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REVIEW ARTICLE
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ABSTRACT  
Particulates emitted from the ocean’s surface such as sea salt and 
byproducts of marine biogenic activity form atmospheric 
aerosols. Aerosols are important for climate change because they 
have offset some of the historical warming caused by greenhouse 
gases. Aerosols are also significant for human health: they are 
small enough to be inhaled and contribute to respiratory 
problems and other illnesses. Marine aerosol is the primary 
source of natural aerosol present in urban areas of Aotearoa New 
Zealand and, as part of the natural aerosol background, cannot 
be managed. Here, we review the production and presence of 
marine aerosols in New Zealand’s air, and the implications for 
human health and climate change. Because marine aerosol is 
sensitive to physical changes in climate such as sea surface 
temperature and winds, production is likely to be affected by 
climate change. Overall, marine aerosol is unlikely to become a 
smaller contributor to urban atmospheric aerosol loading in New 
Zealand towns and cities under future climate change scenarios. 
Continued assessment of anthropogenic aerosols will be 
necessary to ensure that air quality targets are met.
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Introduction

More than half of New Zealand’s population lives within 5 km of the coast. This popu
lation is exposed to typical urban air quality issues from traffic-related air pollution, 
biomass burning for home heating and industrial emissions. Unlike many other 
countries, New Zealand’s urban air quality is heavily influenced by the ocean. The 
haze that is sometimes visible when viewing the ocean is a result of tiny particulates 
entering the atmosphere when waves break and bubbles burst. These particulates–also 
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known as aerosols–are amalgamations of solid, liquid or mixed-phase particles sus
pended in air (Colbeck 1998; Baron and Willeke 2001).

Aerosols mostly consist of sulfates, nitrates, mineral dust, sea spray and carbonaceous 
aerosols (organic aerosol and black carbon). Their lifetimes range from minutes to weeks, 
meaning that they can be transported over hundreds to thousands of kilometres through 
the atmosphere. However, atmospheric transport and aerosol residence times can be 
complicated by synoptic conditions such as blocking highs (see e.g. Jiang 
et al. 2004, 2005 and references therein). In general, fine aerosol particles (those 
smaller than 2.5 μm in diameter) remain in the atmosphere for longer than coarse par
ticles (larger than 2.5 μm; Seinfeld and Pandis 2006).

Aerosols are typically classified into different modes depending on their size (Seinfeld 
and Pandis 2006; Figure 1). The nucleation mode (spanning particles ≈ 0.001–0.01 μm in 
diameter) contains very fine primary particles emitted directly from chemical or physical 
processes, or secondary particles that have nucleated from the gas phase. The Aitken 
mode (≈0.01–0.1 μm) contains agglomerates of nucleation mode particles that have coa
gulated and particles that have grown from the nucleation mode by condensation. Aero
sols in the accumulation mode (≈0.1–1 μm) are subject to rainout and washout, but 
sediment out very slowly, unlike coarse mode particles (≈0.5–10 μm). Accumulation 
mode aerosols can be activated to cloud condensation nuclei (CCN; Tatzelt et al. 2022; 
Regayre et al. 2020; Section ‘Climate impacts of marine aerosol’) and take up water 
vapour to form cloud droplets. The coarse mode contains mostly primary particles 
from dust, anthropogenic emissions, sea spray, volcanoes and plants (Jacobson 2005). 

Figure 1. Typical aerosol size distributions, showing the number of particles relative to their size. The 
peaks, from left to right, indicate the maxima in the nucleation, Aitken, accumulation, and coarse 
modes. The blue line shows the global average, and the black line shows the average over New 
Zealand (36–47◦S, 167–178◦E). Data source: atmosphere-only configuration of the UK Earth System 
Model (UKESM1-AMIP); Sellar et al. (2019).
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While accumulation mode particles are more numerous than coarse particles and consti
tute the majority of CCN, coarse mode particles can also act as CCN.

From a health perspective, aerosols are classified as PM10 and PM2.5, which corre
spond to particulate matter (PM) with an aerodynamic diameter less than 10 μm and 
2.5 μm, respectively. Particles of these sizes can be inhaled and contribute to respiratory 
and cardiac illnesses. The World Health Organisation’s (WHO) guideline levels for 
annual average concentrations of airborne PM are 15 μg m− 3 for PM10 and 5 μg m− 3 

for PM2.5 (WHO 2021). In New Zealand, air quality targets are set through the National 
Environmental Standards (NES) for Air Quality and monitored by regional councils. The 
PM10 guideline is 50 μg m− 3 as a 24-hour mean; currently, there is no PM2.5 guideline 
(Ministry for the Environment 2021).

As an annual mean, total aerosol concentrations over New Zealand are relatively low 
compared with other countries (Gui et al. 2021). In consequence, New Zealand urban 
areas generally experience good air quality: in the 2022 list of the world’s most polluted 
countries, based on annual-mean PM2.5 concentrations, New Zealand ranked 121 out of 
131 (IQAir 2023). Other countries have higher populations and population densities than 
New Zealand, and correspondingly higher levels of anthropogenic activities. These 
produce primary aerosols such as industrial dust and soot from fossil fuels (Jacob
son 2005). Secondary anthropogenic aerosol can be formed from sources including 
biomass burning, sulfur dioxide from power stations and coal burning, and nitrates 
from fossil fuel burning and agricultural fertilisation. While these aerosol sources are 
present in New Zealand, they are smaller than in many other countries. New Zealand 
therefore has a unique aerosol environment because of relatively low anthropogenic 
emissions, a long coastline and proximity to the Southern Ocean, which, as one of the 
windiest regions on the planet, is a significant producer of marine aerosol. Here we 
review the current state of knowledge regarding marine aerosol in New Zealand’s air 
and its implications for health and climate change.

Marine aerosol production

Sea spray aerosol

Sea spray is the largest source of natural aerosols in the atmosphere (Saliba et al. 2019), 
and consists of sea salt and primary marine organic aerosol. Primary marine organic 
aerosol is an umbrella term for more than 10,000 organic compounds in the sea 
surface microlayer, such as phytoplankton, zooplankton and bacteria. Exudates from 
these organisms, including fats, proteins and carbohydrates, are converted through 
wave action into a marine gel. Breaking waves form underwater air bubbles which 
move to the surface. Air bubbles scavenge organic material from marine gel, as well as 
fragments of the bodies of organisms in the sea surface microlayer, and emit them 
into the atmosphere as aerosols (Ovadnevaite et al. 2011). Primary marine organic 
aerosol is relevant for climate change over New Zealand and the Southern Ocean due 
to its interactions with clouds (Section ‘Climate impacts of marine aerosol’; Burrows 
et al. 2022; Gantt and Meskhidze 2013).

Sea salt aerosol (SSA) is ejected into the atmosphere when waves break and bubbles 
burst in a dynamical process that occurs when the wind speed is higher than ∼5 m s− 1 
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(Grythe et al. 2014). Such high wind speeds are common over the ocean surrounding 
New Zealand, with the strong westerly winds between 40–50◦S known as the Roaring 
Forties. In general, higher wind speeds lead to larger SSA emissions (Gong 2003; 
Hartery et al. 2020). In addition to wind speed, some studies indicate that the sea 
surface temperature may also influence SSA generation (Jaeglé et al. 2011; Liu 
et al. 2021). However, the nature of its effect on SSA is still poorly constrained.

Secondary sulfate aerosol

Secondary sulfate aerosol has multiple natural and anthropogenic sources, as discussed in 
Section ‘Air particulate matter composition analysis and source apportionment in New 
Zealand’. An important natural source is the ocean. Marine phytoplankton, algae, corals 
and other biota produce dimethylsulfoniopropionate (DMSP), which undergoes bacterial 
breakdown to form dimethylsulfide (DMS; Groene 1995). An approximate indication of 
the DMS distribution in seawater can be obtained by analysing oceanic chlorophyll a, 
which can be detected by satellite instruments. High levels of chlorophyll a generally indi
cate high levels of marine biogenic activity, and therefore of oceanic DMS (Galí et al. 2018; 
Bhatti et al. 2023). As shown in Figure 2, chlorophyll concentrations around New Zealand 
are elevated in nutrient-rich areas such as coastal regions and the Chatham Rise off the east 
coast of the South Island. Large DMSP and DMS abundances are also associated with 
springtime breakup of Antarctic sea ice (Trevena and Jones 2006; Webb et al. 2019).

DMS is emitted into the atmosphere with a flux dependent on the seawater DMS con
centration and wind speed (Bell et al. 2015; Blomquist et al. 2017). Once in the atmos
phere, DMS undergoes a series of chemical reactions to produce SO2 and methane 
sulfonic acid (MSA). SO2 undergoes gas-to-particle reactions to produce secondary 
sulfate aerosol (Figure 3). MSA condenses on existing particles, therefore increasing 
their size (von Glasow and Crutzen 2004; Hoffmann et al. 2016).

DMS chemistry is highly complicated and the reactions involved are not fully under
stood (Cala et al. 2023; Revell et al. 2019). The reactions involved can take hours to days 
depending on the reaction pathway followed, temperature, relative humidity and the 
strength of solar radiation (Seinfeld and Pandis 2006). Therefore, concentrations of 
sulfur-containing particulate matter from secondary sulfate sources are likely to be 
highest some distance downwind of a precursor gas emission source (Polissar et al. 2001).

The seasonal cycle of oceanic DMS is driven by marine biogenic activity, which at 
southern high latitudes is influenced by the loss of sea ice cover (Trevena and 
Jones 2006; Lana et al. 2011). This seasonality is also seen in measurements of secondary 
sulfate in New Zealand urban PM: secondary sulfate concentrations generally maximise 
during summer and are at a minimum during the winter months (Figure 4), reflecting the 
seasonality in the marine DMS source and the influence of solar forcing on atmospheric 
reaction pathways.

Air particulate matter composition analysis and source apportionment in 
New Zealand

The Institute of Geological and Nuclear Sciences (GNS Science) has used an air particu
late matter composition analysis and receptor modelling approach to identify sources of 
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airborne particles in New Zealand airsheds since 1996. Data are compiled into the 
National Air Particulate Matter Speciation Database (NAPMSD) held by GNS Science 
(GNS Science 2020; Davy and Trompetter 2020). Elemental concentrations in filter- 
based particulate matter samples are determined by two nuclear analytical techniques 
at the New Zealand National Isotope Centre: Ion Beam Analysis and/or X-ray fluor
escence (Trompetter et al. 2005; Barry et al. 2012). Since these techniques are non- 
destructive, most of the collected sample filters are now archived (>50,000 samples) at 
the National Isotope Centre in Lower Hutt. Each source or type of particulate matter 
has a distinctive particle size range and chemical composition (Figure 5).

Filter-based PM samples have been collected and analysed for approximately 40 sites 
across New Zealand, with multiple sites included in some urban areas (Figure 6). Filter- 
based sample collection has been conducted primarily on behalf of regional councils 

Figure 2. Ocean chlorophyll a concentrations observed via satellite. High chlorophyll a concentrations 
are indicative of marine biogenic activity, which leads to marine aerosol production via primary 
marine organic aerosol and DMS emission. Data are averaged over December 2022–February 2023. 
Data source: Moderate Resolution Imaging Spectroradiometer (MODIS)-Aqua (Hu et al. 2019; 
O’Reilly and Werdell 2019).
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Figure 3. Marine biogenic activity leads to the production of dimethylsulfide (DMS). When emitted 
into the atmosphere, DMS undergoes chemical reactions which ultimately lead to the formation of 
sulfate aerosol and cloud condensation nuclei (CCN; see Section ‘Climate impacts of marine aerosol’).

Figure 4. Seasonal variation in secondary sulfate concentrations. From Davy and Trompetter (2020).
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seeking to understand the sources that lead to air pollution episodes so that air quality 
can be managed to protect human health as required by the National Environmental 
Standards for Air Quality (Resource Management Regulations, 2004). Accordingly, the 
majority of the sampling campaigns ran for 1–2 years collecting 24-hour time integrated 
particulate matter samples to better understand the local drivers of air pollution for air 
quality management purposes. The exception is the Auckland Council multi-site air par
ticulate matter speciation database that has been running since mid-2004. The long time 
series of data collected in Auckland allows for inter-site comparisons, trend analysis and 
all-of-urban assessment of PM composition and source contributions to both PM2.5 and 
PM10 size fractions (Davy and Trompetter 2019).

Receptor modelling analysis of filter samples held in the NAPMSD shows that marine 
aerosol is the primary source of natural aerosol present in urban areas of New Zealand. 
Secondary sulfate aerosol–that is, sulfate particles that have nucleated from the sulfur- 
containing gas SO2 –is also present in New Zealand urban air. Secondary sulfate 
aerosol has a range of sources; some natural and some anthropogenic. An important 
natural source is the activity of marine phytoplankton (Section ‘Secondary sulfate 
aerosol’). The elemental analysis of filter samples shows that the ocean contributes sig
nificantly to air quality at many New Zealand urban sites. For example, in Auckland, 
the contribution of marine aerosol and secondary sulfate aerosol to measured PM10 
and PM2.5 is around 50% and 30%, respectively (Figure 7).

Sodium and chlorine are the primary constituents of sea salt, and are also significant 
elemental contributors to both PM2.5 and PM10 mass at New Zealand monitoring sites 
along with the more minor components of sea salt (potassium, calcium, magnesium and 
sulfur). Figure 8 presents box plots for the sea salt contribution to particulate matter con
centrations, indicating that sea salt aerosol is ubiquitous in New Zealand urban air. This is 
also visible in the size distribution for New Zealand shown in Figure 1. The coarse mode 
aerosol number concentration is approximately one order of magnitude greater over New 
Zealand compared with the global mean, reflecting the abundance of sea salt in New 

Figure 5. Scanning electron microscope images of particulate matter showing differences in their 
structures (3500–10,000× magnification; Davy 2007).
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Zealand’s air. Sodium and chlorine are highly correlated in PM samples (as shown for the 
Auckland data set in Figure 9) and present in the same ratio at peak concentrations as 
found in sea salt ([Na] = 0.56[Cl]; Lide 1992). Although chloride depletion and its 
removal from sea salt in the form of HCl can alter the Na/Cl ratio in sea salt aerosol, 

Figure 6. Urban particulate matter speciation sampling locations in New Zealand (Davy and Trompet
ter 2020). The inset shows the Auckland sampling sites included in Figure 7.
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the analytical results presented in Figure 8 and 9 demonstrate the relative influence of this 
natural aerosol source on urban particulate matter concentrations in New Zealand, even 
for inland locations, due to the isolated oceanic location of the New Zealand landmass.

As discussed in Section ‘Sea spray aerosol’, the concentration of primary marine 
aerosol shows a strong dependence on wind speed across the ocean surface. In 
general, primary marine aerosol fluxes increase at higher wind speeds, and the Southern 
Ocean is one of the windiest regions on Earth. Therefore, marine aerosol concentrations 
in New Zealand urban areas are largely influenced by meteorological and long-range 

Figure 7. Composite average for sources contributing to particulate matter at five Auckland monitoring 
sites (Takapuna, Penrose, Queen Street, Khyber Pass Road, and Henderson; Davy and Trompetter 2019).

Figure 8. Box plots for sea salt contributions to PM10 and PM2.5 at NZ monitoring locations. Note that 
the monitoring periods vary from site to site.
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transport mechanisms (Davy et al. 2011). The marine aerosol component of urban air 
particulate matter is part of the natural background and cannot be managed. It has 
been shown previously that the primary source regions of marine aerosol in Takapuna’s 
air are in the Southern Ocean below Australia and to the northeast of Auckland 
(Figure 10; Davy et al. 2017). Similar plots generated for other New Zealand locations 
show analogous source regions depending on predominant local air mass trajectories.

Figure 9. Scatterplot for sodium and chlorine in all Auckland PM samples (Davy and Trompetter 2020).

Figure 10. Potential source contribution function plot (using 96-hour back trajectories) for the Taka
puna PM10 marine aerosol source contribution data (2006–2013) showing that the most likely source 
regions are in the Southern Ocean below Australia and the Pacific Ocean to the northeast of Auckland. 
From Davy et al. (2017).
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Secondary sulfate aerosol is produced from natural and anthropogenic sources. 
Natural sources include marine biogenic (e.g. phytoplankton) activity and volcanic emis
sions. Anthropogenic sources include the combustion of sulfur-containing fuels and gas- 
to-particle conversion of precursor gases such as sulfur dioxide (SO2). Source apportion
ment data indicates that there are both natural and anthropogenic sources of secondary 
sulfate aerosol in New Zealand urban air (Figure 11). The relative contribution depends 
on local emissions, atmospheric chemical reactions and long-range transport of second
ary sulfate (Davy et al. 2017; Davy and Trompetter 2017).

Overall, the significant contribution of primary marine aerosol and secondary sulfate 
aerosol to particulate matter measured in New Zealand’s air presents challenges to 
meeting air quality guidelines, as discussed in the following case study.

Case study: Marine aerosol in Hawke’s Bay

Awatoto is a 3 km long coastal airshed in Hawke’s Bay. The airshed is mostly industrial; 
local industrial activities include fertiliser production, composting, pet food manufactur
ing, wastewater treatment, engineering and asphalt production. Hawke’s Bay Regional 
Council’s air quality monitoring site is 200 m from the coast and most of the airshed 
lies within 800 m of the shoreline.

As discussed in the Introduction, New Zealand’s PM10 guideline is 50 μg m− 3 as a 24- 
hour average. One exceedance per monitoring site is allowed in a 12-month period. In 
general, the highest PM10 concentrations in Awatoto are measured when the wind is 

Figure 11. Box plots for secondary sulfate contributions to PM10 and PM2.5 at NZ monitoring 
locations. Note that the monitoring periods vary from site to site.

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND 11



blowing onshore (from the east). PM exceedances average 2–3 per year; they can occur in 
any season and predominantly when the wind is blowing onshore.

Particulate source apportionment indicates that despite the local industrial activities at 
Awatoto, marine aerosol (sea spray and secondary sulfate) makes up approximately 75% 
of measured PM10, and 60% of PM2.5 (Figure 12). In the summertime, when biomass 
burning emissions from heating are negligible, the measured PM2.5 is often greater 
than 4 μg m− 3. While New Zealand currently does not have a PM2.5 guideline, the 
World Health Organisation’s annual guideline for PM2.5 is 5 μg m− 3. If New Zealand 
adopts this guideline then meeting it consistently at Awatoto will be challenging. In par
ticular, very low wintertime anthropogenic PM2.5 levels will be required.

Climate impacts of marine aerosol

Unlike greenhouse gases, which warm the atmosphere by absorbing longwave (infrared) 
radiation emitted by the Earth, aerosols have complex influences on atmospheric temp
erature. Aerosol ‘direct effects’ involve scattering and absorption of shortwave (solar) 
radiation. ‘Indirect effects’ involve aerosol-cloud interactions: depending on particle 
size, composition and water solubility, along with meteorological conditions, aerosols 
can interact with clouds by acting as CCN (Section ‘Introduction’) or ice nucleating par
ticles (INP; Forster et al. 2021). Aerosol particles that are large enough to act as CCN, 
such as sea salt and secondary sulfate aerosol, take up water vapour as it condenses 
around them and form cloud droplets. In general, aerosol-cloud interactions cause 
clouds to contain more CCN and therefore more but smaller cloud droplets. Such 
clouds scatter radiation efficiently and may be longer lived, leading to a cooling at 
Earth’s surface (Twomey 1977; Albrecht 1989; Forster et al. 2021).

A small subset of aerosols can act as INPs (Kanji et al. 2017). INPs are sparse over the 
Southern Ocean; however, primary marine organic aerosol (Section ‘Sea spray aerosol’) is 
a key local source (Vergara-Temprado et al. 2017). INPs interact with supercooled liquid 
clouds, which form at temperatures between 0◦C and − 38◦C (Pruppacher and 
Klett 1997). In this temperature range, the liquid is cold enough to form ice but requires 
a surface upon which the first ice crystals can form. INPs can provide such a surface. The 

Figure 12. Sources of PM2.5 and PM10 in Awatoto airshed.
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transition from supercooled liquid cloud to ice cloud is significant because the two cloud 
types have different radiative properties. In a cloud containing the same amount of water, 
droplets in liquid clouds are smaller and more numerous than ice crystals in an ice cloud 
(Murray et al. 2021). As a result, liquid clouds reflect more sunlight back to space, leading 
to greater surface cooling than ice clouds do.

The effects of aerosols on climate are typically quantified by the effective radiative forcing 
(ERF) metric, which represents the energy gained or lost by the Earth system following an 
imposed perturbation (Forster et al. 2021). Since the pre-industrial period, the ERF of aero
sols calculated relative to the present day is − 1.3 + 0.7 W m− 2, implying a cooling effect at 
Earth’s surface. In other words, aerosols have offset some of the warming caused by anthro
pogenic greenhouse gases, which have an effective radiative forcing three times larger in 
magnitude of 3.84 + 0.38 W m− 2 (Forster et al. 2021). Most of the aerosol radiative 
forcing comes from aerosol-cloud interactions (indirect effects) rather than aerosol-radi
ation interactions. It should be noted, however, that aerosol-cloud interactions are highly 
complex and constitute an active area of current research. Along with aerosol-radiation 
interactions, they contribute large uncertainties in determining the magnitude of human 
impacts on climate between pre-industrial times and the present day (Szopa et al. 2021). 
In a New Zealand context, understanding local sources of INP and CCN and representing 
them accurately in Earth system models is critical because they determine the cloud phase, 
which is the balance of ice and liquid water clouds. The cloud phase over the Southern 
Ocean has been shown to significantly influence the equilibrium climate sensitivity, 
which is the simulated change in global-mean surface air temperature following a doubling 
of the atmospheric carbon dioxide concentration (Bjordal et al. 2020; Zelinka et al. 2020). 
Current Earth system models simulate Southern Ocean cloud phase poorly (Cesana 
et al. 2022), leading to errors in sea surface temperature which affect the accuracy of 
climate change projections for New Zealand. Future marine aerosol projections are 
shown in Section ‘The future of marine aerosol in New Zealand and the Southern Ocean’.

Health impacts of marine aerosol

Aerosols are of concern for human health because they can be inhaled and cause respir
atory and cardiac illnesses. In New Zealand, the key pollutants of concern are PM10 and 
PM2.5, along with nitrogen dioxide gas (NO2). As shown in Figure 7, marine aerosols 
make a significant contribution to PM10 and PM2.5 in New Zealand urban air, along 
with anthropogenic sources such as fuel combustion in motor vehicles.

The latest assessment of health impacts resulting from air pollution in New Zealand 
(HAPINZ 3.0) was published in 2022, based on data sourced from 2016 (Kuschel 
et al. 2022a, 2022b). While the summary report focussed on the implications of air pol
lution due to anthropogenic sources because these can be controlled, the study assessed 
effects from natural PM sources as well.

The literature includes considerable discussion as to whether different kinds of PM are 
likely to have different toxicities. However, the HAPINZ 3.0 study applied the same 
exposure-response functions to all PM regardless of source. This reflected the approach 
taken by the World Health Organisation in the formulation of the latest (2021) global air 
quality guidelines where they decided not to formulate air quality guideline levels (AQG) 
for different types of PM (i.e. black carbon, elemental carbon, sand and dust storms):
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‘…because the quantitative evidence on independent adverse health effects from these 
pollutants was still insufficient at the time of deriving the AQGs’ (WHO 2021).

The HAPINZ 3.0 study assessed human exposure to air pollution using population 
data and air quality data, and attributed the source contributions using elemental ‘finger
prints’ from PM samples (Figure 13).

Anthropogenic air pollution in New Zealand in 2016 was found to be responsible for 
approximately 3300 premature deaths and social costs of $15.6 billion. This is more than 
ten times the corresponding annual road death toll (327) and more than 10% of all deaths 
(31,179) in 2016 (Ministry of Transport 2023; Statistics New Zealand 2023). By compari
son, the health impacts of natural sources were found to be just over half of the anthro
pogenic impacts: approximately one-third of all PM2.5 effects in total (Figure 14).

Whether or not PM is the best marker for marine aerosol health effects is inconclusive. 
One hypothesis suggests that regular airborne exposure to biogenic compounds and 
microbiota in sea spray aerosols is health-promoting via the downregulation of a cellular 
signalling pathway involved in neurological diseases (Van Acker et al. 2020; Wong 2013). 
Other hypotheses focus on concerns regarding the ageing of sea spray aerosol resulting in 
chlorine depletion and enrichment in nitrates and sulfates (Su et al. 2022). Additionally, 

Figure 13. Key steps involved in the Health and Air Pollution in New Zealand 2016 study (HAPINZ 3.0; 
Kuschel et al. 2022a, 2022b).
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the emission of sea spray aerosol from harmful algal blooms may enhance exposure to 
toxins (Lim et al. 2023): a massive toxic algal bloom on the east coast of New Zealand 
in 1998 resulted in hundreds of cases of respiratory distress (Chang et al. 2001).

The future of marine aerosol in New Zealand and the Southern Ocean

As discussed in Section ‘Marine aerosol production’, marine aerosol emissions are sen
sitive to factors such as wind speed, sea surface temperature and marine biogenic activity, 
all of which are projected to change in a warming world. The Southern Ocean is projected 
to warm as greenhouse gas emissions increase (Bracegirdle et al. 2020), with implications 
for sea spray emissions and marine biogenic activity. Marine biogenic activity, which 
leads to primary marine organic aerosol and DMS emissions, is also sensitive to 
changes in sea ice and nutrients (Bock et al. 2021).

Wind speeds are projected to strengthen in some regions of the Southern Hemisphere and 
weaken in others, due to ongoing greenhouse gas emissions and recovery of the Antarctic 
ozone hole (Revell et al. 2021, 2022). In the Southern Hemisphere, the highest wind speeds 
are found just south of 50◦S, and are known as the mid-latitude near-surface jet, or westerly 
jet. The westerly jet strengthened and moved poleward during the late 20th century as a con
sequence of Antarctic ozone depletion (Thompson et al. 2011), affecting marine aerosol fluxes 
(Bhatti et al. 2022). Assuming that the Antarctic ozone hole continues to recover from the 
effects of halogenated ozone-depleting substances, as projected following the Montreal Proto
col (Robertson et al. 2023), the westerly jet will weaken and move north (i.e. toward New 
Zealand) under a very low greenhouse gas emissions scenario, or further strengthen and con
tract poleward under a high greenhouse gas emissions scenario (Goyal et al. 2021).

Figure 15 shows the change in Southern Hemisphere near-surface sea spray and DMS 
mass concentrations in the 21st century relative to 2015–2024 in Coupled Model Intercom
parison Project phase 6 (CMIP6) Earth system models (Eyring et al. 2016). Under the high 
greenhouse gas emissions scenario SSP5–8.5 (Shared Socioeconomic Pathway 5–8.5; see 
Section 1.2 of Bodeker et al. (2022) for an explanation of the SSPs), Earth system models 
project significant increases in sea spray aerosol and DMS (implying increases in sulfate 

Figure 14. Health impacts from PM2.5 air pollution from all sources in New Zealand in 2016 (Kuschel 
et al. 2022a, 2022b).
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aerosol) of up to 12% and 40%, respectively. A future enhancement in marine aerosol emis
sions would represent an example of anthropogenic enhancement of natural emissions, 
whereby human forcing of the climate system changes physical drivers of aerosol production, 
such as increases in sea surface temperature and changes in winds (Saiz-Lopez et al. 2023).

Under the moderate-to-low greenhouse gas emissions scenarios SSP1–2.6 and SSP2– 
4.5, relatively small increases are seen in DMS and SSA, with large uncertainties (Figure 
15). The Intergovernmental Panel on Climate Change assigned ‘low confidence in the 
magnitude and changes in marine aerosol emissions in response to shifts in climate 
and marine ecosystem processes’ (Szopa et al. 2021). This is because there are large 
uncertainties in process-based understanding of the mechanisms controlling DMS and 
sea spray emissions (Bock et al. 2021; Liu et al. 2021).

Because future marine aerosol emissions around New Zealand and across the wider 
Southern Hemisphere are uncertain, future projections of marine sources of CCN and 
INP are uncertain too. Any future increases in CCN over the Southern Ocean (e.g. 
from sea salt and DMS-derived sulfate aerosol) are hypothesised to make clouds more 
reflective (Twohy et al. 2021), while future increases in primary marine organic 
aerosol could lead to an increase in INPs, thus changing more supercooled liquid 
clouds to ice clouds. However, ice clouds are also sensitive to future atmospheric temp
erature changes (Murray et al. 2021).

Figure 15. (a) Change in Southern Hemisphere near-surface sea spray aerosol mass mixing ratios rela
tive to the 2015–2024 average under three Shared Socioeconomic Pathways (SSP1–2.6, SSP2–4.5 and 
SSP5–8.5). The solid lines show the multi-model mean of CMIP6 Earth system models (see text for 
details) and shading indicates plus/minus one standard deviation on the multi-model mean. (b) As 
for (a) but showing near-surface DMS mass mixing ratios. Models used: CNRM-ESM2-1 (Voldoire 2023); 
GFDL-ESM4 (John et al. 2018); MIROC-ES2L (Tachiiri et al. 2019); MRI-ESM2 (Yukimoto et al. 2019); 
NorESM2 (Seland et al. 2019); UKESM1 (Good et al. 2019). CNRM-ESM2-1 did not provide DMS projec
tions and is not included in (b).
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Outlook and conclusions

The marine environment is the largest source of natural aerosol in New Zealand urban 
environments. Previous studies have shown that marine aerosol (sea spray and secondary 
sulfate aerosol) is a significant contributor to PM10 and PM2.5 in New Zealand and con
tributes to around one-third of premature deaths related to PM2.5 air pollution. However, 
further research is needed to conclusively determine the toxicity of marine aerosol versus 
anthropogenic sources of particulate matter.

Sea spray and secondary sulfate aerosol are significant for climate change through 
their direct radiative effects and interactions with clouds by acting as CCN. Both pro
cesses lead to localised cooling at the Earth’s surface. Primary marine organic aerosols, 
although less abundant than sea spray and secondary sulfate aerosols, are important 
for determining cloud phase as they are the leading source of ice nucleating particles 
over the Southern Ocean.

Fluxes of marine aerosol are expected to be sensitive to future climate change. A 
warming sea surface, changes in wind patterns and increases or decreases in marine bio
genic activity will all influence future marine aerosol emissions. Changes in winds will be 
particularly important: all marine aerosols are emitted in greater concentrations at higher 
wind speeds. The dominant westerly wind pattern over the Southern Ocean has changed 
in recent decades due to the Antarctic ozone hole, and it will change in future as the 
ozone hole recovers and greenhouse gas concentrations increase. However, Earth 
system models disagree on the magnitude of change we might see in marine aerosol emis
sions under different greenhouse gas emission scenarios. Further process-based studies 
are needed to inform model development; in particular to understand the role of temp
erature in sea spray aerosol production, and to develop better proxies to represent the 
production of DMS from marine biota.

Earth system models project that marine aerosol concentrations across the Southern 
Hemisphere will either remain relatively constant through the 21st century (under low 
and moderate greenhouse gas emission scenarios) or increase (under a high emissions 
scenario). For New Zealand, with its long coastline and close proximity to the windy 
Southern Ocean, this implies that marine aerosol is not expected to become a smaller 
contributor to airborne PM concentrations in New Zealand towns and cities. Continued 
PM monitoring is important, as well as source attribution studies to understand trends in 
natural marine aerosol emissions (for example in response to climate change).

Lastly, it should be noted that while marine aerosol is important for New Zealand’s air, 
there are other sources of natural and anthropogenic aerosol about which relatively little 
is known in the New Zealand context. These include biogenic volatile organic com
pounds (Paton-Walsh et al. 2022), nitrogen-containing aerosols (Jones et al. 2021) and 
micro- and nano-plastics (Chen et al. 2023; Knobloch et al. 2021). Given the importance 
of aerosols for human health and climate change, and the projected responses of natural 
aerosol emissions to climate change, ongoing research is needed.

Acknowledgments

We thank the Clean Air Society of Australia and New Zealand (CASANZ) for organising and 
hosting the CASANZ Marine Aerosol workshop (August 2023), which formed the basis for this 

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND 17



review. The authors acknowledge the World Climate Research Programme, which, through its 
Working Group on Coupled Modeling, coordinated and promoted the sixth Coupled Model Inter
comparison Project (CMIP6). We thank the climate modelling groups for producing and making 
available their model output, the Earth System Grid Federation (ESGF) for archiving the data and 
providing access, and the multiple funding agencies who support CMIP6 and ESGF. The authors 
acknowledge the UK Met Office for the use of the UM. We also acknowledge the contribution of 
NeSI high-performance computing facilities to the results of this research. New Zealand’s national 
facilities are provided by NeSI and funded jointly by NeSI’s collaborator institutions and through 
the Ministry of Business, Innovation and Employment’s Research Infrastructure programme 
(https://www.nesi.org.nz/).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

Laura Revell, Yusuf Bhatti, Nick Edkins and Abhijith Venugopal were supported by the Deep 
South National Science Challenge (C01X1901). Laura Revell appreciates support by the Ruther
ford Discovery Fellowships from New Zealand Government funding, administered by the Royal 
Society Te Apārangi (RDF-UOC2203). Guy Coulson and Elizabeth Somervell were supported 
by MBIE Strategic Science Investment Fund via the NIWA Impacts of Air Pollutants Programme. 

ORCID

Laura E. Revell http://orcid.org/0000-0002-8974-7703
Nicholas J. Edkins http://orcid.org/0000-0002-8296-0392
Abhijith U. Venugopal http://orcid.org/0000-0003-2235-5964
Yusuf A. Bhatti http://orcid.org/0000-0003-1254-9845
Kathleen M. Kozyniak http://orcid.org/0009-0007-2903-7551
Perry K. Davy http://orcid.org/0000-0002-0226-3248
Catherine Hardacre http://orcid.org/0000-0001-9093-4656
Guy Coulson http://orcid.org/0000-0002-7615-6736

References

Albrecht B. 1989. Aerosols, cloud microphysics, and fractional cloudiness. Science. 245 
(4923):1227–1230.

Baron PA, Willeke K. 2001. Aerosol measurement: principles, techniques, and applications. 
Hoboken, NJ: John Wiley & Sons Inc.

Barry B, Trompetter WJ, Davy PK, Markwitz A. 2012. Recent developments in the air particulate 
research capability at the New Zealand ion beam analysis facility. International Journal of PIXE. 
22(01n02):121–130.

Bell TG, De Bruyn W, Marandino CA, Miller SD, Law CS, Smith MJ, Saltzman ES. 2015. 
Dimethylsulfide gas transfer coefficients from algal blooms in the Southern Ocean. 
Atmospheric Chemistry and Physics. 15(4):1783–1794.

Bhatti Y, Revell L, Schuddeboom A, McDonald A, Archibald A, Williams J, Venugopal A, 
Hardacre C, Behrens E. 2023. The sensitivity of Southern Ocean atmospheric dimethyl 
sulfide to modelled sources and emissions. EGUsphere; Accepted for Publication in 
Atmospheric Chemistry and Physics. 2023:1–32.

Bhatti YA, Revell LE, McDonald AJ. 2022. Influences of Antarctic ozone depletion on Southern 
Ocean aerosols. Journal of Geophysical Research: Atmospheres. 127(18):e2022JD037199.

18 L. E. REVELL ET AL.

https://www.nesi.org.nz/
http://orcid.org/0000-0002-8974-7703
http://orcid.org/0000-0002-8296-0392
http://orcid.org/0000-0003-2235-5964
http://orcid.org/0000-0003-1254-9845
http://orcid.org/0009-0007-2903-7551
http://orcid.org/0000-0002-0226-3248
http://orcid.org/0000-0001-9093-4656
http://orcid.org/0000-0002-7615-6736


Bjordal J, Storelvmo T, Alterskjær K, Carlsen T. 2020. Equilibrium climate sensitivity above 5◦c 
plausible due to state-dependent cloud feedback. Nature Geoscience. 13(11):718–721.

Blomquist BW, Brumer SE, Fairall CW, Huebert BJ, Zappa CJ, Brooks IM, Yang M, Bariteau L, 
Prytherch J, Hare JE, et al. 2017. Wind speed and sea state dependencies of air-sea gas transfer: 
results from the high wind speed gas exchange study (HiWinGS). Journal of Geophysical 
Research: Oceans. 122(10):8034–8062.

Bock J, Michou M, Nabat P, Abe M, Mulcahy JP, Olivié DJL, Schwinger J, Suntharalingam P, 
Tjiputra J, van Hulten M, et al. 2021. Evaluation of ocean dimethylsulfide concentration and 
emission in CMIP6 models. Biogeosciences. 18(12):3823–3860.

Bodeker G, Cullen N, Katurji M, McDonald A, Morgenstern O, Noone D, Renwick J, Revell L, Tait 
A. 2022. Aotearoa New Zealand climate change projections guidance: interpreting the latest 
IPCC WG1 report findings. Prepared for the Ministry for the Environment. Report No: CR 
501. Available from: https://environment.govt.nz/assets/publications/Climate-Change-Project 
ions-Guidance-FINAL.pdf.

Bracegirdle TJ, Krinner G, Tonelli M, Haumann FA, Naughten KA, Rackow T, Roach LA, Wainer 
I. 2020. Twenty first century changes in Antarctic and Southern Ocean surface climate in 
CMIP6. Atmospheric Science Letters. 21(9):e984.

Burrows SM, McCluskey CS, Cornwell G, Steinke I, Zhang K, Zhao B, Zawadowicz M, 
Raman A, Kulkarni G, China S, et al. 2022. Ice-nucleating particles that impact clouds 
and climate: observational and modeling research needs. Reviews of Geophysics. 60(2): 
e2021RG000745.

Cala BA, Archer-Nicholls S, Weber J, Abraham NL, Griffiths PT, Jacob L, Shin YM, Revell LE, 
Woodhouse M, Archibald AT. 2023. Development, intercomparison, and evaluation of an 
improved mechanism for the oxidation of dimethyl sulfide in the ukca model. Atmos Chem 
Phys. 23(23):14735–14760.

Cesana GV, Khadir T, Chepfer H, Chiriaco M. 2022. Southern ocean solar reflection biases in 
cmip6 models linked to cloud phase and vertical structure representations. Geophysical 
Research Letters. 49(22):e2022GL099777.

Chang F, Chiswell S, Uddstrom M. 2001. Occurrence and distribution of karenia brevisulcata 
(dinophyceae) during the 1998 summer toxic outbreaks on the central east coast of New 
Zealand. Phycologia. 40(3):215–221.

Chen Q, Shi G, Revell LE, Zhang J, Zuo C, Wang D, Le Ru EC, Wu G, Mitrano DM. 2023. Long- 
range atmospheric transport of microplastics across the southern hemisphere. Nature 
Communications. 14(1):7898.

Colbeck I. 1998. Introduction to aerosol science: physical and chemical properties of aerosols. 
Dordrecht: Blackie.

Davy P. 2007. Composition and sources of aerosol in the wellington region of New Zealand 
[dissertation]. School of Chemical and Physical Sciences. Wellington: Victoria University of 
Wellington.

Davy P, Trompetter W. 2017. Analysis of PM10 composition and sources at Awatoto, Hawke’s Bay 
Region. GNS Science Consultancy, Institute of Geological and Nuclear Sciences. Report No: 2017/180.

Davy P, Trompetter W. 2019. Composition, sources and long-term trends for Auckland air par
ticulate matter: summary report. GNS Science Consultancy, Institute of Geological and 
Nuclear Sciences. Report No: 2019/151.

Davy P, Trompetter W. 2020. An empirical model for attributing sources of particulate matter. 
GNS Science, Institute of Geological and Nuclear Sciences. Report No: 2020/33. doi: 10. 
21420/H7NX-HM56

Davy P, Trompetter W, Markwitz A. 2011. Source apportionment of airborne particles in the 
Auckland region: 2010 analysis. GNS Science, Prepared for Auckland Council. Report No: 
2010/262.

Davy PK, Ancelet T, Trompetter WJ, Markwitz A. 2017. Source apportionment and trend analysis 
of air particulate matter in the Auckland region. Prepared by the Institute of Geological and 
Nuclear Sciences Ltd, GNS Science for Auckland Council. Auckland Council technical 
report. Report No: TR2017/001.

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND 19

https://environment.govt.nz/assets/publications/Climate-Change-Projections-Guidance-FINAL.pdf
https://environment.govt.nz/assets/publications/Climate-Change-Projections-Guidance-FINAL.pdf
https://doi.org/10.21420/H7NX-HM56
https://doi.org/10.21420/H7NX-HM56


Eyring V, Bony S, Meehl GA, Senior CA, Stevens B, Stouffer RJ, Taylor KE. 2016. Overview of the 
coupled model intercomparison project phase 6 (CMIP6) experimental design and organiz
ation. Geosci Model Dev. 9(5):1937–1958.

Forster P, Storelvmo T, Armour K, Collins W, Dufresne JL, Frame D, Lunt D, Mauritsen T, Palmer 
M, Watanabe M, et al. 2021. The Earth’s energy budget, climate feedbacks and climate sensi
tivity. In: Climate Change 2021: The Physical Science Basis. Contribution of Working Group 
I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change.

Galí M, Levasseur M, Devred E, Simó R, Babin M. 2018. Sea-surface dimethylsulfide (DMS) con
centration from satellite data at global and regional scales. Biogeosciences. 15(11):3497–3519.

Gantt B, Meskhidze N. 2013. The physical and chemical characteristics of marine primary organic 
aerosol: a review. Atmos Chem Phys. 13(8):3979–3996.

GNS Science. 2020. National Air Particulate Speciation Database [Data set].
Gong SL. 2003. A parameterization of sea-salt aerosol source function for sub- and super-micron 

particles. Global Biogeochemical Cycles. 17(4):1097.
Good P, Sellar A, Tang Y, Rumbold S, Ellis R, Kelley D, Kuhlbrodt T. 2019. MOHC UKESM1.0-LL 

model output prepared for CMIP6 ScenarioMIP. doi: 10.22033/ESGF/CMIP6.6339
Goyal R, Sen Gupta A, Jucker M, England MH. 2021. Historical and projected changes in the 

Southern Hemisphere surface westerlies. Geophysical Research Letters. 48(4):e2020GL090849.
Groene T. 1995. Biogenic production and consumption of dimethylsulfide (DMS) and dimethyl

sulfoniopropionate (DMSP) in the marine epipelagic zone: a review. Journal of Marine Systems. 
6(3):191–209.

Grythe H, Ström J, Krejci R, Quinn P, Stohl A. 2014. A review of sea-spray aerosol source functions 
using a large global set of sea salt aerosol concentration measurements. Atmos Chem Phys. 14 
(3):1277–1297.

Gui K, Che H, Wang Y, Xia X, Holben BN, Goloub P, Cuevas-Agulló E, Yao W, Zheng Y, Zhao H, 
et al. 2021. A global-scale analysis of the MISR level-3 aerosol optical depth (AOD) product: 
comparison with multi-platform AOD data sources. Atmospheric Pollution Research. 12 
(12):101238.

Hartery S, Toohey D, Revell L, Sellegri K, Kuma P, Harvey M, McDonald AJ. 2020. Constraining 
the surface flux of sea spray particles from the Southern Ocean. Journal of Geophysical 
Research: Atmospheres. 125(4):e2019JD032026.

Hoffmann EH, Tilgner A, Schrödner R, Bräuer P, Wolke R, Herrmann H. 2016. An advanced 
modeling study on the impacts and atmospheric implications of multiphase dimethyl sulfide 
chemistry. Proceedings of the National Academy of Sciences. 113(42):11776–11781.

Hu C, Feng L, Lee Z, Franz BA, Bailey SW, Werdell PJ, Proctor CW. 2019. Improving satellite 
global chlorophyll a data products through algorithm refinement and data recovery. Journal 
of Geophysical Research: Oceans. 124(3):1524–1543.

IQAir. 2023. World’s most polluted countries & regions. Available from: https://www.iqair.com/ 
world-most-polluted-countries.

Jacobson M. 2005. Fundamentals of atmospheric modeling. 2nd ed. Cambridge: Cambridge 
University Press.

Jaeglé L, Quinn PK, Bates TS, Alexander B, Lin JT. 2011. Global distribution of sea salt aerosols: 
new constraints from in situ and remote sensing observations. Atmos Chem Phys. 11 
(7):3137–3157.

Jiang N, Hay JE, Fisher GW. 2004. Classification of new zealand synoptic weather types and 
relation to the southern oscillation index. Weather Clim. 23:3–23.

Jiang N, Hay JE, Fisher GW. 2005. Effects of meteorological con ditions on concentrations of nitro
gen oxides in auckland. Weather Clim. 24:15–34.

John JG, Blanton C, McHugh C, Radhakrishnan A, Rand K, Vahlenkamp H, Wilson C, Zadeh NT, 
Dunne JP, Dussin R, et al. 2018. NOAA-GFDL GFDL-ESM4 model output prepared for CMIP6 
ScenarioMIP. Version 20231707. doi: 10.22033/ESGF/CMIP6.8683

Jones AC, Hill A, Remy S, Abraham NL, Dalvi M, Hardacre C, Hewitt AJ, Johnson B, Mulcahy JP, 
Turnock ST. 2021. Exploring the sensitivity of atmospheric nitrate concentrations to 

20 L. E. REVELL ET AL.

https://doi.org/10.22033/ESGF/CMIP6.6339
https://www.iqair.com/world-most-polluted-countries
https://www.iqair.com/world-most-polluted-countries
https://doi.org/10.22033/ESGF/CMIP6.8683


nitric acid uptake rate using the met office’s unified model. Atmos Chem Phys. 21(20):15901– 
15927.

Kanji ZA, Ladino LA, Wex H, Boose Y, Burkert-Kohn M, Cziczo DJ, Krämer M. 2017. Overview of 
ice nucleating particles. Meteorological Monographs. 58:1.1–1.33.

Knobloch E, Ruffell H, Aves A, Pantos O, Gaw S, Revell LE. 2021. Comparison of deposition 
sampling methods to collect airborne microplastics in Christchurch, New Zealand. Water, 
Air, & Soil Pollution. 232(4):133.

Kuschel G, Metcalfe J, Sridhar S, Davy P, Hastings K, Mason K, Denne T, Berentson-Shaw J, Bell S, 
Hales S, et al. 2022a. Health and air pollution in New Zealand 2016 (HAPINZ 3.0): volume 1– 
findings and implications. Report prepared for Ministry of Health, Te Manatū Waka Ministry of 
Transport and Waka Kotahi NZ Transport Agency, 62pp, March 2022. Report No: 
vol. 1. Available from: https://environment.govt.nz/publications/health-and-air-pollution-in- 
new-zealand-2016-findings-and-implications/.

Kuschel G, Metcalfe J, Sridhar S, Davy P, Hastings K, Mason K, Denne T, Berentson-Shaw J, Bell S, 
Hales S, et al. 2022b. Health and air pollution in New Zealand 2016 (HAPINZ 3.0): Volume 2– 
detailed methodology. Report prepared for Ministry of Health, Te Manatū Waka Ministry of 
Transport and Waka Kotahi NZ Transport Agency, 222pp, March 2022. Report No: 
vol. 2. Available from: https://environment.govt.nz/publications/health-and-air-pollution-in- 
new-zealand-2016-detailed-methodology/.

Lana A, Bell TG, Simó R, Vallina SM, Ballabrera-Poy J, Kettle AJ, Dachs J, Bopp L, Saltzman ES, 
Stefels J, et al. 2011. An updated climatology of surface dimethlysulfide concentrations and 
emission fluxes in the global ocean. Global Biogeochemical Cycles. 25(1):GB1004.

Lide DR. 1992. CRC handbook of chemistry and physics, 1992–1993. 73rd ed. Boca Raton (FL): 
CRC Press.

Lim CC, Yoon J, Reynolds K, Gerald LB, Ault AP, Heo S, Bell ML. 2023. Harmful algal bloom aero
sols and human health. EBioMedicine. 93:104604.

Liu S, Liu CC, Froyd KD, Schill GP, Murphy DM, Bui TP, Dean-Day JM, Weinzierl B, Dollner M, 
Diskin GS, et al. 2021. Sea spray aerosol concentration modulated by sea surface temperature. 
Proceedings of the National Academy of Sciences. 118(9):e2020583118.

Ministry for the Environment. 2021. National environmental standards for air quality. Available 
from: https://environment.govt.nz/acts-and-regulations/regulations/national-environmental- 
standards-for-air-quality/.

Ministry of Transport. 2023. Te Manatū Waka Ministry of Transport, Safety – Road Deaths. 
Available from: https://www.transport.govt.nz/statistics-and-insights/safety-road-deaths/sheet 
/death-on-nz-roads-since-1921.

Murray BJ, Carslaw KS, Field PR. 2021. Opinion: cloud-phase climate feedback and the impor
tance of ice-nucleating particles. Atmos Chem Phys. 21(2):665–679.

O’Reilly JE, Werdell PJ. 2019. Chlorophyll algorithms for ocean color sensors – OC4, OC5 & OC6. 
Remote Sensing of Environment. 229:32–47.

Ovadnevaite J, Ceburnis L21806D, Martucci G, Bialek J, Monahan C, Rinaldi M, Facchini MC, 
Berresheim H, Worsnop DR, O’Dowd C. 2011. Primary marine organic aerosol: a dichotomy 
of low hygroscopicity and high ccn activity. Geophysical Research Letters. 38(21):L21806.

Paton-Walsh C, Emmerson KM, Garland RM, Keywood M, Hoelzemann JJ, Huneeus N, Buchholz 
RR, Humphries RS, Altieri K, Schmale J, et al. 2022. Key challenges for tropospheric chemistry 
in the Southern Hemisphere. Elementa: Science of the Anthropocene. 10(1):1–35.

Polissar AV, Hopke PK, Harris JM. 2001. Source regions for atmospheric aerosol measured at 
Barrow, Alaska. Environmental Science & Technology. 35(21):4214–4226.

Pruppacher H, Klett J. 1997. Microphysics of clouds and precipitation. 2nd ed.  Dordrecht: 
Springer.

Regayre LA, Schmale J, Johnson JS, Tatzelt C, Baccarini A, Henning S, Yoshioka M, 
Stratmann F, Gysel-Beer M, Grosvenor DP, et al. 2020. The value of remote marine aerosol 
measurements for constraining radiative forcing uncertainty. Atmos Chem Phys. 20 
(16):10063–10072.

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND 21

https://environment.govt.nz/publications/health-and-air-pollution-in-new-zealand-2016-findings-and-implications/
https://environment.govt.nz/publications/health-and-air-pollution-in-new-zealand-2016-findings-and-implications/
https://environment.govt.nz/publications/health-and-air-pollution-in-new-zealand-2016-detailed-methodology/
https://environment.govt.nz/publications/health-and-air-pollution-in-new-zealand-2016-detailed-methodology/
https://environment.govt.nz/acts-and-regulations/regulations/national-environmental-standards-for-air-quality/
https://environment.govt.nz/acts-and-regulations/regulations/national-environmental-standards-for-air-quality/
https://www.transport.govt.nz/statistics-and-insights/safety-road-deaths/sheet/death-on-nz-roads-since-1921
https://www.transport.govt.nz/statistics-and-insights/safety-road-deaths/sheet/death-on-nz-roads-since-1921


Revell LE, Kremser S, Hartery S, Harvey M, Mulcahy JP, Williams J, Morgenstern O, McDonald 
AJ, Varma V, Bird L, et al. 2019. The sensitivity of Southern Ocean aerosols and cloud micro
physics to sea spray and sulfate aerosol production in the hadgem3-ga7.1 chemistry–climate 
model. Atmos Chem Phys. 19(24):15447–15466.

Revell LE, Robertson F, Douglas H, Morgenstern O, Frame D. 2022. Influence of ozone forcing on 
21st century Southern Hemisphere surface westerlies in CMIP6 models. Geophysical Research 
Letters. 49(6):e2022GL098252.

Revell LE, Wotherspoon NE, Jones OJ, Bhatti YA, Williams JHT, Mackie SL, Mulcahy JP. 2021. 
Atmosphere-ocean feedback from wind-driven sea spray aerosol production. Geophysical 
Research Letters. 48(7):e2020GL091900.

Robertson F, Revell LE, Douglas H, Archibald AT, Morgenstern O, Frame D. 2023. Signal-to-noise 
calculations of emergence and de-emergence of stratospheric ozone depletion. Geophysical 
Research Letters. 50(16):e2023GL104246.

Saiz-Lopez A, Fernandez RP, Li Q, Cuevas CA, Fu X, Kinnison DE, Tilmes S, Mahajan AS, Gómez 
Martín JC, Iglesias-Suarez F, et al. 2023. Natural short-lived halogens exert an indirect cooling 
effect on climate. Nature. 618(7967):967–973.

Saliba G, Chen CL, Lewis S, Russell LM, Rivellini LH, Lee AKY, Quinn PK, Bates TS, Haëntjens N, 
Boss ES, et al. 2019. Factors driving the seasonal and hourly variability of sea-spray aerosol 
number in the North Atlantic. Proceedings of the National Academy of Sciences. 116 
(41):20309–20314.

Seinfeld JH, Pandis SN. 2006. Atmospheric chemistry and physics: from air pollution to climate 
change. New York: John Wiley & Sons, Inc.

Seland Ø, Bentsen M, Oliviè DJL, Toniazzo T, Gjermundsen A, Graff LS, Debernard JB, Gupta AK, 
He Y, Kirkevåg A, et al. 2019. NCC NorESM2-LM model output prepared for CMIP6 
ScenarioMIP. doi: 10.22033/ESGF/CMIP6.8253

Sellar AA, Jones CG, Mulcahy JP, Tang Y, Yool A, Wiltshire A, O’Connor FM, Stringer M, Hill R, 
Palmieri J, et al. 2019. UKESM1: description and evaluation of the U.K. Earth system model. 
Journal of Advances in Modeling Earth Systems. 11(12):4513–4558.

Statistics New Zealand. 2023. Births and deaths. Available from: https://www.stats.govt.nz/topics/ 
births-and-deaths.

Su B, Wang T, Zhang G, Liang Y, Lv C, Hu Y, Li L, Zhou Z, Wang X, Bi X. 2022. A review of 
atmospheric aging of sea spray aerosols: potential factors affecting chloride depletion. 
Atmospheric Environment. 290:119365.

Szopa S, Naik V, Adhikary B, Artaxo P, Berntsen T, Collins WD, Fuzzi S, Gallardo L, Kiendler- 
Scharr A, Klimont Z, et al. 2021. Short lived climate forcers. In: Climate Change 2021: The 
Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of 
the Intergovernmental Panel on Climate Change.

Tachiiri K, Abe M, Hajima T, Arakawa O, Suzuki T, Komuro Y, Ogochi K, Watanabe M, 
Yamamoto A, Tatebe H, et al. 2019. MIROC MIROC-ES2L model output prepared for 
CMIP6 ScenarioMIP. Version 20231707. doi: 10.22033/ESGF/CMIP6.5740

Tatzelt C, Henning S, Welti A, Baccarini A, Hartmann M, Gysel-Beer M, van Pinxteren M, Modini 
RL, Schmale J, Stratmann F. 2022. Circum-antarctic abundance and properties of ccn and inps. 
Atmos Chem Phys. 22(14):9721–9745.

Thompson DWJ, Solomon S, Kushner PJ, England MH, Grise KM, Karoly DJ. 2011. Signatures of 
the Antarctic ozone hole in Southern Hemisphere surface climate change. Nature Geoscience. 
4:741.

Trevena AJ, Jones GB. 2006. Dimethylsulphide and dimethylsulphoniopropionate in Antarctic sea 
ice and their release during sea ice melting. Marine Chemistry. 98(2):210–222.

Trompetter WJ, Markwitz A, Davy P. 2005. Air particulate research capability at the New Zealand 
ion beam analysis facility using PIXE and IBA techniques. International Journal of PIXE. 15 
(03n04):249–255.

Twohy CH, DeMott PJ, Russell LM, Toohey DW, Rainwater B, Geiss R, Sanchez KJ, Lewis S, 
Roberts GC, Humphries RS, et al. 2021. Cloud-nucleating particles over the Southern Ocean 
in a changing climate. Earth’s Future. 9(3):e2020EF001673.

22 L. E. REVELL ET AL.

https://doi.org/10.22033/ESGF/CMIP6.8253
https://www.stats.govt.nz/topics/births-and-deaths
https://www.stats.govt.nz/topics/births-and-deaths
https://doi.org/10.22033/ESGF/CMIP6.5740


Twomey S. 1977. The influence of pollution on the shortwave albedo of clouds. Journal of the 
Atmospheric Sciences. 34(7):1149–1152.

Van Acker E, De Rijcke M, Asselman J, Beck IM, Huysman S, Vanhaecke L, De Schamphelaere 
KA, Janssen CR. 2020. Aerosolizable marine phycotoxins and human health effects: in vitro 
support for the biogenics hypothesis. Marine Drugs. 18(1):46.

Vergara-Temprado J, Murray BJ, Wilson TW, O’Sullivan D, Browse J, Pringle KJ, Ardon-Dryer K, 
Bertram AK, Burrows SM, Ceburnis D, et al. 2017. Contribution of feldspar and marine organic 
aerosols to global ice nucleating particle concentrations. Atmos Chem Phys. 17(5):3637–3658.

Voldoire A. 2023. CNRM-CERFACS CNRM-ESM2-1 model output prepared for CMIP6 
ScenarioMIP. Version 20231707. doi: 10.22033/ESGF/CMIP6.4182

von Glasow R, Crutzen PJ. 2004. Model study of multiphase DMS oxidation with a focus on halo
gens. Atmos Chem Phys. 4(3):589–608.

Webb AL, van Leeuwe MA, Meredith MP, J Venables H, Stefels J. 2019. Extreme spikes in DMS 
flux double estimates of biogenic sulfur export from the Antarctic coastal zone to the atmos
phere. Scientific Reports. 9(1):2233.

WHO. 2021. Global air quality guidelines: particulate matter (PM2.5 and PM10), ozone, nitrogen 
dioxide, sulfur dioxide and carbon monoxide. Available from: https://www.who.int/publica 
tions/i/item/9789240034228.

Wong M. 2013. Mammalian target of rapamycin (MTOR) pathways in neurological diseases. 
Biomed J. 36(2):40–50.

Yukimoto S, Koshiro T, Kawai H, Oshima N, Yoshida K, Urakawa S, Tsujino H, Deushi M, Tanaka 
T, Hosaka M, et al. 2019. MRI MRI-ESM2.0 model output prepared for CMIP6 ScenarioMIP. 
Version 20231707. doi: 10.22033/ESGF/CMIP6.4182

Zelinka MD, Myers TA, McCoy DT, Po-Chedley S, Caldwell PM, Ceppi P, Klein SA, Taylor KE. 
2020. Causes of higher climate sensitivity in cmip6 models. Geophysical Research Letters. 47(1): 
e2019GL085782.

JOURNAL OF THE ROYAL SOCIETY OF NEW ZEALAND 23

https://doi.org/10.22033/ESGF/CMIP6.4182
https://www.who.int/publications/i/item/9789240034228
https://www.who.int/publications/i/item/9789240034228
https://doi.org/10.22033/ESGF/CMIP6.4182

	Abstract
	Introduction
	Marine aerosol production
	Sea spray aerosol
	Secondary sulfate aerosol

	Air particulate matter composition analysis and source apportionment in New Zealand
	Case study: Marine aerosol in Hawke's Bay

	Climate impacts of marine aerosol
	Health impacts of marine aerosol
	The future of marine aerosol in New Zealand and the Southern Ocean
	Outlook and conclusions
	Acknowledgments
	Disclosure statement
	ORCID
	References

