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Marine aerosol feedback on biogeochemical cycles
and the climate in the Anthropocene: lessons learned
from the Pacific Ocean

Marine aerosol feedback on biogeochemical cycles and

the climate remains highly uncertain due to the complex
interplay. This review highlights recent advances in our
understanding of organic aerosols, nitrogen, and iron as well
as cloud properties over the Pacific Ocean.
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Human activities have profoundly altered the air quality and the climate on a global scale in the
Anthropocene. It is our task to quantitatively evaluate the impact of human activities on marine
ecosystems and the climate through various feedbacks in biogeochemical cycles. Atmospheric aerosols
over the Pacific Ocean are largely influenced by anthropogenic (e.g., metal production, fossil fuel
combustion, and agriculture), marine and terrestrial biogenic, pyrogenic (open biomass burning), and
lithogenic (mineral dust) sources. To what extent do oceanic (sea salt) and marine biogenic emissions of
aerosols and their precursor gases change the marine cloud properties under the influence of
anthropogenic and biogeochemical activities and thereby affect the climate? At the same time, to what

extent does atmospheric deposition of nutrients change marine biogeochemistry under the influence of
Received 17th November 2022

Accepted 11th April 2023 anthropogenic and terrestrial biogeochemical activities and thereby affect marine ecosystems? We

_ summarize the progress in research on organic aerosols, nitrogen, and iron in the atmosphere over the
DOI: 10.1038/d2e200156j Pacific Ocean. Future perspectives include interdisciplinary research of field observational, laboratory

rsc.li/esatmospheres experimental, and numerical modeling studies.

Environmental significance

Marine aerosol feedback on biogeochemical cycles and the climate remains highly uncertain due to the complex interplay. Earth system models need to
incorporate more realistic representations of biogeochemical feedback processes in response to the changes in air quality and the climate due to human
activities. This review highlights recent advances in our understanding of organic aerosols, nitrogen, and iron as well as cloud properties and marine
biogeochemistry in the Pacific Ocean. International collaborations of field observational, laboratory experimental, and numerical modeling studies are essential
to foster individual studies into cross-disciplinary research and to inform policymakers toward ocean sustainability.

interactions is urgently needed to reduce uncertainty in near-
term projection of climate change.?
An increase in a transient temperature induces an increase

1. Introduction

Rapid expansion of human activities has profoundly trans-

formed Earth's atmosphere, ushering in an era known as the
Anthropocene. It is important to understand and assess the
impacts of those anthropogenic environmental changes on
interactions between atmospheric chemistry and biogeochem-
istry as well as climate feedbacks induced by changes in marine
ecosystems (Fig. 1).> Particularly at high latitudes, the ice-
albedo feedback is induced by a decrease in reflected sunlight
to space due to the reduction of snow and ice surfaces, resulting
in rapid warming (i.e., positive climate feedback). Concurrently,

understanding the complex processes in aerosol-cloud
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in the optical thickness of clouds due to the phase change
process from ice clouds to liquid clouds (i.e., negative climate
feedback).* However, the strength of the negative feedback
depends on the treatment of mixed-phase clouds with a mixture
of cloud condensation nuclei (CCN) and ice-nucleating particles
(INPs) in Earth system models.” In addition to such physical
feedbacks, CCN and INP number concentrations in the atmo-
sphere are modulated by aerosols and their precursors of
marine biogenic origin.®” As a result of various responses of
marine biogeochemical activities to increased sea surface
temperatures and melting sea ice, the cloud properties in the
atmosphere are expected to change and provide feedbacks to
climate change. On the other hand, in areas where phyto-
plankton growth is primarily limited by nutrient deficiency,
nutrients supplied by aerosols and precipitation stimulate the
growth of phytoplankton communities. Furthermore, an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of marine aerosol feedback on
biogeochemical cycles and the climate. Modified from ref. 2 under CC
BY 4.0 with permission from Springer Nature, Copyright © The
Author(s) 2021. After aerosols fall into the surface ocean, bioaccessible
Fe binds with organic ligands (Fel), enters the biogeochemical cycle,
or is removed via the scavenging process.

increase in large-scale forest fires due to climate change is
projected to increase nutrient supply to the oceans. At the same
time, nutrient deposition from industrial and agricultural
sources is projected to increase with expected economic growth
in some countries to enhance phytoplankton productivity in
specific regions of the ocean. This is, in turn, expected to
enhance reactive gas and aerosol emissions and the carbon
dioxide (CO,) sink by marine biogeochemical activities, thereby
acting as negative climate feedback and vice versa. Therefore, in
order to consider the effects of climate change on the Earth
system, it is necessary to improve our understanding of how
these air pollutants and greenhouse gases affect the climate
through interactions with terrestrial and marine ecosystems
and their biogeochemical activities.

Earth system models that include biogeochemical processes
on top of climate models are used to quantitatively assess the
effects of climate change and air pollution on the Earth
system.*® However, there is a large degree of uncertainty in
predicting the effects of oceanic (sea salt) and marine biogenic
emissions on the climate and the effects of atmospheric depo-
sition of nutrients from anthropogenic (e.g., metal production,
fossil fuel combustion, and agriculture), lithogenic (mineral
dust), and pyrogenic (open biomass burning) sources on marine
ecosystems. Therefore, it is crucial to integrate observational,
experimental, and numerical modelling studies to elucidate
feedbacks induced by marine aerosols in biogeochemical cycles
and climate change in the Anthropocene.

Climate feedbacks via atmospheric aerosols and marine
ecosystems over the oceans have been actively studied, mainly
on the basis of hypotheses to elucidate aerosol-cloud interac-
tions.’ It has been suggested that increases in dimethyl sulfide
(DMS) emission fluxes from marine biogenic sources induce
negative climate feedback on warming the climate and vice
versa.'® On the other hand, it has been proposed that increases
in iron (Fe) deposition fluxes from lithogenic sources enhance
the sink of atmospheric CO, into the ocean during the Last

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Glacial Minimum (LGM)."* Subsequently, the Fe hypothesis led
to a dramatic development in Fe research, focusing on the
evaluation of Fe deposition from atmospheric aerosols.' In
addition to Fe, anthropogenic reactive nitrogen (N) (oxidized
and reduced inorganic and organic compounds) deposition has
been suggested to support up to ~3% of the marine biological
production but this estimate has been revised down to
~0.4%. .3

In recent decades, observations in the marine boundary layer
(MBL), laboratory studies, and modelling efforts on new particle
formation from DMS have led to revaluation of the complex
interplay, including organic matter (OM).* On the other hand,
global ocean biogeochemistry models have suggested that the
nutrient fertilization effects of atmospheric deposition are
limited due to negative biogeochemical feedbacks.'>'®
Furthermore, it has been suggested that the majority of ocean
primary production in the contemporary climate cannot be
explained by Fe supply from lithogenic aerosols only."”

Atmospheric chemistry at the interface between the atmo-
sphere and ocean is governed by the complex interactions of
various atmospheric and oceanic processes. In order to gain
insight into these processes, this review focuses on the marine
aerosols of OM, N, and Fe over the Pacific Ocean. The Pacific
Ocean has the largest area of the world ocean (47%), whereas it
takes up only 33% of the global CO, flux mainly due to the large
CO, source flux along the equatorial Pacific during non-El Nifio
events.” The subarctic North Pacific is known as the high
nutrient, low chlorophyll (HNLC) region where biological
production is primarily limited by Fe availability and is
controlled by both the atmospheric Fe supplies and oceanic Fe
cycles.” The Pacific Ocean is the region where substantial
amounts of dissolved Fe are received from anthropogenic,
pyrogenic, and lithogenic Fe sources.” Indeed, the 2019-2020
Australian megafires supply pyrogenic Fe with higher bio-
accessibility than lithogenic Fe and trigger widespread phyto-
plankton growth in HNLC regions of the South Pacific.****

In the following, this review is organized into two main
sections: aerosols and their precursor gases emitted from the
ocean and their impacts on the climate in Section 2 and
nutrients supplied from the atmosphere and their impacts on
marine biogeochemistry in Section 3. The review concludes with
a summary and directions for future research to be addressed in
the interdisciplinary research of atmospheric chemistry and
marine biogeochemistry at the air-sea interface.

2. Aerosols and their precursor gases
emitted from oceans and their impacts
on climate

To better predict the climate impact of marine aerosols using
Earth system models, it is essential to understand the biolog-
ical, chemical, and physical processes and to find optimal
parameterization of sea-to-air emission fluxes of aerosols and
their precursors (Section 2.1) and subsequent activities of CCN
(Section 2.2) and INPs (Section 2.3).
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2.1 Aerosols and their precursor gases emitted from oceans

Shipboard measurements have shown that seasonal variation of
primary production in the subarctic North Pacific is larger than
that in other oceanic regions.'® In the subarctic North Pacific,
microbial dynamics (mainly driven by phytoplankton) differ
between eastern and western areas, which is closely linked with
the difference in the amount of nutrient supply/consumption
and air-sea flux of CO, between the two areas.?> The amount,
compositions, and physicochemical properties of reactive gases
and aerosols provided from the sea surface to the atmosphere
and associated with microbial activity largely depend on pros-
perity and decline of phytoplankton and origin of OM in surface
seawater.”® Consequently, the subarctic North Pacific is an
important oceanic region in terms of evaluating sea-to-air
emissions of reactive gases and aerosols and the subsequent
climate effect. The Western Pacific Air-Sea interaction Study
(WPASS) project in the late 2000s was the driving force behind
the academic development of the Surface Ocean-Lower Atmo-
sphere Study (SOLAS) in Japan (https://solas.jp/english/).>*

To estimate the emission flux of aerosols from ocean
surfaces to the atmosphere, sea spray aerosol (SSA) flux and
particle size distributions are empirically expressed as func-
tions of surface wind speeds.”>*® Indeed, measurements have
shown that the frequency of occurrence of whitecaps tends to
increase with increasing surface wind speeds. Variation in
estimates of the whitecap fraction as a function of wind speed
contributes additional, comparable uncertainty to emission flux
estimates, indicating that the emission flux may depend on
quantities which are not accounted for in current models.””
Ovadnevaite et al.*® parameterized a new sea spray source
function in terms of five lognormal modes and the Reynolds
number instead of the more commonly used wind speed, which
resulted in better agreement with the observed results.
However, those estimates did not take account of OM as
a source function.

There is still a lack of understanding of factors that control
chemical and physical properties of OM in marine aerosols (e.g.,
compositions and surface activity of dissolved OM and partic-
ulate OM in surface seawater; species, numbers, and activity of
microbes, etc.). The amount of OM in SSAs has been expressed
as a function of the concentration of chlorophyll a, which is
used as a proxy for phytoplankton biomass.* In such cases,
amounts of chlorophyll a are derived from satellite observations
and/or Earth system models.>**"

To illustrate the annually averaged contribution of primary
organic aerosols (POAs) from sea spray to the total OA concen-
tration over the Pacific, the comparison with POAs from
anthropogenic and pyrogenic sources is shown in Fig. 2. Here,
we use the Integrated Massively Parallel Atmospheric Chemical
Transport (IMPACT) model to estimate the source profile of
marine aerosols over the Pacific.**> In the model,> the POA
emissions from the sea surface are calculated as a function of
the chlorophyll a concentration, wind speed, sea surface
temperature, and aerosol diameter.>® The spatial distribution
shows that POAs from sea spray comprise the majority of OAs
over the tropical and subarctic North Pacific while POAs from
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Fig. 2 Relative percentage contribution of POAs from (a) sea spray, (b)
anthropogenic, and (c) pyrogenic sources and (d) SOAs to the annually
averaged OA mass concentration near the surface ocean in 2019.3
The annual emission fluxes from marine biogenic (0.2 Tg C per year for
isoprene and 8.6 Tg C per year for glyoxal) and shipping (0.1 Tg C per
year) sources are estimated in the Pacific.

continental sources contribute to the dominant sources over the
regions of continental outflow.

Despite that microbial population and community compo-
sition vary with phytoplankton bloom, the organic carbon
content of SSAs is weakly correlated with satellite-derived
measurements of chlorophyll a levels downwind of plankton
bloom.*® As one possible explanation, shipboard measurements
of aerosols and surface seawater in the subarctic western Pacific
demonstrated that the changes in chemical composition occur
as a result of freshly injected dissolved organic carbon (DOC)
into the atmosphere, which is chemically and/or biologically
modified on a timescale of a half to one day.?” Furthermore, the
amount of OM was suggested to be closely linked with and
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Fig. 3 The organic carbon (OC)/sodium (Na*) and water-soluble OC
(WSOC)/Na* ratios in the SSA samples as functions of an index that
represents the senescent status of marine phytoplankton (lsenes) in
surface seawater observed in the western North Pacific. The number
of data points in the panels is more than six of the SSA samples. The
individual surface seawater data points corresponding to the identical
aerosol sampling data are connected with a straight line. Adopted from
ref. 38 under CC BY 4.0 with permission from Springer Nature,
Copyright © The Author(s) 2020.
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partially controlled by senescent algal cells and/or cell lysis
(Fig. 3).*®

Online shipboard observations of fluorescent aerosol parti-
cles over the central Pacific Ocean showed that the number
concentration level of atmospheric bioaerosols (5-30 L™")* was
similar to that in the Kuroshio Extension (10-250 L™ ")* which is
the North Pacific western boundary current. Kawana et al.*
suggested empirical equations to estimate bioaerosol number
density in the atmosphere by using biogenic proxies (chloro-
phyll a, transparent exopolymer particles (TEPs), and bacteria)
and surface wind speeds (Fig. 4).

These biological and physicochemical
processes of aerosols at the air-sea interface are still keys to our
understanding of physicochemical properties of SSAs. To
elucidate the climate impact of OM associated with marine
microbial activity, further studies are needed to understand the
amount, compositions, mixing states, and reactivity of SSAs
including inorganic matter.* It is also required to quantitatively
understand factors and mechanisms that determine selectivity
of compositions during sea-to-air transfer, which should be
linked with biological processes on the ocean surface.

In addition to POAs, the annually averaged contribution of
secondary OAs (SOASs) to the total concentration of OAs over the
Pacific is shown in Fig. 2(d). Natural SOAs are produced from
the oxidation of isoprene, terpenes, and DMS.**** In the model,
the concentrations of isoprene in the surface ocean layer are
calculated from the empirical relationship between the
isoprene concentration and chlorophyll a concentration for two
separate sea surface temperature bins.*> The sea surface DMS
concentration is obtained from the monthly climatological data
set.** The net flux from the ocean to the atmosphere is then
calculated from the concentration gradient for isoprene and
DMS across the air-sea interface and the transfer velocity.***
An extra glyoxal source of 20 Tg C per year over the oceans*® is
evenly distributed in a mixing ratio throughout the planetary
boundary layer by scaling with marine isoprene sources.*® The
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Fig. 4 Scatter plot and equations of number concentrations of bio-
aerosols in the atmosphere as functions of the product of wind speed
(WS) and the biomarker of the TEP concentration over the central
Pacific. The black line represents the orthogonal regression line and
the error bars represent a standard deviation. Adopted from ref. 39
under CC BY 4.0 with permission from Copernicus Publications,
Copyright © The Author(s) 2021.
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photochemical oxidation of volatile organic compounds (VOCs)
and their subsequent reaction in the atmosphere form oxidized
organic gases in the atmosphere.”” In the presence of cloud
droplets or aqueous particles, water-soluble gases (e.g., glyoxal,
methylglyoxal, and glycolaldehyde) dissolve in the aqueous
phase and are further oxidized to form products with lower
volatility (e.g., dicarboxylic acids and oligomers).** These low
volatility products are assumed to remain entirely in the
particulate phase as aqueous SOA (agSOA) compounds (ie.,
glyoxylic acid, pyruvic acid, oxalic acid, and two classes of
oligomers) when cloud water is evaporated.*® The agSOA mass
concentration formed in cloud water is proportionally distrib-
uted to the agSOA mass concentration on preexisting aerosols.
The aqSOA is also formed in externally mixed wet aerosols.*
The surface-limited uptake process is considered for glyoxal and
methylglyoxal in sulfate aerosols only.** The spatial distribution
shows that SOAs from marine and terrestrial sources are the
majority of OAs over the open ocean (Fig. 2(d)).

Large uncertainty exists on how VOCs other than DMS** or
organic N, which are emitted from ocean surfaces, play a role in
new particle formation, secondary aerosol formation, and
physicochemical transformation of preexisting particles.
Indeed, Thames et al.>* suggested the presence of unmeasured
or unknown VOCs and/or oxygenated VOCs associated with
ocean emissions. Furthermore, possible effects of nitrogen
fixation, which converts dinitrogen (N,) gas to ammonia (NH3),
on atmospheric emissions of reactive N (including organic N)
have been investigated.* The atmospheric emission fluxes of
organic N or NH; (or ammonium) from the sea surface are
important in terms of estimating atmospheric deposition fluxes
of anthropogenic reactive N.*® Reactive gas species (e.g., VOCs or
reactive N), which are photochemically produced at the air-sea
interface, have been suggested to be involved in new particle
formation, although large uncertainties exist in their amount.*®
It is important to elucidate the emission flux of the carbon mass
of primary emissions by SSAs as well as that of SOAs and to
reveal their importance relative to the number and mass of sea
salt.

To quantitatively associate the composition of aerosols with
biological and physicochemical processes in the ocean, it is
essential to understand the processes at molecular levels that
potentially contain information about metabolic pathways and
the reaction path of producing OM in seawater. This also needs
establishing methods for quantification of OM that transfers
from the ocean surface to the atmosphere.

2.2 Impact of aerosols on cloud condensation nuclei

The CLAW hypothesis postulated that new particle formation
driven by biogenic DMS might have been involved in stabilizing
global temperature through modifications of cloud albedo.®
Since the CLAW hypothesis was put forward, the role of DMS in
the atmosphere has received substantial attention with respect
to global warming. However, aerosol particle formation from
DMS as a precursor gas was extremely rare in the MBL where sea
salt particles were abundant as preexisting particles.’” On the
other hand, to mimic natural marine systems in laboratory
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experiments, mesocosm experiments have been promoted to
artificially reproduce waves and generate SSAs using large
waving tanks.*® The results from laboratory experiments suggest
that secondary marine aerosols in the presence of OM play
a dominant role in affecting submicrometer SSAs, the hygro-
scopicity of aged SSAs, and thus cloud-forming ability.* The
feedback between marine biological activity and the climate is
much more complex than that proposed in the CLAW hypoth-
esis.” Thus, the individual processes that constitute the CLAW
hypothesis remain controversial.

Laboratory experiments suggest that in the pristine atmo-
sphere, the intramolecular hydrogen atom transfer reaction is
important in the oxidation process of DMS.* The relatively
stable intermediate HPMTF (hydroperoxymethyl thioformate;
HOOCH,SCHO) produced in the process was observed by
aircraft measurements over the ocean, confirming the impor-
tance of its isomerization reaction.®* Subsequently, numerical
modelling studies, which consider isomerization reactions,
indicate the need for a better understanding of the dominant
processes of new particle formation in the atmosphere and the
cloud response to that change.®*®® In addition, Earth system
models disagree on the direction of the future trend of the
global annual mean DMS concentration.®* The climate-
adjusting ability of marine DMS requires further study.

Recent large-scale airborne observations have captured new
particle formation sustained in the tropical free troposphere,
where preexisting particles and anthropogenic precursor gases
are scarce.® It is postulated that the precursor gas in the MBL is
transported to the free troposphere by convective clouds,
leading to the formation of new particles, and that the
entrainment of the newly generated particles into the MBL
contributes to cloud formation in the MBL. However, field
observational and modelling studies suggest that additional
precursor gases other than DMS such as VOCs are needed to be
taken into account, since the particle number concentration is
underestimated when only DMS is considered as a precursor
gas."

The role of marine organic aerosols in CCN has attracted
attention since the 2000s.* Field observations and laboratory
experiments suggest that hydrocarbons and colloidal
substances might significantly contribute to the reduction of
hygroscopicity for SSAs and lead to the suppression of CCN
activity.*® However, the results from microcosm experiments
suggest that changes in chemical composition of SSAs associ-
ated with biological activity do not strongly affect the hygro-
scopicity of primary SSAs.®® Alternatively, OM coating on SSAs
reduces the surface tension, enhances the emission flux of the
particle number concentration, and thus the CCN concentra-
tion.®” Moreover, SSA number size distribution derived from
size-resolved hygroscopicity and particle number size distribu-
tion indicates that the contribution of submicrometer SSAs to
marine CCN might have been underestimated in previous
studies.®® These studies highlight the need for further identifi-
cation of submicrometer SSAs to quantify the source appor-
tionment of CCN in the atmosphere more accurately.

In climate models, empirical thresholds are used when
aerosol number concentrations are converted to CCN
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concentrations to compensate for underestimation of natural
aerosol number concentrations and to reduce the cooling effect
of aerosol-cloud interactions induced by anthropogenic aero-
sols.® Therefore, perturbation of the marine organic aerosol
concentration below that threshold has no effect on the
climate.*® To estimate the anthropogenic effects on aerosol-
cloud interactions more accurately, it is necessary to improve
our understanding of marine organic aerosols and to develop
models that do not use empirical thresholds. To understand the
effects of marine biology on the climate, a parameterization for
global models is proposed that uses an empirical relationship
between the number fluxes of SSA-derived CCN and seawater
nanophytoplankton cell abundances that can be observed from
satellites.”” The climate model MRI-ESM2 (Meteorological
Research Institute Earth System Model version 2) used SSA-
derived CCN as a tuning parameter to adjust the cloud albedo
effect to suppress excessive solar radiation over the remote
ocean.”™

2.3 Impact of aerosols on ice-nucleating particles

In general, freezing of supercooled water droplets requires
conditions as low as —40 °C in the absence of impurities, but
the presence of INPs promotes freezing at relatively high
temperatures (—5 to —25 °C). Through such pronounced ice-
nucleation activity, it has been postulated that biogenic
primary particles (bioaerosols) may have a substantial impact
on the life cycle of clouds in the atmosphere, the dynamics of
the cloud-precipitation system, and the radiation budget. Even
if the number of INPs in the total aerosol concentration is very
small (e.g., one INP in one million particles), they play a pivotal
role in the depletion of liquid clouds via several microphysical
pathways. Thus, a quantitative understanding of their number
concentration and INP activity is needed. However, even qual-
itative knowledge is limited, and we are far from understanding,
quantifying, and modelling the detailed processes.

Bioaerosols (i.e., bacteria, small phytoplankton, their debris,
and exudates) are injected from the sea surface to the atmo-
sphere as part of SSAs. The emission flux of bacteria is esti-
mated to be 2-10 Tg per year with a wide range of uncertainty.”
The bacteria aerosol may include ice-nucleation active species.
The surface of a marine diatom species” and organic material
associated with phytoplankton cell exudates” have been shown
to promote freezing under conditions relevant for mixed-phase
clouds. Aerosol particles, which are active as INPs, have been
suggested to be of submicrometer size.””*”* On the other hand,
the majority of INPs, which originated from freshly produced
biological materials entrained in jet drop SSAs, are of super-
micrometer size.”® Laboratory studies on marine phytoplankton
suggest that both biomolecules and microbes contribute to
marine INPs within SSAs.”

A cloud-resolving model suggests that low marine-derived
INPs, compared to terrestrial mineral aerosols, suppress the
overestimation of ice clouds and thus complement the under-
estimation of water clouds over remote oceans.”® The contri-
calculated using the
parameterization derived from samples in the sea surface

bution to INP concentrations is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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microlayer.” Thus, physiochemical selectivity in the transfer of
OM into the aerosol phase is not accounted for in this param-
eterization. To account for the effects of chemically selective
emission and atmospheric processing implicitly, a parameteri-
zation is empirically derived from observations of ambient
SSAs.” In global model studies, the latter parameterization
better reproduces INPs associated with marine sources
compared to the former parameterization.**®* Furthermore,
coarse and super-coarse dust particles can be transported
farther away from the land, and thus the abundance of these
particles is substantially underestimated in current models.**
Thus, the relative importance of marine OAs as a source of INPs
in comparison to terrestrial sources and their effect on mixed-
phase clouds are still open questions. These studies highlight
the need for further identification of chemical composition for
larger particle sizes to quantify the source apportionment of
INPs in the atmosphere more accurately.

Comprehensive observational and modelling studies are
needed to elucidate the processes which affect the emission flux
of OM in surface seawater to the atmosphere, the INP activity,
and the effects of INPs on cloud and precipitation systems. For
comprehensive observation, interdisciplinary measurements of
oceanic and atmospheric INPs and marine biogeochemistry
using ships and aircraft are desirable.

Oceanographic research vessel “Mirai” has conducted auto-
matic continuous measurement of fluorescent atmospheric
particles on many research cruises as a unique attempt since
2012. Simultaneous INP measurement has also been conducted
on some cruises. A positive correlation between bioaerosol
number concentrations and transparent exopolymer particles
(TEPs), which are produced from phytoplankton exudations in
seawater, has been found (Fig. 4).*° The relationship between
INPs and indicators of marine biogeochemical activity is not
only limited to chlorophyll a, but also to the number and
species of bacteria, TEPs, and CSPs (proteinaceous material),
which are useful for clarifying bioaerosol formation processes.*
The relationship between those indicators was shown using the
results of incubation experiments as well as field observations.®*
However, the formation and loss processes and particle sizes of
related marine materials remain unresolved, and a laboratory
approach, including incubation experiments, is effective.

Aerosol-cloud interaction studies have been intensively
conducted over high-latitude oceans, since the model biases in
solar (shortwave: SW) and thermal (longwave: LW) radiation are
associated with low-level mixed-phase clouds.* Over the remote
ocean, the number concentration of INPs frozen at —15 °C (Nynp
(=15 °C)) was once reported to be as high as 3-250 m>.%
However, recent ship-based surveys have observed a much lower
order of magnitude of 0.1-1 m™>.8-** Globally collected offshore
INP data also showed Nyyp (—15 °C) in the range of 0.1-100 m >,
lower than that over the land.*® However, a comprehensive
understanding of the relationship between marine and atmo-
spheric bioaerosols and INPs has not yet been achieved,
although the predominance of marine organic species has been
reported from atmospheric bacterial community analyses over
the remote ocean® as has the correlation between fluorescent
particles and INPs.*” The relative contributions of particle sizes
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(submicrometer or supermicrometer) to INPs are open ques-
tions.”® Even at mid and low latitudes, there is a large degree of
uncertainty in the radiation budget of overhead clouds such as
cirrus clouds. Therefore, it is desirable to expand our knowledge
on whether marine bioaerosols play an important role in INPs
during ice cloud formation.

Future studies should clarify to what extent lithogenic,
terrestrial biogenic, pyrogenic and anthropogenic sources also
contribute to INPs in the atmosphere,” as well as their
respective roles and relative contributions in conjunction with
marine biogenic sources. It is required to evaluate the role of
various sources, such as bioaerosols from large-scale wild fires*
and thermally modified mineral aerosols® in INP activity and
how moisture removal associated with long-range transport in
the atmosphere affects the INP/CCN ratio in the atmosphere.
Observations by unmanned and manned aircraft (including
drones and helicopters) and tethered balloons in combination
with ships will be effective methods of obtaining information at
cloud altitudes. Collaboration with microbiological scientists to
elucidate the role of microlayers where OM is enriched in the
calm ocean surface layer®® and linkage with environmental DNA
coverage analysis are also promising directions.

Climate and weather research should focus on how marine
bioparticles, atmospheric bioaerosols, and INPs change with
climate change and to what extent they produce positive or
negative climate feedbacks. Numerical models®” incorporating
detailed processes of marine aerosol emission, aerosol micro-
physics, CCN/INP activity, aerosol-cloud interaction, and cloud
radiation should be used to evaluate each process and provide
integrated knowledge.

3. Nutrients supplied from the
atmosphere and their impacts on
marine biogeochemistry

Plant growth is primarily controlled by the lowest supply of the
essential nutrients given (i.e., Liebig's law of least). In areas and
seasons where 