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A Surface Ocean - Lower Atmosphere Study (SO-

LAS) sponsored event focusing on the Indian 

Ocean was held on 30 September 2020. The 

event was conducted online, with participants at-

tending via two different streaming platforms.  

The Indian Ocean has been highlighted as an im-

portant region for SOLAS science and is included 

in the list of key environments under the Inte-

grated Studies of High Sensitivity Systems of the 

SOLAS science mission. The main aim of this 

workshop was to present and discuss current, on-

going, and planned SOLAS research and initia-

tives taking place in the Indian Ocean and help 

forge collaborations between different institutions. 

Another aim of the workshop was to reinvigorate 

the Indian SOLAS community and develop com-

munity actions and strategies supported by SO-

LAS. 

Due to the travel restrictions in place because of 

the ongoing pandemic, the meeting was con-

ducted online. In total 350 people from 35 coun-

tries registered for the event, which has been 

viewed by approximately 650 people across two 

streaming platforms. This shows that the online 

meeting was very well received, and it enabled a 

SOLAS Indian Ocean 
online meeting 
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Figure 1: Participants of the SOLAS Indian Ocean meeting, from upper left to lower right: Anoop S. Mahajan, Lisa Miller,  

Hermann Bange, Parvadha Suntharalingam, Susann Tegtmeier, N. Anilkumar, Christa Marandino, Manish Naja, Nidhi 

Tripathi, Swapna Panickal, Roxy Koll, Yoav Lehahn, Sheryl O. Fernandes, Arvind Singh, Michal Strzelec, Liselotte Tinel, 

Carolin Löscher, Peter Burkill, Katye Altieri, P. N. Vinayachandran. 

large number of early career scientists to attend, 

suggesting that an online stream should become 

a standard feature of future meetings to help re-

duce the carbon footprint and increase attend-

ance. 

The meeting was divided into four scientific ses-

sions after an introductory talk. The sessions were 

designed to cover the latest in SOLAS research in 

the Indian Ocean and were: (i) The air-sea inter-

face and boundary-layer exchange of trace gases 

in the Indian Ocean; (ii) Air-sea exchange and 

monsoons; (iii) Impacts of the atmosphere on the 

Indian Ocean (including pollution); and (iv) Im-

pacts of ocean biogeochemistry and microbiology 

on the atmosphere over the Indian Ocean. Each 

session was comprised of two talks of 15 minutes 

each. A poster session was also organised be-

tween the four sessions, with posters available for 

comments online before the event, and one-mi-

nute flash presentations from 21 presenters show-

ing the latest in Indian Ocean research from 

groups across the world. 

In addition to the four sessions, two keynote talks 

were also organised, with the first focusing on 

consolidating the air-sea exchange research in 

the Indian Ocean, and the second focused on the 

Second International Indian Ocean Expedition 

(IIOE-2), which is one of the largest scientific pro-

gram to take place in the Indian Ocean in recent 

years. At the end, a panel discussion was also 

conducted with the aim of identifying what re-

search is needed in the Indian Ocean. 

A few important take home messages from the 

meeting were: 



 

3 

 

Event summary 
 

   The Indian Ocean is rapidly changing. It is the 

fastest heating ocean aside from the Arctic 

Ocean, which has large implications on bio-

geochemistry and its impact on SOLAS sci-

ence. However, the situation is compounded 

by the Indian Ocean being a dynamically 

complex and highly variable system under 

monsoonal influence. 

 A holistic approach in the Indian Ocean is en-

couraged, with linkages between the atmos-

phere, ocean, coastal and deep sea research 

both in the northern Indian Ocean and the 

southern Indian Ocean. These studies need 

to be interdisciplinary and focus on the tem-

poral and spatial scale because many uncer-

tainties remain in terms of how oceanic and 

atmospheric processes affect climate, ex-

treme events, marine biogeochemical cycles, 

atmospheric chemistry, meteorology, ecosys-

tems, and human populations in and around 

the Indian Ocean. 

 There is a large community interested in In-

dian Ocean SOLAS research but currently the 

efforts are disjointed and need consolidation 

in order to increase the impact of the research 

activities. 

 There is a distinct need of focused field cam-

paigns and long-term observations in the In-

dian Ocean, which is one of the least sampled 

oceans in the world. 

 A public data repository on the observations 

made in the Indian Ocean as well as synthe-

sis papers highlighting the SOLAS related 

studies that have hitherto been conducted in 

the Indian Ocean would be hugely important 

for understanding the current state of SOLAS 

science in the Indian Ocean and to identify 

missing gaps for future research. 

 Further collaborations with other international 

projects, such as the Scientific Committee on 

Oceanic Research (SCOR), the International 

Global Atmospheric Chemistry (IGAC), and 

the Indian Ocean Observing System (In-

dOOS), are encouraged. 

 A white paper on SOLAS research in the In-

dian Ocean should be written to create a 

baseline for future SOLAS research.  

Along with the SOLAS Indian Ocean meeting, a 

side meeting for the SOLAS India community was 

organised on the same day. The workshop in-

cluded a presentation from another national com-

munity and discussions on the structure and fu-

ture of SOLAS India and increasing collabora-

tions with ongoing programs in India. 

The outcomes of the meeting contribute to the 

Cross-Cutting Theme ‘Integrated Topics’ (Indian 

Ocean) of the SOLAS 2015-2025: Science Plan 

and Organisation. 
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Exploring iodine chemistry in the Indian and Southern Ocean marine 

boundary layer 
 

Inamdar, S. 1*, Tinel, L. 2, Mahajan, A. S. 1  

 
1 Indian Institute of Tropical Meteorology, India 
2 University of York, UK 

 
* swaleha.inamdar@tropmet.res.in 

Swaleha Inamdar completed her master’s degree in physics in 

2014 and switched to research in atmospheric chemistry in 2016. 

Her PhD study at the Indian Institute of Tropical Meteorology (IITM), 

Pune, India and Banaras Hindu University (BHU) is centred around 

investigation of atmospheric iodine precursors and estimating its im-

pact on the chemical composition of atmosphere over the Southern 

and Indian Ocean. 

seawater iodide (SSI) concentration was meas-

ured during one of our expeditions, the 9th Indian 

Southern Ocean Expedition (ISOE-9) in 2017 con-

tributing to the first concomitant observation of 

SSI, IO, and O3 in the Southern Ocean. Addition-

ally, SSI observations in the northern Indian 

Ocean were also obtained from two expeditions; 

namely, the Sagar Kanya-333 cruise (SK-333) 

and the Bay of Bengal Boundary Layer Experi-

ment (BoBBLE) conducted during June-July and 

September 2016, respectively (Chance et al., 

2020).  Between 2015 - 2017, in the three (8th In-

dian Southern Ocean Expedition (ISOE-8), 2nd In-

ternational Indian Ocean Expedition (IIOE-2), and 

ISOE-9) field experiments, we have observed the 

ubiquitous presence of IO with levels of 1 to 1.5 

pptv in the Indian and Southern Ocean MBL (Ma-

hajan et al., 2019; Inamdar et al., 2020). 

To understand the sources of IO in this region, we 

estimated the inorganic HOI and I2 fluxes using 

the Carpenter et al. (2013) algorithm which is 

based on SSI, O3, and wind speed. Since the SSI 

observations are sparse and difficult to automate, 

In the last 40 years, research around halogen-

based trace gases has evolved with increased ob-

servations, laboratory experiments, and modelling 

studies. However, there are still uncertainties 

around the source and transport pathways of io-

dine-based compounds in the atmosphere. The 

ocean is the primary source of reactive iodine 

compounds; the presence of iodine monoxide (IO) 

in the atmosphere is an indicator of active iodine 

chemistry in the marine boundary layer (MBL). 

About 75 % of the detected IO over the tropical 

Atlantic Ocean is accounted to the inorganic emis-

sions of hypoiodous acid (HOI) and molecular io-

dine (I2) via the reaction of seawater iodide with 

atmospheric ozone (O3) (Carpenter et al., 2013). 

To investigate iodine chemistry in the marine en-

vironment, our studies over the Indian and South-

ern Ocean waters involve ship-based observa-

tions of IO using the state-of-the-art, multi-axis dif-

ferential optical spectroscopy (MAX-DOAS) tech-

nique (Hönninger et al., 2004). Simultaneously, 

along the cruise track, O3 concentrations are ob-

served using a photometric UV analyser. Surface 
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(Figure 3a), in the atmosphere above the Indian 

and Southern Ocean (Indian Ocean sector) re-

gions. Modelled atmospheric IO concentrations in 

Figure 3b match the observations but with a large 

offset suggesting that the inorganic fluxes drive 

some part of the chemistry. Chl-a shows a positive 

correlation with IO for the north of the polar front. 

This was also reported by Mahajan et al. (2019), 

suggesting that biologically emitted species could 

also play a role in addition to ozone and iodide 

derived inorganic emissions of HOI and I2. This 

study suggests that the fluxes of iodine in the MBL 

are more complex than considered at present and 

Chance et al. (2014) and MacDonald et al. (2014) 

devised parameterisations to estimate the sea-

water iodide concentration. We used similar meth-

ods to form a region-specific parameterisation for 

the Indian and Southern Ocean region using the 

observed SSI concentration from ISOE-9, SK-

333, and BoBBLE. Figure 2a shows a comparison 

of SSI calculated from existing parameterisation 

(Chance et al., 2014; MacDonald et al., 2014) and 

SSI concentration obtained from machine-learn-

ing-based global model output (Sherwen et al., 

2019) with observations for the Indian and South-

ern Ocean region. In Figure 2b, we compare the 

SSI concentration from region-specific parameter-

isation for the Indian and Southern 

Ocean with observations. It is evident 

that the region-specific parameterisa-

tion performs well for the Indian and 

Southern Ocean region as they are de-

rived using the data they are tested on. 

However, the existing parameterisation 

(Figure 2a) fails to match the observed 

SSI concentration in the northern Indian 

Ocean region. This is mostly because 

the existing parameterisation are based 

on little to no observations from the In-

dian and Southern Ocean region, thus 

making them unsuitable for this region.  

Figure 3 shows the latitudinal variation 

in IO mixing ratios, inorganic iodine 

emissions (HOI and I2), chlorophyll-a 

(Chl-a) and ozone mixing ratios for the 

entire dataset comprising of the three 

campaigns (IIOE-2, ISOE-8 and 9). The 

inorganic fluxes estimated using iodide 

from different parameterisation and ob-

servation did not show a large variation 

in values and followed a similar latitudi-

nal trend (Figure 3c and 3d). This is in-

dicative that the inorganic iodine flux pa-

rameterisation is not highly sensitive to 

the SSI concentration. The estimated 

inorganic iodine fluxes do not explain io-

dine chemistry, as indicated by IO levels 

Figure 2: Latitudinal averages of calculated sea surface iodide (SSI) con-

centrations for each campaign using (a) existing, (b) new parameterisation 

tools and observations from the ISOE-9, SK-333, and BoBBLE field cam-

paigns. Filled markers represent combined SSI from ISOE-8 and ISOE-9, 

unfilled markers represent SSI from IIOE-2 campaign. 
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further studies are necessary in order to parame-

terise accurate inorganic and organic fluxes that 

can be used in atmospheric models. 
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Figure 3: Daily averaged atmospheric and oceanic parameters combined from ISOE-8, IIOE-2, and ISOE-9 field campaigns. 

(a) IO above detection limit from ISOE-8, ISOE-9 and IIOE-2. (b) Surface IO values from GEOS-Chem and CAM-Chem 

models. (c) and (d) comprise of estimated HOI and molecular I2 fluxes (e) Chl-a observations from ISOE-8 and ISOE-9 (blue 

circles) and satellite data for all campaigns (red circles). (f) O3 mixing ratios from campaigns ISOE and IIOE-2. Observational 

plots for ISOE-8 and IIOE-2 were adapted from Mahajan et al. 2019 a & b. The vertical dashed line through the figure 

indicates the Polar Front at 47º S. 
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  Amit Sarkar is a marine biogeochemist, who received a PhD from 

the National Institute of Oceanography (NIO), Goa, India. He 

worked as a project scientist at the Earth System Science Organ-

ization-National Centre for Polar and Ocean Research (ESSO-

NCPOR), Goa, and currently works as an associate research sci-

entist at the Kuwait Institute for Scientific Research (KISR), Ku-

wait. His expertise involves studying nutrient and carbon cycling in 

the northern Indian Ocean and the Indian sector of Southern 

Ocean. His present research involves studying biogeochemistry of 

climatically important gases over the northwestern Persian/Ara-

bian Gulf. 

reported 0.03 µmol N L-1 d-1 as the denitrification 

rate from this region by incubating samples spiked 

with 15NO3
-. However, these measurements suf-

fered from several uncertainties as the first report 

did not envisage replenishment of the NO3
- pool 

or removal by the dissimilatory nitrate reduction to 

ammonium (DNRA). Additionally, none of the 

studies considered the possibility of N-loss 

through the anaerobic ammonium oxidation 

(Anammox) process.  

We employed modified isotope pairing techniques 

(Holtappells et al., 2011) using various combina-

tions of 15N-labelled substrates to identify and 

quantify the potential of multiple reductive N-pro-

cesses operating in the water column over the 

WICS during the anaerobic period (Figure 4). The 

experiments were conducted for three consecu-

tive years occupying multiple locations to provide 

an insight into the magnitude of the inter-annual 

and spatial variability. Denitrification was the dom-

inant N-loss pathway over the WICS with an aver-

age rate of 2.45±0.6 µmol N L-1 d-1 with extreme 

The equatorward surface currents along the west-

ern Indian continental shelf (WICS) during sum-

mer (southwest) monsoon induces slow but 

steady upwelling of water derived from the upper 

part of the mesopelagic oxygen minimum zone 

(OMZ) of the Arabian Sea in the northern Indian 

Ocean. Intense rainfall in coastal zones facilitates 

water column stratification by forming cold and low 

saline water lens at the surface. The cumulative 

effects of these processes transform this shelf into 

a seasonal OMZ, which occupies a geographical 

area of ~ 200,000 km2, the largest of its kind 

around the globe (Naqvi et al., 2000). Elevated bi-

ological productivity, chronic deoxygenation, ex-

tremely high nitrous oxide (N2O), methane (CH4) 

and dimethyl sulphide (DMS) production in con-

junction with frequent sulphidic events make this 

system an ideal natural laboratory to study fixed 

nitrogen (N)-loss/transformation processes. Naik 

(2003) estimated a denitrification rate of 0.84 µmol 

L-1 d-1 based on changes in nitrate (NO3
-) + nitrite 

(NO2
-) concentration over time at a fixed station 

along WICS. In another study, Devol et al., (2006) 

Revising the reductive nitrogen loss processes over the western Indian 

continental shelf during seasonal deoxygenation 

 

Sarkar, A. 

 
 Kuwait Institute for Scientific Research, Kuwait 

 

amitsarkar81@gmail.com 



 

9 

 

Attendees research profiles 

 

 
  

potential over the inner shelf and at the interface 

of the oxic-suboxic/anoxic layers. This rate is two 

orders of magnitude higher than the earlier esti-

mates. Anammox was also observed but at a 

lower rate (0.06±0.004 µmol N L-1 d-1) compared 

to denitrification. DNRA activities were however 

sporadic and at a much lower rate (0.11±0.02 

µmol N2 L-1 d-1). Intriguingly, we noticed very high 

denitrification rates (reaching up to ~10 µmol N2 

L-1 d-1) to be associated with sulfidic events. It is 

not unlikely that these high rates of denitrification 

may arise at least in part from chemolithoauto-

trophic denitrification by sulphide-oxidising mi-

crobes. From our study, the overall N removal via 

denitrification over the WICS is estimated to 

range between 3.70±0.91 and 11.1±2.72 Tg an-

nually.  This corresponds to as much as 20-60% 

of the total annual fixed N-loss in the perennial 

OMZ of the Arabian Sea. In comparison, anam-

mox contributes only 0.09±0.01 - 0.27±0.03 Tg to 

the N-loss per year. This work is published in 

Frontiers in Marine Science (Sarkar et al., 2020). 

References 

Devol, A. H., Uhlenhopp, A. G., Naqvi, S. W. A., 

et al. (2006) Denitrification rates and excess nitro-

gen gas concentrations in the Arabian Sea oxy-

gen deficient zone, Deep Sea Res. Part I Ocean-

ogr. Res. Pap., 53(9), 1533-1547, 

 https://doi.org/10.1016/j.dsr.2006.07.005 

Holtappels, M., Lavik, G., Jensen, M. M., et al. 

(2011) 15N-labelling experiments to dissect the 

contributions of heterotrophic denitrification and 

anammox to nitrogen removal in the OMZ waters 

of the ocean, Methods Enzymol., 486, 223-251, 

doi: 10.1016/B978-0-12-381294-0.00010-9. 

Naik, H. (2003) Benthic nitrogen cycling with spe-

cial reference to nitrous oxide in the coastal and 
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observations, especially in the Indian Ocean, us-

ing a machine learning approach (Chance et al., 

2019; Sherwen et al., 2019; Chance et al., 2020). 

However, uncertainties on the estimations of io-

dine fluxes from the O3 + I− reaction, mainly un-

The reaction of ozone (O3) with iodide (I−) at the 

ocean’s surface is one of the main drivers for io-

dine emissions into the marine troposphere and 

an important sink for ozone through dry deposi-

tion. Recent studies in the Indian Ocean showed 

differences between observed 

and modelled iodine oxide in 

the marine boundary layer, 

pointing out an incomplete un-

derstanding of iodine emis-

sions (Mahajan et al., 2019a; 

Mahajan et al., 2019b; Inam-

dar et al., 2020). In particular, 

the different global models 

overestimated the formation of 

iodine oxide. This is likely 

caused by an overestimation 

of I− concentrations at the sea 

surface. The I− climatology 

has recently been updated, in-

corporating extended global I− 

The influence of the sea surface microlayer on oceanic iodine emissions 
 

Tinel, L. 1*, Adams, T. J. 2,3, Hollis, L. D. J. 2, Inamdar S. 4, Mahajan, A. S. 4, Chance, R. 1, Ball, S. M. 2, 

Carpenter, L. J. 1 

 
1 Department of Chemistry, University of York, York, U.K. 
2 School of Chemistry, University of Leicester, Leicester, U.K. 
3 Now at Ricardo Energy & Environment, Harwell, Oxfordshire, U.K.  
4 Centre for Climate Change Research, Indian Institute of Tropical Meteorology, Pune, India 

 

* liselotte.tinel@imt-lille-douai.fr 

Liselotte Tinel did her PhD in Lyon, France, under the supervision 

of Dr. George, on photochemistry at atmospheric surfaces, includ-

ing the sea-air interface. She then moved to York, U.K., as a post-

doctoral researcher in the group of Prof. Carpenter to further the 

work on air-sea exchanges, in particular of iodine species. 

Figure 5: Schematic representation of the reaction of O3 and I- at the sea 

surface, leading to I2 emissions. 
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der the form of hypoiodous acid (HOI) and molec-

ular iodine (I2), at the sea surface remain (illus-

trated in Figure 5). In particular, the influence of 

organic matter on these fluxes, and more specifi-

cally the influence of the surface microlayer 

(SML), is not well understood. Therefore, in a re-

cent series of laboratory experiments, gas phase 

iodine (I2) was measured using broadband cavity 

enhanced absorption spectroscopy (BBCEAS) 

over a range of I− and O3 concentrations (Tinel et 

al., 2020). The I2 emitted was measured directly 

above the surface of 4 different types of solutions 

exposed to O3: buffered potassium iodide (KI) so-

lutions, artificial seawater, natural subsurface sea-

water and, for the first time, surface microlayer 

samples. Compared to I2 emissions over buffered 

KI solutions, emissions over artificial seawater 

were reduced, but the strongest reductions were 

observed over natural seawater samples, as 

shown in Figure 6. The I2 flux observed over SML 

was in average 65% lower than over subsurface 

samples. These lower emissions could be caused 

by the reaction of products of the O3 + I− reaction 

with organics present in the natural seawater sam-

ples, leading to the formation of e.g. volatile or-

ganic iodine (VOI) and hence lowering I2 (and 

HOI) emissions. Therefore, in a parallel set of ex-

periments, emissions of 11 halocarbons in the gas 

phase were monitored over the same types of so-

lution in presence of O3 in the gas phase, using 

thermo-desorption gas chromatography coupled 

to a mass spectrometer (TD-GC-MS). Although 

some volatile organic iodine production was ob-

served over the natural samples, mainly as iodo-

methane (CH3I), and higher production was ob-

served over the SML sample, this production was 

very low and could not explain the reduction in 

emissions of I2 observed. Using a modified version 

of the interfacial model proposed by Carpenter et 

al. (2013), other reasons behind the reduction of 

iodine fluxes were explored. The model matched 

the observations best when using an increased 

solubility of the products (HOI and I2), as can be 

seen in Figure 6. Hence, we propose that the or-

ganic enriched SML leads to higher solubility of 

the I2 produced, leading to the lower emissions 

observed. Our results highlight the importance of 

using environmentally representative concentra-

tions in studies of the O3 + I− reaction, due to the 

non-linearity of the emissions, and demonstrate 

that the SML exerts a strong influence on emis-

sions of iodine, and potentially other volatile spe-

cies. 
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Figure 6: Observations (symbols) and modelling (lines) of 

I2 emissions at 17 °C as a function of I– concentration from 

buffered KI solutions (gray), artificial seawater (red), subsur-

face seawater (green), and surface microlayer (blue) for O3 

concentrations of 22.7, 34.7, 38.6, and 38.5 ppbv, respec-

tively. The error bars reflect the overall uncertainty on the 

measurements. The plot extends the calculation of the mod-

elled I2 emissions back to an iodide concentration of 1.5 × 

10–7 M, typical of natural oceanic surface iodide concentra-

tions. 
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On 29 October 2020, a SOLAS session was con-

vened at the North Pacific Marine Science Organ-

ization (PICES) 2020 annual meeting in a virtual 

format. The title of the session was “Atmospheric 

nutrient deposition and microbial community re-

sponses, and predictions for the future in the 

North Pacific Ocean”. Atmospheric deposition is 

an important nutrient source for marine ecosys-

tems, with consequences for local, regional, and 

global biogeochemical cycles, as well as the cli-

mate system. This session focused on natural and 

anthropogenic atmospheric nutrient inputs to the 

North Pacific Ocean. Microbial communities re-

spond to changing atmospheric inputs, which may 

result in significant effects on the marine carbon 

and nitrogen budgets, as well as on atmospheric 

carbon dioxide uptake. Key questions addressed 

in the session were: How do biogeochemical and 

ecological processes interact in response to natu-

ral and anthropogenic material inputs from the at-

mosphere across coastal and open ocean re-

gions? How do global warming, ocean acidifica-

tion, and other anthropogenic stressors synergis-

tically alter the uptake of atmospheric nutrients 

Session on “Atmospheric nu-
trient deposition and micro-
bial community responses, 
and predictions for the future 
in the North Pacific Ocean”  
 
PICES 2020 annual meeting 

29 October 2020, online 
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and metals by marine biota in different oceanic re-

gions? What is the prognosis for the future? 

There were seven live presentations, five rec-

orded oral presentations, and fifteen electronic 

poster presentations during the session. An active 

discussion took place about the understanding of 

atmospheric iron (Fe) and nutrient deposition to 

the ocean and its influence on ocean biogeochem-

istry in the Pacific Ocean. A wide range of results 

were reported, such as atmospheric-ocean mate-

rial cycles, atmospheric nutrient supply, atmos-

pheric aerosol Fe from coal combustion and its 

deposition to China adjacent seas, phytoplankton 

community response to trace metals deposition, 

controlling physical and chemical mechanism for 

biological production, dynamics of organic ligands 

in the Pacific water which is the key to trace metals 

dynamics, and air pollution and future forecasting 

for nitrate (NO3
-) deposition to Pacific ocean. 

Among them, the subject of aeolian Fe and nitro-

gen (N) deposition, and the importance of anthro-

pogenic aerosols and their solubility and impacts 

on the ecosystem was thoroughly discussed. 

However, it is worth pointing out that these 

presentations were limited to discussing the im-

pacts on the waters near Asia adjacent sea, and a 

remaining issue was to quantitatively estimate the 

impacts on a wider area of the Pacific Ocean in 

the future. 

The future directions of the SOLAS Theme 3, At-

mospheric deposition and ocean biogeochemistry 

Implementation Plan will be extracted from this 

session. The following issues should be further in-

vestigated in order to clarify the impacts of the at-

mosphere-derived nutrient supplies on biological 

production in a wider area of the Pacific Ocean. 

- To estimate the impacts of atmospheric Fe sup-

ply on oceanic phytoplankton growth, quantita-

tively, and the contribution of anthropogenic 

aerosol Fe will be the key issue. It is clear that 

more work is needed to reveal the anthropo-

genic aerosol Fe transport scale, frequency, 

deposition area, residence time in surface water 

and dissolution rate, and the fraction of bioavail-

able Fe under natural conditions. 

- There are still important gaps in quantitative un-

derstanding along with a coherent explanation 

of the biological response in the High Nutrient 

Low Chlorophyll (HNLC) waters and the sub-

tropical Low Nutrient Low Chlorophyll (LNLC) 

waters in the North Pacific. It was frequently 

suggested that this must be achieved by inte-

grating both, the knowledge of atmospheric Fe 

supplies and the oceanic Fe supplies. Modelling 

studies, which incorporate atmospheric nutri-

ents (NO3
- and Fe) deposition processes with 

accurate oceanic nutrient dynamics, and its val-

idation by observational data, should be con-

structed for understanding real biological pro-

duction and forecasting the future changes in 

the North Pacific Ocean. 

In order to discuss these remaining issues, many 

participants agreed that we should organise a fol-

low-up SOLAS session at the 2021 PICES annual 

meeting. 
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Atmospheric aerosol iron from coal combustion 
 

Baldo, C. 1*, Ito, A. 2, Shi, Z. 1,  

 
1 University of Birmingham, Birmingham, UK 
2 Yokohama Institute for Earth Sciences, JAMSTEC, Yokohama, Japan 
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Clarissa Baldo studied geology at the Roma III University, Rome, 
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and Control at the University of Birmingham, UK. She started her 

PhD in 2017 under the supervision of Prof. Zongbo Shi at the Uni-

versity of Birmingham. Her PhD research aims to understand the 

sources and processes of iron aerosol and its impacts on the bioge-

ochemistry of the Earth system. 

samples were collected from the electrostatic pre-

cipitator of three coal-fired power stations at differ-

ent locations: United Kingdom, Poland, and 

China. Samples were aerosolised to separate the 

fractions of the Particulate Matter with a diameter 

of 10 microns or less (PM10). The PM10 fractions 

were then exposed to sulphuric acid (H2SO4) so-

lutions at low pH of 1, 2 or 3, in presence of oxalic 

acid (H2C2O4) and/or ammonium sulphate 

((NH4)2SO4) to simulate aerosol conditions. The 

pH of the leaching media was calculated using the 

Extended Aerosol Inorganics Model (E-AIM) III for 

aqueous solutions, considering the buffer capacity 

of carbonates in the samples. A mineral dust sam-

ple from Libya was used for comparison.  

Fe dissolution kinetic primarily depends on the pH 

of the leaching media. As the pH decreases, the 

enhanced protonation favours Fe dissolution 

(Cornell and Schwertmann, 2003). Also, oxalate 

forms bidentate complex with Fe on the particle 

surface enhancing dissolution (Chen et al., 2012). 

Our results indicate that increasing the salt con-

centration in solution, the Fe dissolution process 

is controlled by the concentration of protons, as 

Atmospheric iron (Fe) deposition alters biogeo-

chemical cycles in the global ocean, possibly af-

fecting the marine carbon budget and conse-

quently the climate (e.g. Jickells et al., 2005). 

Modelling studies suggest that atmospheric depo-

sition of soluble (and, thus potentially available) 

Fe has doubled since the preindustrial era due to 

air pollution (e.g. Ito and Shi, 2016). In particular, 

the uptake of acidic gases during long-range 

transport is a key factor enhancing the Fe solubil-

ity in specific aerosol sources (e.g. Li et al., 2017). 

Mineral dust accounts for around 95% of the total 

Fe emissions (e.g. Ito et al., 2018), but the solubil-

ity of Fe in mineral dust is generally below 0.5% 

(e.g. Shi et al., 2011). The Fe solubility in anthro-

pogenic aerosol sources, including for example 

solid fuel combustion, biomass burning and liquid 

fuel combustion, is significantly different (up to 

around two orders of magnitude) depending on 

the sources (e.g. Oakes et al., 2012). 

Here, we investigated the Fe dissolution kinetic of 

anthropogenic aerosol sources (e.g. coal fly ash) 

in acidic aqueous solutions, which simulate chem-

ical processes in the atmosphere. Coal fly ash 
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the activity of protons and ligands in solution is su-

pressed at high ionic strength. Our coal fly ash 

samples exhibited different dissolution behaviours 

depending on their physicochemical properties 

(Figure 1). A key factor may be the Fe speciation, 

which varied significantly in different types of coal 

fly ash. Overall, coal fly ash showed higher amor-

phous Fe and magnetite content compared to the 

Saharan dust. The next step is to develop an Fe 

release scheme for coal fly ash to be applied in 

global atmospheric chemistry modelling to esti-

mate the atmospheric concentration and deposi-

tion flux of soluble Fe. 
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Figure 1: Fe dissolution kinetics of coal fly ash samples from UK (Aberthaw ash), Poland (Krakow ash), and China 

(Shandong ash), and of Saharan dust (Libya dust) in oxalic acid (H2SO4) solutions at pH 2 with 0.01 M sulphuric 

acid (H2C2O4) and 1 M ammonium sulphate ((NH4)2SO4). 
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tion on marine primary production. 

be utilised through DOP hydrolases, predomi-

nantly the alkaline phosphatase (AP). Atmos-

pheric deposition, an imperative source of nutri-

ents and various trace metals to the ocean, can 

stimulate DOP utilisation to alleviate the P limita-

tion. However, such an adaptive mechanism is 

generally observed in oligotrophic regions, while 

Phosphorus (P) is indispensable for phytoplank-

ton growth and plays a crucial role in ocean pri-

mary production. However, the concentration of 

dissolved inorganic phosphorus (DIP), the pre-

ferred P nutrient for phytoplankton, is often at low 

degree (Moore et al., 2013). In the case of DIP de-

ficiency, dissolved organic phosphorus (DOP) can 

Atmospheric deposition promotes the utilisation of dissolved organic 

phosphorus by phytoplankton in China coastal seas 

 

Jin, H. 1*, Zhang, C. 1, Gao, H. 1 

 
1 Ocean University of China, Qingdao, China 

 
* 1174799018@qq.com 

Figure 2: Dissolved organic phosphorus (DOP) utilisation by phytoplankton and its response to atmospheric deposition. 

N: nitrogen, P: phosphorus, Fe: iron, Zn: zinc, DIP: dissolved inorganic phosphorus, DOP: dissolved organic phosphorus, 

DIN: dissolved inorganic nitrogen, AP: alkaline phosphatase, ATP: adenosine triphosphate. 
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poorly understood in other P limited regions with 

higher trophic states (Mahaffey et al., 2014). In re-

cent years, atmospheric deposition with high ni-

trogen (N):P ratio has input loads of dissolved in-

organic nitrogen (DIN) to China coastal seas, and 

leads to increasing P limitation there (Sharples et 

al., 2017).  

To investigate the impact of atmospheric deposi-

tion on DOP utilisation in eutrophic coastal seas, 

seven on-board microcosm experiments 

amended with atmospheric aerosols and nutri-

ents were implemented in China coastal seas dur-

ing the spring and summer of 2018 and 2019.  

The results showed that atmospheric deposition 

can promote DOP utilisation by enhancing the AP 

activity (APA) in the coastal seas, and therefore 

promote the phytoplankton growth under N, P, 

and N+P limited conditions. However, the promo-

tion mechanism in the coastal seas is dissimilar 

from that of the open ocean. In the open ocean, 

atmospheric deposition promotes DOP utilisation 

by phytoplankton mainly through the input of obli-

gate enzyme cofactors such as Fe and zinc (Zn) 

(Mahaffey et al., 2014; Browning et al., 2017). 

However, in the coastal seas, it is the large 

amount of N from atmospheric deposition that 

plays a key role in promoting DOP utilisation. The 

N provided by atmospheric aerosols raised the 

N:P ratio in the coastal seawaters, leading to se-

rious P limitation, thus facilitating DOP utilisation 

(Figure 2). In this study, the APA surged when the 

DIP concentrations were below 0.015 μM in the 

Yellow Sea. The booming APA was also found in 

the Bohai Sea when the DIP concentrations were 

Figure 3: Utilisation of dissolved inorganic phosphorus (DIP) and dissolved organic phosphorus (DOP) during microcosm 

experiments in the Yellow Sea (Y1, Y2, Y3), the Bohai Sea (B1), and the East China Sea (E1). △DIP is the consumption 

of DIP during incubation, △DOP (=△DIN/16-△DIP) is the estimated DOP consumption based on a nitrogen (N): phos-

phate (P) uptake ratio of 16:1 by phytoplankton (Browning et al., 2017). 



 

8 

 

Attendees research profiles 

 

 
  

below 0.004 μM in spring and 0.026 μM in sum-

mer, respectively. Under the impact of atmos-

pheric deposition, the DOP consumption in-

creased significantly and even became a main P 

nutrient (Figure 3). In summary, promoting DOP 

utilisation is a prominent mechanism for atmos-

pheric deposition to alleviate P limitation and of 

great significance for primary production in the 

coastal seas. 
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Atmospheric deposition is an important source of 

nutrients for the upper ocean. The annual nitrogen 

(N) input by atmospheric deposition accounts for 

about half of the land source, and the iron (Fe) 

brought by atmospheric deposition is the main 

source to meet the growth requirement of phyto-

plankton in the euphotic zone of the ocean (Jick-

ells et al., 2005; Duce, 2008). Atmospheric depo-

sition can stimulate phytoplankton growth by alle-

viating nutrient restrictions in seawater (Paytan et 

al., 2007; Duce, 2008). The deposition of atmos-

pheric subsidence can lead to excess N in many 

sea areas of the world, so that the nutrient limita-

tion for phytoplankton growth has a tendency from 

N to phosphorus (P) (Kim et al., 2014; Wu et 

al.,2018). In addition to the shifts of dominant spe-

cies, the expansion of the N/P ratio in seawater 

can also change the phytoplankton size structure 

(Zhang et al., 2019), but the mechanism is still 

poorly understood. 

In order to explore the competition between differ-

ent species using different schemes with (system) 

and without (subsystem) micro-sized (20-200 μm) 

cells under the condition of anthropogenic aerosol 

(AA) additions, we collected the surface and sub-

surface seawater of the Yellow Sea to conduct a 

series of onboard incubation experiments.  

Impacts of atmospheric deposition on phytoplankton community structure 

in the Yellow Sea 
 

Wang, Q. 1*, Gao, H. 1, Zhang, C. 1, Jin, H. 1 
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Qin Wang studies environmental science in the Ocean University 

of China, Qingdao, China, since 2018 and investigates the influ-

ence of atmospheric deposition on phytoplankton community struc-

ture. 

Figure 4: The way that atmospheric deposition influences 

phytoplankton size structure. N: nitrogen, Fe: iron, DIP: dis-

solved inorganic phosphorus, DOP: dissolved organic phos-

phorus, AP: alkaline phosphatase 
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We found that the micro-sized cells were not only 

working as nutrient competitors for small cells. In 

P-deficient environment, micro-sized cells pro-

moted the growth of small cells by utilising dis-

solved organic phosphorus (DOP), thereby in-

creasing the total biomass (Figure 4). Under the 

influence of atmospheric deposition, the struc-

ture of the community shifts to large size (Zhang 

et al., 2019).  

In low nutrient seawaters, the micro-sized cells 

of AA treatment groups had an advantage in 

growth over those of the control groups. The high 

and stable N concentrations as well as the de-

pleted P concentrations in the AA treatment 

groups indicated that P had become a primary 

limiting nutrient in the incubated seawaters. The 

alkaline phosphatase activity (APA), which can 

reflect the DOP utilisation of phytoplankton, was 

at least 1.6 times higher in the system than those 

in the subsystem, indicating the micro-sized cells 

played an important role in utilising DOP. There-

fore, the increase of bioavailable P brought by 

micro-sized cells might cause higher Chlorophyll 

a concentrations of the nano- and pico-sized 

cells in the system. 
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From 26–30 July 2021, members of the interna-

tional community with expertise in atmospheric 

chemistry, organic geochemistry, photochemis-

try, chemical and biological oceanography, 

dust/combustion aerosol geochemistry, remote 

sensing, and various aspects of atmospheric, 

ocean, and Earth system modeling were brought 

together to discuss the complicated problems of 

iron (Fe) speciation in the atmosphere, Fe bioge-

ochemistry at the atmosphere-ocean interface 

and in the upper ocean, and the effects of atmos-

pheric Fe deposition on ocean primary productiv-

ity and carbon dioxide (CO2) uptake. Due to travel 

restrictions related to the ongoing pandemic, the 

meeting was conducted in a hybrid mode. The in-

person portion of the meeting was held in Ashe-

ville, North Carolina and the online participants 

were able to join using two streaming platforms. 

Overall, seventy-four scientists from twenty-three 

countries registered to participate and to present 

their experimental, modeling, and remote sens-

ing studies related to atmospheric supply and 

speciation of aerosol Fe, its contribution to the 

dissolved Fe inventory of the ocean, and its po-

tential impacts on primary production and CO2 

uptake. The workshop brought together estab-

lished scientists and young researchers (M.Sc. 

In this report 
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Figure 1: Participants of the Iron at the Air-Sea Interface Workshop, at the back from left to right: Tim Conway, 
Cassandra Gaston, Bill Landing, Bill Miller, Nicholas Meskhidze, Zach Bunnell, Douglas Hamilton, and Jingxuan 
(Jay) Li. At the front: Joe Resing, Nicholas Hawco, Hope Elliott, Haley Royer, Sarah Deutsch, and Peter Sedwick. 
Online from upper left to lower right: Oliver Wurl, Elisa Bergas-Massó, Morgane Perron, Zongbo Shi, Yeala 
Shaked, Natalia Opazo, Akinori Ito, Mingjin Tang, Yuan Gao, Hind Al-Abadleh, Rachel Shelley, Rishmita Mukher-
jee, Christopher Marsay, Joan Llort, Dan Ohnemus, Catarina Guerreiro, Yan Feng, Santiago Gasso, Hung-An 
Tian, Ashwini Kumar, Andrew Wozniak, Philip Boyd, Juliane Mossinger, Ed Boyle, Clifton Buck, and Matthieu 
Bressac. A full list of participants with affiliations and email addresses can be found at the following link: 
https://drive.google.com/file/d/1lDkztj7c8mqUTTKnYYSMiHJDYtSteZjr/view. Photo credit: N. Meskhidze 

and Ph.D. students and early career researchers 

who received their Ph.D. within 7 years) to pro-

vide opportunities for professional interactions in 

a focused and productive forum. More than one-

third of the participating scientists were female. 

 

Aerosol Fe is a crucial source of micronutrients to 

the remote marine environment. Improved under-

standing of how aerosol Fe impacts the various 

biogeochemical-physical interactions and feed-

backs between the atmosphere and the ocean is 

a key component of the United States SOLAS 

Science Plan and SOLAS-Japan. 

 

The workshop was dedicated to an improved un-

derstanding of how atmospheric bioaccessible 

Fe moves across the atmosphere-ocean inter-

face and becomes bioavailable for ocean ecosys-

tems and at scales important for the carbon cycle. 

 

The workshop agenda can be viewed here. The 

individual presentations and a keynote speech 

were followed by two discussion sessions and a 

summary session. All presentations were broad-

cast and recorded through Zoom. The two dis-

cussion sessions were focused on Fe biogeo-

chemistry in the atmosphere and in the ocean, 

while the summary session focused on progress 

achieved since the 2018 workshop (Meskhidze et 

al., 2019) and future directions in the field. 

Charges to the working groups were laid out and 

distributed to all participants ahead of time. Three 

breakout groups (two online and one in person) 

were created for each discussion session. Each 

breakout group had a moderator/discussion 

leader and a rapporteur. The discussions in the 

breakout groups were organised around the work-

shop themes. The first discussion session was 

designed to identify the critical unresolved ques-

tions concerning the sources, chemical forms and 

transformations, lifetime, ocean deposition, and 

organic complexation of atmospherically deliv-

ered Fe. The second discussion session was de-

signed to address ocean biological uptake mech-

anisms of Fe by the microbial community (phyto-

plankton and bacteria), chemical forms and distri-

bution of Fe-binding ligands in seawater, and tox-

icity of aerosols. These discussions were summa-

rised in presentations and short write-ups deliv-

ered by the breakout group leaders. The discus- 

https://drive.google.com/file/d/1lDkztj7c8mqUTTKnYYSMiHJDYtSteZjr/view
https://web.whoi.edu/air-sea-workshop/wp-content/uploads/sites/131/2021/07/US-SOLAS-SCIENCE-PLAN-Full-Draft-10July2021.pdf
https://www.solas.jp/english/
https://docs.google.com/spreadsheets/d/1uXRcxtxc36U1vON2so_FLry3fvSTBqta7uHQB8v3us0/edit#gid=0
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sions in the summary session were related to 

identifying and documenting the progress 

achieved since 2018 by modifying the level of un-

derstanding (as ‘low’, ‘medium’, or ‘high’) as-

signed to each topic in the Science Prioritization 

Matrix developed during the previous workshop 

(Meskhidze et al., 2019). In the end, a plenary dis-

cussion focused on identifying research priorities 

for advancing knowledge in the field. 

 

Electronic poster presentations were carried out 

virtually using the SpatialChat virtual platform. Ac-

tive discussions took place regarding understand-

ing the atmospheric chemistry of Fe with organics 

relevant to cloud droplets and wet aerosols, diel 

variability of Fe in an estuarine surface microlayer, 

the effect of ocean acidification on the chemical 

speciation of Fe, the contribution of combustion 

Fe in marine aerosols over the north-western Pa-

cific Ocean, soluble Fe deposition under the Cou-

pled Model Intercomparison Project Phase 6 

(CMIP6) scenarios, and machine learning ap-

proaches at the air-sea interface: neural networks 

for biogeochemistry. Participants were able to 

move freely between the posters and participate 

in online discussions by dragging their avatars to-

wards each poster. 

 

A few important take-home messages from the 

meeting were: 

• The community should assemble a glossary 

that better defines and reconciles the different 

terminologies used by the atmospheric and 

oceanographic research communities. 

• There is a need for standardisation of different 

aerosol materials (i.e., processed mineral dust, 

combustion aerosols, and various Fe-bearing 

organic and inorganic species) and experi-

mental methods (i.e., the range of ocean mi-

crobes in laboratory measurements, meso-

cosms, and in-situ communities) that are used 

to assess the bioaccessibility and bioavailability 

of aerosol Fe. High-precision Fe isotope meas-

urements can be used to aid such studies.  

• Experimental approaches also need to consider 

the possible toxicity and biological competition 

/co-limitation effects of other trace elements 

(e.g., Cu, Cd, Mn, Pb), ligands, and organic 

compounds in aerosols. 

• More research is needed on the longer-term 

fate of aerosol Fe during its weeks to months 

residence time in the surface mixed layer. This 

includes the effects of marine particles and the 

sea-surface microlayer on aerosol Fe biogeo-

chemistry. In particular, in the sunlit water col-

umn the roles played by microorganisms in al-

tering aerosol Fe bioavailability and residence 

time, particle micro-environments, aggrega-

tion/disaggregation, size (including colloids), 

the chemical composition and thickness of the 

surface microlayer, and the effect of micro-

plastics should be investigated. 

• It was recognised that reproducible methods 

now exist to characterize some of the organic 

compounds and classes complexing Fe in 

seawater and aerosols. However, as most of 

the operationally- (electrochemically-) defined 

Fe binding ligands in seawater remain unchar-

acterized, laboratory and field incubations and 

process studies are recommended to target 

certain ligands and oceanic regimes. There is 

also a need to better quantify organic ligands 

through intercomparison of the various meas-

urement techniques in the ocean, aerosols 

and rain. 

• In light of the recent advances in identifying 

specific Fe-organic ligand complexes in the at-

mosphere and seawater, there is a distinct 

need for a review or synthesis paper on the im-

pacts of photochemistry on Fe redox specia-

tion and complexation in both aerosols and 

seawater. 

• Despite the enormous progress achieved over 

the past decade, it was recognised that atmos-

pheric models don’t always include the com-

plexities associated with aerosol Fe solubilities 

(especially the high values inferred from some 

field studies), size fractionation occurring dur-

ing atmospheric transport, mineral aerosol 

composition at the source regions, and differ-

ent sources and forms of aerosol Fe. Oceanic 

models need to better treat post-depositional 
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processes (e.g. in the sea-surface microlayer, 

dissolution, scavenging, complexation, aggre-

gation) and Fe ligand types, their concentra-

tions, and spatiotemporal distributions. It was 

suggested that the community should continue 

to recognize and utilize existing aircraft and sat-

ellite data. 

To better disseminate the workshop results the 

attendees agreed to write a review paper. The pa-

per will summarise the achievements since the 

last workshop and chart a path for improved un-

derstanding and characterisation of the mecha-

nisms affecting Fe at the air-sea interface. To 

keep the momentum going, the attendees also 

agreed to hold virtual meetings once every two- 

to-three months with an invited speaker presenta-

tion. 

Reference 

Meskhidze, N., Völker, C., Al-Abadleh, H. A., et 

al. (2019), Perspective on identifying and charac-

terizing the processes controlling iron speciation 

and residence time at the atmosphere-ocean in-

terface. Mar. Chem., 217, 103704.  

https://doi.org/10.1016/j.marchem.2019.103704. 
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Cassandra Gaston is an Assistant Professor of Atmospheric Sci-

ences at the Rosenstiel School of Marine and Atmospheric Science 

at the University of Miami, USA. Her research interests include phys-

ical and chemical measurements of aerosols, aerosol impacts on ma-

rine biogeochemical cycles, and heterogeneous reactions. She re-

ceived her Ph.D. in 2012 in Oceanography from the Scripps Institution 

of Oceanography. She was then a postdoctoral researcher at the Uni-

versity of Washington in the Department of Atmospheric Sciences 

from 2012-2015. 

Atmospheric aerosols from Africa are transported 

by the trade winds to the western equatorial North 

Atlantic Ocean every winter and spring and can 

contain nutrients, such as iron (Fe). In this study, 

we measured the size and composition of super-

micron (particle diameter >1μm) aerosols col-

lected at a site on the northeast coast of South 

Figure 2: Aspect ratios (ARperp) for dust (pink), freshwater dia-

toms with dust (green), and primary biological aerosol particles 

(PBAPs, blue). The center horizontal line of the box and whisker 

plot shows the median and the coloured area shows the inter-

quartile range. Whiskers show minimum and maximum values 

with grey dots representing outliers. The black triangles repre-

sent the mean of the data in each size bin. 

 

Atmospheric transport of North African dust-bearing supermicron freshwa-

ter diatoms to South America: implications for iron transport to the equato-

rial North Atlantic Ocean 
 

Cassandra Gaston 
 

Rosenstiel School of Marine and Atmospheric Science at the University of Miami, Miami, USA 
 
cgaston@rsmas.miami.edu 

America. Using electron microscopy, we found 

three distinct Fe-containing particle types: min-

eral dust, freshwater diatoms from African paleo-

lakes, and pollen grains; all three particle types 

extended into the super-coarse mode with parti-

cle diameters >10μm. Particle asphericity, meas-

ured as the aspect ratio (ARperp), increased with 

increasing particle size (see Figure 2, Barkley et 

al., 2021) and likely explains the long-range 

transport of super-coarse particles. Electron map-

ping of freshwater diatoms also revealed surficial 

Fe-rich inclusions. Once deposited in the ocean, 

the asphericity (high ARperp) and light density of 

freshwater diatom particles likely increases their 

residence time and therefore, the time for Fe dis-

solution in the surface ocean compared to dust.  

 

Reference 

Barkley, A. E., Olson, N. E., Prospero J. M., et al. 

(2021), Atmospheric transport of North African 

dust-bearing supermicron freshwater diatoms to 

South America: implications for iron transport to 

the equatorial North Atlantic Ocean. Geophys. 

Res. Lett., 48(5), e2020GL090476. https://doi.org 

/10.1029/2020GL090476. 

https://doi.org/10.1029/2020GL090476
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Catarina Guerreiro did her Ph.D. in Geology, in Portugal, after which 

she moved to Germany to start exploring the effects of Saharan dust 

on calcifying phytoplankton (coccolithophores) across the tropical At-

lantic in 2015. In 2018, she was awarded a Marie Skłodowska-Curie 

Actions (MSCA) to continue her research at the University of Lisbon. 

She is currently leading the project ‘CHASing the environmental Ef-

fects of dust deposition across the Atlantic and Southern Ocean: a 

coccolithophore perspective (CHASE)’ in Lisbon, expanding her re-

search towards the entire Atlantic Ocean to explore the role of dust in 

modulating the composition and distribution of coccolithophore com-

munities and subsequent impact on the biological carbon pump. 

Ongoing climate warming is likely to hamper ma-

rine phytoplankton productivity and change their 

community structure, by reducing the supply of 

nutrients from deep waters to the euphotic zone 

due to enhanced ocean stratification. This has 

cascading effects not only for the remaining ma-

rine food web, but also for the regulation of atmos-

pheric carbon dioxide (CO2) via the “biological car-

bon pump” (BCP). Amongst marine phytoplank-

ton, coccolithophores (Haptophyta) are the main 

primary producers covering their cells with tiny 

calcite plates (the coccoliths), through a biogeo-

chemical process that incorporates carbon in cal-

cite and releases CO2 into the environment. This 

provides them a unique ability for interacting with 

the marine carbon cycle in three ways: photosyn-

thesis (CO2 sink), calcification (CO2 source) and 

carbon-burial in oceanic sediments (coccolith-bal-

lasting). By crucially contributing to modulate the 

rain ratio, i.e., ratio of particulate inorganic carbon 

(PIC) to particulate organic carbon (POC) fluxes, 

a key parameter for biogeochemical models ex-

ploring the long-term efficiency of CO2 drawdown 

(Hutchins, 2011), any changes in the coccolitho-

phore communities will almost certainly contrib-

ute to change the earth’s climate. To explore the 

role of dust deposition in modulating their influ-

ence on the rain ratio and functioning of the BCP, 

we have quantified 1 year of species-specific coc-

colith- and coccolith-calcium carbonate (CaCO3) 

export fluxes collected at four sediment traps 

moorings (i.e., CB-20ºN/21ºW; M1-12ºN/23ºW; 

M2-14ºN/ 37ºW; M4-12ºN/49ºW) along a transat-

lantic transect underneath the largest dust plume 

originating from Africa. 

 

The studied transect was characterised by 

verystriking basin-scale ecological gradients, with 

Influence of dust on the export production of calcifying phytoplankton (coc-

colithophores): implications for the biological carbon pump 
 

Guerreiro, C.1, 2*, Baumann, K. H.3, Brummer, G. J.4, Valente, A.1, Fischer, G.3, Ziveri, P.5, 
Brotas, V.1, Stuut, J. B.4, 6 
 
1Marine and Environmental Sciences Centre, Faculty of Sciences of the University of Lisbon, Lisbon, 
Portugal 
2Instituto Dom Luiz, Faculty of Sciences of the University of Lisbon, Lisbon, Portugal 
3University of Bremen and Center for Marine Environmental Sciences, Bremen, Germany 
4Royal Netherlands Institute for Sea Research, Texel, The Netherlands 
5The Institute of Environmental Science and Technology, Barcelona, Spain 
6Vrije University Amsterdam, The Netherlands 
 
*cataguerreiro@gmail.com 

https://www.chase-dust.com/
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found at the westernmost site M4, where the sea 

surface temperature (SST) is higher and the nutri-

cline is deepest along the tropical North Atlantic 

(Figure 3). Ca 3-5 times higher coccolith fluxes, 

and 2-3 higher coccolith-CaCO3 fluxes at M4 com-

pared to the other sites were mostly produced by 

deep-dwelling species, contributing to nearly half 

of the total carbonate flux at M4 (45%), much 

higher compared to 23% at M2 and 15% at M1 

and CB. Highest Coccolith-CaCO3/POC ratios 

and weak correlations between the carbonate of 

 

 

 

 

 

 

 

 

 

 

 

 

 

fluxes of deep-dwelling species Florisphaera pro-

funda and Gladiolithus flabellatus clearly increas-

ing towards west and fluxes by of fast-blooming 

surface-dwelling species Emiliania huxleyi and 

Gephyrocapsa oceanica increasing in the oppo-

site direction (Figure 3). Such distribution is re-

flecting the geostrophic deepening of the nutri-

cline further west, forced by the trade winds, and 

the increasing proximity to yearlong upwelling 

conditions towards offshore NW Africa (Guerreiro 

et al., 2019). Highest fluxes were unexpectedly 

Figure 3: Spatiotemporal variation of (a) daily precipitation rates (blue) and wind speed (black line), (b) seasonal mixed layer 

(MLD) from the NASA Ocean Biogeochemical Model (NOBM) (light blue, 2012–2013), MLD monthly climatology obtained from 

the in situ data measured by Argo floats (dashed curve, 2000–2018), and sea surface temperature (SST-red line), (c) UPZ/LPZ 

ratios (light green), sea surface Chlorophyll-a (Chl-a) concentrations (dark green line), (d) relative abundance of the most 

abundant taxa (>3%), (e) total coccolith export fluxes (black) at sites M4, M2, M1 and CB. Taxa with a similar spatiotemporal 

distribution were grouped (Gm=G. muellerae; Ge=G. ericsonii; Helico=Helicosphaera spp.; Rsess=R. sessilis; 

Rhabdo=Rhabdosphaera spp.; Umbello=Umbellosphaera spp.; Eh=E. huxleyi; Go=G. oceanica; Clep=C. leptoporus; Um-

bili=Umbilicosphaera spp.; Calcio=Calciosolenia spp.; Syraco=Syracosphaera spp.; Fp=F. profunda; Gf=G. flabellatus). 

UPZ/LPZ calculated from the ratio between the UPZ-species E. huxleyi and G. oceanica, and LPZ-species F. profunda and 

G. flabellatus (where UPZ and LPZ = Upper- and Lower Photic Zone). All data from Guerreiro et al. (2017, 2019). 
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deep-dwelling species and POC at M4 suggest 

that increasing productivity in the lower photic 

zone in response to ocean warming might en-

hance the rain ratio and reduce the coccolith-bal-

lasting efficiency, thereby contributing to weaken 

the BCP (Guerreiro et al., 2019; 2021). 

 

Superimposed to these large-scale ecological 

gradients, and despite the markedly stratified trop-

ical ocean conditions and the greater distance to 

the dust sources in Africa, site M4 showed evi-

dence suggestive of short-term dust-related en-

hanced productivity in the upper photic zone. The 

first event occurred in spring, with fluxes of POC, 

E. huxleyi and planktonic foraminifera strikingly in-

creasing in response to dry dust deposition com-

bined with some degree of wind-stirred water mix-

ing. The second event occurred later in the fall, 

when the studied region was under the seasonal 

influence of the Intertropical Convergence Zone, 

with E. huxleyi and G. oceanica, as well as dia-

toms, strikingly increasing in response to wet dust 

deposition (Figure 4). The presence of a sea sur-

face salinity minimum during this period suggests 

that the Amazon waters were probably contrib-

uting both nutrients and buoyancy for retaining the 

dust-born nutrients in the sunlit layer of the ocean 

at M4, thereby providing optimum nutrient and 

light conditions at the surface (Guerreiro et al., 

2017). Interestingly, both dust-related productivity 

events resulted in lower Coccolith-CaCO3/POC 

ratios (Figure 4) and higher biogenic silica 

(bSiO2)/CaCO3 ratios. In addition, and despite 

their smaller-sized coccoliths, carbonate fluxes 

produced by these surface-dwellers were found to 

have a stronger correlation to POC along the tran-

sect, even compared to larger-sized coccolith taxa 

and to the dominant deep-dwelling species, indi-

cating that the efficiency of coccolith-ballasting is 

ecologically dependent (Guerreiro et al., 2021). 

Overall, our study suggests that increasing Sa-

haran dust outbreaks (e.g., Mirzabaev et al., 

2019) might contribute to compensate the pro-

jected weakening of the BCP, either by providing 

nutrients to fuel fast-blooming phytoplankton 

and/or by stimulating the export of POC via both 

dust- and coccolith-ballasting. 

Figure 4: Spatiotemporal distribution of (a) fluxes of particu-

late organic carbon (POC) (in green) and calcium carbonate 

(CaCO3) produced by UPZ species (black line); (b) fluxes of 

mineral dust (in orange) and Coccolith-CaCO3/POC ratio 

(black line), at trap sites M4 and M2. Data from Korte et al. 

(2017), van der Does et al. (2020) and Guerreiro et al. (2021). 
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Nicholas Hawco is an Assistant Professor in the Department of 

Oceanography at the University of Hawaiʻi at Mānoa, USA. His re-

search centres on the supply and demand of micronutrients like iron, 

cobalt and manganese in open ocean ecosystems. He received a 

Ph.D. from the Massachusetts Institute of Technology (MIT)-Woods 

Hole Oceanographic Institution (WHOI) Joint Program in 2017. 

How fast does the iron cycle spin in the open ocean? 
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take of dissolved Fe onto particles was estimated 

using a novel low-level stable isotope approach 

enabled by the precision of multi-collector induc-

tively coupled plasma mass spectrometry (MC-

ICPMS). 

Iron (Fe) is an essential component of the photo-

synthetic apparatus, nitrogenase, and many other 

enzymes that drive biogeochemically relevant re-

actions. Thanks to the International GEOTRACES 

program, we know much more about the spatial 

distribution of Fe across the global ocean than we 

did 10 years ago, but the timescales that charac-

terise the Fe cycle remain poorly resolved. This 

has led to concern about how well biogeochemical 

models can simulate past or future changes in the 

marine Fe cycle and how such changes would af-

fect phytoplankton growth and carbon storage in 

the oceans. 

 

In June 2019, the EAGER Chief Scientist Training 

cruise provided an opportunity to build an Fe 

budget at Station ALOHA (A Long-Term Oligo-

trophic Habitat Assessment; 22.75ºN, 158ºW), the 

site of the Hawaii Ocean Time-series (HOT) within 

the North Pacific Subtropical Gyre. During this 

cruise, dissolved Fe inventories were similar to 

past investigations (Boyle et al., 2005; Fitzsim-

mons et al., 2015), showing a maximum in the sur-

face, a relative minimum at 100 m near the deep 

chlorophyll maximum layer, followed by increas-

ing concentrations through the mesopelagic zone. 

The sinking flux of Fe was measured at multiple 

depths in the upper water column, allowing total 

Fe turnover times to be calculated. Finally, the up- 

Figure 5: Recovery of sediment traps during the June 2019 

EAGER cruise at Station ALOHA (A Long-Term Oligotrophic 

Habitat Assessment). Photo credit: S. Lerch. 
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Figure 6: The cycling of iron (Fe) in the surface ocean at Sta-

tion ALOHA (A Long-Term Oligotrophic Habitat Assessment). 

pFelitho represents dust-bound Fe that does not dissolve and 

pFelabile represents particulate Fe that exchanges with dis-

solved Fe through microbial uptake and regeneration. Quan-

tifying sinking and exchange fluxes of Fe leads to constraints 

on aerosol solubility and ecosystem recycling. 
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https://doi.org/10.1073/pnas.1900789116
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highlights the previously unaccounted for im-

portance of wildfires and pyrogenic aerosols as a 

source of Fe for Southern Ocean phytoplankton 

(Figure 8). 

Large-scale phytoplankton response to pyrogenic iron 

 
Llort, J.1*, Tang, W.2, Perron, M.M.G.3, Bowie, A.R.3, Strutton, P.G.3, Matear, R.4, Cassar, N.2 

 
1Barcelona Supercomputing Centre, Barcelona, Spain 
2Division of Earth and Ocean Sciences, Nicholas School of the Environment, Duke University, Durham, 
NC, USA. 
3Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Tasmania, Australia 
4CSIRO Oceans and Atmosphere, Hobart, Australia. 
 
*joan.llort@bsc.es 

Joan Llort is a biogeochemical oceanographer interested on the 

influence of dust and wildfires aerosols on phytoplankton growth 

and carbon export. He obtained his Ph.D. at the Laboratoire 

d'Océanographie et du Climat: Expérimentations et Approches 

Numériques (LOCEAN) laboratory (Paris, France) and spent three 

years as a postdoc at the Institute for Marine and Antarctic Studies 

(IMAS, Hobart, Australia). In 2019, he joined the Barcelona Super-

computing Centre in Spain. 

Droughts and climate-change-driven warming are 

leading to more frequent and intense wildfires 

(Abatzoglou et al., 2019, Bowman, 2020), argua-

bly contributing to the severe 2019–2020 Austral-

ian wildfires (Figure 7; Abram et al., 2021). Aero-

sol emissions from wildfires can lead to the atmos-

pheric transport of macronutrients and trace met-

als such as nitrogen and iron (Fe), respectively 

(Guieu et al., 2005, Schlosser et al., 2017). It has 

been suggested that the oceanic deposition of 

wildfire aerosols can relieve nutrient limitations 

and, consequently, enhance marine productivity 

(Ito et al., 2011, Hamilton et al., 2022), but direct 

observations are lacking. Here we use satellite 

and atmospheric reanalysis data to evaluate the 

effect of 2019–2020 Australian wildfire aerosol 

deposition on phytoplankton productivity. We find 

anomalously widespread phytoplankton blooms 

from December 2019 to March 2020 in the South-

ern Ocean downwind of Australia. Aerosol sam-

ples originating from the Australian wildfires con-

tained a high Fe content and atmospheric trajec-

tories show that these aerosols were likely to be 

transported to the bloom regions, suggesting that 

the blooms resulted from the fertilization of the 

iron-limited waters of the Southern Ocean. Our 

study 

Figure 7: Satellite image of fires burning in the Eastern Coast 

of Australia in December 2019 (Source: ESA-Sentinel). 
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Ito, A. (2011), Mega fire emissions in Siberia: po-

tential supply of bioavailable iron from forests to 

the ocean. Biogeosciences 8, 1679–1697. 

https://doi.org/10.5194/bg-8-1679-2011. 

Schlosser, J. S., Braun R. A., Bradley, T., et al. 

(2017), Analysis of aerosol composition data for 

western United States wildfires between 2005 and 

2015: dust emissions, chloride depletion, and 

most enhanced aerosol constituents. J. Geophys. 

Res. -Atmos. 122, 8951–8966. https://doi.org/10. 

1002/2017JD026547. 

Tang, W., Llort, J., Weis, J., et al. (2021), Wide-

spread phytoplankton blooms triggered by 2019-

2020 Australian wildfires, Nature, 597, 370-375. 

https://doi.org/10.1038/s41586-021-03805-8. 
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Wildfires, a significant contributor to atmospheric iron and other essential 

nutrients to seawater South-East of Australia 
 

Perron, M.1*, Meyerink S.1, Strzelec M.1, Proemse B. C.1, Corkill M.1, Gault-Ringold M.1, Sanz 
Rodriguez E.1, Bowie A. R.1, 2 
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Morgane Perron studied Marine Chemistry in France and moved to 

Australia in January 2015 to undertake a Master’s degree internship. 

She continued her research in Hobart, Tasmania, Australia, to un-

dertake a Ph.D. then a 2-year postdoc investigating trace metals 

contained in aerosols and their transport to the Southern Ocean. 

Fe bioavailability upon deposition to the ocean 

(Baker et al., 2021). 

 

Atmospheric deposition to the Southern Ocean is 

either dominated by dust or fire emissions (Hamil-

ton et al., 2020), depending on the season. How-

ever, the highly episodic and hardly predictable 

nature of these sources make it difficult to con-

strain their variability in space and time. In 2019, 

Meskhidze and co-workers (2019) recommended 

the development of atmospheric time-series mon-

itoring stations in the Southern Hemisphere in or-

der to capture such episodic atmospheric features 

(Meskhidze et al., 2019). 

 

In our recent study (Perron et al., manuscript in 

preparation), we report analysis of weekly aerosol 

sampling from 2016 to 2020 at the time-series at-

mospheric sampling station of kunanyi/Mt Welling-

ton, in Tasmania (Australia, Figure 9, 10). Obser-

vations revealed a significant increase in atmos-

pheric concentrations of bio-essential nutrients 

(including Fe, manganese (Mn), nitrate (NO3
-), 

and ammonium (NH4
+)), as well as lithogenic trac-

ers (aluminium (Al) and titanium (Ti)), and anthro-

pogenic aerosols (lead (Pb), vanadium, (V)) on 

In the Southern Ocean (south of 30°S), sub-nano-

molar concentrations of bioavailable iron (Fe) in 

surface waters drastically limits phytoplankton 

growth and its associated feedback on the carbon 

cycle and climate (Boyd, 2015). Aeolian deposi-

tion is a major pathway for Fe supply to this re-

mote oceanic region. 

 

While dust dominates the total atmospheric Fe 

loading, it is highly insoluble (therefore poorly bio-

available) in seawater (Jickells et al., 2005). Alt-

hough aeolian transport is known to result in en-

hanced mineral Fe solubility in aerosols down the 

atmospheric pathway, this phenomena alone can-

not explain high aerosol Fe solubility (>10%) re-

ported over the Southern Ocean (Ito et al., 2020). 

Combustion emissions, be it from anthropogenic 

fuel and biomass burning or from wild forest fires, 

also contain a small fraction of Fe, the latter which 

is thought to be significantly more soluble in sea-

water compared to mineral Fe (Oakes et al., 

2012). In addition, combustion sources release 

acids (i.e., sulfur and nitrogen oxides) and organic 

(i.e., oxalate) compounds to the atmosphere 

which are known to facilitate Fe dissolution at the 

surface of mineral aerosols, resulting in enhanced 
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fire-dominated days when compared to dust-

dominated days. Further distinction between the 

atmospheric signal from local and proximal fire 

events (Tasmanian, summer 2018-2019) com-

pared to large-scale distant (mainland Australia, 

summer 2019-2020) wildfires highlighted an im-

portant role of atmospheric processing in en-

hancing atmospheric solubility of aeolian Fe and 

creating secondary organic (NO3
-) and inorganic 

(NH4
+) aerosols during the aeolian transport of 

the fire plume. Estimates of atmospheric dust 

loading based on measurements of the lithogenic 

tracer, Ti, in aerosols highlighted significant dust 

entrainment occurs along with the pyrogenic 

cloud. This hypothesis was further confirmed by 

the constant enrichment factor in Fe, close to that 

of the averaged Earth crust, in all kunanyi aero-

sols regardless of their prevailing source. As the 

magnitude and occurrence of large forest fires 

will likely increase with changing climate, it is es-

sential that these findings are implemented into 

global modelling studies (both atmospheric and 

oceanic) in order to better constrain the response 

of marine ecosystems to atmospheric deposition 

of both vital nutrients (Fe, Nitrogen (N)) and pol-

lutants (Pb) from pyrogenic sources. 

 

Figure 10: Summary map of published and new estimates of 

average atmospheric dry deposition of total (TFe) and soluble 

Fe (SFe), in micromole per square meter per day, based on field 

measurements over and south of Australia. Contours colors in-

dicate this study (red), land-based studies (blue) and ship-

based studies (green). A star indicates that the flux unit was 

converted from the original literature to match units in this 

study. 

Figure 9: Whisker representation of the estimated atmos-

pheric dry deposition of (a) total Iron (Fe), F(TFe), (b) labile 

Fe, F(LFe), and (c) soluble Fe, F(SFe), in micromole of Fe per 

square meter per day (µmol m-2 d-1) as well as (d) mineral 

dust flux estimates in milligram per square meter per day 

(mg m-2 d-1) at kunanyi over autumn, spring, summer and 

fire seasons. 
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  solas event report 
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A forum session on “The apparent mismatch be-

tween science and policy at the air-sea interface” 

for the Sustainability Research & Innovation 

Congress was held, which builds on topics in-

cluded in the launch of the SOLAS Science and 

Society Integrated Topic (Marandino et al., 

2020). The congress took place in Brisbane, 

Australia from 12 – 15 June, 2021 as a hybrid 

event.  

 

The very existence of international projects such 

as SOLAS shows that, from the perspective of 

natural sciences, the boundary between the 

ocean and the atmosphere cannot be clearly 

drawn. There are many physical, chemical and 

biological interactions between the surface of the 

ocean and the lower part of the atmosphere. The 

policy perspective, however, tends to make a 

clear distinction between the ocean and the air 

directly above it, without much consideration of 

the interaction between them. Regulatory frame-

works for the governance of the ocean on the 

one hand and the atmosphere on the other re-

flect this compartmentalisation. The international 

regulatory framework for the ocean bases itself 

Sustainability Research & Inno-
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mainly on the 1982 United Nations Convention 

on the Law of the Sea (LOSC). The atmosphere 

lacks a global, all-encompassing regulatory 

framework like the LOSC since the international 

rules for the atmosphere developed later than the 

customary international law of the sea. Regional 

efforts on long-range transboundary air pollution, 

with a focus on acid rain, occurred first in the 

1970s with the 1979 Convention on Long Range 

Trans-boundary Air Pollution. On a global level, 

past efforts have concentrated on air pollution, 

with a focus on the depletion of the ozone layer 

in the 1980s through the 1985 Vienna Conven-

tion for the Protection of the Ozone Layer and 

1987 Montreal Protocol. In the next decade, reg-

ulation addressed climate change with the 1992 

United Nations Framework Convention on Cli-

mate Change as a starting point. 

 

We aimed to consider whether the interaction be-

tween the lower atmosphere and the upper layer 

of the ocean is sufficiently addressed in policy 

and regulations. Regulations need not target the 

air-sea interface directly but should regulate the 

source of pollution (e.g., atmospheric emissions 

at the national and regional levels) or designated 

areas in need of a higher protection (e.g., sulphur 

control areas for ships). The rationale behind this 

Figure 1: Participants of SOLAS session at Sustainability Research & Innovation Congress 2021 (SRI2021).  
From upper left to lower right: Erik van Doorn, Christa Marandino, Anna Rutgersson, Cliff Law, Robert A. Duce, 
Andrew Lenton, Nathalie Hilmi, Lisa Miller, Fadzilah Majid Cooke, Clément Brousse, Bill Miller, David Kieber. 

is that the regulation of activities on land or on 

ships (i.e. the cause of atmospheric pollution) is 

mostly a sovereign duty of states, whether land-

locked, coastal or flag states, which is exercised 

in line with their national policies. There is never-

theless a general obligation under the LOSC for 

states to prevent, reduce and control pollution of 

the marine environment from or through the at-

mosphere. 

 

In sum, although the interaction between the sur-

face of the ocean and the lower part of the at-

mosphere is critical to the functioning of the 

Earth system, public policy tends to make a clear 

distinction between the ocean and the air directly 

above it, without much consideration of the inter-

action between them. The session addressed the 

following topics: 

 

• The compartmentalisation of regulatory 

frameworks for the governance of the ocean on 

the one hand and the atmosphere on the other. 

How the interaction between the lower atmos-

phere and the upper layer of the ocean is cur-

rently addressed in policy and regulations. 
 
• The need for regulations explictly targetting 

the air-sea interface directly versus regulation 
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of the pollution sources (e.g., atmospheric 

emissions at the national and regional level) 

or designated areas in need of a higher pro-

tection (e.g., sulphur control areas for ships). 

How regulatory frameworks being developed 

for climate intervention (i.e., geoengineering) 

can be formulated to address air-sea interac-

tions. 

 

The SOLAS session took place virtually and in-

cluded four introductory talks (see specific sec-

tions below) and a panel discussion. The 

speakers were: Robert A. Duce, Emeritus Pro-

fessor, Texas A&M University, USA; Anna Rut-

gersson, Professor, Uppsala University, Swe-

den; Nathalie Hilmi, Researcher, Centre Scien-

tifique de Monaco; and  Andrew Lenton, Senior 

Research Scientist, CSIRO. The panellists were 

a mixture of the conveners (listed below) and 

the speakers (Fig. 1). In order to kick off the 

panel discussion, we polled the audience on the 

following list of questions:   

• Which targets of the Sustainable Develop-

ment Goals 13 on climate action and 14 on 

life in the ocean contradict each other, and 

how can we resolve this? 
 
• From the perspective of a natural scientist, is 

it still feasible to separate the policy frame-

work for the atmosphere completely from 

that for the ocean? 
 
• Do the legal frameworks explicitly have to 

account for ocean-atmosphere interactions 

or is the status quo workable enough? 
 
• How do regulations for international maritime 

traffic address the interaction between the 

ocean and the atmosphere? 
 
• Is there a need to incorporate rules on cli-

mate intervention in order to achieve the 1,5 

degree goal as laid down in the 2015 Paris 

Agreement? 
 
• What should these rules allow for or maybe 

even encourage? 

 

 
Conveners 
 

• Erik van Doorn, Kiel University,  
http://www.wsi.uni-kiel.de/en/the-
team/research-associate/erik-van-doorn-
1?set_language=en 

 

• David J. Kieber, State University of New York, 
USA  
http://www.esf.edu/faculty/kieber 

 

• Christa Marandino, GEOMAR - Helmholtz 
Centre for Ocean Research Kiel, Germany 
http://www.geomar.de/en/mitarbeiter/fb2/ch/tra
nslate-to-english-marandino-christa 

 

• Lisa Miller, Fisheries and Oceans Canada – 
Institute of Ocean Sciences, Canada 
http://lmiller173.wixsite.com/lisamillerocean 

 

• William L. Miller, University of Georgia, USA 
http://www.marsci.uga.edu/directory/people/wil
liam-miller 
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Figure 2: Atmospheric lead input fluxes to the ocean and 

seawater lead concentrations in the 1970s. 

tions were in the North Atlantic Ocean, downwind 

from heavily industrialised North America. Pat-

terson’s dedicated work on lead in ice cores, the 

atmosphere and the ocean, and his constant and 

loud demand that it be removed from fuel, includ-

ing many testimonies before Congress, finally 

overcame the strong manufacturer’s protests, re-

sulting in laws phasing lead from US gasoline in 

the later 1970s. And when lead was basically 

shut-off, how did the ocean respond? Studies by 

Wu and Boyle (1997) near Bermuda showed that 

the surface water lead concentration dropped 

Two examples are given about the air/sea ex-

change of human-derived substances, how they 

were (or are) related to environmental concerns 

and societal issues, and what was (or may be) 

done about them policy-wise – a historical exam-

ple from ~fifty years ago (lead), and an issue only 

now becoming of possible concern (microplas-

tics). A planned regional workshop is also de-

scribed bringing together scientists, managers 

and policymakers to address the apparent mis-

match between science and policy at the air-sea 

interface. 

 

In the 1950s/1960s, concern arose about lead 

emitted from vehicles because of tetraethyllead 

used in gasoline and its associated health related 

issues. The manufacturer of the tetraethyllead 

clearly stated there was no need for concern. But 

Clair Patterson of the California Institute of Tech-

nology, United States of America, strongly disa-

greed. Patterson was the first person to accu-

rately date the age of the earth as ~4.5 billion 

years, using lead isotopes. During this research, 

he found that lead contaminated everything in his 

laboratory. He determined that the source for this 

lead was the burning of fuels containing tetrae-

thyllead. Patterson then began looking at lead in 

the earth’s most remote regions in the 

1960s/1970s, including Greenland and Antarctic 

ice cores and the atmosphere and ocean (Figure 

2). He found much higher lead concentrations in 

oceanic surface waters than deeper waters, as 

expected if the oceanic lead was from the at-

mosphere. The highest surface lead concentra-
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 from ~35 ng/kg in the very late 1970s to ~seven 

ng/kg in the late 1990s, clearly showing the im-

pacts of Patterson’s demands that lead be re-

moved from gasoline. 

 

The second example concerns a substance cur-

rently gathering increased interest relative to 

air/sea chemical exchange – microplastics. Liss 

(2010) made a rough estimate that up to ten 

MT/yr of microplastics might be deposited in the 

ocean from the atmosphere – similar to the esti-

mate for riverine transport to the ocean of five to 

fifteen MT/yr (Jambeck, et al., 2015). However, 

actual data on atmospheric microplastics over 

the ocean are few and most do not give mass in-

formation, only number data, as determined by 

microscopic measurements. The working group 

on air/sea chemical exchange of the United Na-

tions Group of Experts on the Scientific Aspects 

of Marine Environmental Protection (GESAMP) 

recently held a workshop entitled “The Atmos-

pheric Transport of Microplastics to and from the 

Ocean”. This workshop called for an expanded 

and coordinated global-scale research effort on 

microplastics to understand and quantify their 

atmospheric sources, long-range transport, con-

centration distribution, and exchange processes 

and fluxes between the atmosphere and ocean. 

There has been very little legislation to date deal-

ing with microplastics, so as research efforts ex-

pand in this area it will be important to include 

managers and policymakers in the planning ef-

forts. 

 

GESAMP’s working group has planned a region-

al workshop in South Africa in October 2022 to 

address ocean management and policy implica-

tions of the air/sea exchange of the nutrients ni-

trogen and iron from biomass burning and indus-

trial emissions in the southern Africa region. It 

will particularly look at potential impacts on 

ocean productivity in the Madagascar Channel 

and Southwest Indian Ocean. The workshop will 

include international scientists as well as envi-

ronmental managers and policymakers from that 

region. 

 

One of the activities will involve scientists pre-

senting specific case studies and explaining what 

they see as the environmental issues that arise 

from the case study. Managers will consider if 

this information would lead them to recommend 

specific actions and policymakers would then 

consider if they would be willing to act on this ad-

vice. This would test the most appropriate ap-

proaches for scientists to engage with managers 

and policymakers to evaluate scientific evidence 

of environmental trends and their associated un-

certainties.  Hopefully, this approach will help to 

address, at least on a regional scale, one appar-

ent mismatch between science and policy at the 

air-sea interface.  
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The apparent mismatch between science and pol-

icy in the air-sea interface: A shipping approach 

 

Anna Rutgersson 
 
Uppsala University, Uppsala, Sweden 
 
Anna.rutgersson@met.uu.se 
 
http://katalog.uu.se/profile/?id=N96-3829 

Shipping is the most widely used medium for 

transport of goods internationally and will contin-

ue to increase. Although shipping is a carbon-

efficient transport medium, there is an increasing 

focus on its broader environmental consequenc-

es. For a sustainable and equitable use of the 

oceans, as well as minimising impacts of global 

change, a further development to sustainable 

shipping, or green shipping, is needed. Ship 

building and operational standards are intro-

duced and area-based instruments, such as 

emission control areas (ECAs), are established. 

However, lack of regulations, vague monitoring, 

unclear environmental impacts and economic 

uncertainty might cause problems for industry 

and society. In the project ShipTRASE 

(www.shiptrase.eu), the environmental, econom-

ic and legal aspects of both near-term and long-

term solutions to shipping emission reduction 

and control mechanisms will be analysed. The 

potential environmental impacts on the lower at-

mosphere and upper ocean include those from 

pollutant emission from ship smokestacks and 

liquid discharge, as well as increased methane-

induced greenhouse warming. For full under-

standing a transdisciplinary approach is required, 

also stakeholder involvements (industry, local 

government, large scale regulation). In Ship-

TRASE various platforms are used: in-situ 

measurements, scrubber laboratory measure-

ments, numerical modeling, cost-benefit analysis, 

and survey methodologies. ShipTRASE will de-

liver an economic and environmental conse-

quence analysis of implementation of control ar-

eas. In addition, we assess the impact of policy 

settings and regulation. 

 

Often in science, we aim to answer scientific 

questions being of use in society and for legisla-

tion (science influencing policies and legislation). 

In the case of ship emissions, control areas are 

established as a result of political decisions. 

These were motivated by the emissions of aero-

sols and air quality problems. However, one im-

plication was the open-loop-scrubbers and 

scrubber wash water discharge. The scrubbers 

have potentially ecological and biogeochemical 

effects on the marine environment but the extent 

of this is still to a large extent unknown (Endres 

et al., 2018; Turner et al., 2017a; Turner et al., 

2017b). Thus, new science is being initiated and 

needed as a result of the new legislation (policies 

 
 
 

Figure 3: Illustration of the science and policy interaction 

needed for the development of an environmental-friendly 

shipping industry Please explain what IMO stands for 

http://www.shiptrase.eu/
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and legislation  influences science). For a more 

effective scientific and societal development, it is 

beneficial with a mutual communication between 

science and policies (Figure 3), and to involve 

stakeholders when developing the scientific 

questions in the cases when this is relevant. 
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The United Nations’ Intergovernmental Panel on 

Climate Change’s (IPCC) Special Report on the 

Ocean and Cryosphere (SROCC), approved in 

Monaco in September 2019, considered the im-

pacts of climate change on the ocean, its threats 

and the ecosystem services that it provides and 

the link to Sustainable Development Goals 

(SDGs). We will see first that the ocean has an 

important role in human well-being. Secondly, we 

will mention the main physical changes in the 

ocean. Third, we will consider the socio-

economic impacts. Finally, the concept of nature-

based solutions, blue carbon and carbon conser-

vation show that for economists the link between 

science and policy is evident, especially at the 

air/sea interface. 

 

The oceans provide a variety of good and eco-

system services to human beings. It is a primary 

source of protein for 2.6 billion people and repre-

sents fifteen percent of Gross Domestic Product 

(GDP) in two dozen countries. They are not only 

a major source of food, they also produce oxy-

gen, absorb carbon dioxide, play a main role in 

climate regulation and provide energy as well as 

recreational services. It is the source for medical 

compounds. 

 

The oceans provide an important and rich source 

of economic value. They are part of commercial 

shipping and tourism, with more than half of tour-

ist guest nights spent in coastal areas. Oceans 

are also an important source of energy, as a 

source of not only fossil fuels, marine minerals, 

commodities and services but also renewable 

energy and renewable biofuels. Forty percent of 

households globally depend on the oceans for 

their livelihoods. About half of the world's popu-

lation lives within the coastal zone and ocean-

based businesses contribute more than $500 

billion to the world's economy. 

 

The oceans and their resources have made de-

velopment possible in all countries throughout 

the world, and they continue to contribute great-

ly to poverty alleviation and food security in the 

coastal and inland communities of the world’s 

developing nations. On the one hand, the 

oceans are recognised as very important pro-

viders of resources with high monetary values. 

On the other hand, the human activities that 

have made exploitation of these valuable re-

sources possible also pose many threats to ma-

rine environmental sustainability through disrup-

tion of ecological functions, which are especially 

vulnerable to pollution, overfishing and degrada-

tion of habitats.  

 

According to the SROCC, global warming has 

already reached 1°C above the preindustrial 

level, due to past and current greenhouse gas 

emissions. There is overwhelming evidence that 

this is resulting in profound consequences for 

ecosystems and people. The ocean is warmer, 

more acidic and less productive. Melting glaci-

ers and ice sheets are causing sea level rise 

Are there solutions to reduce the impacts of CO2 
emissions on the ocean and human well-being?   
 

Nathalie Hilmi 
 
Université Nice Sophia Antipolis, Monaco, Monaco 

 
hilmi@centrescientifique.mc 
 
http://www.centrescientifique.mc/medias/cv/22.pdf 

mailto:hilmi@centrescientifique.mc
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and coastal extreme events are becoming more 

severe. Greenhouse gases will cause physical 

changes. Climate change will have impacts on 

ecosystems, ecosystem services and the blue 

economy. 

 

Many ecosystems will be damaged by global 

warming even if temperatures increase is limited 

to 2°C. Some of them will benefit from ambitious 

mitigation to 1.5°C. Corals are already at high 

risk and coral reef restoration options may be in-

effective if global warming exceeds 1.5°C. But 

marine habitat restoration, and ecosystem man-

agement tools such as assisted species reloca-

tion and coral gardening, can be locally effective 

in enhancing ecosystem-based adaptation. 

 

The marine animal biomass is projected to de-

crease sharply if no mitigation policy is imple-

mented. This will impact the food security of the 

coastal communities dependent on fisheries for 

their protein intake because the changes in the 

ocean will impact the net primary production, the 

total animal biomass and the maximum catch po-

tential, especially in the worst scenario. Moreo-

ver, because the global demand for seafood con-

tinues to increase. 

 

Human systems and natural systems are closely 

related. Ocean warming and acidification, loss of 

oxygen and changes in nutrient supplies are al-

ready affecting the distribution and abundance of 

marine life in coastal areas, in the open ocean 

and at the sea floor. The changes in the ocean 

and the cryosphere combined with other human 

impacts will have severe consequences on the 

biodiversity, on the economy and on human well-

being. Climate change impacts on marine eco-

system services reduce the society’s ability to 

achieve most other sustainable development 

goals. 

 

The ocean is important and it is urgent to take 

the right decisions. The restoration of vegetated 

coastal ecosystems, also known as blue carbon, 

 could increase carbon uptake and storage and 

help to achieve the Paris agreement goals 

thanks to the carbon removal as stated in article 

6 of the Paris Agreement.  

 

There are some gaps in the SROCC about the 

concept of blue carbon. In fact, wide-range of 

ocean-based response options are available. 

 

They are supported by protection, restoration, 

precautionary ecosystem-based management of 

renewable resource use, reduction of pollution 

and other stressors. They permit moderate to 

high benefits to local climate-risk reduction, but 

also high co-benefits and low trade-offs. 

 

There are specific policy responses in the con-

text of adaptation and nature-based solutions. A 

few examples include, reducing other pressures 

such as pollution and habitat modification will 

help species adjust to changes in their environ-

ment. Or policy frameworks for integrated water 

management, fisheries management and net-

works of protected areas offer opportunities for 

people and species to adapt. Lastly, nature-

based adaptation such as ecosystem restoration 

can be locally most effective when community 

supported, science based and connected with lo-

cal knowledge and indigenous knowledge. Such 

approaches bring multiple benefits for biodiversi-

ty, humans and, in some circumstances, climate 

mitigation. 

 

According to the SROCC, enabling climate resili-

ence and sustainable development depends crit-

ically on urgent and ambitious emissions reduc-

tions coupled with coordinated sustained and in-

creasingly ambitious adaptation actions.  

 

(Nathalie Hilmi is one of the drafting authors for 

SROCC). 
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Kim Magalona is a graduate student for George Mason Universi-

ty’s Department of Environmental Science and Policy, USA,  

where she is studying the microbiome of Virginia’s Chesapeak 

Bay striped bass population. Aside from her knowledge in micro-

bial studies, Kim is interested in further contributing to marine 

conservation research, Specifically relating to fisheries, coral 

reefs restoration and marine wildlife protection. Aside from her 

fellowship with the Global Sustainability Scholars (GSS), she also 

volunteers as a researcher for the Florida Fish and Wildlife Re-

search Institute’s (FWRI) Sea Turtle Migration program and as a 

rescue volunteer for the Clearwater Marine Aquarium’s (CMA) 

stranding team.  

Student Event Highlight  
 

Kim Magalona  

 

George Mason University, Virginia, USA  

 

kmagalon@gmu.edu 

During the Sustainability Research and Innova-

tion (SRI) Congress 2021, I had the pleasure of 

attending SOLAS session on “The apparent 

mismatch between science and policy at the air-

sea interface.” Erik van Doorn was the main host 

for the session and introduced the speakers, Dr. 

Bob Duce, Dr. Anna Rutgersson, Dr. Nathalie 

Hilmi, and Dr. Andrew Lenton. During these 

presentations, the presenters touched on the dif-

ferent scenarios where discrepancies between 

science and policy in the air-sea interface were 

present. One example that caught my eye was 

from Dr. Duce’s presentation. Dr. Duce speaks 

about the increasing issue of oceanic microplas-

tics and their increased presence in one-hundred 

species of marine biota including finfish, shellfish, 

and crustaceans. The primary source of micro-

plastics is generally found on land and there is 

growing evidence that the atmosphere plays a 

key role in this pathway of microplastics from 

land to sea.  There was a microplastics workshop 

that was held by the United Nations Scientific 

Aspects of Marine Environmental Protection 

(GESAMP) in 2020 where scientists came to-

gether to address this situation. Due to the lack 

of data to date, there is little legislations in deal-

ing with microplastics. As research continues to 

expand in this area, it is important to efforts at an 

early stage, including managers and policy mak-

ers in the research planning efforts at an early 

stage. 

  

As presentations came to an end, there was an 

opportunity for the audience to ask questions in 

the SRI chat function. This provided an easier, 

indirect way for the audience to engage with the 

panel and helped diminish the intimidating social 

wall that others experience when attending a vir-

tual conference or workshop. Our questions were 

relayed by Dr. Christa Marandino. In the begin-

ning of the conference, the audience was also 

asked to vote for a question that they wanted to 

ask the panel, allowing a unique aspect for the 

viewers, and introducing different types of en-

gagement. The flow of the conference was well 

done, with the individual spotlight done for each 

mailto:kmagalon@gmu.edu
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speaker and then multiple spotlights done for 

the entire panel. The technical aspects gave a 

wonderful visual for thering transdisciplinary 

research and its importance in creating envi-

ronmental policy and its link to the SRI confer-

ence. 

 

Attending the apparent mismatch of between 

science and policy at the air-sea interface ses-

sion was an enlightening experience. As scien-

tists continue to recognise the holes in envi-

ronmental research and management, we can 

further establish collaboration between fields 

and the need to continue interdisciplinary re-

search on earth system studies. 
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