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Introduction

Oceans are important source of primary
and secondary aerosols that affect direct
scattering of the light (direct climate effect),
but also influence cloud formation (indirect
climate effect), especially in regions away
from anthropogenic sources.

Through this cloud pathway, Oceans modify
the Earth’s energy budget and water cycle.



Research questions

❖ How are aerosol load and properties linked to the marine 
ecosystem?

❖ How and if anthropogenic emissions affect the natural 
abundance and properties of marine aerosol.

❖ How do primary marine emissions and secondary aerosol 
formation processes influence aerosol activation of cloud 
droplets and ice crystals?

❖ What are aerosol effects on marine clouds?

❖ What are the feedbacks between clouds, the marine 
ecosystem, and climate?



Marine Aerosol

❖ The oceans cover 70% of the Earth’s surface

❖ From space, the ocean is essentially black (absorbing)

❖ Even an optically-thin reflecting layer over lying a dark surface can have 
a profound effect on the radiative budget

❖ Highly sensitive system – small changes in aerosol availability can have 
big impacts



Long Term Measurements

Field Campaigns

Ambient Laboratory



Integrated Atmosphere-
Ocean Time Series
Stations 

❖ Better understand ocean-atmosphere interactions  

❖ Build capacity

❖ Share data

https://www.solas-int.org/science/endorsement/time-series-stations-endorsed.html



Marine Aerosol Sources

❖ Primary Aerosols produced by mechanical disruption (film, jet 
and spume drops) 

Primary Aerosol

❖ Secondary Aerosols produced by gas-to-particle conversions. 
Either condensation of vapour phases to liquid or solid 
phases, or via chemical reactions 

VOC

Oxidation

Secondary Aerosol

(Richter and Veron, 2016)



Marine Aerosol

❖ Cloud Modification: serving as condensation nuclei 
during cloud formation

❖ Sea Spray Haze: Directly scattering and absorbing 
radiation



Marine Aerosol

❖ Historically, primary sea-spray was 
assumed to be mostly super-micron 
not capable to mix to cloud base;  
although it dominated mass;

❖ Therefore, only important cloud 
condensation nuclei (CCN) were 
deemed to be secondary nss-
sulfates;



Surface Ocean 
Microbiota Effects on 
Aerosol Flux

❖ A consistent and significant 
relationship between seawater 
nanophytoplankton cell 
abundances and sea-spray larger 
than 100 nm fluxes, that can be 
assimilated to Cloud Condensation 
Nuclei (CCN) number fluxes was 
found.

Nanoeukaryotic phytoplancton (cells ml-1)
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Secondary Aerosol

New Particle Formation (NPF) Croft et al., 2021; Baccarini et al., 2020: 

NPFs are most pronounced during phytoplankton bloom; 

Sulfate peaks in May/June (bloom peak); OM in August/September (bloom demise);

NPF cooling effects are dominated by indirect cloud effect; 

In the Arctic, the NPF events are driven by iodic acid with little contribution from sulfuric acid; 

Particles as small as 30 nm in diameter activate to CCN, highlighting iodine NPF effect to cloud properties over the Arctic 
Ocean



Sea Spray 

❖ primary sea-spray particles down to 
10-15nm, contributing significantly 
to Aitken mode;



Marine Aerosol

❖ Sea spray aerosol makes a 
contribution of less than 30% to the 
cloud condensation nuclei 
population for air that is 
supersaturated at 0.1 to 1.0%—the 
supersaturation range typical of 
marine boundary layer clouds.



Marine Aerosol

❖ In stark contrast to monomodal 
approach, the hygroscopicity 
coupled multimodal fitting analysis 
yields 500% more SSA-derived CCN



Organic Enrichment

❖ Chemical and mass size 
distributions for North Atlantic 
marine aerosol during periods of 
(upper panel) low biological activity 
and (bottom panel) high biological 
activity.



Organic Enrichment

Wilson et al., 2015 

Nature 525



Marine Aerosol Composition
❖ Scattering reduction due to hygroscopicity reduction

❖ Sea spray enriched in organics has low hygroscopicity at 
RH<100% but are super efficient CCN
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Marine organics
Change in cloud droplet number  

concentration

Small negative indirect effect
(-0.07 W m-2)

Sea Salt
Direct effect of sea salt is 

negative (global mean -0.5 W 
m-2 ) 

Indirect effect is positive 
(0.3 W m-2 )

Partanen et al., ACP 2014



Organic Enrichment

❖ To date, chlorophyll-a is the best 
biological surrogate for predicting 
sea spray organic enrichment 

❖ The observed time lag between 
chlorophyll-a concentration and 
organic matter enrichment in 
aerosol suggests that biological 
processes in oceanic surface waters 
and their timescales should be 
considered when modelling the 
production of primary marine 
organic aerosol



O’Dowd et al., Scientific Reports, 2015

Organic Fraction in SS and biomass proxy (Chl-a, NPP) 



Marine Aerosol-Cloud 
Interactions

❖ Greater sea-spray nuclei availability 
mostly suppresses sulfate aerosol 
activation leading to an overall 
decrease in cloud droplet 
concentrations 



Ice Nucleating Particles

❖ Atmospheric ice-nucleating particles (INPs) 
play a critical role in weather and climate by 
facilitating ice formation in clouds

❖ The IN activity of sea spray aerosol is two or 
more orders of magnitude lower than that 
of mineral dust and is associated with the 
organic components of the sea spray 
particles; 

❖ However, during the past decade, sea spray 
has been clearly established as an 
important INP source in marine regions 
remote from continental sources

Ice Nucleating Particles (INP) Trueblood et al., 2021; Ickes et al., 2020:

A New Parameterization of Marine INPs based on dual parameter (WIOC and OC);

Arctic SML field samples exhibit a high variability in ice nucleation activity in warm temperature regimes; Culture samples 
replicate field SML sample INP activity in low-temperature regime but not in warm-temperature regime; 

Particle generation method matters! Nebulization enhances the ice-nucleating ability of some cell cultures 


