air masses 

were excluded by any further analysis, in this study, representing conditions of anthropogenic 

pollution at MHD. 
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Figure 3.4: The 3-day air mass BTs (hourly time step) arriving at MHD (represented by a black square) sampling 

station every 6 hr (four times per day) at 100 m above the MSL during 2009-2017. The BTs were classified 

according to the origin of air mass into the marine Arctic (mA; red), marine Polar (mP; green), marine Tropical 

(mT; blue) and continental European (cP; magenta). The clusters of BTs are shown by the dark solid lines and the 

percentage of each cluster is inserted. The cP cluster was excluded from the analysis of clean marine aerosol. 

 

 Figure 3.5 shows the seasonality of BTs reaching MHD during the investigation period 

(2009-2017). In the 9 years of the calculated BTs (4 times per day; Total = 13148 times), the 

mT is the dominant air mass type (4169 times; 31.7%), followed by mP (3145; 23.9%) and mA 

(2338; 17.8%). Totally, maritime air masses account for around 73.4%. Of the marine air 

masses, mT are more abundant in summer (June to August). The mA has a major contribution 

from late spring (April and May) to the summer, while mP prevails in winter, November to 

February.  
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Figure 3.5: Monthly contribution of air mass BTs arriving at MHD in each cluster. 

 

3.3 Marine Aerosol Seasonality According to BTs Clusters 

 Considering that the air mass BTs arriving at MHD display seasonal variations, one can 

hypothesize that seasonality in marine aerosol chemical components may be driven by the 

origins of air masses. To check this hypothesis, the aerosol measurements were classified 

according to the marine air mass clusters. To treat all the measurements over the day, since 

BTs have been calculated 4 times a day, we supposed that each BT has the same origin over 6 

hours around its time. This assumption is based on the fact that BTs do not change much 

within a few hours since they are calculated with models at low time resolution. The data was 

subjected to eBC filtration after this classification, as discussed above. 

 Even when clean marine aerosol data were divided into homogeneous BT clusters, the 

concentration seasonal trends are evident within each type of air mass. Figure 3.6 shows the 

general seasonal pattern in each marine air mass cluster, separately. The largest median 

(mean) concentrations for nss-SO42–, MSA and OM (selected as tracers of marine biogenic 

aerosol) are observed in June and July for all three marine air masses, in consistence with the 

marine biological activity trend. 
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Figure 3.6: Monthly trend of marine biogenic aerosol chemical composition at different air mass clusters as: top) 

mA, middle) mP, and bottom) mT. On each box that represents a month, the central line indicates the median, 

and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The connected line 

represents the monthly mean. 

 

 Table 3.1 quantifies the aerosol mass concentrations in two distinct seasons: winter 

(December, January, and February) and summer (June, July, and August). The mP air mass has 

the lowest contribution of nss-SO42– and MSA during summer while OM is almost constant 

between the three air masses. The highest nss-SO4
2– concentration is advected in the mT air 
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mass in consistent with the previous study by Dall'Osto et al. (2010) and Ovadnevaite et al. 

(2014). Passing from low to high biological activity conditions causes an average increase in 

nss-SO42– and OM of ~ 8 and 5 times respectively, while MSA concentration increases of almost 

two orders of magnitude, given the sub-nanogram-per-cubic-meter winter-time 

concentration. The marine aerosol mass fractional contributions to the total aerosol mass 

concentration were 12.2%, 0.2%, and 6.4% for nss-SO42–, MSA, and OM, respectively, in 

winter. Throughout the summer, these percentages were raised to 52.6%, 7.4%, and 13.2%. It 

is worth noting that in the fractional estimates MSA concentrations were subtracted from OM. 

In conclusion, the air mass origin does not explain the seasonality in marine aerosol chemical 

composition since the seasonality is evident also by selecting homogeneous air mass types, in 

agreement with Ovadnevaite et al. (2014). 

 

Table 3.1: Seasonal variations in PM1 chemical composition [μg m–3] of clean marine biogenic aerosol at different 

air mass clusters. The CHL [mg m–3] seasonality during 2009-2017 were added. n is the number of clean hours 

(samples) in each category. 

 Winter (LBA) Summer (HBA) 

 

All Marine 
n = 4179 

mA 
n = 689 

mP 
n = 2403 

mT 
n = 1087 

All Marine 
n = 7199 

mA 
n = 2074 

mP 
n = 1755 

mT 
n = 3370 

Mean 
S.Dev 

Median 

Mean 
S.Dev 

Median 

CHL 
0.21 
0.04 
0.20 

0.50 
0.09 
0.49 

nss-
SO42– 

0.05 
0.06 
0.03 

0.04 
0.04 
0.03 

0.04 
0.04 
0.03 

0.07 
0.09 
0.05 

0.46 
0.33 
0.38 

0.50 
0.34 
0.43 

0.33 
0.23 
0.29 

0.51 
0.36 
0.42 

MSA 
< 0.001 

– 
< 0.001 

< 0.001 
– 

< 0.001 

< 0.001 
– 

< 0.001 

≈ 0.001 
– 

< 0.001 

0.07 
0.06 
0.04 

0.07 
0.06 
0.05 

0.05 
0.05 
0.04 

0.07 
0.07 
0.05 

OM 
0.03 
0.03 
0.02 

0.03 
0.04 
0.03 

0.02 
0.02 
0.02 

0.03 
0.03 
0.03 

0.18 
0.15 
0.15 

0.17 
0.09 
0.15 

0.18 
0.16 
0.14 

0.20 
0.16 
0.16 
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3.4 Spectral Analysis of CHL 

 In order to better characterize the seasonal patterns of surface CHL over the NE Atlantic 

Ocean, which appears to be a major driver of marine aerosol chemical composition, we 

performed the spectral analysis of the daily CHL time-series (2009-2017), using Fourier 

transformation. The spectral analysis is a technique used to estimate the power spectrum of 

a signal from its time-domain representation. The spectrum decomposes the signal into 

different frequencies and identifies periodicities. Highest power peaks are located at the most 

critical frequencies influencing the time series analyzed. With this method, it is possible to 

understand the important features that regulate the systematic variations over time of a 

signal. 

 The results of 24 pixels distributed homogenously over the area of the NA ocean facing 

directly MHD (black box) are shown in Figure 3.7, as an example. The dominant cycles of 

phytoplankton activity in the NA are the annual and semi-annual cycles. The annual cycle (one 

crest and one trough in a year) has the highest power spectrum which means that the most 

notable changes in CHL (amplitude) occurred passing from winter to summer. This cycle 

contributes 13–36% of the total spectrum depending on the location. The second significant 

variations happen from season to season by the semi-annual cycle. Cycles occurring at smaller 

frequencies (e.g., monthly, weekly) are also evidenced by this analysis; nevertheless, they 

contribute to smaller CHL variations and their impact on aerosol properties cannot be easily 

quantified. 

 In a previous work, Rinaldi et al. (2013)  tried to deconvolute the different time-scales of 

the signals generating the correlation observed at MHD between sea-spray organics and CHL. 

In agreement with the above analysis, they concluded that, although the seasonal signal 

(variability over one year) played a major role, the observed correlation was also contributed 

by both short-term fluctuations (i.e., sub-seasonal scale) and interannual variability (i.e., time 

scale larger than one year). The former was demonstrated to contribute for timescales of 60 

and 90 days, while no statistically robust conclusion could be derived for faster fluctuations 

(one month or less). 
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Figure 3.7: Spectral distribution of daily mean CHL at 24 pixels in the NA during 2009-2017. 

 

 Investigating the correlation at time scales shorter than one year is important to 

understand the impact of oceanic biological activity on marine aerosol properties in detail. It 

is worth highlighting that all the variables considered in this study, CHL and aerosol 

component concentrations, are potentially influenced by the same meteorological 

parameters, on the yearly time scale. The annual cycle of the CHL is controlled primarily by 

solar radiation, which also impacts the sea surface temperature (Friedland et al., 2016; 

Martinez et al., 2011). Contextually, meteorology also affects concentrations of the biogenic 

aerosol components: nss-SO42– and MSA are linked to the emission of DMS from the sea 

surface, which depends on biotic factors (phytoplankton activity) but also on abiotic ones (sea 

temperature, wind speed). Most importantly, the atmospheric capacity of oxidizing DMS, 

producing nss-SO42– and MSA, depends on meteorological parameters (solar radiation, air 

temperature, relative humidity) (Becagli et al., 2013; Kouvarakis and Mihalopoulos, 2002; 

Toole and Siegel, 2004; Vallina and Simo, 2007), which mostly share the same seasonality as 

CHL. Similarly, OM formation is potentially influenced by the same factors, at least for the 

secondary fraction, even though the current level of understanding of the physico-chemical 

processes involved is much lower. In other words, the observed correlation between aerosol 
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composition and CHL over multi-year time scales is certainly an indication that phytoplankton 

activity has an impact on marine aerosol concentration and composition. Nevertheless, it is 

difficult to distinguish how much of the variability of aerosol composition is due to the 

phytoplankton itself and how much depends on the seasonality of meteorological parameters. 

For this reason, in the following Sections we will investigate the relationship between aerosol 

properties (chemical composition) and oceanic biological activity on a shorter time scale, 

dividing the dataset into seasons. 

3.5 Seasonal Spatial Correlation Analysis 

 To evaluate the effect of marine biological activity on aerosol chemical composition, over 

a wide oceanic region located upwind of MHD, the spatial distributions of the correlation 

coefficient between aerosol chemical properties measured at MHD and surface CHL, at each 

grid point of the NA domain were investigated, following the approach introduced by Rinaldi 

et al. (2013), and further used by O’Dowd et al. (2015). A standard least squares regression 

was used for this purpose. 

 Figure 3.8 displays the correlation coefficient spatial distribution between the clean 

marine biogenic aerosol chemical composition measured at MHD and CHL over the NA Ocean 

during 2009-2017. In the presented correlation maps, only significant correlation coefficients 

(p < 0.01) are shown. The datasets were divided into four seasons: winter (December, January, 

and February), spring (March, April, and May), summer (June, July, and August), and autumn 

(September, October, and November). 

 In winter, when the biological activity is at its minimum, the correlation coefficients are 

generally weak, indicating that there is not a strong driver of marine aerosol properties from 

oceanic biological activity or simply that the variability in CHL is too low to evidence any trends 

when compared with aerosol properties. In summer, the correlation coefficients are 

significant mainly toward the south of the East Atlantic, in agreement with dominant mT air 

mass during that period. Areas of significant correlation are more widespread in spring and 

autumn (transition seasons) and tend to the North, consistently with a higher contribution 

from mP and mA air masses.  
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Figure 3.8: Seasonal correlation coefficient spatial distribution between the main biogenic aerosol chemical 

composition measured at MHD and CHL over the NA Ocean during 2009-2017, considering clean marine air 

masses. Only significant correlation coefficients (p < 0.01) are presented. The black box is the broad oceanic 

region that is likely to exert the highest impact on aerosol properties at the sampling station, as it results from 

the analyses of this Chapter. 

 

 These results show that the correlation between aerosol chemical composition and CHL 

can be observed also at sub-yearly scale for large areas of the NE Atlantic Ocean, excluding 

wintertime, when the biological activity is probably too low to affect marine aerosol 



3. Seasonality of Marine Aerosol Chemical Components over the NE Atlantic Ocean 

60 

 

properties significantly. For the studied long-term data, we noticed no major effect of the 

considered delay time (see Chapter 2) on the correlation between aerosol composition and 

CHL in the different seasons; a scant, generally decreasing, variations of the correlation 

coefficient as a function of the delay time, as shown in Figure 3.9. For this reason, we have 

presented the result obtained considering a time-lag of 0 days. Considerations on the 

importance of the time-lag in multi-year datasets are discussed at the end of this Chapter. 

 

 

Figure 3.9: Correlation coefficient as a function of time-lag between mean CHL in the black box region and the 

main aerosol chemical components, in different seasons. 

 

 In order to ascertain that the observed correlations are due to a real physical mechanism 

linking phytoplankton activity to aerosol chemical composition and are not only due to 

casually coincident time trends, in the next Section we will cross these results with the spatial 

source attribution analysis (PSCF), following the approach described in Section 2.7.3.1. 

3.6 Seasonally Dependent Marine Aerosol Source Region Attribution 

 The identification of the clean marine aerosol source regions, for each season, was carried 

out by combining the high-resolution aerosol chemical composition data (2009-2017) with the 
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3-day air mass BTs, following the PSCF approach (Chang et al., 2011). PSCF allows a 

probabilistic geographical source attribution for high-resolution aerosol data, showing the 

pixels associated with the highest concentrations (defined as above the median), which 

evidence the most probable source regions. In this analysis, only maritime air masses (mA, 

mP, and mT) have been considered. Since the air mass BTs were obtained every 6 hr, the 

aerosol chemical composition data were selected as follows: 1-hour average around the 

arrival time of the air mass BT was calculated, for each aerosol chemical component, and 

associated to the corresponding BT. Further, the aerosol data were filtered to select only the 

cleanest marine air masses (Section 2.7.1).  

 The PSCF maps (Figure 3.10) show generally consistent features between the aerosol 

chemical components of biogenic origin like nss-SO42–, MSA and OM. The results show a 

shifting of the potential biogenic aerosol sources according to the season, likely due to the 

changing atmospheric circulation and to the spatial evolution of phytoplankton blooms over 

the year in the NE Atlantic Ocean. All the potential source regions identified by PSCF fall within 

the area highlighted by the black box of Figure 3.8 (45° − 60° N and 12° − 38° W) immediately 

to the west of Ireland.  

 It is worth noting that the source regions of SS (Figure S1; APPENDIX), which is not a 

biogenic aerosol component, clearly do not overlap with the biogenic aerosol sources, 

evidencing different formation processes unrelated with the trends of biological activity. 

 Comparing the PSCF maps with the correlation maps presented in Section 3.5, a broad 

overlapping of the regions characterized by significant and positive correlation with potential 

biogenic aerosol sources can be observed for all the seasons, apart winter, for which we 

cannot evidence any significantly correlating region. In spring, an extensive overlapping region 

can be identified to the Eastern part of the domain, while in Autumn the overlapping area 

coincides more with the central part of the black box, up to its western boundaries. In summer, 

PSCF evidences two potential major source regions, one to the South and one to the North-

East of the domain, the latter not captured by the CHL correlation analysis. This may indicate 

a source that, although strong enough to affect the PSCF maps, it is not systematically present 

every year or not with the same magnitude, which can determine the loss of correlation in 

that area using the nine years of summer data. This would be an interesting topic of 

investigation for future works. 
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Figure 3.10: Seasonal PSCF distributions for clean marine aerosol arrived at MHD during 2009-2017. The sources 

of high concentrations are defined above the median values. 

 These results evidence that a relation between the oceanic biological activity and marine 

aerosol chemical composition can be observed also at sub-yearly time scale. It is worth 

highlighting that the existence of such relation was not deduced only from correlation with 

CHL, which do not necessary imply a cause-effect relation. As detailed in Chapter 2, our 

conclusions are based on the consistency of results between two totally independent 

approaches (spatio-temporal correlation with CHL and potential source attribution by PSCF), 
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showing that the correlation occurs mostly in regions associated with high production of 

biogenic marine aerosol components. This strongly supports a causal link between 

phytoplankton patterns in surface oceanic waters and the variability of marine aerosol 

chemical composition in the overlying atmosphere. 

3.7 Discussion 

 In this Chapter, the link between marine aerosol properties (chemical composition) and 

oceanic biological activity patterns over the NA Ocean has been evidenced for a multi-year 

dataset, but also at the sub-yearly (i.e., seasonal) time scale. In a multi-year dataset from 

offline observations, Rinaldi et al. (2013) observed a significant correlation between the 

organic content of sea-spray aerosol (OMSS), measured at MHD, and oceanic CHL. 

Interestingly, they reported significant correlation coefficients starting from 0 to 15 day time-

lag (see Chapter 2 for details) with slightly higher correlation observed at 8 days. Similarly, 

O’Dowd et al. (2015) reported a peak in the correlation at 24 days delay time for the same 

parameter from online measurements and weekly marine net primary productivity, but with 

a correlation coefficient frequency distribution that was very similar between time-lags of 8, 

16 and 24 days. The correlation was significant also simultaneously at time-lag of 0 day. In the 

present Chapter, we noticed that the seasonal correlation coefficient between marine 

biogenic aerosol concentration and CHL, in the identified black box region, is significant and 

rather constant from 0 to 25 days of delay time (max between 1 and 4 days).  

 When considering long-term data (multi-year datasets), the correlation is mainly driven by 

the annual cycle of CHL as discussed above. In that case, we do not expect a sharp dependency 

of the correlation coefficient with the delay time as the time resolution of the processes 

governing the correlation is much larger than the few considered weeks of delay time, as 

observed in the above reported examples. Conversely, when considering short-time data (sub-

seasonal), processes occurring at lower time scales are likely dominant in determining the 

correlation between aerosol properties and oceanic biological activity patterns and, for this 

reason, considering a delay time between CHL and aerosol parameters may significantly 

change the observed correlation, as we will show and discuss in the next Chapters. 

 In the next Chapters (4, 5, and 6), we will focus on shorter time scales, close to single algal 

bloom evolution times (Lehahn et al., 2014), to further investigate the relation linking marine 
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aerosol properties to phytoplankton activity. This will be achieved by using in-situ aerosol 

measurements collected during three intensive field campaigns conducted in late Summer 

2015 at the Mace Head Research Station (MHD), in Spring 2016 at the Capo Granitola (CGR) 

Mediterranean Climate Observatory and in Summer 2018 at the Gruvebadet (GVB) Arctic 

observatory. These intensive campaigns will allow extending the range of observed aerosol 

parameters to other climate relevant properties, as number size distribution, CCN and INP 

concentrations, which are not all available as long-term records. These measurements will be 

used to investigate the relationship between oceanic biological activity and physico-

chemical/cloud-relevant properties of atmospheric aerosol particles over three different 

marine environments (NA ocean, the Mediterranean Sea, and the Arctic ocean) on short (sub-

seasonal) time scales (~ 1-2 months). An advantage of the short time-scale case studies is that 

it can be easier to discriminate the effect of meteorology from that of biology, facilitating a 

process-level understanding of the relation linking phytoplankton activity to marine aerosol 

properties.  

 A better knowledge of the short time-scale phytoplankton-aerosol interactions may lead 

to a significant improvement in the current understanding of the physical and biochemical 

processes responsible for the formation of biogenic marine aerosol over the oceans and 

ultimately to a better comprehension of the ocean-atmosphere-cloud system, with potentially 

important impacts on climate science.
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4. Chemical Composition and Cloud-Relevant Properties in the NE 

Atlantic Ocean during Summertime 2015 

 In this Chapter, we elucidate the relationship between oceanic biological activity and 

physico-chemical/cloud-relevant properties of atmospheric aerosol particles over the NA 

ocean, on a short time scale (~ 1-2 months). The in-situ aerosol data at MHD were performed 

during an intensive field campaign conducted in late summer (August-September) 2015 as a 

part of BACCHUS (Impact of Biogenic versus Anthropogenic emissions on Clouds and Climate: 

towards a Holistic UnderStanding) research project. The data comprise in-situ aerosol 

chemical composition, particle number size distribution, cloud condensation nuclei (CCN) and 

ice nucleating particle (INP) number concentrations. Specific objectives for this Chapter are 

to: (a) characterize the relationship between the main aerosol chemical components and 

plankton activity during an intensive observation period representative of summer conditions; 

(b) identify the source regions of biogenic aerosol components of marine origin, active during 

the campaign, in comparison to those evidenced in previous works using multi-year datasets, 

and (c) resolve how cloud-relevant properties of marine aerosol are influenced by 

phytoplankton activity. 

4.1 Overview of Marine Aerosol Properties during the Campaign 

 The aerosol chemical composition, particle number, CCN and INP concentrations in clean 

marine and all sectors, are summarized in Table 4.1. Figure S2, Figure S3, Figure S4 and Figure 

S5 (APPENDIX) display the time-series plots of all the studied aerosol variables in clean 

conditions during the campaign, paired with CHL data. The OM mass-fraction enrichment 

(OMSS) in marine aerosol was calculated as the contribution of OM mass relative to the total 

OM plus SS mass. In general, except SS, the concentrations of aerosol components were lower 

in clean marine conditions, consistent with a previous comparison by Dall'Osto et al. (2010). 

 According to the particle size distribution during the campaign, we have selected two 

dominant modes of particle number concentration: Aitken (20 < Dp < 100 nm) and 

accumulation (100 < Dp < 500 nm) for this study. In clean marine air, aerosol size distributions 

display bimodality (Dall'Osto et al., 2010; Hoppel et al., 1990) with an Aitken and accumulation 
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mode. In the Aitken mode size range, the average particle number concentration was 401±323 

cm–3, while it was 96±43 cm–3 in the accumulation mode range. 

 From the size scanned CCN measurements, CCN concentrations were selected at three 

supersaturations (0.25, 0.5, 0.75 ± 10% supersaturation at each level). The number 

concentration of CCN ranged from 112±43 cm–3, at 0.25% supersaturation, to 252±119 cm–3, 

at 0.75% supersaturation. CCN concentrations in the different sectors are in agreement with 

long term measurements by Reade et al. (2006). The study average number of INPs (TA = –22 

°C, SW = 1.01) was 2.7±2.8 (10.1±8.8) m–3 in PM1 (PM10) fractions, respectively, as already 

reported by McCluskey et al. (2018c). 

 

Table 4.1: Summary of marine aerosol studied variables for the study (campaign) period. 

Parameter 
Clean Marine All Data Sampling 

Period mean ± s.dev (median) 

Aerosol chemical composition 
SS       [μg m–3] 
OM    [μg m–3]  
NO3–  [μg m–3] 
SO42– [μg m–3] 
NH4+  [μg m–3] 
MSA  [μg m–3] 
OMSS 
eBC    [ng m–3] 

 
0.16 ± 0.14 (0.12) 
0.15 ± 0.14 (0.11) 
0.02 ± 0.01 (0.01) 
0.25 ± 0.18 (0.22) 
0.03 ± 0.02 (0.02) 
0.02 ± 0.02 (0.02) 
0.51 ± 0.23 (0.51) 
7.19 ± 4.42 (7.19) 

 
0.14 ± 0.14 (0.09) 
0.54 ± 0.88 (0.20) 
0.08 ± 0.23 (0.02) 
0.44 ± 0.51 (0.28) 
0.11 ± 0.21 (0.04) 
0.03 ± 0.02 (0.02) 
0.65 ± 0.26 (0.70) 

50 ± 105 (13) 

From 
31/07/2015 to 

21/09/2015 

Particle number concentration 
Aitken: N20-100nm                [cm–3] 
Accumulation: N100-500nm [cm–3] 
Total: N20-500nm                  [cm–3] 

 
401 ± 323 (336) 
96 ± 43 (91) 
497 ± 334 (432) 

 
572 ± 555 (401) 
209 ± 261 (122) 
780 ± 778 (531) 

From 
31/07/2015 to 
21/09/2015 

CCN number concentration 
(supersaturation) 
nCCN0.25 [cm–3] 
nCCN0.50 [cm–3] 
nCCN0.75 [cm–3] 

 
 
112 ± 43 (108) 
161 ± 72 (144) 
252 ± 119 (222) 

 
 
150 ± 99 (121) 
220 ± 162 (165) 
312 ± 202 (253) 

From 
31/07/2015 to 
31/08/2015 

INP number concentration (TA = 
–22 °C, Sw = 1.01) 
nINPPM1   [m–3] 
nINPPM10 [m–3] 

 
 
2.7 ± 2.8 (2.3) 
10.1 ± 8.8 (7.8) 

 
   
   

25 samples 
from 
30/07/2015 to 
28/08/2015 

Note. Cases with hourly eBC concentrations < 15 ng m–3 were classified as clean marine that are likely not 
influenced by anthropogenic sources. PM1 and PM10 correspond to total particulate matter less than 1 μm and 
10 μm diameter, respectively. 
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4.2 Air Mass Back-Trajectories 

 Five-day BTs were calculated four times (00, 06, 12, and 18 hour UTC) a day during the 

sampling period from 31 July to 21 September 2015, arriving at 100 m above the MSL of the 

MHD sampling station were utilized to define the source areas. The aerosol data were 

averaged over a 1 hour (half an hour before and after the arrival time of each back-trajectory) 

to be filtered for hourly eBC (< 15 ng m−3) to consider only pristine clean marine cases (Figure 

4.1). 

 

 

Figure 4.1: The 5-day air mass BTs (hourly time step) calculated by the NOAA HYSPLIT model arriving at MHD 

(represented by black square) sampling station four times per day (00, 06, 12, and 18 hr UTC) at 100 m above 

the MSL from 31 July to 21 September 2015. The blue box area comprises grid coordinates 44° – 50° N and 10° – 

30° W (Region 1; O'Dowd et al. (2015)), the green box area comprises grid coordinates 47° – 57° N and 14° – 24° 

W (Region 2; Rinaldi et al. (2013)), while the red box area comprises grid coordinates 58° – 66° N and 30° – 44° 

W (region 3). These boxes delineate high correlation areas, discussed later. Only clean marine BTs (light blue) 

according to eBC threshold are used for PSCF calculations. 
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4.3 Spatio-Temporal Correlation with CHL 

 Following the approach implemented on long-term data (Chapter 3), the spatial 

distributions of the correlation coefficient between aerosol physico-chemical properties 

measured at MHD and surface CHL, at each grid point of the NA domain were investigated 

considering different time-lags. The time-lag between the CHL time series and aerosol 

properties has to be considered, on short time-scales (sub-seasonally), in order to take into 

account the time scale of the biochemical processes responsible for the production of 

transferable organic matter (in case of PMA) or gaseous precursors (for SMA) in the seawater, 

after the phytoplankton growing phase. In the latter case, the time-lag comprises also the 

atmospheric processing time necessary to convert gaseous precursors into particulate matter.  

 The basic assumption for the time-lagged correlation approach is that marine biological 

aerosol should follow the evolution of marine biological activity (traced by CHL). For this 

reason, we looked for positively correlating sea regions: in our interpretation, these regions 

have a higher probability of being related to the observed aerosol properties.  

 A general analysis of the obtained results evidenced three specifics positively correlating 

oceanic regions. Two broadly coincides with those evidenced by O'Dowd et al. (2015), 

between 44° − 50° N and 10° − 30° W (hereafter Region 1; blue box), and by Rinaldi et al. 

(2013), between 47° − 57° N and 14° − 24° W (Region 2; green box), as shown in Figure 4.1. 

These two regions were described as the ocean regions exerting the maximum influence on 

the chemical composition of SSA sampled at MHD by two distinct multi-year datasets and they 

already approximate the regions of maximum correlation observed in the present study. 

Another area of high correlation is found comprising the grid coordinates 58° − 66° N and 30° 

− 44° W (Region 3; red box). These three regions of high correlation are consistently located 

upwind of MHD as illustrated from 5-days air mass BT in Figure 4.1, even though it is clear that 

Region 1 is less interested than the other two from air masses reaching MHD during the study 

period. 

4.3.1 Aerosol Chemical Composition 

 The spatial distributions of the correlation coefficient (R) obtained with different time-lags 

between CHL and daily averaged nss-SO4
2–, MSA, OM, and OMSS data are shown in Figure 4.2. 

In all the presented correlation maps, the yellow/red (blue) colors represent positive 
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(negative) significant correlation coefficients at 95% confidence level while the grey color 

represents the non-significant ones. 
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Figure 4.2: Examples of correlation coefficient spatial distribution between the main aerosol chemical 

composition measured at MHD and CHL over the NA Ocean for 9 days (left), 19 days (middle), and 21 days (right) 

time-lags, considering only clean marine air masses. In all correlation maps, the grey color represents non-

significant correlation coefficients at 95% confidence level, the black square corresponds to MHD station and the 

regions of interests are shown as blue (Region 1), green (Region 2), and red (Region 3) boxes. 
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 The maps (Figure 4.2) show a significant correlation in the three specific regions in the NA 

with different time delays. The number of pixels that have significant negative correlation 

within those regions is negligible, indicating an overall positive correlation for the evidenced 

areas. The southwestern belt of high correlations in the bottom left corner of the maps is not 

considered in this study as it is not supported by the BTs pattern (Figure 4.1) and, therefore, 

a relationship with aerosol measurements at MHD is not to be expected. In that area, high 

correlations may be due to the similarity of CHL seasonal cycles (Lacour et al., 2015) with 

Region 1, which could produce a false-positive result because of non-causal correlations, as 

shown by the spatial distribution of weekly mean CHL (Figure S6; APPENDIX). 

 Figure 4.3 illustrates the behavior of the correlations, within the three regions, as a 

function of the considered time-lag between the CHL and the aerosol properties time series. 

In general, over the three regions, there is an increase in correlation coefficient as a function 

of the time-lag, generally after about one week towards 20-25 days. Region 1 shows two 

maxima (bimodal shape) with the first one after 8-9 days and the second maximum between 

20 and 25 days. In the second region (green box), the correlation becomes significant after 8-

10 day lag for MSA and SO42–, but the best correlation occurs at 19-day time-lag for all other 

chemical components. In the third region (red box), significant correlations were observed for 

all components after a time-lag of about 18-20 days, except for OM. 

 

 

Figure 4.3: Correlation coefficient as a function of time-lag between mean CHL at different selected regions and 

the main aerosol chemical components. The black dashed lines represent the critical level of significant 

correlation at 95% confidence limit. 
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 Figure 4.3 also shows that NH4+ follows the profile of SO42–, although with lower correlation 

values (NH4+, NO3−, and SS correlation maps are provided in Figure S7; APPENDIX). This result 

is consistent with the fact that NH4+ is the main ion to neutralize sulfuric acid in the MBL 

(Huntzicker et al., 1980; Marti et al., 1997). No significant correlation was observed for NO3–, 

which is reasonable since NO3– is almost negligible in the sub-micrometer clean marine aerosol 

(Watts et al., 1990). As expected, SS also does not correlate with CHL in none of the regions. 

4.3.2 Particle Number Concentration 

 A significant correlation between particle number concentration, in both Aitken and 

accumulation modes, and surface CHL has been found, as presented in Figure 4.4a. Generally, 

the shape of the correlation as a function of the delay time for particle number concentration 

follows the one already presented for the chemical composition (Figure 4.4b). In Region 1, the 

correlation increased to significant levels (p < 0.05) after about one week, with the first 

maximum at time-lag 10 days and a second between 20 and 25 days. Over Region 2, the 

correlation reaches its maximum value after 20 days, with a reduction in the number of pixels 

in accumulation mode. As already discussed for the chemical composition, the correlation is 

lower in Region 3, with significant values after 20 days, but only for the Aitken mode. 
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Figure 4.4: a) Examples of correlation coefficient spatial distribution between Aitken and Accumulation modes 

particle number concentration sampled at MHD and CHL over the NA Ocean for 10 days (left), 20 days (middle), 

and 22 days (right) time-lags, considering only clean marine air masses. b) Correlation coefficient as a function 

of time-lag between mean CHL at different selected regions and the different modes of particle number 

concentration. The black dashed lines represent the critical level of significant correlation at 95% confidence 

limit. 

 

4.3.3 Cloud Condensation Nuclei 

 In agreement with aerosol chemistry and particle number concentration, there is a 

significant correlation between the number of CCN and CHL in the three regions (Figure 4.5a), 
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with a correlation vs. delay time shape broadly similar to the ones already described in the 

previous Paragraphs (Figure 4.5b). The correlation is stronger with increasing supersaturation 

level which agrees with the higher correlation observed between CHL and Aitken mode 

particle concentration, as smaller particles require higher supersaturation to be activated. 

 Differently from what observed for CCN concentration, the CCN fraction (CCN/N), 

calculated as the ratio between CCN and total particle number concentration (20 < Dp < 500 

nm), shows no significant dependency on CHL over the NA (Figure 4.5b). This result agrees 

with Quinn et al. (2014) who showed that the fraction of total particles that activate to form 

CCN at a given supersaturation is independent of CHL. This lack of correlation suggests that, 

during the study period, phytoplankton activity influenced the CCN pool more by controlling 

the particle number concentration than by affecting the CCN properties of single marine 

aerosol particles. Ovadnevaite et al. (2011a) showed that the CCN fraction of SSA increases as 

a function of organic enrichment. Consequently, the present results suggest that 

phytoplankton-regulated new particle production was more important than sea-spray primary 

production, for the CCN budget, during the observation period. This is reasonable considering 

that the campaign was performed in late summer when photochemistry is maximized by high 

solar radiation and sea-spray production is at its yearly minimum, due to the seasonal 

minimum of wind speed (Ovadnevaite et al., 2014; Rinaldi et al., 2010). 
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Figure 4.5: a) Examples of correlation coefficient spatial distribution between CCN number concentration at 

0.25%, 0.50% and 0.75% supersaturation and CHL over the NA Ocean for different time-lags, considering only 

clean marine air masses. b) Correlation coefficient as a function of time-lag between mean CHL at different 

regions and CCN/ CCN fraction concentrations. The black dashed lines represent the critical level of significant 

correlation at 95% confidence limit. 
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4.3.4 Ice Nucleating Particles 

 SSA particles can act as ice nucleating particles (INPs) in clouds. In particular, the attention 

of the scientific community is oriented toward the organic fraction as responsible for the ice 

nucleation ability of SSA (McCluskey et al., 2018c; Wilson et al., 2015). The correlations 

between CHL and nINP measured by the DFPC (TA = –22 °C, SW = 1.01) were investigated 

(Figure 4.6) for both the PM1 and PM10 size intervals, revealing that nINPPM1 was positively 

correlated with CHL by applying the time-lag approach. 

 nINPPM1 was statistically significantly correlated after 17 (16) days for Region 1 (2) and at 

18 days for Region 3. A lack of a clear relationship between nINPPM10 and CHL is found in this 

study. This suggests that different particle types, with different relations with CHL, are 

responsible for the INP properties of fine and coarse marine aerosols, as already pointed out 

by McCluskey et al. (2017). In detail, submicron INPs are linked to phytoplankton exudates 

enriching sub-micrometer SSA particles, while the ice nucleation properties of the coarse 

fraction depend on the presence of cells or cell fragments. 

 It is worth pointing out that a previous publication (McCluskey et al., 2018c) already 

discussed the relation of the present INP dataset and surface CHL. Said paper concluded that 

there was no evidence of a significant correlation between nINP and CHL over a region roughly 

resembling Region 2, up to 14 days of delay time. The choice of the delay time interval (0-14 

days) was based on Rinaldi et al. (2013) which showed the best correlation between CHL and 

OMSS occurring with a lag of 8 days. The present work extends the delay time interval up to 

30 days and shows how nIPNPM1 correlates with CHL with broadly the same behavior as all the 

previously considered marine aerosol properties. 
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Figure 4.6: a) Examples of correlation coefficient spatial distribution between the number concentration of INPs 

for particulate matter less than 1 μm/ 10 μm and CHL over the NA Ocean for 7 days (left), and 18 days (right) 

time-lag, considering only clean marine air masses. b) Correlation coefficient as a function of time-lag between 

mean CHL at different regions and the concentration of INPs. The black dashed lines represent the critical level 

of significant correlation at 95% confidence limit. 

 

4.4 Potential Source Contribution Function 

 An independent attempt at aerosol source identification was carried out by combining the 

high-resolution aerosol chemical composition and particle number concentration data with 5 

days air-mass BTs, following the PSCF approach (Chang et al., 2011). The PSCF maps (Figure 
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4.7) showed generally consistent features between all the considered aerosol chemical 

components and number size distribution modes. The most probable source regions of the 

biogenic aerosol species measured at MHD during the campaign, according to PSCF, were the 

oceanic region immediately to the west of Ireland and the Northwest oceanic region between 

Greenland and Iceland. The results of the PSCF analysis are generally in agreement with those 

of the previously presented spatio-temporal correlation analysis (Sections 4.3.1 and 4.3.2).  

 In order to facilitate the comparison between correlation maps and PSCF ones, in Figure 

4.8, we have evidenced each pixel that has both a PSCF value higher than 0.5, and a significant 

and positive correlation between aerosol properties and surface CHL, considering every delay 

time between 8 and 25 days. The ocean region broadly corresponding to Region 2 is clearly 

indicated as the main source region of the biogenic marine aerosol sampled during the 

campaign.  

 The combined analysis also suggests that the region between Greenland and Iceland 

(matching broadly Region 3) likely exerts some influence on marine aerosol sampled at MHD, 

in particular for SO42–, MSA, OM and Aitken mode particles, while this is less evident for 

accumulation mode sized particles. We can argue that the contribution of this source region 

on the aerosol population sampled at MHD is lower than that of Region 2, likely because of 

the long distance from the receptor site.  

 PSCF only evidences spots of high probability for Region 1 and, accordingly, only a few 

sparse spots are evidence by the combined analysis (Figure 4.8), apart for accumulation mode 

sized particles. This agrees with the previously evidenced low number of BTs connecting 

Region 1 to MHD, suggesting that the generally well-spread correlation between marine 

aerosol properties and CHL observed for this Region is likely not entirely due to a cause-effect 

relation. For this reason, Region 1 will not be considered further on in the text. This does not 

exclude that Region 1 may have an effect on marine aerosol reaching MHD in other 

periods/seasons or over different time scales, as pointed out by O'Dowd et al. (2015). 
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Figure 4.7: PSCF plots for clean marine a) SO4
2–, b) MSA, c) OM, d) OMSS, and e-f) particle member concentration 

in the Aitken and accumulation modes. The sources of high concentrations are defined above the median values 

during the period 31st August – 21st September 2015. The percent of grids that have high probability ≥ 0.5 inside 

each of the three marked regions are inserted. 

 

   

    

Figure 4.8: Spatial distribution of the aerosol sources identified by merging the results of the spatio-temporal 

correlation with CHL and of PSCF for a) SO4
2–, b) MSA, c) OM, d) OMSS, and e-f) particle member concentration in 

the Aitken and accumulation modes. The color scale reflects how many times a given pixel has PSCF ≥ 0.5 and 

significant correlation coefficient by running time-lags from 8 to 25 days. 
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4.5 Effect of Meteorology on Marine Aerosol 

 In order to evaluate the importance of oceanic biochemistry in determining the observed 

marine aerosol properties with respect to other relevant atmospheric parameters, we 

evaluated the relationship between aerosol properties and the main meteorological variables 

over the NA ocean. The fifth generation of ECMWF- ERA5 atmospheric reanalysis data were 

analyzed to perform a spatio-temporal correlation analysis between in-situ aerosol properties 

and meteorological parameters over the Eastern NA Ocean domain, similar to that done with 

CHL. A maximum delay time of 5 days was considered in this case, as no meteorological effect 

can reasonably go back more than 5 days before aerosol sampling time. 

 The correlation coefficients between clean marine aerosol properties and the daily mean 

time series of sea surface temperature (SST), net surface solar radiation (SSR) and wind speed 

(WS) over Region 2 are listed in Table 4.2, together with the correlation coefficients observed 

between aerosol properties and CHL in that region to facilitate the comparison. 

 Over Region 2, the main identified source of biogenic aerosol during the campaign, no 

meteorological parameter correlated with aerosol parameters better than CHL (apart SS and 

nINPPM10 that do not correlate with CHL). In other words, although meteorological conditions 

can affect the atmospheric concentrations of marine aerosols (both in terms of mass and 

number), which will ultimately control the number of CCN and INPs, the strongest driver of 

the aerosol properties during the study period was marine biological activity traced by CHL. 

 In detail, our results show a significant positive correlation between solar irradiance and 

both MSA and SO4
2–, as expected for DMS photo-oxidation products. Toole and Siegel (2004) 

suggested that the net biological production and concentration of DMS in the upper mixed 

layer is directly proportional to the ultraviolet radiation dose at the surface and to seasonally 

varying variables such as temperature and solar flux. Our results are supported by Becagli et 

al. (2013) and Vallina and Simo (2007) who showed a strong correlation between DMS 

concentrations and the solar radiation dose in the upper mixed layer of the open ocean. 

 A significant negative correlation was observed between OMSS and WS. Previous studies, 

focused on SSA, interpreted the inverse OMSS–WS relationship as a result of the surface 

microlayer disruption occurring at high WS, leading to reduced organic-enrichment in SSA 

(Gantt et al., 2011; Rinaldi et al., 2013). Considering that we cannot apportion the observed 
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OM, which may also be contributed by secondary sources (see Section 4.6), we recognize that 

this correlation may also represent the increase of SS emissions with increasing WS. 

 The concentration of particle numbers in various modes is positively associated with solar 

irradiance, thereby demonstrating the significance of processes of secondary aerosol 

formation during the campaign period. 

 

Table 4.2: Daily correlation coefficients between clean marine aerosol studied variables and meteorological 

variables over the evidenced source area (Region 2) in the NA Ocean. 

Parameter Sample Number SST (°C) SSR (J m–2) WS (m sec–1) CHL (mg m–3) 

SO42– 

n = 35 
Rc = 0.33 

 0.45  0.57 

MSA  0.49  0.74 

OM  0.35  0.42 

OMSS  0.39 –0.35 0.49 

NH4+ 0.36   0.47 

SS   0.40  

N20-100nm 
n = 38 

Rc = 0.32 

 0.45  0.64 

N100-500nm  0.40  0.45 

N20-500nm  0.46  0.66 

nCCN0.25 
n = 25 

Rc = 0.40 

   0.55 

nCCN0.50 –0.41   0.67 

nCCN0.75 –0.40   0.77 

nINPPM1 n = 25 
Rc = 0.4 

0.43   0.54 

nINPPM10  0.56 0.52  

Note. Consideration is given to the time-lag which maximizes the correlation within 5-days corresponding to the 

aerosol transport duration. Correlations with CHL are also shown at the same time-lag in spatial correlation maps 

for comparison with meteorological data. Only significant values (p < 0.05) are presented. Rc is the critical 

correlation coefficient and n is the number of samples. 
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4.6 Discussion 

 Following the combined approach based on back-trajectory analysis, spatio-temporal 

correlation analysis between in-situ aerosol data and high-resolution satellite ocean color 

data, and PSCF on the NA Ocean domain allows us to identify the marine regions with the 

highest probability of being a source of the biogenic aerosol measured at MHD, during 

summer 2015. The results of spatio-temporal correlation analysis and PSCF are consistent for 

at least one region within the considered domain. The main source of marine aerosol was the 

oceanic region facing directly MHD station, roughly within the grids 47° − 57° N and 14° − 30° 

W (broadly corresponding to Region 2), as pointed out in previous works. Within this oceanic 

region, the influence of phytoplankton patterns on marine aerosol properties is evident. 

 The region between the Eastern coast of Greenland and Iceland can probably be 

considered as a second source region, clearly of minor impact on the sampling site. This latter 

source region was never evidenced in previous studies based on multi-year CHL correlation, 

suggesting that the influence of this region may be lower in other periods of the year.  

 The two considered marine regions are characterized by different patterns in the seasonal 

cycle of surface CHL as indicated by Lacour et al. (2015) who bio-regionalized the NA Ocean 

into six clusters based on 17 years of ocean color data. Region 2, in our study, represents the 

overall subpolar gyre with high phytoplankton biomass during June to September while 

Region 3 is represented by two clusters characterized by less spatial coherence than the others 

and with blooming starting early in May. Allan et al. (2015) evidenced that the Eastern coast 

of Greenland is a hotspot for new particle formation during summer (July and August) due to 

emissions of iodine from sea-ice associated algal species. The above results may suggest that 

such particle source can affect the aerosol population also at high distance and at lower 

latitudes. This may be an interesting topic for future studies. 

 Analyzing the “correlation vs. time-lag” profiles presented in Figure 4.3, Figure 4.4b, and 

Figure 4.5b by hierarchical cluster analysis to highlight similarities and differences between 

them (Table 4.3), it is evident that MSA and SO42– (in this order) are the aerosol components 

with the highest similarity with the total particle and Aitken mode trends. This evidences that 

secondary marine aerosol components are the most important contributors to the total 

particle number during the investigated period. This finding is also supported by the 
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correlation analysis reported in Table 4.4, Figure 4.9 and Figure 4.10. The analysis shows that 

particle number, in the two considered modes, correlates best with the main tracers of SMA 

(MSA and SO42–), while no correlation is observed with SS (tracer of PMA). The fact that CHL 

tracks better the atmospheric concentration of smaller particles than accumulation mode 

sized ones suggests that biological activity emissions have an important impact on new 

particle formation. This has been already pointed out, for different marine environments, by 

other studies (Dall'Osto et al., 2017a; Dall'Osto et al., 2018). Wex et al. (2016), Quinn et al. 

(2017) and Sanchez et al. (2018) obtained similar results over different ocean regions, linking 

marine CCN to SMA production. In the present campaign, we are not able to partition OM into 

its primary and secondary components, however, the correlation with SO42– (Table 4.4) 

suggests a significant secondary contribution during the studied period. 

 Table 4.3 shows that the profile similarity between accumulation mode particle and CCN 

concentrations decreases with increasing supersaturation. As already discussed, this reflects 

the major role of Aitken particles to the CCN pool at higher supersaturation, when also smaller 

particles can activate and is also reflected by the results of the correlation analysis (Table 4.4). 

Contextually, the CCN correlation profile follows quite well the general profile of OM at low 

supersaturations, while the similarity with OM decreases with increasing supersaturation. The 

same is true also for SO42–, even though with a lower dependency on the supersaturation. This 

reflects the major role that chemistry can play in particle activation at low supersaturation, 

indicating that also the OM fraction can play a potential role in cloud formation, particularly 

at low supersaturation. 

 The evidenced link between surface CHL and sub-micrometer INPs proves the potential 

climate relevance of SSA, even during periods dominated by secondary aerosols. Indeed, the 

ice nucleation activity of marine aerosol has been related to the organic content of SSA 

(DeMott et al., 2016; McCluskey et al., 2018a; McCluskey et al., 2018b; McCluskey et al., 

2018c; Wilson et al., 2015), while no ice nucleation ability is attributed in literature to 

secondary (organic or inorganic) particles. Supporting our findings, a relation between algal 

blooming and ice nucleating properties of SSA has already been reported in the literature 

(McCluskey et al., 2017; Wilbourn et al., 2020). 
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Table 4.3: Normalized Euclidean distance (0-1) between the “correlation vs. time-lag” profiles of the considered aerosol 

parameters for Region 2, deriving from a hierarchical cluster analysis. 

 OM SO42– MSA NH4+ SS NO3– N 
Aitken 

N 
Accu. 

N  
Total 

CCN 

0.25 

CCN 

0.50 
SO42– 0.28           

MSA 0.42 0.19          

NH4+ 0.39 0.29 0.41         

SS 0.60 0.73 0.87 0.62        

NO3– 0.76 0.86 1.00 0.69 0.23       

N Aitken 0.39 0.22 0.18 0.39 0.77 0.90      

N Accu. 0.31 0.29 0.30 0.48 0.68 0.85 0.24     

N Total 0.40 0.24 0.17 0.43 0.80 0.94 0.05 0.23    

CCN0.25 0.29 0.29 0.42 0.22 0.61 0.70 0.39 0.43 0.43   

CCN0.50 0.43 0.31 0.40 0.17 0.73 0.79 0.39 0.51 0.44 0.19  

CCN0.75 0.59 0.41 0.43 0.31 0.89 0.94 0.44 0.62 0.47 0.38 0.20 

Note. “Zero” indicates coincident profiles, while “One” indicates the maximum observed dissimilarity. 

Table 4.4: Correlation coefficients between the considered hourly clean marine aerosol parameters. 

 OM SO42– MSA NH4+ SS NO3– N 
Aitken 

N 
Accu. 

N  
Total 

CCN 
0.25 

CCN 
0.50 

SO42– 0.52           

MSA 0.48 0.87          

NH4+ 0.55 0.87 0.73         

SS    0.13        

NO3
– 0.30 0.23  0.36 0.43       

N Aitken  0.24 0.37  –0.21 –0.14      

N Accu. 0.72 0.75 0.63 0.67 0.20 0.41 0.20     

N Total  0.33 0.44 0.15 –0.18 –0.08 0.99 0.32    

CCN0.25 0.66 0.67 0.54 0.64 0.13 0.40  0.97 0.11   

CCN0.50 0.62 0.73 0.67 0.71  0.33 0.17 0.90 0.27 0.92  

CCN0.75 0.35 0.58 0.64 0.49 –0.20 0.09 0.74 0.56 0.81 0.60 0.77 

Note. All presented values are significant at 95% confidence level. 
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Figure 4.9: Scatter plot between daily mean aerosol chemical composition and particle number concentrations 

at Aiken/Accumulation modes. The color scale represents the average CHL in Region 2 with 19 day time-lag. 

 



4. Chemical Composition and Cloud-Relevant Properties in the NE Atlantic Ocean during Summertime 2015 

85 

 

 

Figure 4.10: Scatter plot between daily mean aerosol chemical composition and CCN number concentrations. 

The color scale represents the average CHL in Region 2 with 19 day time-lag. 

 

 Previous studies pointed out the relationship between the yearly cycle of marine biological 

activity, as observed by CHL and net primary productivity, and marine aerosol properties over 
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the NA Ocean (Cavalli et al., 2004; O'Dowd et al., 2015; O'Dowd et al., 2004; Rinaldi et al., 

2013; Yoon et al., 2007). In particular, Rinaldi et al. (2013) tried to deconvolute the different 

time-scales of the signals generating the OMSS vs. CHL correlation over the eastern NA Ocean. 

They concluded that, although the seasonal signal (variability over one year) played a major 

role, the observed correlation was also contributed by both short-term fluctuations (i.e., sub-

seasonal scale) and interannual variability (i.e., time scale greater than one year). The former 

was demonstrated to contribute for timescales of 60 and 90 days, while no statistically robust 

conclusion could be derived for faster fluctuations (one month or less). The present Chapter 

demonstrates that a relationship between phytoplankton activity and the main aerosol 

physico-chemical and cloud-relevant properties can be observed also on a short time scale (1-

2 months). This correlation is not driven by the seasonal pattern and shows that short time-

scale variations in the oceanic biological activity affect aerosol properties quickly, with a 

delayed response of the order of 10-20 days. This delay coincides roughly with the time 

necessary to pass from the blooming to the decaying phase of an algal bloom (Lehahn et al., 

2014), and has been previously related to the release of SSA-transferable organic matter in 

surface seawater (O'Dowd et al., 2015; Prather et al., 2013). 

 These results are broadly similar to those by O’Dowd et al. (2015) which reported a peak 

in the correlation at 24 days delay time for OMSS, but with a correlation coefficient frequency 

distribution that was very similar between time-lags of 8, 16 and 24 days. It may also be worth 

considering that O’Dowd et al. (2015) used a multi-year dataset, while the present Chapter is 

focused on two months of intensive measurements, representative of late summer. This can 

explain some of the observed discrepancies as it can be expected that biological and 

biochemical processes at the sea surface occur at different velocities, in different seasons, 

depending on biotic (e.g., type of phytoplankton, stress conditions) and abiotic (e.g., sea 

surface temperature, radiation, wind speed...) conditions. On the other hand, the discrepancy 

with the results of Rinaldi et al. (2013), which reported maximized correlation at 8 days time-

lag, can mainly be explained by the different time resolution of the data: 8-day integrated 

offline samples against daily observations. In fact, the time resolution of the observations has 

an impact on the results of the correlation analysis, as shown by O’Dowd et al. (2015).
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5. CHL Patterns and Particulate MSA over the Central 

Mediterranean Sea during Spring 2016 

 The Mediterranean Sea, surrounded at its northern margin by the highly populated areas 

of southern Europe and at its southern margin by the African continent, is characterized by 

high aerosol levels by different sources. It is subjected to a continuous flux of anthropogenic 

and natural emissions from the ocean and the land. The Mediterranean region is one of the 

most vulnerable areas to climate change, therefore, it is an interesting area for the study of 

aerosol processes and aerosol-climate interactions. 

 Many efforts have been dedicated toward understanding the role of biogenic sulfur 

particles as a climate regulator. The formation and seasonality of sulfur compounds in both 

gaseous and particulate phases have been extensively studied in the Mediterranean region 

(Bardouki et al., 2003; Kouvarakis and Mihalopoulos, 2002; Mihalopoulos et al., 2007; 

Mihalopoulos et al., 1997). The first measurements of aerosol sulfur species in the Eastern 

Mediterranean (Crete island) reported that the contribution of biogenic sulfate was between 

0.6% and 28.3% with the highest values during summer (Mihalopoulos et al., 1997). Kocak et 

al. (2004) measured 610 daily aerosol samples on the northeastern Mediterranean coast of 

Turkey, covering four years (1996-1999) to define the chemical composition of aerosol and its 

potential source regions. They showed that the MSA displays a seasonal variability, ranging 

from 0.02±0.03 µg m–3 in wet winter (November-February) to 0.05±0.05 µg m–3 in dry summer 

(June-September). In the Western Mediterranean (WMED), two intensive campaigns in the 

summers of 2009 and 2010 (Schembari et al., 2014) and one campaign in summer 2011 (Bove 

et al., 2016) were carried out, reporting MSA concentrations of the order of 54 ± 28 ng m−3. 

These works quantified the biogenic sulfate contribution, based on MSA concentrations, to be 

more important (26%) than that from dust and sea salt. 

 The present Chapter aims at investigating the relationship between marine biological 

activity and the production of biogenic aerosol in the Central Mediterranean Sea by identifying 

the source regions of MSA, tracer of secondary organic aerosol, observed at a semi-remote 

coastal location.  
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5.1 Characterization of MSA at CGR in April 2016 

 The atmospheric concentration of submicron MSA was measured online by an Aerodyne 

HR-ToF-AMS during an intensive field campaign carried out between 07 and 25 April 2016 at 

the Capo Granitola (CGR) Climate Observatory (southern Sicily). Since the MSA fragmentation 

pattern can be instrument dependent and its quantification method has not been 

standardized in the HR-ToF-AMS, the online MSA concentrations were validated against 

offline measurements. Daily MSA concentrations were determined by ion chromatography 

analysis of PM1 filter samples, collected in parallel to the mass spectrometry measurements. 

As presented in Figure 5.1, the online method agreed quite well with the offline MSA filter 

measurements and any discrepancy was within instrument uncertainties. In this analysis, we 

have chosen to use online MSA data, instead of the more standard offline ones, as the former 

provides a higher time-resolution during the campaign. 

 

 

Figure 5.1: Scatter plot between online and offline daily MSA concentrations measured at CGR. 

 

 The daily pattern of MSA concentration measured at CGR during the campaign, obtained 

from 5-minutes time resolution AMS measurements, is presented in Figure 5.2. The mean (± 

standard deviation) and median of MSA for the entire study period were 0.04 ± 0.02 and 0.033 

µg m–3, respectively. The highest MSA concentration was observed on 16 April, while 
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generally, the first and last parts of the campaign were characterized by lower concentrations. 

The above MSA concentrations are consistent with those reported by Kouvarakis and 

Mihalopoulos (2002) and Kocak et al. (2004), for Eastern Mediterranean sites, and within the 

range of variability for the April month presented by Becagli et al. (2013), in Sicilian Channel. 

 

 

Figure 5.2: Daily Pattern of MSA atmospheric concentration at CGR during 07-25 April 2016. On each box that 

represents a day, the central line indicates the median, and the bottom and top edges of the box indicate the 

25th and 75th percentiles, respectively. The symbol “x” extends to the minimum and maximum data points (5-

minute resolution) and the line connects the daily mean. 

 

5.2 Air Mass Back-Trajectories 

 At CGR sampling station, three-days BTs were calculated four times (00, 06, 12, and 18 

hour UTC) a day during the measurement period from 07 to 25 April 2016, arriving at 100 m 

above the MSL. The BTs (Figure 5.3) show the general circulation of air masses arriving at CGR 

during the investigated period. Generally, the air masses from either arid regions (Sahara 

Desert) or from the populated areas of the north and eastern Europe influence the 

atmospheric environment above the Mediterranean. 
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Figure 5.3: The 3-day BTs (hourly time step) calculated by the NOAA HYSPLIT model arriving at CGR at 100 m 

above the MSL during 07-25 April 2016. The color scale represents the altitude of BT endpoints. The green color 

shows low BTs (altitude < 500 m). The black circle corresponds to CGR station. 

 

 In the following Paragraphs, we will investigate the source regions of the MSA measured 

at CGR, within the Mediterranean Basin, with the aim of shedding light on the relationship 

between marine biological activity and secondary organic aerosol production. This will be 

done by the multi-step approach discussed in Chapter 2. 

5.3 MSA Spatio-temporal Correlation with CHL 

 The spatial distributions of the correlation coefficient (R) between MSA atmospheric 

concentration (daily averages) at CGR and satellite derived CHL seawater concentration, at 

each grid point of the WMED Sea domain, was calculated, with different time-lags between 

the two time-series (from 0 to 27 days), as explained in Chapter 2. Examples for two specific 

time-lags, are shown in Figure 5.4 (full set of maps with all the tested time-lags are presented 

in Figure S8; APPENDIX). In the maps, the colors represent only positive and significant 

correlation coefficients (p < 0.05). The analysis of the correlation maps obtained with different 
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time-lags (from 0 to 27 days) between CHL and MSA shows that the maximum correlation is 

found at two regions in the WMED with different time delays. These regions are consistently 

located upwind to the sampling point with respect to the main wind direction during the 

measurement period, as shown by the BTs analysis (Figure 5.3). The two regions are 

potentially the main sources of DMS that is converted to the MSA observed at CGR during 

April 2016. 

 

 

Figure 5.4: Spatial distribution of the correlation coefficient between MSA at CGR and CHL over the 

Mediterranean Sea for 8 days (left) and 16 days (right) time-lags. The grey color represents negative and non-

significant correlation coefficients at 95% confidence level. The black star corresponds to CGR station. The blue 

box area comprises grid coordinates 37° − 39° N and 02° − 10° E (Region 1) while the red box area comprises grid 

coordinates 40° − 44.5° N and 03° − 10° E (Region 2). These boxes indicate the area selected to compute the 

curves presented in Figure 5.5 and the regression lines reported in Figure 5.6. 

 

 The first region, in the South WMED (blue box, hereafter denoted as Region 1), comprises 

the area between 37° − 39° N and 02° − 10° E and shows a maximum correlation at a time-lag 

of 8 days. About 43% of the pixels within this region show a positive and significant correlation 

(Figure 5.5b). In the second region (North WMED: 40° − 44.5° N and 03° − 10° E; red box, 

hereafter denoted as Region 2), the best correlation occurred at 16 days time-lag with 

approximately the same percentage of significant positive pixels at Region 1. The significantly 

negative pixels within both regions are very low, approximately 4%, indicating an overall 

significant positive correlation. 
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Figure 5.5: a) Correlation coefficient between CHL and MSA as a function of the time-lag, the black dashed line 

represent the critical level of significant correlation at 95% confidence limit; b) percentage of the number of 

pixels with positive and significant correlation in regions of interest; c) and d) correlation coefficient frequency 

distribution at areas of interest for time-lags of 0, 8, and 16 days. 

 

 The correlation coefficient frequency distributions over both regions separately (Figure 5.5 

c & d) for time-lags of 0, 8, and 16 days clearly show the increase in the correlation between 

CHL and MSA as a function of the considered delay time. The correlation between MSA and 

CHL over Region 1 increases toward positive correlation from the peak at R = 0.45 up to nearly 

R = 0.95 at time-lag 8 days. While in Region 2, both amplitude and peak distribution value 

increases as the time-lag is increased from 0 to 16 days. 
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 In our interpretation, the time-lag between CHL and MSA represents the time scale of the 

biological processes responsible for the production of DMS in the seawater, together with the 

physico-chemical processes leading to the atmospheric formation of MSA from DMS. This 

latter can be estimated in 1-2 days (Barnes et al., 2006; Boucher et al., 2003; Hezel et al., 2011; 

Kloster et al., 2006). Indeed, it is known from the literature that the release of DMSP 

(precursor of DMS) is limited for healthy and exponentially growing cells, while high quantities 

of DMSP are released by stressed or senescent cells (Laroche et al., 1999; Zhuang et al., 2011) 

and by phytoplankton subjected to grazing (Wolfe and Steinke, 1996) or infected by viruses 

(Hill et al., 1998). All these processes occur at a later stage than the exponential growth phase 

and can contribute to the observed time-lag between the CHL time series and in-situ 

measured aerosol properties. A related point to consider is that the average travel time from 

the two selected regions to the sampling point is of the order of one day, based on the BTs 

analysis. Therefore, aerosol transport alone, nor DMS oxidation time, cannot explain the 

observed delay between the CHL and MSA time series. 

 Becagli et al. (2013) reported an inverse relationship between monthly CHL and MSA 

concentrations around Lampedusa Island (Sicily Channel), in the central Mediterranean Sea, 

studying four years of observations (2005-2008). A similar inverse relationship between DMS 

and CHL is reported by Toole and Siegel (2004) in the Sargasso Sea and by Vallina and Simo 

(2007) in the northwestern coastal Mediterranean Sea. These findings are not in contradiction 

with our hypothesis: the anti-correlation between monthly CHL and MSA (Becagli et al., 2013) 

was observed in long time scales (multi-years) and it is clearly driven by the different 

seasonality of the two correlated variables over the Mediterranean Sea. On long time scales 

(6 months to multi-year) changes in nutrients, light, SST, etc... induce physiological changes in 

the phytoplankton (so-called photoacclimation, which is particularly strong in the 

Mediterranean Sea (Bellacicco et al., 2016)), that may modify the relation between CHL and 

DMS emission. This means that the same value of surface CHL, in two different seasons, can 

be associated with significantly different DMS fluxes to the atmosphere, making CHL 

unsuitable as a MSA tracer on the long-term, over the Mediterranean Sea. On sub-monthly 

time scales, as in this experiment, the variability of oceanic physical parameters is minimized 

and DMS emissions are primarily modulated by biological productivity. Consequently, we 
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assume that MSA atmospheric concentrations can be traced back to variations in the sea 

surface CHL. 

 The scatter plots between the average CHL (the mean value of all cells) in the maximum 

correlation areas (Region 1 and Region 2) and MSA reveal a linear relationship as shown in 

Figure 5.6. The relationships are as follows: 

 𝑀𝑀𝑀𝑀𝑀𝑀 = 0.56 × 𝐶𝐶𝐶𝐶𝐶𝐶– 0.032, for Region 1  

 𝑀𝑀𝑀𝑀𝑀𝑀 = 0.11 × 𝐶𝐶𝐶𝐶𝐶𝐶– 0.001, for Region 2 

The time-lags 8 and 16 days have been considered, respectively for Region 1 and Region 2, for 

consistency with the above-described results. The inferred regression implies that CHL over 

Region 1 (Region 2) can describe 32% (43%) of MSA variance observed at CGR. 

 

 
Figure 5.6: Regression curves for CHL and MSA at lag = 8 days in Region 1 (left panel) and, at lag = 16 days in 

Region 2 (right panel). The correlation coefficients and the best fit line are reported. The cyan curves represent 

95% confidence interval. Note that the scale of the x-axis (CHL) is not the same. 

 

 In Region 1, the minimum MSA observed value was 0.013 μg m–3 corresponding to a CHL 

of 0.12 mg m–3, while the maximum observed MSA was 0.086 μg m–3 corresponding to a CHL 

of 0.17 mg m–3. In Region 2, more biologically productive than Region 1, the minimum 

(maximum) observed MSA is equivalent to a CHL of 0.27 (0.42) mg m–3. Region 2 is considered 

the most productive region over the Mediterranean Sea (Figure 5.7) away from coasts and 

river discharge input and thus plays a crucial role in controlling the space-time extent of the 

phytoplankton spring bloom in the Gulf of Lions–Ligurian Sea region (D'Ortenzio and d'Alcala, 

2009; Salgado-Hernanz et al., 2019; Volpe et al., 2012; Volpe et al., 2007). 
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Figure 5.7: Spatial distribution of monthly mean CHL over the Mediterranean Sea during March and April 2016. 

The spatial resolution of CHL is 1×1 km. 

 

 The regression curves presented in Figure 5.6 are only indicative of the general correlation 

trends over the two Regions (which includes correlating and not-correlating pixels due to the 

natural variability of the CHL over space), nevertheless the correlation maps (Figure 5.4) are 

obtained by correlating MSA atmospheric concentration and CHL surface concentration in 

each single pixel of the domain. These single-pixel correlations do not necessarily reflect the 

shape of the correlation in Figure 5.6. From the scatter plot (Figure 5.6), it could be assumed 

that one point (point 10, corresponding to 16 April 2016, hereafter P10) of the dataset is 

characterized by high MSA and high CHL, drives in some way the correlation and helps to 

obtain a high and significant correlation coefficient over Region 1. To check this, we run again 

the correlation analysis over the domain, excluding P10. The resulting correlation maps (Figure 

5.8) still identify Region 1 as a potential source region, even though with a lower magnitude 

of the correlation. This demonstrates that, although the high MSA concentration observed on 

16 April (P10) improves the correlation with CHL when considering a delay time of 8 days, the 

general correlation trend between the two variables is evident also without this point. 
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Figure 5.8: Spatial distribution of the correlation coefficient between MSA at CGR and CHL over the 

Mediterranean Sea for 8 days (left) and 16 days (right) time-lags without uncertain point (16 April 2016). The 

grey color represents negative and non-significant correlation coefficients at 95% confidence level. 

 

5.4 MSA Source Regions 

 The high time-resolution MSA data were combined with air-mass BTs calculated four times 

per day during the sampling period (Figure 5.3), following the PSCF method (Chang et al., 

2011). The MSA data were averaged over 6 hours periods (3 hours before and after the arrival 

time of each back trajectory) to associate one MSA concentration value to each trajectory. 

PSCF allows a geographical source attribution for high-resolution aerosol data, showing the 

pixels associated with the highest concentrations (defined in this Chapter as above the median 

and the third quartile), that correspond to the probable source regions. In other words, PSCF 

provides another way of assessing MSA sources over the Mediterranean basin for the 

investigated period, alternative to and completely independent from the statistical analysis 

presented in the previous Section. 

 We point out here that PSCF was run by considering 3-days BTs, which is a time frame 

adequate to track air mass transport across the Mediterranean basin, as demonstrated by 

Figure 5.3. This three-days’ time frame is not related to the time-lag considered in the “MSA 

vs. CHL” correlation analysis. As already addressed, in the regression analysis, the time-lag 

serves to phase the CHL time series with the MSA one. In other words, the time-lag in the 

correlation approach refers mainly to processes occurring before the formation of MSA from 
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its precursor DMS, while the three days considered in the PSCF approach regard the transport 

of MSA (after its formation) to the receptor point. 

 The analysis (Figure 5.9) shows that the most probable homogeneous source region for 

the measured MSA is the south WMED Sea, along with some spots around Sicily, mainly due 

to coastal production. When looking at concentrations above the third quartile (Figure 5.9b), 

source areas tend to concentrate over the sea region between Sardinia and the Algerian coast, 

which corresponds to Region 1. This result confirms that Region1 is likely the most important 

source area of MSA observed at CGR during the campaign, while Region 2 is not confirmed as 

a source region by PSCF. 

 

 
Figure 5.9: PSCF plots for MSA in the period 07th-25th April 2016. The source of high MSA concentrations is defined 

as above the median (left) and the third quartile (right). The Mediterranean domain is divided into 1° × 1° 

latitude/longitude grid cells. The color scale represents the probability from 0 to 1. 

 

 The altitude of the BTs passing over Regions 1 and 2 was analyzed, in order to assess if this 

can explain the discrepancy of results between PSCF and CHL correlation analysis regarding 

Region 2. Indeed, BTs over Region 2 tend to pass at a higher altitude compared to Region 1 

(50% of BTs pass lower than 1000 m over Region 2, compared to 89% over Region 1; as shown 

in Figure 5.3), even though low-passing BTs are not negligible in Region 2. The PSCF run only 

on low BTs (< 500 m height) shows that most of the BT endpoints in Region 2 do not ever 

associate with MSA concentrations above the median (Figure 5.10), confirming that Region 2 

was not a hotspot for MSA production during the campaign. It is clear that a few low BTs 

passing through Region 2, most of them do not coincide with high MSA measured at CGR 

during the campaign. 
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Figure 5.10: PSCF map by using low BTs (< 500m height) and the median of MSA as a threshold. 

  

5.5 MSA Spatio-temporal Correlation with PHYC 

 Although CHL is the most widespread proxy of the algal biomass concentration in 

seawater, its retrieval does not take into account the physiological adjustments that 

phytoplankton undergoes in response to changes in light and nutrient conditions (Bellacicco 

et al., 2016; Halsey and Jones, 2015), leading to potential biases in the estimation of the 

biomass trends. For this reason, Behrenfeld et al. (2005) developed an alternative algal 

biomass concentration index, in terms of total phytoplankton carbon (PHYC). 

 PHYC data (Calculations details are presented in Section 2.3) over the Mediterranean Sea 

are combined with MSA data at CGR, following the same approach as for CHL data, to check if 

a different proxy for algal activity could lead to different results. It is worth highlighting that 

here we use the PHYC-MSA correlation only in a qualitative sense, to compare with the above 

results, as the low quality of PHYC data is a limiting factor in studying its relationship with 

MSA. The estimation of PHYC biomass and its physiological status with a high resolution from 

space has remained so far, an elusive target (Behrenfeld et al., 2005; Bellacicco et al., 2016). 

 A significant correlation between PHYC and MSA has been found, with time-lag about 6-9 

days, mainly over Region 1, as shown in Figure 5.11. These results support those obtained by 

CHL-MSA correlation maps and PSCF algorithm, which point to Region 1 as potentially the 

main source of MSA observed at CGR during the Spring campaign. 
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 Despite the results of Becagli et al. (2013), which showed a better correlation between the 

PB index (ratio of algal Carbon and CHL) and MSA than CHL vs. MSA, the corresponding derived 

phytoplankton physiology index PHYC:CHL ratio, from satellite data, does not show a 

significant correlation with MSA in the evidenced two Regions as shown from correlation maps 

in the APPENDIX (Figure S9). We cannot, however, exclude that, with future improvements in 

ocean color remote sensing and algorithm development, PHYC and PHYC:CHL ratio may 

become a better surrogate of algal activity in this kind of approach. 

 

 

Figure 5.11: Spatial distribution of the correlation coefficient between MSA at CGR and PHYC over the 

Mediterranean Sea for 9-days time-lag. The grey color represents negative and non-significant correlation 

coefficients at (p < 0.05). Regions 1 (blue box) and 2 (red box), as well as CGR station (black star) are shown. 

 

5.6 Discussion 

 The results of the combined approach (BTs analysis, spatio-temporal correlation analysis, 

and PSCF) point to the south WMED Sea, particularly the region between Sardinia and the 

Algerian coast, as the most likely source of MSA measured at CGR during April 2016. This 

source is at a greater distance upwind the Sicilian Channel from the sampling location than 

previously estimated (Becagli et al., 2013). Considering that a significant fraction of aerosol 
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MSA can be found in the sub-micrometer size range (Rinaldi et al., 2010; Watts et al., 1990), 

long-range transport of MSA within the Mediterranean basin is clearly possible. The removal 

of MSA from the atmosphere is carried out mainly through wet and/or dry deposition with a 

lifetime estimated to be about one week (Gondwe et al., 2003; Hezel et al., 2011). 

 The role of Region 2 as MSA source, evidenced by the correlation with CHL, is clearly not 

supported by the PSCF approach nor by the correlation with PHYC. Interestingly, Region 2, 

roughly corresponding to the Gulf of Lion–Ligurian Sea region, is considered the most 

biologically productive region of the Mediterranean Sea (Figure 5.7), away from coasts and 

river discharge (D'Ortenzio and d'Alcala, 2009; Salgado-Hernanz et al., 2019; Volpe et al., 2012; 

Volpe et al., 2007) and it is characterized by an intense phytoplankton bloom in springtime.  

 In order to assess the reasons why this highly biologically productive region is not 

contributing significantly to the MSA atmospheric burden as observed at the sampling 

location, reanalysis meteorology data (ERA5; (C3S, 2017)) were analyzed to evidence the main 

differences between Region 1 and Region2. The daily mean time series (Figure 5.12) of wind 

speed (WS), sea surface temperature (SST), net surface solar radiation (SSR) and relative 

humidity (RH) in Region 1 and Region 2 show that all the parameters are basically identical 

between the two regions, with the exception of SST. On the time scale of our study, a positive 

and significant correlation is found between MSA concentration and SST (together with SSR 

and RH, as presented in Table 5.1. This agrees with the fact that warmer SST leads to enhanced 

phytoplankton growth and consequently enhances DMS emission (Kim et al., 2018). In 

addition, warmer SST may enhance the degassing of DMS to the atmosphere. Indeed, the 

difference in SST could explain why Region 1 emits significant amounts of DMS (acting as MSA 

source) while Region 2 does not. This would also suggest that Region 2 may become more 

important for the Mediterranean aerosol MSA budget later on in the summer when SST 

increases at higher latitudes. 
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Figure 5.12: Daily time series of the average main meteorological data (ERA5) over Region 1 and Region 2 (boxes 

of interest). The green box represents the period of spring 2016 campaign. 

 

Table 5.1: Daily correlation coefficients between MSA measured at CGR and the atmospheric components 

over the interesting regions in the Mediterranean Sea. 

 Samples Number WS SST SSR RH CHL 

Region 1 Daily 

n = 19; Rc = 0.45 

–0.28* 0.6 0.64 0.52 0.56 

Region 2 –0.51 0.67 0.58 0.36 0.66 

Note. Rc is the critical correlation coefficient and n is the number of samples. *represents non-significant 

values at 95% confidence level. The meteorological data are extracted from global ERA5 with spatial resolution 

0.25° × 0.25°. 

 

 The significant correlation observed between MSA concentration and net surface solar 

radiation is in line with previous observations by Toole and Siegel (2004), Becagli et al. (2013) 

and Vallina and Simo (2007) who showed a strong positive correlation between DMS and the 

solar radiation dose in the upper mixed layer of the open ocean. Nevertheless, given the lack 

of significant differences in this parameter between the two Regions, SSR cannot explain the 

difference in DMS/MSA production. 
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 Apart from physical (abiotic) parameters, the different DMS/MSA productivity of the two 

considered regions may be due also to differences in the biological communities and 

biochemical conditions characterizing the two marine areas. There is plenty of evidence in the 

recent literature that the Mediterranean Sea can be divided into different bioregions 

(Basterretxea et al., 2018; D'Ortenzio and d'Alcala, 2009; Lavigne et al., 2013; Navarro et al., 

2014; Salgado-Hernanz et al., 2019; Sammartino et al., 2015) characterized by different CHL 

seasonality, phytoplankton population and ecological succession. The analysis performed by 

Basterretxea et al. (2018), based on neural network classification of 17 years of ocean color 

data, clearly shows that Regions 1 and 2 belong to different bioregions, with consequent 

diversity in the phytoplankton community composition. Based on the monthly maps of 

phytoplankton functional type distribution over the Mediterranean Sea by El Hourany et al. 

(2019), during April, the dominant phytoplankton functional type is Synechococcus, with a 

minor contribution from Haptophytes in Region 1 and Diatoms in Region 2. The DMSP content 

of phytoplankton cells, related to DMS emissions from the sea surface after DMSP excretion 

and processing, differs markedly between different phytoplankton types (Gali et al., 2013; 

Keller et al., 1989; McParland and Levine, 2019) and may also vary significantly depending on 

the stress level. The above evidence suggests a possible biotic reason at the base of the 

observed diversity in DMS/MSA production between the two considered sea regions.
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6. Impact of the Marine Biota on the INP Concentration over the 

Arctic: The Case Study of Ny-Ålesund (Svalbard) 2018 

 Not many measurements of Ice Nucleating Particle (INP) concentration exist in the Arctic 

at present; however, these particles play a fundamental role in the lifetime and radiative 

effects of Arctic stratiform clouds (Prenni et al., 2007; Wex et al., 2019). These clouds are often 

mix-phase and structured in persistent layers (Choi et al., 2010; Costa et al., 2017; Shupe et 

al., 2006; Shupe et al., 2011) and play a key role in the “Arctic amplification”, i.e., the 

phenomenon by which the Arctic is warming much faster than the global average. A better 

knowledge of INP sources and dynamics over the Arctic is necessary for a better understanding 

of northern high latitudes climate and of the “Arctic amplification” itself. 

 An INP measurement program was started by CNR-ISAC at the Gruvebadet observatory 

(GVB), located in proximity of the village of Ny-Ålesund (78° 55’ N, 11° 56’ E) on the 

Spitsbergen Island in 2018. Here, we analyse the results of the spring and summer campaigns 

performed during the first year of activity, to investigate the potential impact of the marine 

biota on the INP concentration (nINP) in the Arctic atmosphere. Details on sampling and on 

the INP measurement technique can be found in Chapter 2. 

6.1 Characterization of INP at GVB in 2018 

 Sampling for the Dynamic Filter Processing Chamber (DFPC) occurred on an intensive 

campaign basis. The spring campaign occurred between 17 April and 2 May 2018, while the 

summer campaign covered the period between 11 and 27 July 2018. Considering the whole 

investigated size range (PM10), INP concentrations measured at Ny-Ålesund by DFPC, in 

conditions of supersaturation with respect to water (immersion plus condensation freezing), 

during the spring campaign, ranged 55-185 (median 115), 5-90 (53) and 3-37 (20) m–3, for 

activation temperature (TA) equal to –22, –18 and –15 °C, respectively. During the summer 

campaign, the concentration ranges were 33-135 (median 77), 18-107 (45) and 6-66 (20) m–3, 

for the same activation temperatures (Figure 6.1). 

 INP concentrations reported in literature from ground-based observations are roughly 

comprised between 10–2 m–3 and 103 m–3 (Bigg, 1996; Bigg and Leck, 2001; Borys, 1983; Conen 



6. Impact of Marine Biota over the Arctic Ocean on INP Concentration at Ny-Ålesund 

104 

 

et al., 2016; Creamean et al., 2018; Irish et al., 2019; Mason et al., 2016; Si et al., 2018; Wex 

et al., 2019). Given this variability of results, certainly related to the great variability of 

parameters that can influence the results of INP measurements (different instruments, 

locations, seasons, weather conditions, ice nucleation modality, etc.), we can conclude that 

the results of the present study are generally consistent with literature. 

 

 
Figure 6.1: Time series of nINPPM10 measured at GVB during spring and summer 2018. 

 

 INP concentrations observed at GVB present the typical dependency on TA, with 

concentrations raising with reducing the activation temperature. Figure 6.2 shows that spring 

samples have a steeper temperature dependency with respect to summer ones. This suggests 

that the INP populations may consist of particles with different characteristics in the two 

seasons. This is reasonable as typically the Arctic atmosphere is influenced by long range 

transport of aerosol particles from lower latitudes during springtime, the so-called Arctic haze 

(Heidam et al., 1999; Shaw, 1995; Stohl, 2006). Conversely, local sources tend to be more 

important in summer, especially after snow and ice melting, which allows more interactions 

between glacial soils and seawater with the atmosphere (Tobo et al., 2019). 

 The sampling strategy adopted for DFPC measurements (parallel PM1 and PM10 sampling) 

allowed a basic investigation of the INP size dependency. Table 6.1 reports the number 

concentrations of INPs measured in the two different size ranges, together with the average 

contribution of super-micrometer (coarse) INPs, derived by difference. A small contribution 

from coarse INPs characterized the spring campaign (~ 20%), suggesting that the dominant 

INP sources may be located at long distances (scale of the order of 100s-1000s km), with 

consequent depletion of the largest particles during transport, due to their higher 

gravitational deposition velocities. This result is consistent with previous works highlighting 
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the contribution of long-range transport from lower latitudes during the Arctic spring (Heidam 

et al., 1999; Shaw, 1995; Stohl, 2006). 

 

 

Figure 6.2: Atmospheric concentration of nINPPM10 as a function of the activation temperature measured at GVB 

during spring and summer 2018. 

 

 During the summer campaign, a significant (p < 0.05) increase of the contribution of coarse 

INPs was observed (from ~ 50% at TA = –22 °C to ~ 70% at TA = –15 °C), likely resulting from the 

activation of local sources after snow and ice melting. Furthermore, the increase of coarse INP 

contribution, from spring to summertime, is progressively more pronounced with increasing 

activation temperature, which may suggest a significant contribution of biological coarse 

particles during summer. Indeed, bioaerosol are usually associated to ice nucleation at 

relatively warm temperature [–15 °C or higher] (Conen et al., 2011; Frohlich-Nowoisky et al., 

2015; Hoose and Mohler, 2012; Murray et al., 2012; O'Sullivan et al., 2014; O'Sullivan et al., 

2015; Tesson and Santl-Temkiv, 2018) and a prove that bio-materials can contribute to the 

Arctic INP population was recently presented by Santl-Temkiv et al. (2019). On the other hand, 

mineral particles tend to be efficient ice nucleators at lower temperature [–22 °C or lower] 

(DeMott et al., 2010; Hoose and Mohler, 2012; Kanji et al., 2017; Murray et al., 2012). Similar 
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results were reported by Mason et al. (2016) for Alert Arctic station, including the increasing 

coarse INPs contribution as a function of the activation temperature. 

 

Table 6.1: Average (± standard deviation) and median (in brackets) INP concentrations measured at GVB 

during 2018. 

TA  Spring Summer 

–22 °C 

PM1 [m–3] 97±48 (85) 43±27 (38) 

PM10 [m–3] 116±42 (115) 74±26 (77) 

Coarse contribution [%] 21±22 (20) 45±24 (48) 

–18 °C 

PM1 [m–3] 45±25 (49) 23±13 (23) 

PM10 [m–3] 55±28 (53) 50±22 (47) 

Coarse contribution [%] 20±20 (17) 53±17 (58) 

–15 °C 

PM1 [m–3] 13±9 (14) 9±9 (7) 

PM10 [m–3] 18±9 (20) 24±14 (20) 

Coarse contribution [%] 32±36 (22) 65±23 (72) 

 

 An important parameter to be considered when analysing INP data is the activated fraction 

(AF), calculated as the number of INPs divided by the total particle number. In this case, we 

selected particles with aerodynamic diameters larger than 500 nm, as this range is thought to 

be more influential for ice formation in the atmosphere (DeMott et al., 2010). Although the 

INP concentrations do not differ much between the two campaigns, a significant increase of 

the AF can be observed passing from spring to summer (Figure 6.3). Furthermore, the spring-

to-summer AF increase is progressively more evident at TA = –15 °C (4 times, as median ratio) 

than at TA = –22 °C (2 times). This result shows that local aerosol particles are particularly 

efficient in nucleating ice at warm temperatures and that Arctic Haze (anthropogenic) aerosol 

has a lower ability to nucleate ice than local particles. This conclusion was first derived by 

Borys (1983, 1989) and was recently confirmed by Hartmann et al. (2019), which showed a 

low impact of anthropogenic emissions over the INP concentration with respect to the 

preindustrial period, through the analysis of ice core records. 
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Figure 6.3: Activated fraction of INPs concentrations measured at GVB during 2018. 

 

 Analysing the patterns of the main meteorological parameters (T, P, RH and WS) in relation 

to nINP, no clear relation emerges. We note anyways that precipitation events were 

sometimes associated to a reduction of the INP concentration, without resulting in a 

significant correlation. 

 The above collection of results suggests that two distinct aerosol populations contribute 

to the INP burden over the sampling site in spring and in summer. Springtime aerosol is mainly 

influenced by long range transport of particles from lower latitudes, including anthropogenic 

aerosols, while summertime INPs are probably emitted by local sources with a potentially 

important contribution by biological materials. Among the possible summertime local sources 

of INPs, recent works evidenced both terrestrial (Creamean et al., 2018; Irish et al., 2019; Si et 

al., 2018; Tobo et al., 2019) and marine sources (Bigg, 1996; Bigg and Leck, 2001; Creamean 

et al., 2018), even though a clear proof that biogenic materials associated to sea-spray 

particles may contribute to the INP properties of Arctic aerosol is still missing. 

6.2 Back Trajectories and Influence of Ground Conditions 

 The ground types over which air masses travelled in the 5 days before arrival at GVB station 

were identified, following Wex et al. (2019). Ground conditions (seawater, sea-ice, land and 

snow) corresponding to the collected INP samples were evaluated by merging 5-day BTs, as 

shown in Figure 6.4, and satellite snow and ice coverage data (Section 2.6). Only low crossing 

air masses, up to an altitude of 500 m above MSL were considered for this analysis. 
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Figure 6.4: The 120-hours air mass BTs (hourly time step) arriving at GVB sampling station at times corresponding 

to INPs samples during A) Spring and B) Summer 2018. The color scale represents the conditions of the ground 

crossed by the BTs. Air masses traveling at high altitude (> 500 m above MSL), which have been excluded in CWT 

calculations, are represented by the symbol “+”. 

 

 Figure 6.5 shows that the contribution of the four considered ground types varies with the 

season. In spring, most contacts occurred with sea-ice or snow-covered land, while in summer 

low air masses were more influenced by ice-free seawaters. The land (snow-free) contribution 

was the lowest in every season.  
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Figure 6.5: Ground type influence on low-travelling (< 500 m) air masses for INP measurements in spring and 

summer 2018. 

 

 Nevertheless, the influence of land sources on the INP concentrations emerges clearly 

from Figure 6.6; air masses with a higher terrestrial influence were always associated with 

nINP peaks in summer, while land influence is almost absent in springtime. This may be due 

to the higher ice nucleation efficiency of mineral dust and soil particles compared to marine 

biological particles (McCluskey et al., 2018b; McCluskey et al., 2018c; Wilson et al., 2015) or 

to higher abundance of particles in land influenced air masses. In summer, contacts with snow-

free land occurred mainly within the Svalbard archipelago (local sources) or over Greenland 

and Iceland (regional sources), as shown by Figure 6.4. This outcome agrees with recent works 

pointing to both local and regional soils as important INP sources over the Arctic (Tobo et al., 

2019). 

 

 

Figure 6.6: Influence of the “Land” ground type (fLand) during the summer campaign overlapped with the INP 

atmospheric concentrations at T = –15, –18 and –22 °C. 
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 Considering that the sampled air masses had ground contacts mainly over seawater in 

summer (about 70%), one can hypothesize that marine biological sources may dominate the 

INP concentration at GVB, outside the periods of elevated terrestrial influence. In the 

following Sections, we will investigate the relation between the marine biota and INP 

atmospheric concentration during the summer season, by complementing the above data 

with satellite ocean color data. 

6.3 INP Spatio-temporal Correlation with CHL 

 To check the hypothesis of marine biological activity may dominate the INP concentration 

in summer, we investigated the spatio-temporal correlation of the INP datasets with satellite 

retrieved surface CHL, following the time-lag approach implemented in Chapter 4 and Chapter 

5. To exclude interferences from land sources, we removed from the dataset the samples 

corresponding to BTs that have been in contact with land for more than 10% of the time (3 

samples). Furthermore, we focused on INP data obtained at T = –15 °C, which are the most 

representative of ice nucleation by biological particles and the less subject to influences from 

mineral particles. 

 The results of the correlation analysis are reported in Figure 6.7, in the form of correlation 

maps, resulting from the linear regression between the CHL at each grid point of the Arctic 

domain and nINPPM1 at T = –15 °C measured at GVB. Different maps were obtained by 

considering different time-lags between the two correlated time series, i.e., by considering 

CHL values shifted back in times of 1 to 27 days with respect to the INP filter sampling times 

(the maps are shown in Figure S10; APPENDIX). As discussed in previous Chapters, the time-

lag approach has been demonstrated to maximize the correlation between in-situ 

measurements of aerosol properties and CHL fields.  

 The spatial distributions of the correlation coefficient (R) in example maps, as well as the 

behavior of the correlations, within three evidenced regions, as a function of the considered 

time-lag between CHL and nINPPM1 at T = –15 °C, are shown in Figure 6.7. The maps (Figure 

6.7) show a positive and significant correlation in three specific oceanic regions in the Arctic 

with different time-lags. These regions, characterized by high correlation (red dots in the 

maps), were consistently located upwind of GVB during the sampling period (Figure 6.4), and 

may be related to the emission of biological particles acting as INPs in our samples. 
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Figure 6.7: Top): Examples of correlation coefficient spatial distribution between nINPPM1 at T = –15 °C measured 

at GVB (represented by the black square) and CHL over the Arctic ocean for 6 days (left), 14 days (middle), and 

16 days (right) time-lags. The color scale indicate the correlation coefficient. Regions of interest are shown as 

Olivo (Region 1), dark Purple (Region 2), and Orange (Region 3) boxes. Bottom): Correlation coefficient and 

percentage of the number of pixels with positive and significant correlation in the three evidenced regions, as a 

function of the time-lag. The black dashed line represents the critical level of significant (p < 0.05) correlation. 

 

 The first region surrounds the Svalbard archipelago (hereafter denoted as Region 1), 

comprises the area between 75° – 78° N and 0° – 18° E (outlined box in Figure 6.7) and shows 

a maximum correlation at a time-lag of 6 days. Approximately 51% of the pixels display a 

positive and significant correlation within this region. In the second region (close to the 

Greenland coast: 73° – 78° N and 9° – 24° W), the best correlation occurred at 14-day time-

lag. The third region (Region 3) is located to the northeast of Iceland and extends from 67° to 

71° N and from 18° W to the prime meridian (Greenwich). Within this region, the correlation 

is maximized at 16-day time-lag. The percentage of significant and positive grids in region 2 

and region 3 are 37% and 32%, respectively. The “correlation vs. time-lag” plots presented in 

Figure 6.7 have only the aim of showing the overall dependency of the correlation with the 

delay time in each region. The average R reported in these plots are often below the 
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significance threshold, as to plot them, the CHL has been averaged over the whole region, 

regardless the non-significant pixels contained in each region. Few positive correlation 

clusters tend to be in the south of Iceland and in the north of region 2, but have not been 

illustrated in the above analysis, they are not supported by the main circulation pattern of low 

BTs during the summer campaign. 

 Conversely to fine INP, nINPPM10 do not evidence any significant correlation with CHL 

(Figure S11; APPENDIX). This is consistent with the results obtained at MHD (Chapter 4), where 

correlation with CHL was observed only for sub-micrometer INPs. In our interpretation, the 

lack of a correlation between surface CHL and coarse INPs does not imply that coarse INPs are 

not emitted from the ocean surface, it may simply evidence that CHL is not the appropriate 

proxy to track the emission of large biological INP from the oceans. Indeed, CHL has been 

previously observed to correlate with the enrichment of organic matter in sub-micron sea 

spray (O'Dowd et al., 2015; Rinaldi et al., 2013) but no investigation was ever attempted with 

super-micrometer particles. McCluskey et al. (2017) clearly evidenced the production of both 

sub- and super-micrometer INPs during laboratory experiments with controlled algal blooms, 

pointing out that different particle type and production mechanisms are involved. 

 Considering the limited number of data points used in this analysis (14 samples), we 

carefully evaluated the robustness of the correlations that originate the obtained correlation 

maps (Figure 6.7). It is impossible to check visually all the regressions that form the correlation 

maps discussed here as each map is composed of 651,508 pixels, of which between 30,724 (~ 

5%) and 85,829 (~ 13%) present a positive and significant correlation, according to the 

considered delay time from 0 to 27 day. Therefore, we focused on the three evidenced sea 

regions characterized by systematic high correlation between INP and CHL and we divided, 

within each region, the significant and positively correlating pixels into three categories: High, 

Medium, and Low correlating, according to the distribution of the correlation coefficient. Then 

we selected randomly 6 pixels within each category, per each region, of which we plotted the 

results of the INP vs. CHL regression analysis, for a total of 54 scatter plots (Figure S12, Figure 

S13 and Figure S14; APPENDIX). Careful investigation of the randomly selected scatter plots 

shows a variety of conditions regarding the robustness of the investigated correlation, with 

generally robust correlations, in the majority of the cases not distorted (or influenced) by one 
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single (or a few) points, which we consider a prove of the robustness of the obtained 

correlation maps. 

6.4 INP Source Regions 

 Aware that the evidenced correlations alone cannot imply unambiguously a cause-effect 

relation, we also run the CWT spatial source attribution model on the same INP dataset (DFPC; 

PM1; T = –15 °C; no land influenced samples). In this analysis, 5-day BTs arriving 100 m above 

GVB sampling station were calculated. For each INP sample, BTs were calculated twice per 

each day corresponding to an INP sample, during the summer campaign. The Arctic domain 

was divided into 1° × 3° latitude/longitude grid cells (1,443 cells, 308 cells with at least one 

endpoint) between the limits of low BTs (75° W – 42° E & 48° – 85° N), Figure 6.4. 

 The resulting map (Figure 6.8A), composed of 203 cells over the selected domain, 

evidences that potential sub-micron INP sources at GVB, during the summer period, were 

broadly located in the same sea regions previously evidenced by the spatio-temporal 

correlation with CHL. In order to facilitate the comparison between spatio-temporal 

correlation maps and the CWT results, we have evidenced each pixel that has both a high CWT 

value (defined above the median), and a significant and positive correlation between nINPPM1 

and surface CHL, considering every delay time between 5 and 20 days (Figure 6.8B). Sea areas 

corresponding to Region 1 and Region 2 are clearly evidenced by this analysis, suggesting that 

they may have been involved in the emission of biogenic INPs sampled at GVB, outside the 

major evidenced episodes of terrestrial influence. The combined analysis also suggests that 

the region in the northeast of Iceland (Region 3) may also be a potential bio INP source area, 

even though the spatial distribution of the evidenced pixels is more scattered and, therefore, 

less convincing. 
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Figure 6.8: A) CWT plots for nINPPM1 at T = –15 °C. To facilitate the visual comparison, the same Regions evidenced 

in Figure 6.7 are reported. B) Spatial distribution of the fine INP sources identified by merging the results of the 

spatio-temporal correlation with CHL and of CWT. The color scale reflects how many times a given pixel has CWT 

≥ median and significant correlation coefficient by running time-lags from 5 to 20 days. 
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6.5 Discussion 

 Concentrations of INPs measured at Ny-Ålesund, during spring-summer 2018, were 

presented in this Chapter and discussed in order to assess the impact of the Arctic marine 

biota on the INP concentration in the Arctic atmosphere. 

 Analysis of INP concentrations, low-travelling BTs, and ground conditions during the 

passage of the air mass suggest that the summertime INP population may be contributed both 

by terrestrial and marine sources. When the sampled air masses were influenced by contact 

with snow-free land, the INP concentration tended to peak, likely reflecting the higher 

nucleation ability of terrestrial particles. Our analysis suggests that outside the major 

terrestrial inputs, the Arctic marine biota may have a role in regulating the atmospheric 

concentration of INPs, during the summer season.  

 The major limit of the analysis presented in this Chapter is the low number of samples 

available, which limits the time representativity of the dataset and necessarily increases the 

uncertainty of the outputs of both the spatio-temporal correlation analysis and of the CWT 

algorithm. Nevertheless, the consistency of the two independent approaches (spatio-

temporal correlation analysis and CWT source location) provides a certain measure of 

credibility to the presented results. For this reason, we consider the above as a convincing hint 

that the marine biota may be a source of INPs in the Arctic, well aware that further studies, 

based on more robust datasets, are necessary to confirm this result and to achieve a more 

quantitative understanding of the role of the marine biota as a source of INPs to the Arctic 

atmosphere and of the relative importance of marine vs. terrestrial INP sources over the 

Arctic.
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7. Phytoplankton Impact on Marine Cloud Microphysical Properties 

over the NE Atlantic Ocean 

 Stratiform clouds, formed mainly over the oceans, have a profound impact on the Earth's 

radiation budget (Falkowski et al., 1992; Klein and Hartmann, 1993) by reflecting the incoming 

solar radiation to space. This results in a substantial net cooling of the Earth’s atmosphere 

(Albrecht, 1989). Cloud reflectivity (albedo) is controlled by microphysical properties, such as 

cloud droplet number concentration (CDNC), cloud droplet effective radius (Reff), and liquid 

water content (LWC). The increase in cloud cover fraction with cloud optical depth (COD) is a 

result of aerosol-cloud interactions (Myhre et al., 2007) through increasing cloud lifetime by 

precipitation suppression (the second aerosol indirect effect), that leaves more water in 

liquid-phase clouds for longer periods due to reducing cloud droplet size (Albrecht, 1989; Liou 

and Ou, 1989; Rosenfeld et al., 2019; Toll et al., 2019). 

 In this Chapter, we assess the relationship between phytoplankton activity and cloud 

properties in background clean marine conditions, over the eastern NA Ocean. A unique 

dataset of multi-year cloud observations (from February 2009 to January 2015) was measured 

by ground-based remote sensing instruments at the Mace Head Atmospheric Research Station 

(MHD), on the west coast of Ireland (see Section 2.1.1.2 for details). The data include cloud 

microphysics (CDNC, Reff, LWC), cloud macrophysical (cloud base height [Hbase], cloud top 

height [Htop], and cloud thickness [Hthick]) and optical properties (albedo and COD). Cloud 

observations were analyzed together with ocean color data and in-situ aerosol 

measurements. Moreover, using ECMWF ERA 5 reanalysis atmospheric data, the influence of 

different meteorological conditions on the relationships of ocean biochemistry and cloud 

properties are studied.  

 Based on back-trajectories (BTs), starting from the dataset of cloud observations 

presented by Preissler et al. (2016), 52 cloud cases were classified as marine, coming from the 

Atlantic Ocean (Figure 7.1) and used in this study. The average equivalent black carbon (eBC) 

for the considered 52 cases is 7.5 ng/m3, proving negligible anthropogenic contribution (Grigas 

et al., 2017; Ovadnevaite et al., 2014; Preissler et al., 2016). 
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Figure 7.1: The 3-day BTs arriving MHD at cloud base altitude above the ground-level during the clean marine 

conditions. The color scale represents the altitude of each endpoint of BTs. The black box is the main area of 

interest of the present study, discussed in detail later, and MHD station is shown by a black square. 

 

7.1 Cloud Properties Spatio-temporal Correlation with CHL 

 Following the approach presented in the previous Chapters, the spatial distribution of the 

correlation coefficient between daily CHL and both Reff and CDNC of clouds passing above 

MHD was calculated considering different time-lags (Chapter 2). Figure 7.2 shows the 

correlation maps resulting with a time-lag of 3 days, as an example. In general, all the maps 

revealed a systematic correlation within a specific oceanic region (45° − 60° N and 12° − 38° 

W: black box in Figure 7.2) of the Eastern NA domain. Such a region was already identified as 

the main source of biogenic marine aerosol at MHD by long-term aerosol measurements, as 

discussed in Chapter 3, supporting the hypothesis that the observed correlation may 

represent a causal link between the evolution of the oceanic productivity and marine 

stratiform cloud properties. A negative overall correlation was observed for Reff and a positive 

one for CDNC, justified by the inverse relationship which links these two cloud microphysical 

variables (Twomey, 1974; Twomey et al., 1984).  

 



7. Phytoplankton Impact on Marine Cloud Microphysical Properties over the NE Atlantic Ocean 

118 

 

 

Figure 7.2: Spatial distributions of correlation coefficients between left) Reff and right) CDNC measured at MHD 

and CHL over the NA Ocean for 3-day time-lag. The grey color represents non-significant correlation coefficients 

at 95% confidence level, the black square corresponds to MHD station and the black box area comprises grid 

coordinates 45° − 60° N and 12° − 38° W that indicates high correlation area and is selected to compute the 

curves presented in Figure 7.3 and Figure 7.4. 

 

 Considering the selected region (black box in Figure 7.2), the correlation as a function of 

the considered time-lag (Figure 7.3) shows significant values from 0 up to 7 days time-lag, with 

maximum correlations achieved at 3 days, only for CDNC and Reff. Among the parameters 

provided by SYRSOC, no other cloud properties (e.g., LWC, Albedo, and COD) show similar 

significant correlations with CHL. The correlations presented in Figure 7.3 are only indicative 

of the general correlation trends over the whole box region which includes correlating and 

non-correlating pixels due to the spatial natural variability of CHL. Anyways, localized patches 

of correlation can be observed for both Reff and CDNC, up to 15 day time-lag (Figure S15 and 

Figure S16; APPENDIX), as it is evident from the percentage of negative and positive 

correlating pixels in Figure 7.4. 
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Figure 7.3: Correlation coefficients as a function of the time-lag between mean CHL within the identified box 

region and different cloud properties. The black dashed horizontal lines represent the critical level of significant 

correlation (p < 0.05). The sign || stands for normalized data. 

 

 The correlation coefficient frequency distributions (Figure 7.4), taken over the same box 

region, for time-lags of 0, 3, 6, 9, 12, 15, 18 and 21 days show that the correlation between 

CHL and Reff (CDNC) is oriented toward negative (positive) values as the time-lag is increased 

from 0 to 4–12 days. In general, a significant correlation could be observed between aerosol/ 

cloud properties and CHL patterns, with a time-lag between zero and 25 days. The discrepancy 

in the obtained max-correlation time-lags with respect to other datasets discussed in this 

Dissertation is likely the result of the different time resolution and time coverage of the 

datasets, as discussed in Chapters 3, 4 and 5. Indeed, the time-lag dependency of the 

correlation in the present case is more similar to that presented in Chapter 3 for a similarly 

multi-year dataset, than to the short-term case studies presented in Chapters 4, 5 and 6. This 

reflects the importance of considering the time-lag between CHL and aerosol parameters in 

case of short-term scale experiments, where biological processes occurring at sub-seasonal 

time scales are likely to prevail. For long-term data (multi-year datasets), where the 

association between biological activity and aerosol properties is primarily driven by the annual 
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cycle of CHL, a less sharp dependency of the correlation coefficient on the delay time is 

generally observed. 

 

 

Figure 7.4:  Correlation coefficient frequency distributions for Reff and CDNC in the identified box at different 

time-lags from 0 to 21 days. The percentages of the number of pixels with negative (positive) significant 

correlation in that region for Reff (CDNC) are inserted.  

 

 The reported correlations (CHL vs. Reff & CHL vs. CDNC) are driven by the seasonal 

variability of the considered parameters, as shown in Table 7.1. We evidence that, although 

the majority of cases is representative of summer season (24 cases), the database covers all 

the seasons, with 9 cases in both winter and autumn and 10 cases in spring. Table 7.1 shows 

that seasons of enhanced sea surface CHL (spring and summer) are also characterized by low 

Reff and by high CDNC. Typical low biological activity conditions, as observed during this study 

for the eastern NA Ocean, are characterized by surface CHL in the range of 0.13 – 0.40 mg m–

3 (min – max over the box in Figure 7.2) during winter season. These conditions are typically 

associated with Reff and CDNC ranging between 9.6 – 13.2 μm and 16.8 – 86.3 cm–3, 

respectively. Conversely, the peak of biological productivity was represented by CHL between 

0.33 and 0.93 mg m–3 in summer. During these periods, Reff and CDNC ranged 5.4 – 14.2 μm 

and 14.9 – 213.3 cm–3. In summary, within the fluctuation of the average CHL from winter 

(0.21 [median 0.20]) mg m–3 to summer (0.49 [median 0.47]) mg m–3, CDNC increase from 40 

[median 28.5] cm–3 to 80.6 [median 54.2] cm–3. Conversely, Reff diminishes from 12.1 [median 

12.5] to 10.3 [median 10.8].  
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Table 7.1: Seasonal statistics of CHL, Reff and CDNC. 

 Winter Spring Summer Autumn 

Variable 
Mean [Median] 

(Min – Max) 

CHL [mg m–3] 
0.21 [0.20] 

(0.13 – 0.40) 
0.35 [0.34] 

(0.14 – 0.72) 
0.49 [0.47] 

(0.33 – 0.93) 
0.31 [0.30] 

(0.18 – 0.54) 

Reff [μm] 
12.1 [12.5] 
(9.6 – 13.2) 

10.2 [11.1] 
(7.1 – 12.7) 

10.3 [10.8] 
(5.4 – 14.2) 

10.8 [11.1] 
(7.2 – 14.5) 

CDNC [cm–3] 
40 [28.5] 

(16.8 – 86.3) 
77.7 [56.8] 

(16.4 – 159.8) 
80.6 [54.2] 

(14.9 – 213.3) 
61.6 [41.4] 

(10.9 – 149.4) 

Note: The CHL statistics are obtained from daily mean data (2009-2015) within the outlined black box region in 

Figure 7.2. CDNC and Reff statistics are obtained from the considered 52 cloud cases. The difference between 

Winter and Summer is statistically significant (p < 0.05) for all the reported variables. 

 

 The concurrent seasonality between CHL and cloud microphysical properties can be 

explained by one of the following hypotheses. (1) Cloud microphysical properties are 

influenced by phytoplankton activity through its effect on marine aerosol properties (Ayers 

and Cainey, 2007; Charlson et al., 1987; Gantt et al., 2012; Li et al., 2016; McCoy et al., 2015; 

Meskhidze and Nenes, 2006, 2010; O'Dowd et al., 2004; Sorooshian et al., 2009; Thomas et 

al., 2010; Zhang and Du, 2017). (2) The correlation between cloud properties and CHL is only 

apparent and not causal, as both variables are influenced by the seasonal evolution of 

meteorological parameters (Klein and Hartmann, 1993; Miller and Yuter, 2008). 

 In order to further investigate the possible physical meaning of the observed correlations, 

we extended the analysis to in-situ measured particle number concentration. We have 

selected the particle number concentration in the CCN relevant size range (40 – 300 nm); 

within this size range particles are large enough to take up water vapour and serve as nuclei 

for cloud droplet formation in MBL (Quinn and Bates, 2011). Aerosol number concentration 

(hereafter denoted by Na) exhibits seasonal variations ranges from 111.9 [median 79.1] cm–3 

during winter to 339.4 [median 319.1] cm–3 in summer. Although Na is not available for all 

cloud cases, because of occasional down time of the SMPS, we report that Na shares the same 

seasonal trend as cloud microphysical parameters. 
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 Na is positively correlated with CHL in the identified oceanic region, as shown in Figure 7.5 

and presents a similar spatio-temporal pattern and time-lag dependency of the correlation as 

CDNC and Reff (Figure 7.2 and Figure 7.3). This finding suggests that the observed correlation 

between cloud microphysical properties and CHL may indeed represent a real cause-effect 

link between marine biological activity and cloud properties, modulated by the influence that 

phytoplankton activity exerts on marine aerosol concentration. 

 

 

Figure 7.5: Left) Spatial distributions of correlation coefficients between Na measured at MHD and CHL over the 

NA Ocean for 3-day time-lag. Right) Correlation coefficients as a function of the time-lag between mean CHL 

within the identified box region and Na. 

 

7.2 Aerosol-Cloud Interaction 

 Reff–Na and CDNC–Na relationships are presented in Figure 7.6A. In general, Reff (CDNC) 

decreases (increases) with increasing Na concentration. From the linear regression, it can be 

inferred that variations in aerosol concentrations can describe up to 27% (44%) of the Reff 

(CDNC) variance. These results agree with the recent findings by Rosenfeld et al. (2019), who 

concluded that the variability in aerosol concentration can explain ~ 40% of the variability of 

the cloud fraction of oceanic low-level clouds over the Southern Ocean. Although the data 

scattering is evident, the two regressions are statistically significant (p < 0.05). The data scatter 

can reasonably be attributed to the fact that in-situ ground level particle number 

measurements are compared with remote sensing cloud data. 
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 Even though significant efforts have been made over the past decades to understand 

aerosol-cloud interactions, the overall scientific understanding is still limited. The 

quantification of cloud microphysical response to aerosol loading has been previously 

attempted by using the quantitative aerosol-cloud interaction (ACI) index (Koike et al., 2019; 

McComiskey and Feingold, 2012; Zhao et al., 2012). Some literature names it first indirect 

effect (FIE) index. The ACI index can be calculated for both Reff and CDNC as: 

ACIr = −
𝑑𝑑 ln(Reff)
𝑑𝑑 ln(Na)

, at constant LWC 

ACIn =
1
3
𝑑𝑑 ln(CDNC)
𝑑𝑑 ln(Na)

, at constant LWC  

 Both ACIr and ACIn emphasize the microphysical response of the cloud by reflecting the 

relative change in the mean layer of Reff and CDNC to the relative change in the aerosol 

loading. The ACI values range from 0 to 0.33 where the lower boundary implies no change in 

cloud microphysical properties with aerosol variation and the upper boundary suggests a 

linear relation. Recently, the ACI indices (or the slopes of the relationships between aerosols 

and clouds) were used to assess the ability of general circulation models to represent aerosol-

cloud interactions by comparing the slopes between observations and numerical model 

calculations (Duan et al., 2019; Liu et al., 2020b; Zhao et al., 2012). 

 The ACI must be calculated and compared at constant LWC, due to the dependence of Reff 

and CDNC on LWC. In this study, we use three LWC bins classified as Low, Medium, and High, 

using the one-third and two-third percentiles as threshold values. The LWC bins are < 0.186 

gm m−3 (n = 10), 0.186 – 0.278 gm m−3 (n = 12), and > 0.278 gm m−3 (n = 14). 

 Reff–Na and CDNC–Na relationships, grouped for homogeneous LWC classes, are presented 

in Figure 7.6 B & C, respectively. Both ACIr and ACIn values from the three LWC bins show a 

generally increasing trend with increasing LWC from low to medium and then a sharp decline 

at high LWC. The higher ACI levels at medium LWC show that clouds are more sensitive to 

aerosol number concentration when there is a moderate amount of liquid water in the 

atmosphere. When LWC rises, there is increased activity of collision-coalescence within the 

cloud resulting in a reduction of CDNC. This leads in part to cloud microphysical sensitivity 

damping, as demonstrated by decreased ACI (McComiskey et al., 2009). 
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Figure 7.6: A) Scatter plot between Na and Reff / CDNC, B) ACIr derived from Reff to Na and C) ACIn derived from 

CDNC to Na at three LWC bins classified as LWC < third percentile (blue), one-third percentile < LWC < two-third 

percentile (green) and LWC > two-third percentile (red). 

 

 The ACI values show that stratiform clouds observed at MHD are moderate to highly 

sensitive to aerosol number concentration variations, in medium and low LWC conditions. The 

range of ACIr values observed (0.01 – 0.20) and the mean value of 0.12 ± 0.10 are consistent 

with previous ACIr findings using ground-based measurements. For instance, Kim et al. (2008) 

found similar declining microphysical activity with higher liquid water path (LWP) represented 

by ACIr values ranging from 0.04 to 0.17 from a triennial analysis (1999-2001). The ACIr values 

between 0.02 and 0.19 were derived from an intensive operation period during May 2003 at 

a continental site of United States (Feingold et al., 2003) and around 0.10 – 0.19 based on in-
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situ aircraft observations in September 2015 over Hebei, China (Zhao et al., 2018). By 

considering in-situ ground-based remote sensing for stratiform clouds, the ACIr values ranged 

from 0.05 to 0.16 at the California coast (McComiskey et al., 2009) and from 0.13 to 0.19 in 

the Arctic regions (Garrett et al., 2004).  

 ACIr and ACIn behaviors are consistent. ACIn ranged from 0.06 at high LWC to 0.27 at 

medium LWC, with 0.16 ± 0.11 as a mean value. A similarly intermediate value for ACIn (0.22 

± 0.03) was found in clean air Arctic summer conditions  (Koike et al., 2019).  

 In summary, the microphysical properties of marine stratiform clouds advected over MHD 

respond from moderately to strongly (at low and medium LWC conditions) to changes in 

aerosol number concentration below the cloud. This result is in line with other studies 

conducted at different locations, as evidenced above. 

7.3 Relating Cloud Properties to Meteorology 

 Because of the substantial effect of meteorological conditions on cloud formation and 

characteristics, we investigated the relationship between the main meteorological variables 

extracted from ECMWF ERA5 (0.25° × 0.25° spatial resolution) over the Eastern NA domain 

and the properties of the selected clean marine cloud cases.  

 The air temperature at 2m above sea level (T) and sea surface temperature (SST) were 

chosen as representative for thermal heating and the relative humidity (RH) was chosen as 

representative of water vapor abundance in the atmosphere. To represent the atmospheric 

thermodynamic and dynamic conditions, the lower tropospheric stability (LTS) parameter and 

the pressure vertical velocity (PVV) were utilized, respectively. 

 The LTS, an indicator for air convection, is calculated as the potential temperature 

difference between 1000 hPa and 850 hPa, which reflects thermal (in)stability in the sub-cloud 

layer: the higher the LTS, the more unstable the atmosphere. For the studied cloud cases, the 

LTS ranges from –1.5 to 10.4 °C. Positive values of LTS account for 95.7% of the data points, 

indicating a dominant thermal instability for the selected cloud cases. Klein and Hartmann 

(1993) showed that each 1 °C increase of LTS leads to a 6% increase of marine stratocumulus 

cloud fraction at 5 different oceanic regions. 
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 The pressure vertical velocity (PVV; Pa s–1) is the speed at which the air travels up or down. 

Negative values of PVV imply upward motion (ascent areas), while positive values represent 

downward motion (subsidence). In general, the vertical upward motion favors the cloud 

formation, enhancing aerosol indirect effect and cloud thickness (Jones et al., 2009; Liu et al., 

2020a). 

 The correlation coefficients between the 52 clean marine cloud properties (47 days) and 

the meteorological parameters are listed in Table 7.2, together with the maximum correlation 

coefficients observed between cloud properties and CHL/ Na in the evidenced box region. 

 

Table 7.2: Correlation coefficients between clean marine cloud data measured at MHD and 

meteorological variables over the coordinates (50° − 55° N and 10° − 15° W), 5° latitude/longitude 

around MHD. Correlations with CHL and Na were added for comparison. 

Variable T SST RH PVV LTS CHL Na 

Reff −0.32⁎ −0.28⁎⁎ −0.12 –0.25⁎⁎  −0.13 −0.45⁎ −0.54⁎ 

CDNC 0.24 0. 19 0.06 0.20 0.26⁎⁎ 0.43⁎ 0.69⁎ 

LWC −0.05 −0.10 0.19 –0.05 −0.07 −0.07 −0.05 

Albedo 0.05 −0.05 0.46⁎ –0.03 −0.35⁎ −0.07 −0.14 

|Albedo| −0.01 −0.14 0.54⁎ 0.11 −0.32⁎ –0.01 0.12 

COD 0.11 0.01 0.40⁎ –0.05 −0.25⁎⁎ 0.01 −0.15 

|COD| 0.06 −0.06 0.52⁎ 0.05 −0.28⁎⁎ 0.03 −0.01 

Hbase 0.03 0.14 −0.73⁎ 0.02 0.75⁎ 0.23 0.48⁎ 

Htop 0.07 0.18 −0.74⁎ –0.03 0.74⁎ 0.21 0.42⁎ 

Hthick 0.13 0.10 0.15 –0.19 −0.21 −0.13 −0.35⁎⁎ 

Note: ⁎ significant correlation at the level of p < 0.05 and ⁎⁎ significant correlation at the level of 0.1 

 

 It can be seen from the table, that cloud microphysical properties (Reff and CDNC) are 

mainly controlled by CHL (proxy of the oceanic biological activity) and aerosol number 

concentration, with a minor contribution from T and/or SST (which both tend to covariate 

with marine biological activity). Conversely, Cloud macrophysical (Hbase, Htop and Hthick) and 

optical properties (COD and albedo) are influenced mainly by meteorological conditions such 

as RH, LTS and PVV, with no apparent contribution from either temperature or biological 



7. Phytoplankton Impact on Marine Cloud Microphysical Properties over the NE Atlantic Ocean 

127 

 

activity. Increased RH (more water available in the atmosphere) is associated with low Hbase 

and Htop values, due to rapid particle activation, as well as to enhanced cloud albedo and COD.  

 The PVV-Reff correlation is at the edge of the significance level (p < 0.1), nevertheless it 

may suggest some impact of the vertical air motion on cloud activation, with an effect on cloud 

microphysical properties. 

 The parameters most influenced by LTS are cloud base and top heights, which tend to 

increase in unstable conditions (deeper boundary layer). The finding is consistent with the 

observational study of Wood and Bretherton (2006) and modeling study of Bretherton et al. 

(2013). An interesting result is that LTS does not directly control the microphysical properties 

of the cloud, but the correlations Reff vs. CHL and CDNC vs. CHL are strengthened with 

increasing LTS (strong vertical mixing due to thermal instability). The R2 value of CHL-Reff 

relationship moves from 0.14 (non-significant) to 0.26 (significant at p < 0.05) and R2 value of 

CHL-CDNC relationship pass from 0.08 to 0.27, with moving from less to more unstable 

conditions. These numbers were obtained by classifying the data into two subsets which were 

categorized by low and high LTS, using the median value as the threshold. 

 The above results are consistent with those inferred from satellite observations of marine 

stratiform clouds in the Southern Ocean (Rosenfeld et al., 2019), which showed that aerosol 

number concentration mainly affects cloud microphysical properties, while meteorological 

conditions have a higher effect on cloud geometric thickness. Rosenfeld et al. (2019) proposed 

an approach to quantify the dependency of cloud reflectivity on CDNC. The method separates 

the aerosol effect on clouds from the meteorology effect, sorting the clouds by their thickness. 

 Even though CHL patterns have no apparent effect on cloud albedo, the normalized albedo 

(albedo/ cloud thickness) is increased with enhanced CDNC and reduced Reff. The correlation 

between CDNC (Reff) and normalized albedo is significant (p < 0.05) and equal to 0.54 (–0.36). 

This highlights the link between microphysical cloud properties and albedo, as expected from 

theory (Twomey, 1974; Twomey et al., 1984). This relation can only be seen if the cloud 

thickness effect, which affects the total cloud albedo and which appears to be mainly driven 

by meteorology, is excluded. This shows that meteorology has a strong impact on cloud 

albedo, notwithstanding the well-known relation between microphysical properties and cloud 

reflectivity. Aerosol-cloud interactions are complex and there is already literature showing 

limited albedo response to changes in microphysical parameters. For example, using monthly 
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satellite measurements, the cloud albedo induced by the impact of aerosol on CDNC and Reff, 

is found not to dominate (Bender et al., 2016). 

 The LWC is considered the most important microphysical parameter in controlling cloud 

albedo (Frey et al., 2017; Liu et al., 2020b) and our results confirm this finding. Our data shows 

that LWC can describe up to 52% of the albedo variance. In essence, cloud albedo is primarily 

influenced by LWC while CHL/ aerosol number controls cloud initiation/ formation and its 

microphysical characteristics (CDNC and Reff). The relation between Reff (CDNC) and 

normalized albedo proves that there is a certain contribution to the cloud albedo from 

phytoplankton-driven aerosol number, even though it is probably less important than the 

contribution from meteorology. 

 Finally, to better evaluate which parameter is more important for Reff , biological activity 

or air temperature (the two parameters that showed a significant correlation with Reff), a two-

dimensional linear regression of Reff as a function of CHL and T as average values over the 

identified box was performed and the results are reported in Table 7.3. The regression shows 

that 20% of the Reff variance could be interpreted by CHL and T patterns, of which 15% is 

contributed by CHL and 5% by the air temperature.  

 

Table 7.3: Two-dimensional linear regression of Reff as a function of CHL and T spatial averages. 

 Total R2 RMS error 
Normalized Contribution to R2 

CHL T 

Reff 0.20 2 µm 0.15 0.05 

Note. The contribution to R2 for each of the independent variables is the decrease in total R2 with that variable 

omitted. The sums of individual contributions of R2 are adjusted to equal the total R2. 

 

 Further confirmation of the importance of oceanic biological activity over meteorology as 

for cloud microphysical properties was obtained by analyzing the dependency of Reff on CHL 

and T when the other parameter is nearly constant. In Figure 7.7, the dataset is divided into 3 

homogeneous groups based on percentiles to check whether CHL is more significant than T in 

determining the observed Reff seasonal variations. Briefly, the 47 days are divided into sub-

groups characterized by quasi-homogeneous temperature (Low, Medium, and High). The 
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correlation coefficient between CHL and Reff had been calculated for each sub-group. A 

significant negative correlation (p < 0.05), in the CHL-Reff relationship, is observed for 

categories “low T” and “medium T”, while at “high T”, the correlation is non-significant. When 

we apply the opposite analysis (testing Reff-T correlation in quasi-homogeneous CHL groups), 

we never get a significant correlation.  

 

 
Figure 7.7: Left) scatterplot showing the relation between CHL and Reff at nearly homogenous T. Right) scatterplot 

showing the relation between T and Reff at nearly homogenous CHL. * represents significant correlation at 95% 

confidence interval. 

 

 In conclusion, even binning the data for homogeneous air temperature conditions, the Reff 

(and CDNC) dependency on CHL patterns is maintained. Conversely, the dependency of Reff 

(CDNC) on T is lost when analyzing subsets of data characterized by constant CHL levels. This 

shows that the observed relation between cloud microphysical properties and T is mainly 

indirect, likely caused by the covariance between surface CHL and T, due to the well-known 

effect of temperature (and solar radiation) on marine biological activity. 

7.4 Discussion 

 The present Chapter evidences the effect of phytoplankton activity on cloud properties 

over the eastern NA Ocean, deploying a unique dataset of multi-year (2009-2015) remote 

sensing cloud observations. Our data show that phytoplankton activity affects marine cloud 

microphysical properties, diminishing Reff and enhancing CDNC. This occurs because 
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phytoplankton activity controls the concentration of aerosol particles in the unperturbed 

marine boundary layer, as emerges from this Dissertation and several previous studies. 

Supporting these findings, the aerosol-cloud-interaction index analysis shows that marine 

stratiform clouds observed at MHD are moderately to highly sensitive to aerosol number 

concentration variations, in medium and low LWC conditions. 

 Conversely, the effect of biological activity is not evident on other parameters, as Hbase and 

Htop, Hthick and cloud reflectivity, which appear mainly controlled by meteorological conditions. 

Our data suggest that meteorology is very important in determining the overall cloud albedo. 

Anyhow, when the meteorology effect is minimized by sorting the cloud cases according to 

cloud thickness, CDNC and Reff effect on cloud albedo is evident.  

 Within the range of variability of our dataset, passing from low to high biological activity 

conditions (winter to summer) induces an increase in surface CHL of ~ 2.4 times in seawaters 

facing MHD, a consequent doubling in CDNC and a decrease of Reff of ~ 14%. Similarly, 

observations in the Southern Ocean show that ocean biology can double the CDNC over 

biologically productive waters in summer, with respect to unproductive waters. It was 

calculated that such a change in CDNC can cause a net reflection in shortwave radiation 

between –4 and –6 W m−2 as annual average, exceeding –10 W m−2 in summer (McCoy et al., 

2015). Meskhidze and Nenes (2006) reported a similar doubling in CDNC over a blooming area 

of the Southern Ocean with respect to no blooming regions, in this case associated with a 

larger reduction of the effective radius (~ 30%); such variation in cloud microphysical 

properties was estimated to cause a strong cooling reaching –15 W m−2 (Meskhidze and Nenes, 

2006). These values are comparable to the annual mean radiative forcing from aerosol-cloud 

interaction downwind of highly polluted regions as simulated in global circulation models 

(Bian and Prather, 2002; Jones et al., 1994; Menon et al., 2002; Rap et al., 2013; Zelinka et al., 

2014). Further studies in the Southern Ocean quantified the effect of secondary sulfate 

emissions on the annual mean reflected shortwave radiation to be –9.32 W m−2 (Thomas et 

al., 2010), as a result of 15-18% reduction in Reff. To this same seasonal cycle of Reff over the 

Southern Ocean, McCoy et al. (2014) attributed a difference in the reflection of the shortwave 

radiation of up to −8 W m−2. 

 To quantify the net radiative effect due the observed winter-summer variation in cloud 

radiative properties is beyond our possibilities at present; nevertheless, the above comparison 
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with previous studies, reporting similar differences in CDNC and Reff, suggests that it may be 

not negligible. 

 Furthermore, we can assume an effect of plankton activity on cloud lifetime (2nd aerosol 

indirect effect). Enhancement of CHL and aerosol number tend to increase CDNC and decrease 

the size of the cloud droplets, leading to a suppression of precipitating droplets, which leaves 

more water in liquid-phase clouds for longer periods. Precipitation is considered as strongly 

suppressed when Reff does not exceed 12–14 μm in marine low clouds (Fan et al., 2020; Freud 

and Rosenfeld, 2012). This effect is even more difficult to quantify and further studies would 

be needed to address this point. 

 Finally, one can argue that the radiative balance over the NA is dominated by 

anthropogenic emissions, considering that clean marine conditions are rare (Hamilton et al., 

2014). Preissler et al. (2016) discussed an extended version of this same cloud dataset, 

comprising also samples collected under continental and anthropogenic influence. They 

reported an enhancement of CDNC by 2.7 times and a 20% reduction in Reff, passing from 

unperturbed marine clouds to polluted conditions, which is not far from the impact of passing 

from low to high biological activity, in clean marine conditions. These findings suggest that the 

impact of phytoplankton activity on cloud properties may be comparable with that of 

anthropogenic and continental aerosols over the Eastern NA Ocean, even though we 

recognize that further studies would be necessary to address this point more quantitatively. 

 The present study is the first to report direct observations of the impact of the oceanic 

biota on the aerosol-cloud-climate system over the NA Ocean, using long-term data. This 

contributes to a better understanding of the natural climate system and confirms the 

possibility of feedback mechanisms involving climate regulation by phytoplankton (Charlson 

et al., 1987). Carslaw et al. (2013) pointed out that an important fraction of the uncertainty 

associated to aerosol-cloud interactions, in climate models, is related to our limits in the 

understanding of the natural climate system. Considering this, the present study provides and 

important piece of information that can contribute to the development of an improved 

generation of climate and Earth System Models.
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8. General Discussion and Conclusions 

 Accurate climate change predictions require the understanding of a wide range of ocean-

atmosphere interactions. One of the most intriguing questions in climate studies is the 

coupling between marine biota and aerosol/ cloud properties and the sensitivity of the climate 

system to feedback mechanisms resulting from these interactions. Achieving a better 

understanding of this issue may increase our understanding of the complex nature of the 

natural climate system. This Dissertation aims to shed light on the role of oceanic biological 

activity in modulating the chemical and physical properties of marine aerosol and, ultimately, 

its impact on clouds. To achieve this aim, an approach based on back-trajectory analysis, 

spatio-temporal correlation analysis between in-situ aerosol/ cloud observations and high-

resolution satellite ocean color data and source region location models was applied in three 

contrasting marine environments, in the Northern hemisphere, characterized by different 

marine ecosystems, aerosol loads, meteorological conditions and seasonalities.  

 In-situ measurements from the North East Atlantic Ocean (MHD), the central 

Mediterranean Sea (CGR) and the Arctic Ocean (GVB), were studied, providing insights into 

the physico-chemical properties of marine aerosol and the related cloud characteristics. For 

the Eastern North Atlantic Ocean, we employed nine years (2009-2017) of submicron aerosol 

chemical composition measurements and six years of particle size distribution and ground-

based remote sensing cloud observations (February 2009 – January 2015) at MHD. In addition, 

data from an intensive campaign (30 July – 21 September 2015) at MHD station were used to 

investigate short term relations between marine aerosol and phytoplankton activity. An 

intensive aerosol characterization campaign (07 – 25 April 2016) at CGR station was used to 

investigate the atmospheric concentration of submicron MSA over the Mediterranean Sea, in 

relation to CHL patterns. Finally, INP concentrations measured at GVB (Svalbard) during two 

intensive field campaigns (spring: 17 April – 02 May; summer: 11 – 27 July) in 2018 were used 

to assess the impact of the Arctic marine ecosystem on this important atmospheric 

component. The long-term measurements provided a valuable resource, being the datasets 

representative of a wide range of atmospheric and ocean conditions and allowing robust 

statistics. On the other hand, the short-term campaigns allowed extending the range of 

observed aerosol parameters to other climate-relevant properties, as CCN and INP 
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concentrations, which are not all available as long-term data, and to other locations, so far 

less characterized from the phytoplankton-aerosol interactions point of view (Mediterranean 

and Arctic). The different datasets present a wide range of aerosol and cloud properties in 

different ecosystems and spanning various extents of time to elucidate the relationship 

between the oceanic biota and marine aerosol/cloud properties from multiyear to short time 

scales (~ 1-2 month). All the data have been selected to be representative of marine air 

masses, limiting to a minimum any anthropogenic input. 

 The long-term measurements of submicron marine biogenic aerosol chemical components 

at MHD exhibit seasonal variations, linked to oceanic biological activity across the NA Ocean. 

In general, marine aerosol in the NA Ocean is characterized by two distinct seasons (winter 

and summer) with transition periods presenting intermediate characteristics. In winter 

(characterized by low oceanic biological activity, indicated by low surface chlorophyll 

concentration), the atmospheric concentrations of marine biogenic aerosol components are 

at their yearly minimum; in summer (high biological activity and high chlorophyll), the 

concentration of biogenic marine aerosol components is maximized. Our analysis shows that 

the seasonality of marine aerosol chemical composition cannot be explained by the air mass 

origin, suggesting an impact of biological activity on marine aerosol concentration and 

composition. The Sea region directly to the West of MHD station, roughly within 45° − 60° N 

and 12° − 38° W, was identified as the main source of biogenic aerosol reaching the station 

over the investigated period (2009-2017). 

 CHL in the NA exhibits different cycles from annual (the dominant one) to monthly and, 

possibly, sub-monthly. The annual cycle of the CHL is driven by meteorological parameters, 

primarily solar radiation, which modifies the sea surface and air temperatures and has a direct 

effect on phytoplankton growth. In parallel, meteorology also affects concentrations of 

aerosols by increasing the release of gases from the sea surface and their oxidation rates in 

the atmosphere, during the seasons characterized by high solar radiation. Therefore, in the 

annual cycle of marine aerosol composition, the impact of phytoplanktonic activity and 

meteorology are intertwined and it is difficult to deconvolute one contribution from the other. 

For this reason, we extended the analysis into seasonal scales. Our results evidence a 

relationship between aerosol chemical composition and CHL patterns also at sub-yearly 

(seasonal) scale with the exception of winter. In winter, the missing correlation is probably 
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caused by a combination of factors, like the low level of phytoplankton emissions but also a 

higher noise in atmospheric measurements, which are close to the detection limit. These 

findings further support the hypothesis that oceanic biological activity is a major driver of 

marine aerosol chemical composition. 

 To further investigate the relation linking marine aerosol properties to phytoplankton 

activity, we focused our analysis on shorter time scales (~ 1-2 months). The value of short-

time scale case studies is that the impact of meteorology can be more readily distinguished 

from that of biology, enabling a process-level understanding of the relationship between 

phytoplankton behavior and marine aerosol properties. 

 The analysis of the data collected during the intensive campaign performed at MHD in late 

summer 2015 showed a clear lagged correlation between all the main aerosol 

physicochemical properties and surface CHL. These spatial and temporal relationships 

demonstrate that the marine biota influences aerosol properties under a variety of aspects, 

from chemical composition to number concentration and size distribution, up to the most 

cloud-relevant properties (CCN and INP concentration). Furthermore, during the study period, 

CHL was the most influential parameter, explaining the majority of the observed variance in 

aerosol properties, while a lower contribution from meteorological parameters was observed. 

Consequently, the oceanic biological activity resulted the strongest driver of marine aerosol 

properties over the NA Ocean, at least in the conditions represented by the studied intensive 

campaign. Furthermore, the main source of biogenic marine aerosols reaching MHD during 

the study period (47° – 57° N and 14° – 30° W) is consistent with the results obtained from the 

multi-year chemical composition dataset. Another potential source region was identified 

between the Eastern coast of Greenland and Iceland. This latter source region was not 

highlighted by the multi-year CHL correlations, suggesting that the influence of this region may 

be lower in other periods of the year or not always as important in different years. 

 The same combined approach was applied on the Mediterranean Sea domain, to 

investigate the relationship between marine biological activity and biogenic aerosol 

production. In detail, this study was based on intensive measurements of MSA atmospheric 

concentration, the only available tracer of marine biogenic aerosol available in the polluted 

Mediterranean atmosphere. Our analysis evidenced that the most probable source of MSA 

over the Western Mediterranean, during spring 2016, was located roughly between 37° and 
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39° N and between 02° and 10 °E (SW Mediterranean Sea, between Sardinia and the Algerian 

coast). The identified source area did not coincide with the most biologically productive sea 

area during the measurement period, which is located across the Ligurian Sea and Gulf of Lion. 

The reasons why the blooming NW portion of the Mediterranean Sea was not contributing 

significantly to the aerosol burden observed at CGR may be biotic (different phytoplankton 

types or stress conditions) or abiotic factors (SST), which may also be intertwined in 

determining the observed effect. It is reasonable to assume that the identified source region 

was probably also associated to the production of nss-sulfate, which shares the same 

precursor and formation routes with MSA and, possibly, of secondary organic aerosols from 

the processing of biogenic volatile organic compounds released from the sea surface. 

Although it has been shown in the literature that the yearly cycle of surface CHL, in the 

Mediterranean Sea, is not in phase with the atmospheric concentration of aerosol MSA, the 

present work shows that CHL can be used to evidence a relationship between phytoplankton 

activity and MSA concentration, on short time scales. 

 Analyzing of INP concentrations measured at Ny-Ålesund (Svalbard), during spring and 

summer 2018, and ground conditions during the passage of the sampled air masses suggests 

that the summertime INP population over the Arctic may be contributed by local sources, both 

of terrestrial and marine origin. Our analysis suggests that, outside the major terrestrial inputs, 

the Arctic marine biota may have a role in regulating the atmospheric concentration of INPs, 

during the summer season. Given the limited number of INP samples available for the analysis, 

further studies are required to confirm this outcome and to obtain a more quantitative 

understanding of the role of the marine biota as a source of INPs and the relative importance 

of marine vs. terrestrial INP sources over the Arctic. 

 Importantly, by deploying a unique dataset of multi-year (2009-2015) remote sensing 

cloud observations, the effect of phytoplankton activity on cloud properties over the eastern 

NA Ocean was evidenced. Phytoplankton activity affects marine cloud microphysical 

properties, diminishing Reff (–14%) and enhancing CDNC (+90%), by enhancing the aerosol 

number concentration in summertime with respect to quiescent winter conditions, in 

unperturbed marine air masses. Supporting these findings, the analysis of the aerosol-cloud 

interaction index showed that marine stratiform clouds observed at MHD are moderately to 

highly sensitive to aerosol number concentration variations, in medium and low LWC 
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conditions. Conversely, other parameters, as cloud base and top, cloud thickness and optical 

properties resulted more influenced by meteorological variables than by biological activity. In 

agreement with previous studies, our data suggest that meteorology is very important in 

determining the overall cloud albedo, nevertheless, the effect of variations in CDNC and Reff 

on cloud albedo can be appreciated when the meteorology effect is minimized, sorting the 

cloud cases according to cloud thickness. This evidences the role of phytoplankton-driven 

particle number concentration on the overall cloud radiative properties over the NA Ocean, 

which may be not dominant with respect to the effect of meteorology but that cannot be 

entirely dismissed. Further studies would be necessary to assess quantitatively the cloud 

radiative effect resulting from the marine biota influence. Nevertheless, our considerations, 

based on comparison with the literature, suggest that it may be not negligible or even 

comparable to the forcing exerted by anthropogenic aerosols over the NA ocean. 

 As an overall conclusion, this work shows that a relation between marine aerosol 

properties and the patterns of marine biological activity can be observed on different time 

scales and in contrasting environments (Mediterranean: scarcely productive; NA Ocean: 

intense seasonal blooming; Arctic: covered by ice most of the year). Our results evidence that 

phytoplankton activity impacts marine aerosol properties such as chemical composition, 

aerosol number concentration, size distribution and cloud relevant properties, exerting an 

observable effect even on clouds themselves (at least over the NA Ocean).  

 Even though we can provide a clear evidence that phytoplankton activity impacts the 

production of SMA, reasonably by providing precursors that degas from the sea surface to the 

atmosphere, it is more difficult to draw a firm conclusion on the impact of phytoplankton 

activity on the chemical composition of sea-spray aerosol. This mainly because we lacked a 

clear tracer of primary marine organic aerosol. On this regard, we highlight that our analyses 

linked the ice nucleating properties of marine aerosol to CHL patterns in two different 

environments (NA Ocean and Arctic). Considering that the ability to nucleate ice has always 

been attributed, so far, to primary marine organic aerosol and never to secondary, this can be 

considered an indirect proof of the fact that phytoplankton activity is able to influence the 

properties of primary marine aerosol also. This also highlights the potentially important role 

that primary marine organic aerosol may exert on the climate system as even small variations 
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in the INP concentration may determine disproportionately high variations in cloud albedo, 

given the impact that ice formation have on cloud radiative properties. 

 In the studied short-term campaigns, the correlation between marine aerosol properties 

and satellite tracers of oceanic biological activity is maximized when an appropriate time-lag 

is considered. The understanding of the time-lag between CHL patterns and the evolution of 

marine aerosol properties is not only a technical issue; it may improve the current capacity of 

using CHL as a predictive variable of marine aerosol properties, in regional and global 

atmospheric models. The time-lag likely represents the time scale of the biochemical 

processes responsible for the production of transferable organic matter (in the case of 

primary) or gaseous precursors (for secondary) in the seawater, after the phytoplankton 

growing phase. Indeed, while the surface CHL tracks the growing phase of algal blooms, the 

release of phytoplankton exudates occurs, mainly, at a later stage, during the 

senescence/demise phase. Our analysis shows that, in multi-year observations, where the 

correlation is mainly driven by the annual cycle of CHL, there is no sharp dependence of the 

correlation coefficient (CHL vs. aerosol/ cloud) on the time-lag, and hence it is of limited value 

to consider the time-lag for applications over such long-time scales. Conversely, considering 

data on a short time scale (~ 1-2 months) it is evident that the correlation between CHL and 

aerosol properties is strongly dependent on the delay time considered between the two time-

series. This implies that applications at short time scales (as models used to investigate 

variations in aerosol properties on the daily to weekly time scale) must consider an 

appropriate delay time between CHL patterns and the consequent evolution of marine aerosol 

properties. The three short campaigns analyzed in the present Dissertation show significantly 

improved correlation with delay time ranging between about one to ca. three weeks. In 

summary, processes occurring now in the seawater will influence the atmospheric 

composition in one to three weeks. The discrepancy in the obtained max-correlation time-lags 

in the different studied environments may be due to a number of still unknown factors; this 

suggests that further studies are needed to better assess the time-lag issue. 

 To conclude, this work contributes to fill the current knowledge gap on the dynamics of 

phytoplankton-aerosol-cloud interactions in different environments. Achieving a better 

characterization of the time and space relationships linking marine biological activity to 

marine aerosol composition and properties may significantly impact our future capability of 



8. General Discussion and Conclusions 

138 

 

predicting the chemical composition of the marine atmosphere, both at regional and global 

scale. Our results contribute to a better understanding of the natural climate system, and to 

evidence potential feedback mechanisms, which may result in fundamental importance to 

reduce the uncertainty of future climate predictions. 
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Figure S1: Seasonal PSCF distributions for sea salt considering clean marine air masses arrived at MHD during 

2009-2017. The sources of high concentrations are defined above the median values. 
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Figure S2: Daily concentrations of aerosol chemical components at MHD. On each box, that represents a day, the 

central mark indicates the median and the bottom (top) edges of the box indicate the 25th (75th) percentiles. The 

symbols “×” show points exceeding the interquartile range. The dot symbol represents the daily mean. Only days 

with clean marine conditions are shown. Daily mean lagged CHL over Regions 2 and 3 are inserted as strike 

symbols. The time-lag that maximizes correlation coefficient within the two regions are considered. 
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Figure S3: Same as Figure S2, but for daily particle number concentrations. 
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Figure S4: Same as Figure S2, but for daily CCN number concentrations. 

 

 
Figure S5: Daily clean samples of nINP concentration at MHD. Daily mean lagged CHL over Regions 2 and 3 are 

inserted as strike symbols. The time-lags that maximize the correlation coefficient in the two regions are 

considered. 
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Figure S6: Spatial distributions of weekly mean CHL over the NA Ocean during July-September 2015. The dashed 

blue, green, and red boxes represent the regions of interest. The spatial resolution of CHL is ~ 4×4 km. 
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Figure S7: Examples of correlation coefficients between ammonia, nitrate and sea salt measured at MHD and 

CHL over the NA Ocean for 9 days (left), 19 days (middle), and 22 days (right) time-lags, considering only clean 

marine air masses. The grey color represents non-significant correlation coefficients at 95% confidence level, the 

black square corresponds to MHD station and the regions of interests are shown as blue, green, and red boxes.  
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Figure S8: Spatial distributions of the correlation coefficient between MSA measured at CGR and CHL over the 

Mediterranean Sea at different time-lags from 0 to 27 days. The grey color represents non-significant correlation 

coefficients at 95% confidence level. The black square corresponds to CGR station. 
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Figure S9: Examples of spatial distributions of the correlation coefficient between PHYC: CHL ratio over the 

Mediterranean Sea and MSA measured at CGR. Only significant correlations (p < 0.05) are presented. The black 

square corresponds to CGR station. 
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Figure S10: Spatial distributions of the correlation coefficient between nINPPM1 at T = –15 °C sampled at GVB 

(represented by the black square) in Summer 2018 and CHL over the Arctic Ocean at different time-lags from 0 

to 27 days. The grey color represents non-significant correlation coefficients (p < 0.05). Regions of interest are 

shown as Olivo (Region 1), dark Purple (Region 2) and Orange (Region 3) boxes. 



APPENDIX 

161 

 

 

 

Figure S10: Continued. 
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Figure S11: Spatial distribution of the correlation coefficient between nINPPM10 at T = –15 °C sampled at GVB 

(represented by the black square) in Summer 2018 and CHL over the Arctic Ocean at different time-lags from 0 

to 27 days. The grey color represents non-significant correlation coefficients (p < 0.05). 
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Figure S11: Continued. 
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Figure S12: Scatter plots between nINPPM1 sampled at GVB and CHL at pixels selected randomly within Region 1. 
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Figure S13: Same as Figure S12, but for Region 2. 
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Figure S14: Same as Figure S12, but for Region 3. 
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Figure S15: Spatial distributions of correlation coefficients between Reff measured at MHD and CHL over the NA 

Ocean at different time-lags from 0 to 20 days. The grey color represents non-significant correlation coefficients 

at 95% confidence level, the black square corresponds to MHD station. 
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Figure S15: Continued. 
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Figure S16: Same as Figure S15, but for CDNC. 
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Figure S16: Continued. 
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