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Iodine affects the radiative budget and the oxidative capacity of the atmosphere and is
consequently involved in important climate feedbacks. A fraction of the iodine emitted by
oceans ends up in aerosols, where complex halogen chemistry regulates the recycling
of iodine to the gas-phase where it effectively destroys ozone. The iodine speciation
and major ion composition of aerosol samples collected during four cruises in the East
and West Pacific and Indian Oceans was studied to understand the influences on
iodine’s gas-aerosol phase recycling. A significant inverse relationship exists between
iodide (I−) and iodate (IO3

−) proportions in both fine and coarse mode aerosols, with
a relatively constant soluble organic iodine (SOI) fraction of 19.8% (median) for fine
and coarse mode samples of all cruises combined. Consistent with previous work
on the Atlantic Ocean, this work further provides observational support that IO3

−

reduction is attributed to aerosol acidity, which is associated to smaller aerosol particles
and air masses that have been influenced by anthropogenic emissions. Significant
correlations are found between SOI and I−, which supports hypotheses that SOI may
be a source for I−. This data contributes to a growing observational dataset on aerosol
iodine speciation and provides evidence for relatively constant proportions of iodine
species in unpolluted marine aerosols. Future development in our understanding of
iodine speciation depends on aerosol pH measurements and unravelling the complex
composition of SOI in aerosols.

Keywords: iodine speciation, marine aerosols, Indian Ocean, Pacific Ocean, marine boundary layer (MBL)

INTRODUCTION

Iodine is ubiquitous in the troposphere where it plays an active role in atmospheric chemistry and
important climate feedbacks (Prados-Roman et al., 2015a). Its volatile compounds contribute to
aerosol particle formation mechanisms that affect the atmospheric radiative budget (O’Dowd et al.,
2002; Read et al., 2008). It has furthermore been recognised to alter the oxidative capacity of the
atmosphere by significantly destroying ozone (a pollutant) in the lower troposphere (Chameides
and Davis, 1980; Chatfield and Crutzen, 1990; Davis et al., 1996; Mahajan et al., 2010). Biologically,
iodine is a crucial element for mammalian metabolism (Whitehead, 1984), entering the food chain
through atmospheric deposition on soil and crops.
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The dominant source of iodine in the atmosphere is the
surface ocean through biotic and abiotic processes (Mahajan
et al., 2012). Volatile iodine compounds are released mostly in
inorganic form, such as molecular iodine (I2) and hypoiodous
acid (HOI) (Carpenter et al., 2013; Prados-Roman et al., 2015b),
but also as organic iodocarbons, such as CH3I and CH2I2 (Klick
and Abrahamsson, 1992; Moore and Tokarczyk, 1992; Schall
et al., 1997; Martino et al., 2009; Jones et al., 2010). Rapid
photolysis in the atmosphere releases the iodine atoms from these
compounds, which subsequently participate in efficient ozone
destruction cycles (Saiz-Lopez et al., 2012a,b).

Aerosols take up iodine, temporarily inhibiting its role
in ozone destruction before recycling it back to the gas-
phase. Aerosol composition, chemistry, and iodine speciation
regulate the efficiency of iodine recycling and thus also the
effect on ozone concentrations in the marine boundary layer
(MBL) (Vogt et al., 1999; McFiggans et al., 2000; Hoffmann
et al., 2001), and transport to continents where it may be
deposited (Baker et al., 2001). Understanding aerosol iodine
speciation in aerosols is therefore important to accurately
reproduce ozone concentrations with atmospheric models, and to
comprehend its effect on global radiation, climate, and feedbacks
(Saiz-Lopez et al., 2012b).

Total soluble iodine (TSI) in aerosols in the MBL is
characterised by geographical variability, being latitudinally and
longitudinally dependent on global ocean temperature, seawater
iodine content, and atmospheric ozone (Gómez Martín et al.,
2021). TSI itself consists of iodide (I−), iodate (IO3

−), and soluble
organic iodine (SOI). Other iodine species, such as HOI or I2, are
considered reactive or insoluble and therefore are not expected to
be detectable in aerosols (Saiz-Lopez et al., 2012a).

Models have struggled to reproduce the variable iodine
speciation, and thus also the MBL ozone levels, reported
by observational studies (Gäbler and Heumann, 1993;
Wimschneider and Heumann, 1995; Baker, 2004). Challenges in
improving our understanding of the complex iodine chemistry
in the MBL include sparsity of observational data and use of
iodine speciation-altering extraction methods for samples (Xu S.
Q. et al., 2010; Yodle and Baker, 2019).

We present aerosol iodine speciation data from three different
major ocean basins: the West Pacific Ocean and, for the first
time, the East Pacific Ocean and Indian Ocean. We investigate
the consistency of the results with recent advancements in
our understanding of aerosol iodine chemistry, including the
role of SOI as a missing source for I− (Baker, 2005; Pechtl
et al., 2007) and possible explanations for the variability in the
IO3
− concentrations.

MATERIALS AND METHODS

Sample Collection
We present aerosol data obtained during four expeditions at
sea between October 2009 and July 2017: TransBrom, SHIVA,
OASIS, and M138 (Figure 1 and Table 1). The aerosol speciation
results for the SHIVA campaign have previously been published
by Yodle and Baker (2019), for which data can be found here:

Baker and Yodle (2018). Results for TransBrom (Baker and
Yodle, 2021b), OASIS (Baker and Droste, 2021), and M138
(Baker, 2021) can be found in the PANGAEA R© database.

Most aerosol samples were collected on stages 3 and 4
of Sierra-type cascade impactors, which together collected the
aerosols > 1 µm, and a back-up non-slotted filter, which collected
aerosols < 1 µm. SHIVA is the only campaign presented here
for which aerosols were collected in bulk samples. Sample O10
collected during OASIS is the only sample for which all six
stages of the cascade impactor were used. This allows us to
analyse aerosol chemistry for seven different modal particle
sizes in total (<0.1 to > 12 µm). Glass microfiber filters (GF)
were used as aerosol collection substrates for all samples, except
for the TransBrom samples, for which cellulose filters (CF)
were used. GF substrates were washed twice with ultrapure
(18.2 M� cm) water, dried, wrapped in aluminium foil and
ashed at 450◦C before use (Yodle and Baker, 2019). CF substrates
were not treated before use. A wind sector controller linked
an anemometer to the samplers and switched it off whenever
the wind was coming from the direction of the ship’s stacks to
avoid contamination by the ship. Once collected, samples were
wrapped in pre-combusted aluminium foil (GF substrates only),
then frozen in separate sealed polyethylene bags until chemical
analysis. More information on sample collection specifics can be
found in Table 1 and in the Supplementary Material.

Air Masses
Various air mass types sampled during the different campaigns
were distinguished based on air mass back trajectories run for
the duration of sample collection time with the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model
from NOAA using NCEP/NCAR Reanalysis Project datasets
(Stein et al., 2015). Back trajectories were run for 5 days prior
to the sample collection time at 10, 500, and 1,000 m altitude
to be able to consider the possibility of gravitational descent of
particles from the free troposphere (longer range transport) into
lower altitude MBL air masses.

Analytical Methodology
Ultrapure water was used to extract the aerosols from the
filters. Samples were mechanically shaken on an orbital mixer
for 30 min at room temperature and subsequently filtered
(Minisart R©, 0.20 µm), following the optimised extraction
conditions described by Yodle and Baker (2019).

Ion chromatography (Dionex ICS-5000) was used to quantify
the concentrations for Na+, NH4

+, Mg2+, K+, Ca2+, Cl−,
NO3

−, SO4
2−, Br−, C2O4

2− (oxalate), and methanesulfonate
(MSA). Cations and anions were analysed on CS12A and AS18
columns, respectively.

TSI, IO3
−, and I− content was determined following

the methodology as described in Yodle and Baker (2019),
using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS,
Thermo X-Series for TransBrom, SHIVA, and OASIS; iCAP TQ,
Thermo Scientific for M138). TSI was measured directly with the
ICP-MS, while I− and IO3

− were separated chromatographically
using a Dionex AS16 exchange column. Blank values and
detection limits are shown in Table 2.
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FIGURE 1 | (E) Global overview map of expedition tracks and sampling locations shown in alternating lighter and darker shades for (A) M138, (B) OASIS,
(C) SHIVA, and (D) TransBrom.

TABLE 1 | Overview of sea-going expeditions presented in current work.

Expedition Dates Aerosol fractions
collected

Aerosol Filters Reference Ship

TransBrom 09.10.2009–24.10.2009 Fine/coarse Cellulose (Whatman 41) Quack and Krüger,
2010; Martino et al.,
2014

FS Sonne SO202

SHIVA 15.11.2011–29.11.2011 Bulk Glass microfiber Quack and Krüger,
2013

FS Sonne SO218

OASIS 08.07.2014–07.08.2014 Fine/coarse,
1 multi-size
fractionated (O10)

Glass microfiber (Tisch filter
TE-230-GF and Whatman
Grade G653 GF)

Krüger et al., 2014a,b FS Sonne SO234 1/2

M138 06.06.2017–01.07.2017 Fine/coarse Glass microfiber (Tisch filter
TE-230-GF and Whatman
Grade G653 GF)

Bange et al., 2017 FS Meteor M138
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TABLE 2 | Blank values (nmol/filter) and detection limits (pmol m−3) for iodine species measured during each cruise.

Cruise I− IO3
− TSI

<1 µm >1 µm <1 µm >1 µm <1 µm >1 µm

TransBrom Blank 0.19 0.16 < 0.21 <0.17 0.49 0.24

Det. Limit b 0.18 0.30 0.15 0.12 0.50 0.21

SHIVA a Blank < 0.34 – <0.35 – 1.2 –

Det. Limit b 0.24 – 0.25 – 0.47 –

OASIS Blank 0.23 0.19 < 0.18 <0.18 0.86 0.60

Det. Limit c 0.13 0.07 0.07 0.07 0.29 0.21

M138 Blank 0.53 < 0.44 <0.72 < 0.72 <3.7 < 3.7

Det. Limit d 0.50 0.21 0.34 0.34 1.8 1.8

aValues given for SHIVA are for the single Whatman 41 filters used during that cruise.
bDetection limits representative of air volumes of 1,400 m3.
cDetection limits representative of air volumes of 2,500 m3.
dDetection limits representative of air volumes of 2,100 m3.

Following Baker (2005), SOI was determined based on the
difference between TSI and the total inorganic iodine, i.e., I− and
IO3
− (Eq. 1).

SOI = TSI − (I− + IO−3 ) (1)

The enrichment factor (EF) of TSI was calculated
according to Eq. 2.

EFTSI =
[TSI]aerosol/[Na+]aerosol
[TSI]seawater /[Na+]seawater

(2)

The non-sea salt (nss) concentrations of various major ions are
defined by the difference between what is measured in the aerosol
and the concentration expected in the sea salt fraction (Eq. 3).
The latter is based on the sodium content of the aerosol and
the relevant ion’s concentration in bulk seawater. Bulk seawater
concentrations are taken from Stumm and Morgan (2012) for all
ions except Br− and iodine, which were taken from Wong (1991).

[nss−MI] = [MI]measured − [Na+]measured
[MI]seawater

[Na+]seawater

(MI = major ion) (3)

RESULTS

Air Mass Types
Table 3 gives an overview of the ten different air mass
types that have been distinguished based on the air mass
back trajectories run for each sample, and the abbreviations
used below to identify these air mass types. Examples of air
mass back trajectories representative of the air mass types
are shown in Figure 2. Further details of the air mass
classification process are given in section 1 of the Supplementary
Material. We use these ten air mass classifications to better
understand the aerosol composition and iodine speciation results
in this dataset.

Major Ions Composition in Aerosols
The chemical composition of aerosols drives aqueous and
heterogeneous reactions that are important to the iodine
chemistry and speciation. Coarse mode aerosols (>1 µm) in
the datasets presented here are dominated by sea salt aerosols,
formed through primary aerosol production mechanisms, such
as sea spray and bubble bursting (Smith et al., 1993). The
nss-Ca2+ concentrations in the samples reported here were
extremely low, i.e., 1–2 orders of magnitude lower than reported
for aerosols containing Saharan dust over the Atlantic Ocean
(Baker and Yodle, 2021a). Mineral dust therefore appears to
be a minor component of the TransBrom, SHIVA, OASIS, and
M138 aerosols. Secondary aerosol production mechanisms, such
as the oxidation and subsequent condensation of gases, are often
associated with fine mode aerosol particles (<1 µm; Blanchard
and Woodcock, 1980). Ions such as nss-SO4

2−, oxalate, and
MSA are indeed predominantly found in the fine mode aerosol
samples (Figure 3). NO3

− has its highest concentrations in the
coarse mode fractions, which is a result of nitric acid displacing
Cl− within sea salt aerosols (Robbins et al., 1959; Mamane and
Gottlieb, 1992; Andreae and Crutzen, 1997).

Notable variability in major ion concentrations indicate the
influence of different natural and anthropogenic emissions in
the sampled air masses. Nss-SO4

2−, NO3
−, and oxalate are

associated with fossil fuel and biomass combustion emissions.
The concentrations of these ions in the aerosol samples are
elevated in samples collected from air masses which have travelled
over land at some point in the 5 days prior to sampling (types
NEA, SCS, NCP, PER, and EPP). Similarly, NH4

+, a tracer for
agricultural emissions, has elevated concentrations in NEA, PER,
and EPP air masses. For the SCS and NCP aerosols, NH4

+

concentrations are relatively low, suggesting that these samples
are primarily affected by fossil fuel combustion (Yodle and Baker,
2019). Nss-SO4

2− and oxalate concentrations for SWP samples,
as well as some for SEP samples, are also relatively high. Relatively
high MSA concentrations in maritime southern hemisphere air
masses (SWP and SEP) are indicative of a marine biogenic source
of dimethyl sulfide, which likely also contributes to the nss-SO4

2−

observed in these air masses. The organic (oxalate) content of the
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TABLE 3 | Description of air mass types for all expeditions.

Air mass type Expedition No. of
samples

Sample IDs Description

Northeast Asia (NEA) TransBrom 3 T01-T03 Air masses have travelled over northern Japan and occasionally
over northern China and Siberia with occasional wind directions
from the north Pacific Ocean.

North West Pacific (NWP) TransBrom 6 T04-T09 Air masses have travelled over the North West Pacific Ocean.

South West Pacific (SWP) TransBrom 4 T10-T13 Air masses travelled over the South West Pacific Ocean east of
Australia, occasionally with origins near Tasmania.

South China Sea (SCS) SHIVA 5 S01-S05 Air masses travelled over South China Sea, or Sumatra, Borneo,
and along the coast of Sarawak (Yodle and Baker, 2019)

North Central Pacific (NCP) SHIVA 6 S06-S14 Air mass travelled over western Central Pacific Ocean and the
Philippines (Yodle and Baker, 2019)

Remote Southern Ocean (RSO) OASIS 5 O01-O05 Air masses travelled from the Southern Ocean, passing the
southern tip of South Africa.

Remote Southern Indian (RSI) OASIS 5 O09-O11, O13, O14 Air masses travelled over the southern Indian Ocean, predominantly
from a westerly direction.

Southeast Pacific (SEP) M138 6 M05, M09-M11, M14, M15 Air masses travelled over the southeast Pacific Ocean.

Peru (PER) M138 2 M07, M13 Air masses travelled over Peru prior to sampling.

Mixed SEP/PER (EPP) M138 4 M04, M06, M08, M12 Air masses sampled partly come from the southeast Pacific Ocean
and partly from over Peru.

PER and EPP air masses may carry additional strong influences
of the biologically productive Peruvian coastline, known to be
an upwelling region (Kamykowski and Zentara, 1990; Ulloa
and Pantoja, 2009), in addition to terrestrial anthropogenic and
biogenic organic matter emissions. RSO, RSI, and NWP aerosols
share a similar major ion profile. Their low concentrations of
nss-SO4

2−, NO3
−, and oxalate suggest minor influence from

land-based anthropogenic activities, which is consistent with
their prevalent trajectories over open remote oceans. In this sense,
these air masses are considered to be relatively “clean.”

Iodine Concentration and Speciation
Gas-to-particle conversion processes are the dominant source
of iodine in marine aerosols (Saiz-Lopez et al., 2012a), as is
quantified by the enrichment factor (EF). The EFTSI values for
samples reported here range between 9 and 12,800 (Tables 4, 5).
Highest TSI concentrations are found for the East Pacific Ocean
aerosol samples (Figure 4 and Supplementary Figure 5), with
medians ranging between 30.6 and 39.8 pmol m−3 (SEP, PER,
and EPP types, fine and coarse modes combined; Supplementary
Table 2). Their median EFTSI values range between 360 and 640
(Supplementary Table 2).

The proportions of IO3
−, I−, and SOI are variable within

and between air mass types. Conspicuous among all samples
are the low or undetectable IO3

− concentrations for many of
the TransBrom aerosols (West Pacific Ocean). Exceptions are
the coarse mode samples T06 and T11-T13 (the three southern-
most samples), which have IO3

− concentrations > 9.7 pmol m−3

(Figure 4). I− and SOI are the dominant species in NEA and
NWP samples, both accounting for around 50% of TSI. The
coarse mode of samples T11-T13 are the only three TransBrom
samples for which IO3

− is the dominant species.
The bulk aerosols collected from the SCS and NCP air

masses (SHIVA, West Pacific Ocean) have variable iodine species
proportions where IO3

− holds the highest fraction in eight

of the 11 samples (Yodle and Baker, 2019). I− concentrations
are relatively constant along the SHIVA track at an average of
4.0 ± 1.1 pmol m−3, although the SCS air masses seems to hold
slightly less I− compared to NCP air masses (Yodle and Baker,
2019). IO3

− concentrations vary between 1.4 and 9.8 pmol m−3

and are not very different between the two air mass types.
Both the fine and coarse modes of the RSO and RSI aerosol

samples (OASIS, Indian Ocean) have substantial amounts of
IO3
− (median of 4.1/5.3 pmol m−3 in fine/coarse mode of RSO

and 2.7/7.8 in fine/coarse mode of RSI). IO3
− is proportionally

the dominant species in the coarse mode and most of the fine
mode samples. The I− concentrations in the fine mode of RSO
aerosols are slightly higher (median 3.6 pmol m−3) than their
coarse mode counterparts, as well as compared to the fine and
coarse modes of the RSI samples (medians ranging between
1.4–1.9 pmol m−3; Supplementary Table 2).

Similarly to RSO and RSI, IO3
− dominates the iodine

speciation in the SEP air mass (Figure 4 and Supplementary
Figure 5), although the TSI concentration for SEP is substantially
higher in the coarse mode (median 27.4 pmol m−3) than in
RSO and RSI (median 7.8 and 10.1 pmol m−3, respectively;
Supplementary Table 2). In contrast, I− dominates the
speciation for PER in both modes. EPP samples are those that
are influenced by air masses of both marine and terrestrial origin,
as indicated by their intermediate iodine speciation and species
proportions, relative to SEP and PER (Figure 5).

Except for bulk aerosol samples S12 and S13 from NCP and
coarse mode aerosols T06 and T09 from NWP, SOI is found in
all samples: up to 4.7 pmol m−3 in the fine mode and 10.1 pmol
m−3 in the coarse mode. Consistent with previous observations
in the Atlantic Ocean (Baker, 2005; Baker and Yodle, 2021a), the
SOI fraction in the fine mode samples is generally larger (median
29%) than in the coarse mode samples (median 19%). In many
of the TransBrom samples, SOI has higher proportions than both
I− and IO3

−, which has occasionally previously been observed in
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FIGURE 2 | Examples illustrating the trajectories of the main air mass types found in the datasets for (A) TransBrom, (B) SHIVA, (C) OASIS, and (D) M138. Dashed
lines show trajectories for arrival heights of 10 m above the ships’ positions. Dotted lines are for arrivals at 1,000 m. Examples of type EPP (M138) are not shown, as
this classification was a mixture of the SEP and PER types.

coastal regions (Gilfedder et al., 2008) and in the southwestern
Pacific Ocean (Lai et al., 2008).

The multi-size fractionated sample from OASIS (O10) has
lowest TSI concentrations in modal size fractions 0.4 and
>12 µm (Figure 6). SOI is found only in modal size fractions
with sizes close to 1 or <0.1 µm. Among these, its concentration
ranges between 0.49 and 0.60 pmol m−3. The I− to IO3

− ratio
is > 1 in the two smallest modal size fractions and <1 for
larger aerosol particles. The distributions of Na+, nss-SO4

2−, and
NO3

− in sample O10 are shown in Supplementary Figure 4.

DISCUSSION

Influences on Iodine Concentration and
Speciation
Table 6 shows the bulk/total TSI concentrations and EFTSI
values for the TransBrom, SHIVA, OASIS and M138 cruises,

together with values reported for marine aerosols from other
studies. Of the cruises reported here, TSI concentrations
were highest in the M138 aerosols (particularly in the SEP
samples collected off the coast of Peru; Figure 4). This may
be due to stronger marine iodine sources in the eastern
South Pacific. The median seawater I− concentration in this
region (396 nM) is over four times higher than the global
median (89.0 nM; Chance et al., 2019a,b; Supplementary
Figure 7). These high surface sea water I− concentrations
are probably sustained by a regional upwelling system which
supplies both high I− waters [due to reduction of IO3

− in
the sub-surface oxygen minimum zone associated with the
upwelling (Cutter et al., 2018)] and nutrient-rich waters to
the surface (Ulloa and Pantoja, 2009). Enhanced phytoplankton
growth driven by this nutrient supply may also lead to
further reduction of IO3

− to I− in surface waters (Bluhm
et al., 2010). The unusually high surface I− concentrations
presumably enhance the flux of volatile iodine gases to the
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FIGURE 3 | Bar plots of (A) nss-SO4
2-, (B) NO3

-, (C) MSA, (D) oxalate, and (E) NH4
+ in fine (light), coarse (dark), and bulk (grey) mode aerosol fractions for all

samples of TransBrom (T01-T13), SHIVA (S01-S13), OASIS (O01-O14), and M138 (M04-M15). MSA was not measured in the SHIVA samples. Empty bars indicate
concentrations below the detection limit. Nss-concentrations for which the error is larger than the parameter itself are omitted. Note that for M138 the sample order
has been changed to allow the SEP, EPP, and PER air masses to be grouped together.

atmosphere following dry deposition of ozone (Ganzeveld et al.,
2009) and subsequent reaction of I− with ozone (Carpenter
et al., 2013). Samples M14 and M15 are the most northern
samples collected during the M138 campaign and are further
removed from the coastal and upwelling region. This may
explain the lower TSI concentrations compared to the other
samples collected along the Peruvian coast. More generally,
most of the results in Table 6 (with the notable exception
of those from TransBrom) indicate higher TSI concentrations
in the northern hemisphere than in the south. As noted by

Baker and Yodle (2021a), this pattern may be a consequence of
higher sea-to-air fluxes of iodine in the northern hemisphere,
driven by higher ozone concentrations, and thus dry ozone
deposition, in the north.

TSI concentrations in the TransBrom samples (Table 6)
are comparable to those presented for aerosols < 2.5 µm
(PM2.5) collected along the transect of Lai et al. (2008),
which covers a similar part of the West Pacific region. The
unusually low (in the context of the SHIVA, OASIS, and
M138 results) IO3

− concentrations observed during TransBrom
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TABLE 4 | Median and range of soluble iodine species concentrations (pmol m−3) and enrichment factor (EF) of TSI in bulk aerosols for SHIVA and total (fine + coarse)
for TransBrom, OASIS, and M138.

Cruise TransBrom SHIVA OASIS M138

Species Bulk Bulk Bulk Bulk

TSI 9.57 (3.08–32.0) 9.04 (7.0–15.9) 19.0 (12.4–30.6) 35.6 (6.41–65.4)

I− 3.66 (1.08–18.7) 3.7 (2.25–6.09) 4.43 (1.65–7.51) 13.3 (1.0–33.9)

IO3
− 0.71 (0.35–15.0) 4.19 (1.39–9.79) 11.1 (5.03–18.3) 14.7 (1.95–47.3)

SOI 4.0 (−1.11–12.6) 1.84 (−0.668–5.35) 4.21 (2.37–7.85) 6.4 (1.7–13.6)

EFTSI 75 (16–440) 120 (35–310) 97 (57–280) 470 (61–760)

TABLE 5 | Median and range of soluble iodine species concentrations (pmol m−3) and enrichment factor (EF) of TSI in fine and coarse mode aerosols the TransBrom,
OASIS, and M138 expeditions.

Cruise TransBrom OASIS M138

Species Fine Coarse Fine Coarse Fine Coarse

TSI 2.86 (1.53–5.98) 6.89 (1.55–26.7) 8.52 (4.45–14.6) 10.1 (4.05–16.7) 9.59 ( < 2.14–18.1) 23.7 (4.27–58.2)

I− 1.2 (0.798–2.47) 2.27 ( < 0.21–17.3) 2.61 (1.17–5.08) 1.44 (0.487–2.43) 6.91 ( < 0.397–14.2) 5.55 (0.60–23.4)

IO3
− 0.20 ( < 0.18–0.35) 0.51 (0.13–14.8) 3.39 (1.47–8.0) 7.66 (2.6–11.6) 0.72 ( < 0.18–11.4) 14.3 (1.73–45.4)

SOI 1.27 (0.53–4.42) 2.29 (−2.26–9.03) 2.72 (1.23–4.7) 1.54 (0.3–3.52) 1.6 (0.795–3.72) 3.92 (0.82–10.1)

EFTSI 820 (180–3,040) 45 (9–380) 430 (350–1,130) 58 (21–160) 1,910 (440–12,800) 330 (43–580)

are similar to those reported by Lai et al. (2008). Cellulose
filters were used for sampling during TransBrom and the Lai
et al. study. Yodle and Baker (2019) reported low extraction
recoveries of IO3

− from cellulose filters, which raises the
possibility that the low IO3

− proportions reported for these
two cruises in the West Pacific were due to artefacts introduced
by the sampling/extraction procedures. However, such an
artefact (if present at all) does not appear to have affected
all of the TransBrom samples, because several exhibited both
high concentrations and proportions of IO3

− (Figure 4C).
Despite the methodological differences of TransBrom and
Lai et al.’s work compared to OASIS, SHIVA, and M138,
it is not clear whether the iodine speciation for these two
West Pacific cruises falls outside the natural variability in
iodine speciation.

Iodine Species Proportions
Iodine speciation and proportions in the RSO, RSI, and SEP
(and coarse mode SWP) samples are similar to one another
(Figure 5) and are comparable to those of aerosols sampled
from remote marine air masses in the northern and southern
Atlantic Ocean [air masses RNA and RSA in Baker (2005)
and Baker and Yodle (2021a)]. Common features of these
marine air masses are the dominance of IO3

− in the coarse
mode and high percentages of IO3

− in the fine mode. This
suggests that the aerosol chemistry in remote air masses across
different ocean basins is governed by similar processes. The
NWP samples has a radically different speciation to the other
remote air mass types. As discussed above, the reasons for this
difference are unclear.

Iodine species proportions in air mass types with terrestrial
origins (e.g., NEA, PER) are rather different to the clean
marine samples (Figure 5), with substantially lower proportions

of IO3
− and higher proportions of I− and SOI, especially

in the fine mode. Indeed, there appears to be a gradient
in the proportions of IO3

− and I− in samples from
continentally/anthropogenically-influenced air masses (e.g.,
NEA, SCS, NCP, PER, EPP) and those of clean remote air masses
(e.g., RSO, RSI, SEP, SWP) (Figure 7). This is consistent with
data from the Atlantic Ocean, where IO3

− proportions were
lower and I− and SOI proportions were higher in aerosols
in air masses originating over Europe or southern Africa
compared to those derived from the remote Atlantic Ocean
(Baker and Yodle, 2021a).

With the exception of TransBrom results, the proportion
of SOI among all fine and coarse mode samples is relatively
constant regardless of I− and IO3

− proportions and air mass
type. SOI proportions (excluding the TransBrom samples)
range between 10% and 41% (median of 26 %) for fine
mode samples and between 6% and 33% (median of 17%)
for coarse mode samples. The higher enrichment of SOI
in fine mode compared to coarse mode samples may be
a result of sea spray production through bubble-bursting
whereby proportionally more organic matter in the sea surface
microlayer (SML) ends up in submicron film droplets rather
than in the larger droplets (de Leeuw et al., 2011). If SOI is
part of the composition of the organic matter, then this is
a primary production mechanism. Alternatively, the organic
matter may produce SOI within the aerosol through reactions
with inorganic iodine compounds (Baker, 2005). In the coarse
mode aerosols, SOI proportions seem lower in the remote
ocean samples compared to the more continentally-influenced
air masses, which could indicate primary sources of terrestrial
organic matter, or primary sources of marine SOI through
bubble-bursting within productive coastal regions (Seto and
Duce, 1972; de Leeuw et al., 2011).

Frontiers in Marine Science | www.frontiersin.org 8 December 2021 | Volume 8 | Article 788105

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-788105 December 3, 2021 Time: 17:44 # 9

Droste et al. Iodine Speciation in Marine Aerosols

FIGURE 4 | Bar plots of TSI (A), I- (B), IO3
- (C), and SOI (D) concentrations in fine (light), coarse (dark), and bulk (grey) mode for TransBrom, OASIS, M138, and

SHIVA aerosol samples. Empty bars indicate concentrations below the detection limit. SOI concentrations for which the error is larger than the parameter itself are
omitted. Details are as for Figure 3.
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FIGURE 5 | Percentage I- (A), IO3
- (B), and SOI (C) of TSI in fine (light) and coarse (dark) mode aerosol samples per air mass type from TransBrom, OASIS, and

M138. SOI concentrations for which the error is larger than the parameter itself are omitted. Black dots represent individual samples. White diamonds show the
average value. Lower (upper) whisker extends to the sample that is within 1.5 × interquartile range lower (higher) beyond the first (third) quartile.

Interconversions Between Iodine
Species
Baker and Yodle (2021a) recently examined the iodine speciation
in aerosols collected from a variety of air mass types
over the North and South Atlantic Oceans. They reported
variations in speciation between these air mass types that were
consistent with the controlling role of acidity on iodine species
interconversions proposed by Pechtl et al. (2007). Specifically,
Baker and Yodle (2021a) reported that IO3

− was the dominant
species in aerosols that were expected to be alkaline (i.e.,
unpolluted sea spray and mineral dust) and that IO3

− was present

in much lower proportions in aerosols that were expected to
be acidic, such as in the fine mode in polluted terrestrial air
masses. According to Pechtl et al. (2007), reduction of IO3

−

is promoted in acidic aerosols in the presence of I− (Eq. 4).
Furthermore, HOI can potentially react with dissolved organic
matter (DOM; Truesdale and Luther, 1995), generating SOI,
which then photo-dissociates, producing I− (Baker, 2005; Eq. 5).

IO−3 + I− + 2H+ → HIO2 + HOI (4)

HOI + DOM → SOI → I− + H+ + DOM (5)
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FIGURE 6 | Bar plots showing the TSI (A), I- (B), IO3
- (C), and SOI (D) concentrations for the multi size segregated aerosol sample O10, collected during the OASIS

expedition. Empty bars indicate concentrations below the detection limit. SOI concentrations for which the error is larger than the parameter itself are omitted.

The variations in iodine species proportions for the samples
reported here are also broadly consistent with the results
of the Pechtl et al. modelling study. Clean marine aerosols
(RSO, RSI, SEP) are dominated by IO3

−, even in the
fine mode, while the fine mode aerosols of terrestrially-
influenced air mass types (NEA, PER) contain very little IO3

−.
These terrestrial fine mode aerosols contain relatively high
concentrations of acidic species (Figure 3 and Supplementary
Figure 3) and are likely to be strongly acidic (Keene
et al., 2002; Pye et al., 2020). Note, however, that it was
not possible to determine the pH of the samples collected
during this study.

The sources and transformations of SOI in marine aerosols
are still understood very poorly. In addition to the potential
secondary formation of SOI (Eq. 5), it is also possible that SOI has
a primary source through the direct incorporation of dissolved
organic iodine (DOI) compounds into sea spray aerosols during
bubble-bursting, especially for fine mode aerosols (Seto and
Duce, 1972; de Leeuw et al., 2011). DOI distributions in the
SML are not well known, but DOI concentrations have been
reported to be higher in coastal waters than in the open ocean
(Wong and Cheng, 1998). However, there does not appear to

be any clear relationship between aerosol SOI concentrations
or proportions and proximity of sampling locations to the
coast which might indicate whether primary emissions of
SOI are important.

Whether SOI has a primary or secondary source has
important implications for iodine heterogeneous chemistry,
because HOI also participates in other reactions, such as
halogen activation that recycle I− and other halogens back to
the gas-phase (Eq. 6). Therefore, secondary formation of SOI
(Eq. 5) might be expected to reduce halogen recycling through
competition for HOI.

I− +HOX + H+ = IX + H2O (X = I, Cl, Br) (6)

However it is produced, the photodissociation of SOI is very
likely to be a source of I− in aerosols. We found significant
(p < 0.01) positive correlations between SOI and I− for:
fine and coarse mode aerosols from M138 (R2 = 0.64, 0.77,
respectively), fine mode aerosols from OASIS (R2 = 0.64), and the
coarse mode aerosols from TransBrom (R2 = 0.92) (Figure 8).
Positive correlations between SOI and I− concentrations
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TABLE 6 | Reported total soluble iodine (TSI) concentrations and enrichment
factors of TSI with respect to sea spray in bulk/total aerosols collected
over the oceans.

Ocean TSI (pmol m−3) EFTSI References

Northern West
Pacific

8.7 (4.1–32.0) 110 (16–440) This work
(TransBrom)

Southern West
Pacific

19.0 (3.1–22.9) 56 (25–79) This work
(TransBrom)

Northern West
Pacific

9.0 (7.0–15.9) 120 (35–310) This work (SHIVA)

Southern Indian 19.0 (12.4–30.6) 97 (57–280) This work
(OASIS)

Southern East
Pacific

35.6 (6.4–65.4) 470 (61–760) This work (M138)

North Atlantic 27.3 (13.4–91.5) 277 (79–2,400) Baker, 2005

South Atlantic 14.4 (8.4–32.9) 135 (40–520) Baker, 2005

Western Pacific,
Eastern Indian and
Southern Ocean

9.4* (1.2–28.2) a Lai et al., 2008

North Atlantic 37.5 (16.5–86.9) 150 (100–530) Allan et al., 2009

West Pacific
(30–65◦N)

82* (19–243) Xu S. et al., 2010

South Atlantic 5.8* (2.9–9.9) a Lai et al., 2011

North Atlantic 34.6 (18.6–103) 300 (190–1,200) Baker and Yodle,
2021a

South Atlantic 21.3 (12.4–41.7) 130 (59–620) Baker and Yodle,
2021a

Values quoted are medians with ranges in parentheses, except where only means
are available (*).
aPM2.5 samples were collected.

have also been found for Pacific samples in other datasets
(Lai et al., 2008).

The relationships between SOI and I− appear to vary between
individual expeditions, especially in the fine mode (Figure 8).
There are a number of factors that potentially influence these
relationships, such as (a) the concentration and character of
DOM and SOI in aerosols at each location which may be subject
to location and seasonal variability, and (b) the acidity of the
aerosol, which affects how fast I− can be recycled to the gas-
phase once formed by photodissociation of SOI, the removal of
I− and IO3

− during reduction of IO3
−, and potentially also the

secondary formation of SOI (Truesdale and Luther, 1995).
Samples were collected in different seasons and years, during

which iodine emissions and aerosol content have been shown
to change (e.g., Xu S. et al., 2010; Cuevas et al., 2018). Changes
in the magnitude and proportions of atmospheric pollutants
over that time period could also have impacted aerosol iodine
speciation. Even though samples in this work were collected
between 2009 and 2017, we cannot assess the influence of
long term or seasonal changes in our iodine speciation analysis
or the observed variability. Aerosol samples are in themselves
an integration of the time and space during which they were
collected. Despite these contributing types of variability, the
partitioning of aerosol samples into at least two size fractions
and assessing the chemistry based on air mass types continues
to give valuable information on the drivers of the aerosol
iodine speciation.

Although the focus of this manuscript is on the speciation
of iodine in the fine (<1 µm) and coarse (>1 µm) aerosol
fractions, Figure 6 [and similar distributions of I−, IO3

−, and
SOI reported for a sample collected in the North Atlantic
(Baker and Yodle, 2021a)] indicates that there is considerable
heterogeneity of iodine speciation and the distribution of species
that affect acidity (Supplementary Figure 4) within the fine and
coarse fractions.

Wider Implications for Iodine
Biogeochemistry
Paleoclimate research on Antarctic ice cores found detectable
I− throughout a record spanning the last 215 ky, but could
only detect IO3

− in ice from glacial time periods with high
dust fluxes (Spolaor et al., 2013). This is consistent with the
association between high IO3

− concentrations and mineral dust
in present-day marine aerosols (Baker and Yodle, 2021a) and
suggests that dust alkalinity might account for the stability of
IO3
− in ice cores. Baker and Yodle (2021a) suggested that

pH changes in fine and coarse mode aerosols in response to
changing pollutant emissions since the Industrial Revolution
(Baker et al., 2021) might affect iodine cycling (and ozone
destruction rates) over time. Coastal mega cities are regions
where aerosols have both high concentrations of sea spray
and acidic species due to pollution. The results presented here
suggest that acidification of sea spray aerosols potentially has an
impact on iodine activation and thus on ozone destruction in
those environments.

CONCLUSION

The data presented here for the West Pacific Ocean, East Pacific
Ocean, and Indian Ocean contribute to a growing observational
dataset on aerosol iodine speciation over the global ocean.
While the results show appreciable variability among air masses
and aerosol size fractions, they are broadly consistent with
observations recently reported for the Atlantic Ocean (Baker
and Yodle, 2021a). The use of uniform sampling and analytical
methods between these two studies has allowed the general
patterns in aerosol iodine speciation to be identified across all
the major ocean basins for the first time. In alkaline aerosols,
such as clean sea spray or mineral dust aerosols, IO3

− is
the dominant species. In aerosols with higher acidity and I−
availability, especially in polluted fine mode aerosols, IO3

− is a
minor species and I− and SOI make up more significant fractions
of the soluble iodine. Aerosol acidity is thought to be a major
factor affecting the ratio of IO3

− and I− concentrations (Pechtl
et al., 2007) and variations in acidity very likely contribute to
the differences between iodine speciation in fine and coarse
mode aerosols. SOI appears to be ubiquitous in marine aerosols.
Its role in aerosol iodine cycling, and the wider impacts of
iodine chemistry on tropospheric ozone, is dependent to some
extent on the sources of SOI (primary or secondary, marine
or terrestrial) and likely also on its composition, about which
relatively little is known. Future progress in this area will
require the measurement (Craig et al., 2018) or calculation
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FIGURE 7 | Percentage I- and IO3
- of TSI plotted against each other for fine mode (A) and coarse mode (B), aerosol samples on the TransBrom, OASIS, and M138

expeditions, and bulk/total (C) aerosol samples collected on the TransBrom (triangles), OASIS (squares), M138 (circles), and SHIVA (crosses) expeditions. Colour of
markers corresponds to the air mass type associated to the sample (also see Figure 2). Empty markers indicate samples for which I- or IO3

- concentrations were
below the detection limit. Linear regression lines are plotted for all fine, coarse, or bulk/total samples (solid) and all samples excluding those from the TransBrom
expedition (dotted). Dashed diagonal lines indicate percentage of SOI of TSI. Samples for which concentrations were below the detection limit and samples where
SOI < 0 are excluded from the linear regressions.

FIGURE 8 | SOI and I- concentrations plotted against each other for the fine (A), coarse (B), and bulk/total mode (C) aerosol samples of TransBrom (purple), SHIVA
(light green), OASIS (blue-green), and M138 (yellow). Empty markers indicate samples where the I- concentration was below detection limit. The two coarse mode
samples with negative SOI concentrations for TransBrom have been excluded from linear regressions. R-squared value of each regression line are shown in the plot.
* indicates a significant linear relationship p < 0.01.

(Pye et al., 2020) of aerosol pH together with iodine speciation.
Better understanding of the molecular character, sources, and
reactivity of SOI will be necessary in order to incorporate
the influence of this iodine fraction in numerical models of
aerosol chemistry.

The robustness of the chemical drivers discussed in this
work need to be tested alongside physical processes by process-
based models, aiming to simulate representative aerosol
iodine speciation in various environmental conditions, i.e.,
air mass types. The tight coupling between the aqueous-phase
and gas-phase chemistry requires that gas-phase species

concentrations be also validated, including the effect on
atmospheric ozone levels and potential oceanic ozone
deposition. Models can also address the combined effect of
the aerosol iodine chemistry on marine ozone deposition
and possible feedback processes through oceanic iodine
emission and subsequent ozone destruction pathways.
The globally consistent observational datasets presented
here and by Baker and Yodle (2021a), together with the
global sea surface I− observations (Chance et al., 2019a),
provide a significant benchmark to support those process
modelling studies.
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