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Abstract
Iodine occurs ubiquitously in the marine boundary layer (MBL). It occurs in the form of
both gaseous species that are primarily derived from ocean emissions, and as aqueous species
in aerosols. Through a complex chemical cycle between the gas-phase and aerosols, iodine
has been shown to have a significant impact on various important atmospheric processes, such
as ozone destruction and new particle formation. Once iodine reacts with ozone in the gasphase, its cycle depends heavily on how iodine is recycled through uptake by, and release
from, aerosols. Studying the speciation in aerosols is critical in order to understand the iodine
aerosol chemistry. Currently, models are unable to satisfactorily reproduce iodine speciation
in aerosols, which indicates a current lack in understanding of its chemistry in the MBL. This
study presents the first analytical soluble iodine speciation results for remote Indian Ocean
aerosols. Significant differences in iodate and iodide concentrations are found between fine and
coarse mode aerosols, which, consistent with previous suggestions in literature, may be related
to excess acidity and the soluble organic iodine concentration. Identifying missing mechanisms
remains challenging, but the analytical results in this study support current understanding
of MBL iodine chemistry. These observations are used as a case-study for the 1D chemical,
micro-physical model: MISTRA, in which a number of chemical mechanisms are tested and the
impact on the ozone mixing ratio is assessed. This is the first re-introduction of MISTRA after
it has undergone further developments. Even though a number of unresolved issues remain,
according to the assumptions of the model, dissolved organic matter may play an important
interactive role in the iodine aerosol chemistry, potentially reducing gas-phase ozone mixing
ratios by 37 %. This study illustrates the added value of using MISTRA to study complex
interactions between the gas- and the aerosol-phase in the MBL, which can be further used to
identify possible feedback mechanisms.
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Introduction

Important climate-related processes occur in the marine boundary layer (MBL) that regulate the
oxidative capacity and radiative forcing of the atmosphere. Many of these processes rely on the
physical properties of aerosols and the chemical interactions between aerosols and the gas-phase
(Bloss et al., 2005; Carslaw et al., 2010). Considering the vast surface area of ocean on Earth,
the chemistry of the MBL becomes appreciably significant in understanding atmospheric chemistry.
Halogen species, such as chlorine, bromine, and iodine, play a particularly important role, as they
substantially affect aerosol formation and properties, atmospheric nitrogen and carbon cycles, and
ozone (O3 ) destruction in the troposphere (Read et al., 2008; Allan et al., 2009; Mahajan et al.,
2010; Saiz-Lopez et al., 2012).
In particular, a relatively recent interest has developed in the role of iodine, which is ubiquitous
in the MBL due to natural emissions of organic and inorganic volatile iodine compounds by the
ocean (Garland & Curtis, 1981; Martino et al., 2009; Carpenter et al., 2013). Iodine can potentially
play a number of significant roles in tropospheric chemistry. First of all, iodine species affect
the oxidising capacity of the atmosphere by enhancing tropospheric O3 destruction and altering
HO2 :OH and NO2 :NO ratios (Read et al., 2008; Davis et al., 1996; Mahajan et al., 2010). Second
of all, oxidised iodine species may contribute to new aerosol particle formation, potentially forming
cloud condensation nuclei (CCN), which can affect the radiative balance (O’Dowd et al., 2002;
Jimenez et al., 2003; Saunders & Plane, 2006; Mahajan et al., 2010). Based on the degree of impact
of these findings, it has been suggested that its chemistry (along with other halogen chemistry)
should be incorporated into climate models (Read et al., 2008; Saiz-Lopez et al., 2012). For example,
including iodine chemistry in box model calculations results in simulated O3 loss comparable to
observed O3 loss, while calculations that exclude iodine chemistry underestimate O3 loss by up
to 50% (Read et al., 2008; Mahajan et al., 2010). Once the halogen chemistry mechanisms are
accurately represented in models, their impact on, for example, O3 concentrations can be considered
within a larger framework that allows further investigations into possible feedback systems (e.g.
Prados-Roman et al., 2015).
Attempts to quantify iodine chemistry include both observational studies (e.g., Wimschneider
& Heumann, 1995; Baker, 2004, 2005; Lai et al., 2008; Allan et al., 2009; Xu et al., 2010; Yodle,
2015) and modelling studies (e.g., Vogt et al., 1999; McFiggans et al., 2000; von Glasow et al.,
2002a, 2002b; Pechtl et al., 2007; Sommariva & von Glasow, 2012)). However, many uncertainties
persist. One of these is iodine speciation in marine aerosols (Saiz-Lopez et al., 2011, 2012). Studying
aerosol iodine speciation is of paramount importance, as it partly controls the recycling rate of iodine
between aerosols and the gas-phase, thereby indirectly influencing O3 concentrations (Gilfedder et
al., 2010). Concurrently, it determines to what extent certain aqueous iodine pools act as sinks for
reactive iodine species in the gas-phase and thereby affect the removal of iodine from the catalytic O3
destruction cycle. Iodine speciation in aerosols may vary geographically, depending on its sources,
environmental factors, and the background aerosol chemistry. For a global overview on the role
of iodine in atmospheric chemistry, a representative number of observations must be made of each
ocean basin.
The current work addresses these topics by studying the soluble iodine speciation of aerosol
samples taken at the Indian Ocean, an ocean basin for which such observations did not yet exist
until now. The analytical iodine results are compared to the background atmospheric chemistry and
to the results for other ocean basins reported in other works. Detailed chemical processes are studied
using the newest version of the one-dimensional model, MISTRA, which has been previously used
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in a number of studies focusing on MBL halogen chemistry for various settings (e.g. von Glasow
et al., 2002a, 2002b; Pechtl et al., 2006, 2007; Sommariva & von Glasow, 2012). Furthermore,
MISTRA is used to explore the effects of iodine aerosol speciation on O3 destruction.
1.0.1

Background Knowledge

The cycle of iodine in the MBL begins with volatile iodine compounds that are emitted by organic
or inorganic processes in the surface ocean (Garland & Curtis, 1981; Martino et al., 2009; Carpenter et al., 2013). Examples are iodo-carbons, such as iodomethane (CH3 I) and chloroiodomethane
(CH2 ClI), molecular iodine (I2 ), and hypoiodous acid (HOI). These compounds are rapidly photolysed, creating atomic iodine, which subsequently reacts with O3 (Saiz-Lopez et al., 2012). The
various iodine products that are formed in the gas-phase are taken up by aerosols through exchange,
equilibrium, or heterogeneous reactions in aerosols. Among the commonly measured soluble iodine
species are iodate (IO3 – ) and iodide (I – ) (Baker, 2004, 2005; Lai et al., 2008; Allan et al., 2009;
Xu et al., 2010; Yodle, 2015). In addition, soluble organic iodine (SOI) has been shown to often
compose a substantial fraction of the total soluble iodine (TSI) (Baker, 2005; Gilfedder et al., 2008;
Lai et al., 2008; Allan et al., 2009; Xu et al., 2010).
According to previous understanding, IO3 – is considered to be relatively inert and may therefore interfere with iodine recycling processes (Vogt et al., 1999). I – forms volatile interhalogen
compounds, such as I2 , iodine monochloride (ICl), and iodine monobromide (IBr), especially in
acidic conditions. These compounds escape to the gas-phase, where they are photolysed, destroy
O3 , and continue along the recycling process. Following these lines of theory, it would be expected
that IO3 – generally strongly accumulates in aerosols and represents a sink for iodine in the MBL,
whereas I – is heavily depleted to such extents that is should be below detection limits (Vogt et
al., 1999). In other words, the IO3 – :I – ratio would be much larger than 1. However, a number of
observational studies have found high variability in IO3 – :I – ratios. Some data show IO3 – :I – ratios
lower than 1 (Baker, 2005; Gilfedder et al., 2010; Lai et al., 2008) or even had undetectable levels
of IO3 – , for example along the tropical Atlantic Ocean (Baker, 2004). This implies a possible
missing chemical sink for IO3 – and a missing source for I – in marine aerosols. In contrast to these
field observations and in support of the original understanding, other fieldwork along the tropical
South Atlantic found that IO3 – was the dominant fraction of marine aerosols (Wimschneider &
Heumann, 1995) and an average IO3 – :I – ratio of 6.6 was determined for samples from the West
Pacific to the Antarctic (Xu et al., 2010). This further suggests that the chemical mechanisms for a
possible IO3 – sink and I – source are dependent on chemical conditions and environmental factors.
It is necessary to understand these mechanisms and their drivers in order to better quantify the
iodine recycling rate. Baker (2005) suggested that the degradation of SOI might be an additional
source for I – that could explain its non-negligible concentrations. In the modelling study by Pechtl
et al. (2007), it was proposed that a net chemical sink for IO3 – , which depends on aerosol acidity,
could explain the occasional low IO3 – concentrations. Consistencies of these mechanisms in the
analytical observational data for the Indian Ocean aerosols will be explored and further tested with
MISTRA.
1.0.2

Research Scope and Questions

The focus of this study is on iodine speciation of marine aerosols above open oceans, since the
Indian Ocean aerosol samples are collected in remote conditions. I.e. aerosol iodine speciation from
coastal regions is not considered here. The iodine species in the aqueous-phase are either soluble
6

or insoluble. Many studies have focused on the soluble fraction (e.g. Baker et al., 2001; Baker,
2004, 2005; Gilfedder et al., 2008), while other studies have remarked that the insoluble iodine
species can account for a substantial part of the total iodine in aerosols (e.g. Baker et al., 2000;
Gilfedder et al., 2010; Xu et al., 2010; Zhang et al., 2015). It is still uncertain if the insoluble
iodine fraction significantly influences the recycling efficiency of iodine and aerosol particle growth
(Gilfedder et al., 2010), mostly because it has not yet been possible to identify the insoluble iodine
species (Saiz-Lopez et al., 2011). Due to time constraints, this research will only focus on the soluble
iodine fraction of aerosol samples, which has a much clearer role in iodine recycling processes in
the MBL (Baker et al., 2000). Moreover, in terms of the role of iodine chemistry in the MBL, its
role in new particle formation is excluded from this study. Only its impact on O3 concentrations
is investigated by the application of MISTRA. The model can nevertheless be applied in more
detailed process studies on nucleation of iodine species (Pechtl et al., 2006), a topic that must be
investigated thoroughly in the future (section 4).
The aim of the current study is three-fold: 1) to extend studied ocean basins by analysing
the iodine speciation in Indian Ocean aerosols, 2) to improve the understanding of aqueous iodine
chemistry in marine aerosols by studying the analytical results and applying MISTRA to Indian
Ocean aerosol observations, and 3) to identify further improvements to MISTRA and thereby
contribute to its development. These aims are guided by the following research questions.

1. What do results on the background aerosol chemistry, such as the balance of acidic
and alkaline species, suggest on the origin of the sampled marine aerosols?
2. What is the total soluble iodine concentration in coarse and fine mode Indian Ocean
aerosols and what is the soluble iodine speciation regarding the following soluble iodine
species: I – , IO3 – , and SOI?
3. How do the iodine speciation results compare to those of remote marine aerosol observations from other ocean basins reported in previous studies?
4. To what extent do the observations for the Indian Ocean support recent suggestions
on the possibility for an acidic sink for IO3 – and on SOI degradation as a potential
source for I – ?
5. What is the quality of the reproduction of soluble iodine speciation of Indian Ocean
aerosols by the representation of aqueous-phase iodine chemistry in MISTRA?
6. How does iodine speciation and its chemical interactions in aerosols affect O3 destruction in the MBL?

MISTRA is currently being developed to become open source (pers. comm. Josué Bock).
This paper hereby presents the first re-introduction of MISTRA after a number of improvements.
During its application to the Indian Ocean case-study, additional points of improvements have been
identified. Even though these have been important findings, they have been placed in the appendix
(Appendix 6.7), to which the reader is kindly referred for more detailed information.
Figure 1 provides a simplified visual overview of the iodine chemistry in the MBL and the
marine aerosol (note that the insoluble iodine fraction is not represented in the aerosol illustration
7

of this figure). It provides the context of this research and represents the chemical background
knowledge in which the findings will be placed. The presentation of the analytical observational
component (section 2) of this study is succeeded by that of the modelling component (section
3). Each component includes a corresponding outline of the methodology (sections 2.1 and 3.1).
The analytical observational component includes a discussion of the results on the background
aerosol chemistry (section 2.2.1), observed TSI concentrations (section 2.2.2), observed soluble
iodine speciation (section 2.2.3), and analytical results on halogen loss for the aerosol samples
(section 2.2.4). All of these aspects are analysed again separately for an aerosol sample that
was segregated into seven different aerosol size ranges (section 2.2.5). The main conclusions are
summarised and the findings that are further tested with MISTRA are highlighted (section 2.2.7).
The modelling component introduces MISTRA and presents a model validation (section 3.2).
This is followed by a discussion on the results of the iodine speciation of two types of aerosols
that roughly correspond to the fine and coarse mode aerosols analysed in the observational analysis
(section 3.3.1). This includes an explanation of the understanding of the model, as well as a comparison to the observations and tests for potentially relevant and significant chemical mechanisms
that might have played a role in the sampled aerosols and air masses of the Indian Ocean. The
simulated impact on O3 concentrations is examined subsequently (section 3.3.2) and a summary is
provided (section 3.3.4). Lastly, the main conclusions of the observational and modelling components of this study are combined in an overview and suggestions for urgent future research within
this topic are discussed (section 4).
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Figure 1: Simplified schematic overview of gas-phase iodine chemistry in the marine boundary layer and aqueous-phase iodine
chemistry in the marine aerosol (based on Garland & Curtis, 1981; Davis et al., 1996; Vogt et al., 1999; McFiggans et al., 2000;
O’Dowd et al., 2002; Pechtl et al., 2007; Saiz-Lopez et al., 2011; Carpenter et al., 2013).

2
2.1
2.1.1

Laboratory Analysis: Indian Ocean Aerosols
Analytical Methodology
Cruise and Sampling

Aerosol samples were collected aboard the German research vessel SONNE (SO234-1/2) between
8-20 July 2014 and 23-7 August 2014 within the framework of the DMBF project OASIS (Organic
very short lived substances and their Air Sea exchange from the Indian Ocean to the Stratosphere)
(Krüger, 2010a, 2010b). The cruise started in Durban, South Africa, passed Toliara, Madagascar,
after which it continued past the south of Madagascar to Port Louis (figure 2). The second part of
the cruise continued from Port Louis northwards to the Maldives.
Samples were collected on glass micro-fiber filters (Tisch filter TE-230-GF for the slotted filters
and TE-G653 for the back-up filter). These filters were loaded into a cascade impactor cassette,
which was then mounted into the collector. A multistage cascade impactor can house six stages
with slotted filters and an additional (non-slotted) ’back-up’ filter, totalling to a maximum of seven
filters. Filters loaded onto each stage collect a certain distribution of aerosol sizes (table 1). Nine
48-hour samples were taken with a multistage aerosol impactor, only using stages 3 and 4 and
sampling about 2500 m3 of air. This means that the filters loaded onto stages 3 and 4 together
collected aerosols >1 µm. Aerosols smaller than 1 µm are collected on the back-up filter. During
aerosol extraction, the fractions of the glass micro-fiber filters of stages 3 and 4 were combined.
Additionally, one 6-stage 72-hour aerosol sample was taken to better study the size distribution of
aerosol chemistry (sample S10), which sampled about 6000 m3 of air. A Wind Sector Controller
linked an anemometer to the cascade impactor. It switched off the cascade impactor when the wind
speed was below a threshold value or when the wind came from the direction of the ship’s stacks
to avoid contamination of the samples. Once the samples were collected, they were immediately
frozen in separate sealed, plastic bags until chemical analysis (Campos, 1997).
Stage
1
2
3
4
5
6
w

Modal Particle Size [µm]
>12
5
2.4
1.6
0.9
0.4
<1

Table 1: Stages of the aerosol impactor with corresponding modal sizes of aerosols collected on each
filter if all filters are loaded into the cascade impactor during sampling (Yodle, 2015). ’w’ represents
the ’back-up’ filter.

2.1.2

Air Mass Back Trajectories

Air mass back trajectories were simulated at an interval of roughly 24 hours with the Hybrid SingleParticle Lagrangian Integrated Trajectory (HYSPLIT) model, provided by NOAA. The HYSPLIT
model was run interactively on the Web through the Air Resources Laboratory (ARL) Real-time
Environmental Applications and Display System (READY) system (GDAS archive, 1° resolution)
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Figure 2: Cruise tracks of SO234-2 and S0235. Each dot indicates the beginning, middle, and end
position of the cruise ship during sampling time (roughly 24 hour intervals). Each sample has been
assigned a different colour. Samples S06, S07, S08, and S12 are blank samples.
(NOAA, 2017). Simulations were done for five days to ensure that any significant continental
influences could be taken into account during the analysis. Moreover, trajectories were produced
for three different altitudes (10 m, 500 m, and 1000 m) to consider how different footprint areas at
different altitudes might explain the observed aerosol samples. For example, it allows to take into
account the possibility of gravitational descent of particles, such as dust.
Essentially, all sampled air masses during the OASIS cruise originate from remote, open ocean
regions in the southern hemisphere (Appendix 6.1). They therefore correspond closely to air mass
categories, such as ’remote southern Atlantic’ air masses, used in a number of studies on the Atlantic
Ocean (e.g. Baker, 2005; Yodle, 2015). This information is important when comparing the iodine
speciation results to other ocean basins. Nevertheless, three types of air masses are identified
within the current study based on more specific origins (table 2, see figure 3 for examples). A
more detailed classification such as this allows for a closer investigation of potential factors that
might have influenced the iodine speciation in the sampled aerosols. Air masses that derive from
latitudes beyond 60 °S, which is the Southern Ocean, are categorised as S.OCEAN. A number of air
masses originate at the border between the Indian Ocean, southern Atlantic Ocean, and Southern
Ocean. These air masses have been categorised as BORDERS. Air masses categorised as EAST
came from the direction of the eastern Indian Ocean. These three categories will be used to study
the differences in the background aerosol chemistry and the soluble iodine speciation.
2.1.3

Aerosol Extraction and Ion Quantification

Aerosols were extracted from the filters with 25 mL of MilliQ ultrapure water. The filter solutions
were mixed on an orbital mixer for 30 minutes at room temperature, after which they were filtered
11

Air Mass Type
S. OCEAN
BORDERS
EAST

Description
Air mass derived from the Southern Ocean
Air masses derived from border regions between the Southern Ocean,
south Atlantic Ocean,and south-west Indian Ocean
Air masses derived from the centre or eastern Indian Ocean

Samples
S01
S02, S03, S04, S05
S09, S10, S11, S13, S14

Table 2: Air mass type categories for the sampled air masses during the OASIS cruise based on the
air mass back-trajectories in the current research.

Figure 3: Air mass back-trajectories (HYSPLIT), each one an example of an air mass type: A)
S.OCEAN, B) BORDERS, and C) EAST.
(Minisart® , 0.20 µm)(Yodle, 2015). Major ions were quantified with anion and cation chromatography (IC). IO3 – and I – were separated and their concentrations quantified using an ion chromatograph coupled to an induced coupled plasma - mass spectrometer (IC-ICP-MS). TSI was measured
with the ICP-MS. SOI was calculated as the remainder of the TSI: [SOI] = [T SI] − ([IO3− ] + [I− ]).
2.1.4

Data Processing and Calculations

Most of the data processing and statistical methods are based on Miller and Miller (2005). Sea salt
(ss-) fractions of ion concentrations are calculated according to equation 1 (MI = major ion). It is
hereby assumed that all sodium (Na+ ) in the aerosols is derived from sea water and that no further
loss or enhancement of Na+ occurs in the aerosol. The values for sea water concentrations for all
major ions are taken from Stumm and Morgan (2012), except for bromide and iodine, which have
been taken from Libes (1992) and Wong (1991), respectively (table 3). Non-sea salt (nss-) fractions
were subsequently calculated using the difference between the total concentration of a particular
major ion and its sea salt fraction.
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[M I]ss = [Na+ ]measured (

[M I]seawater
)
[N a+ ]seawater

(1)

The enrichment factor for iodine (EFiodine ) is calculated according to equation 2. The EF is an
indication of the relative concentration of iodine in aerosols compared to sea water, which is one
of the sources for aerosol production in the MBL, especially for coarse mode aerosols. The EF is
calculated for TSI, IO3 – , and I – .
EFiodine = (

[I]seawater
[I]aerosol
)/(
)
[Na+ ]aerosol
[Na+ ]seawater

(2)

An important factor in aqueous chemistry is the level of acidity. As the pH of the aerosols could
not be measured in this study, the acidity was approximated according to excess acidity (EA),
which is the difference between the sum of acids and the sum of bases (Jickells et al., 2003; Baker,
2004):
EA = (2[nss − SO42− ] + [NO3− ] + 2[C2 O42− ]) − ([NH4+ ] + [ss − HCO3− ] + [nss − Ca2+ ])

(3)

The concentration of sea salt bicarbonate (ss-HCO3 – ) was approximated by multiplying the
measured Na+ concentration by the ratio of HCO3 – and Na+ concentrations in sea water.
Ion
Na+
Mg2+
K+
Ca2+
SO42 –
Cl –
Br –
TSI
IO3 –
I–

Sea Water Concentration [mmol dm−3 ]
468
53.2
10.2
10.2
28.2
545
0.84
4.5x10−4
3.15−4
1.35−4

Table 3: Values used for sea water concentrations of ions in the calculations for sea salt fractions
and enrichment factors. All values are based on the work by Stumm and Morgan (2012), except
for the concentrations for Br – , which is based on the work by Libes (1992), and for total iodine,
which is based on the work by Wong (1991)
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2.2

Analytical Results and Discussion

This section covers the analytical laboratory results for soluble iodine speciation of aerosol samples
collected during the OASIS cruise. The main findings for the background aerosol chemistry are
briefly discussed (section 2.2.1), after which the total soluble iodine results are presented (section
2.2.2). The total concentrations (fine + coarse mode) for the different iodine species are examined
before each iodine species is elaborated on with respect to fine and coarse mode aerosol fractions
(section 2.2.3). The topic then expands to the losses and enrichment for all three relevant halogens
in aerosols (Br, Cl, and I) compared to sea water (section 2.2.4). Sample S10 is the only sample
for which all seven stages of the multi-stage aerosol impactor were used. Its more detailed sizesegregated results on iodine speciation are discussed (section 2.2.5). All results are compared to
those for different remote ocean basins analysed in other studies. The section concludes with a
re-cap of the most important findings that will be studied further with MISTRA (section 2.2.7).
2.2.1

Background Aerosol Chemistry

Depending on their composition, marine aerosols can roughly be classified as polluted, dust, or
sea salt aerosols (Seinfeld & Pandis, 2016). Each of the chemical conditions associated with these
aerosol classes has implications for the dominant aqueous and heterogeneous reactions that are
relevant to the iodine chemistry. In the Indian Ocean aerosol samples, concentrations of major ions
that are associated with pollution, such as NO3 – , nss-SO42 – , oxalate, and nss-K+ , were either very
low or below the detection limit (Appendix 6.3). Additionally, there is no indication for significant
presence of mineral dust, as nss-calcium (nss-Ca2+ ) concentrations only range between about 0.3
and 1.4 nmol m−3 . These concentrations are a factor of 20 to 40 lower compared to some aerosol
samples for the Atlantic Ocean that were affected by Saharan dust (Yodle, 2015). Hence, a dominant
origin of the aerosols sampled during the cruise is likely sea salt emissions from the surface ocean
by, for example, bubble bursting processes (Smith et al., 1993). The lack of anthropogenic and
continental influences is not very surprising, as the samples were taken over the remote open ocean
in the southern hemisphere. Additionally, air mass back-trajectories calculated with the HYSPLIT
model show that the sampled air masses travelled over open ocean for at least five consecutive days
(Appendix 6.1).
For each aerosol sample, the fine (<1 µm) and coarse mode (>1 µm) fractions were analysed
separately, as they are broadly associated to different production mechanisms. Fine mode aerosols
are often association with secondary aerosol production mechanisms, such as the oxidation and
subsequent condensation of gases, while coarse mode aerosols are often associated with primary
production mechanisms, such as sea spray or dust particles, although these production mechanisms
are not exclusive to either aerosol mode (Blanchard & Woodcock, 1980). In the aerosol samples
for the Indian Ocean, major ions associated with sea water, such as Na+ , Cl – , and Mg2+ , had
the highest abundance in the coarse mode aerosol samples. The coarse mode aerosols analysed in
this study thus likely originate from sea spray and bubble-bursting processes (Appendix 6.3). Fine
mode aerosols had the highest abundance of sulphur species, such as nss-SO42 – and MSA, which
could enter the aerosol through, for example, the oxidation and condensation of dimethyl sulphide
(DMS) (Appendix 6.3).
No significant differences in major ion concentrations for the two aerosol size fractions were found
between air mass types. The only exception is MSA concentrations in fine mode aerosols, which
were detected in EAST air masses but were below the detection limit for BORDERS air masses
(P=0.0442). However, these concentrations are considered to be low and typical for remote ocean
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sites. For example, Saltzman et al. (1983) found average MSA concentrations of 0.21 nmol m−3 in
bulk, remote Indian Ocean aerosols, which is within the range of total MSA concentrations found
for the Indian Ocean aerosols in the current study (Appendix 6.3). Consistent with the work by
Saltzman et al. (1983), the highest abundance of MSA is found in the sub-micrometer aerosol sizes.
Consideration of large pollution phenomena, such as the ”Asian Brown Cloud”, can be excluded,
as they usually occur in the more northern Indian Ocean in spring time (e.g. see Ramanathan et
al., 2001). Consistent with the lack of significant differences between air mass types, the excess
acidity is not significantly different between the air mass types for all aerosol size fractions (results
not shown). Note that these results can be highly susceptible to seasonality in the drivers of MBL
cycling. For example, oceanic whitecaps are part of the bubble bursting mechanism in which air
bubbles are entrained in sea water and break at the surface, ejecting sea salt particles into the
atmosphere (Blanchard & Woodcock, 1980). Whitecaps are dependent on wind stress, which varies
seasonally. Over the Indian Ocean, the monsoonal winds in the period June to August cause higher
whitecap coverage than in September-November (Erickson et al., 1986). This implies that perhaps
the number of sea salt particles and thus the concentrations of sea water-related major ions might
be lower in the period September-November.
Overall, the Indian Ocean aerosol samples can be considered relatively homogeneous in terms of
background chemistry (clean), origin (marine), and type (sea salt aerosols). The following sections
cover the analysis of total soluble iodine and of the individual species.
2.2.2

Total Soluble Iodine

Total soluble iodine (TSI) is heavily enriched in aerosols compared to sea water, as is indicated
by enrichment factors that range between 20 and 1150 (section 2.2.4). The relatively much higher
concentrations in aerosols supports the importance of secondary chemical mechanisms that occur
in the MBL after iodine is emitted from the surface ocean. Measured TSI concentrations for the
OASIS cruise range between about 13 and 31 pmol m−3 (figure 4A). To put these values into
perspective, they are compared to results found for other ocean basins (table 4). The range for
TSI concentrations found here is similar to the range recorded for the southern Pacific Ocean near
Antarctica (Lai et al., 2008), although the latter has a lower average value (9.41±7.04 pmol m−3 )
than in the current study (20.86±6.29 pmol m−3 ; table 4). The TSI concentrations are dwarfed
by the high concentrations found in the west-northern Pacific Ocean near the Arctic by Xu et al.
(2010), who found TSI concentrations up to 351 pmol m−3 . Compared to Atlantic Ocean aerosols,
the range of TSI values for the Indian Ocean is much less variable (Baker, 2004, 2005). There was
no significant difference in TSI concentrations between air mass types. In-situ data of proxies for
primary productivity of the surface ocean or abiotic factors measured during the cruise could not
be obtained for this study, and thus no correlation with TSI can be investigated.
The proportion of TSI found in fine (< 1 µm) and coarse (> 1 µm) mode aerosols varies around
50% (figure 4B). In order to understand the differences in TSI concentrations between different
ocean basins and the factors that affect them, the iodine specie concentrations that make up the
TSI and their production mechanisms need to be understood. These aspects will be covered in the
next sections.
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Figure 4: A) Total (fine+coarse mode) concentrations per sample for IO3 – , I – , and SOI. B) Fine
mode aerosol fraction for TSI. C) Fine mode aerosol fraction for IO3 – (circle markers), I – (square
markers), and SOI (triangle markers). Air mass type is indicated by boxes around sample numbers:
blue=S.OCEAN, orange=BORDERS, red=EAST.
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17
Current Study

(Yodle, 2015)
AMT21
Oct-Nov2011
(Lai et al., 2008)
Xue-Long
Nov2005-Mar2006
(Xu et al., 2010)
XueLong
Jul-Sep2008
(Yodle, 2015)
TransBrom
Oct2009
(Yodle, 2015)
SHIVA
Nov2011
Current Study
OASIS

(Baker, 2004)
M55
Oct-Nov2002
(Baker, 2005)
AMT13
Sep-Oct2003
(Allan et al., 2009)
RMB

Reference+Cruise

10a

11b

13a

28b

57b

31a

15a

22a

28a

n

IO3 –
<1µm
>1µm
ND-15.7
ND-47.0
5.0±5.4
19.1±15.0
2.6
13.9
ND-4.7
ND-42.4
2.3±1.9
11.5±9.9
1.7
8.1
ND-34.8
4.4-47.4
9.5±14.2 23.1±13.1
3.6
19
ND-11.2
4.4-58.4
4.8±3.3
18.6±12.2
4.2
14.7
ND-4.72
0.62±0.94
2-344
51±79
ND-0.4
0.1-14.8
0.3±0.08
3.5±5.1
0.3
0.5
ND-9.8
4.2±3.1
2.9
ND-7.98
2.60-11.80
3.41
8.5
3.71±2.28 7.82±2.96
5.02-17.60
11.53±4.14
11.2

TSI
<1µm
>1µm
0.4-49.4d
3.2-56.6
12.8±11.2d
18.1±15.5
7.5e
11.4
3.3-19.6d
5.8-44.9
9.4±4.1e
15.3±9.7
8.4f
13.4
d
9.1-25.5
7.4-61.4
e
14.5±4.9
27.2±16.3
13.4f
23.2
d
3.6-19.2
8.8-62.4
e
8.3±4.7
22.8±12.5
6.9f
21.7
1.17-28.22d
9.41±77f
14-351d
71±77f
1.4-5.9d
1.6-26.7
3.3±1.5e
11.0±8.7
f
2.8
6.9
7.0-15.9d
10.3±3.1e
9.0f
1.99-14.77d 4.22-17.10
8.74e
11.51
9.22±3.67f 11.63±4.33
12.77-31.20d
20.86±6.29e
19.35f
0.9-2.6
0.4-17.4
1.5±0.5
5.0±5.8
1.3
2.4
2.3-7.3
4.1±1.4
3.7
ND-5.01
ND-2.49
2.45
1.36
2.57±1.26 1.50±0.62
1.63-7.30
3.92±1.53
4.05

3-48
14±11

I–
<1µm
>1µm
0.4-3.6
0.7-6.8
1.3±0.9
2.2±1.6
0.9
1.7
1.0-13.5
0.6-11.3
4.2±3.0
4.3±2.9
3.3
3.9
0.9-11.4
1.6-8.7
4.0±2.7
3.9±2.3
3.3
3.1
ND-7.0
ND-4.6
2.4±1.7
2.5±1.2
1.7
2.2
ND-15.67
2.81±3.43

0.5-4.4
ND-12.6
1.7±1.2
4.3±3.6
1.3
3.1
ND-11.7
5.1±2.7
5.1
0.83-5.02
0.98-4.11
2.82
2.31
2.94±1.11 2.46±1.10
3.25-8.96
5.41±1.87
4.9

ND-34
7±8

SOI
<1µm
>1µm
3.7-30.2
0.4-13.6
9.4±6.8
5.7±2.6
6.4
5.7
1.8-8.9
ND-29.9
4.7±1.9
9.2±7.0
4.7
7.7
6.0-15.6
ND-57.3
9.7±2.9
20.4±17.2
9.1
17.6
0.7-16.7
ND-28.4
5.0±3.7
11.1±8.7
4.1
9.1
0.78-17.84
5.98±4.30—

0.2-3.0

0.02-26.1

0.26-5.44
4.53-13.60
1.3
5.2
1.76±1.61
6.53±3.61
1.25-8.18
3.46±2.14
2.86

0.1-0.2

0.2-15.2
4.0±4.0

Highly variable, most <1

2.4-19.1

1.0-11.7

0.3-39.6

ND-5.0

0.1-0.2

ND-1.9

IO3 – :I – Ratio
<1µm
>1µm
0.3-4.8
0.4-18

Table 4: Comparison of soluble iodine species concentrations over different ocean basins. n is the number of samples taken
during each cruise, ND indicates that minimum concentrations were below the detection limit.
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OASIS
a
Size-segregated samples.
b
Bulk samples.
c
Size-segregated samples, but total values shown.
d
Range.
e
Median of detectable values.
f
Average of detectable values ± standard deviation.

Indian

W-Pacific

W-Pacific

W-Pacific to Arctic

Pacific to Antarctic

Atlantic

Atlantic

Atlantic

Atlantic

Ocean

2.2.3

Soluble Iodine Speciation

Total (fine + coarse mode) IO3 – concentrations vary between 40 % and 68 % of TSI, thereby
constituting a dominant soluble iodine species in the aerosol samples (figure 4). Total I – and
total SOI are equally substantial compared to each other, with total I – concentrations having a
slightly larger variability. The substantial proportion of SOI is consistent with observations over
the Atlantic Ocean (Baker, 2005) and over the western Pacific Ocean (Lai et al., 2008) (table 4).
The IO3 – :I – ratio is often used to compare the relative abundance of these two iodine species.
As explained in section 1.0.1, the inert (and thus accumulative) nature of IO3 – has been put into
question by an increasing number of observational studies that found lower-than-expected IO3 –
concentrations (Baker, 2004, 2005; Lai et al., 2008). This may imply that IO3 – is a smaller sink
for iodine than previously thought (Vogt et al., 1996). However, total IO3 – :I – ratios in the current
study are always > 1 (table 4). These results contrast the results on the Pacific Ocean by Lai et
al. (2008), who found that most of the IO3 – :I – ratios for their bulk samples were < 1. They had
average bulk IO3 – concentrations of 0.62 ± 0.94 pmol m−3 , which is low compared to the average
of 11.53 ± 4.14 pmol m−3 for total IO3 – found in the current study (table 4). Information on the
background aerosol chemistry in the study by Lai et al. (2008) is unavailable and thus it is unclear
what the reason for the differences in IO3 – concentrations may be. However, it must be considered
that the aerosol samples analysed by Lai et al. (2008) were collected on cellulose filters and extracted
by ultrasonication. Ultrasonication as a method for aerosol extraction has been shown to likely alter
the iodine speciation by formation of organic iodine species from inorganic iodine species (Baker et
al., 2000; Yodle, 2015). This effect is found to be larger for cellulose filters than for glass microfiber
filters (Yodle, 2015). Hence, the comparison between the current work and that by Lai et al. (2008)
must be interpreted with care.
Consistent with the major ion concentrations in the background aerosol chemistry analysis,
soluble iodine species concentrations for the Indian Ocean aerosols are not significantly different
between air mass types. Instead, significant differences have been found for the iodine speciation
between fine and coarse mode aerosols. Further discussion will thus be on the distinction between
these two aerosol size fractions. Each soluble iodine specie (IO3 – , I – , and SOI) will be elaborated
on separately and in this order.
Iodate Apart from the IO3 – concentrations determined for the highly fractionated aerosol sizes
for sample S10 (section 2.2.5), IO3 – concentrations determined for all aerosol size fractions are
above the detection limit (figure 5). The enrichment factors for IO3 – range between 158 and 890
in the fine mode and between 19 and 143 in the coarse mode, indicating a significant role for
secondary processes in the MBL that lead to the formation of IO3 – in aerosols (further discussed in
section 2.2.4). IO3 – concentrations are on average significantly higher in the coarse mode fraction
compared to the fine mode fraction (P = 0.0040, figure 5). This finding is consistent with studies on
remote Atlantic Ocean aerosols (Baker, 2004, 2005; Yodle, 2015) and remote Pacific Ocean aerosols
(Yodle, 2015). The average excess acidity is also significantly different between both size fractions,
where fine mode fractions on average have net excess acidity and coarse mode fractions have a slight
net alkalinity (P = 0.0036). This is consistent according to the work by Keene et al. (2002). The
distinction in pH between finer and coarser aerosols can be related to the origin of the aerosols and
their production. These chemical compositions can have further implications for iodine speciation.
For example, Pechtl et al. (2007) suggested that the pH dependent net Dushman reaction might be a
possible mechanism that explains IO3 – concentrations that are lower than expected according to the
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Figure 5: Cumulative IO3 – , I – , and SOI concentrations for A) the fine mode aerosol fraction and
B) for the coarse mode aerosol fraction. Air mass type is indicated by boxes around the sample
numbers (blue=S.OCEAN, orange=BORDERS, red=EAST). Concentrations below the detection
limit are indicated by blank bars (here: fine mode I – in sample S09, coarse mode I – in samples S01
and S14.)
suggested inert nature of IO3 – (Vogt et al., 1999) (reaction 4). Therefore, the chemical compositions
typical for certain aerosol size fractions indirectly link the latter with iodine speciation.
IO3− + 5 I− + 6 H+ −−→ 3 I2 + 3 H2 O
–

(4)

In this study, there are no clear differences in IO3 concentrations between the identified air mass
types within different aerosol fractions, but differences exist with other ocean basins. For example,
a notable difference between Atlantic Ocean and Indian Ocean aerosol samples is that the range of
IO3 – concentrations in coarse mode aerosols is much larger in the Atlantic Ocean aerosols (Baker,
2004, 2005; Yodle, 2015) (table 4). This also accounts for the larger range in TSI concentrations
in the Atlantic Ocean aerosols compared to the Indian Ocean aerosols (section 2.2.2). Air masses
sampled above the Atlantic Ocean during those specific cruises are characterised by much more
continental influences that affect the average aerosol chemical properties (e.g. pH), such as biomass
burning and Saharan dust (Baker, 2005; Yodle, 2015). Similar to the interactions between mineral
dust particles and HNO3 (Ooki & Uematsu, 2005; Fairlie et al., 2010), HIO3 uptake on alkaline
(dust) particle surfaces may be a significant pathway for IO3 – in aerosols (Plane et al., 2006). The
presence of dust in aerosol particles and the low reactivity of IO3 – may thus lead to high IO3 –
concentrations.
When comparing the results for IO3 – for the fine mode Indian Ocean aerosols to those for fine
mode aerosols sampled in clean, remote south Atlantic Ocean air masses (combined data from the
AMT13 and AMT21 cruises (Baker, 2005; Yodle, 2015)), the IO3 – concentrations agree very well
(Appendix 6.5). This suggests that the sources for IO3 – and the chemical conditions of the fine
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mode aerosols are similar for clean, remote air masses from both ocean basins in the southern
hemisphere. However, the IO3 – concentrations for the coarse mode aerosols from the same type
of clean air masses are significantly larger for the south Atlantic Ocean than for the Indian Ocean
(P=0.02). This suggests that either the volatile iodine sources were more abundant in the sampled
south Atlantic Ocean air masses, that the chemical conditions of the coarse mode Atlantic Ocean
aerosols led to more efficient uptake of iodine species, or perhaps that the volatilisation of aqueous
iodine species from Atlantic Ocean aerosols was slower.
The range of IO3 – concentrations found for coarse mode Indian Ocean aerosols are comparable
to those found for samples taken at the western Pacific Ocean, which sampled air masses that
originated near the Southern Ocean (Yodle, 2015) (table 4). Those aerosol samples were affected by
continental influences, such as pollution and biomass burning. However, they have in common with
the Indian Ocean aerosols (and differ from Atlantic Ocean aerosols) that they were not influenced
by mineral dust (Yodle, 2015).
The observed average values for fine and coarse mode aerosols support theories on IO3 – accumulation in more alkaline aerosols through enhanced uptake of, for example, HIO3 , and depletion
in more acidic aerosols through reactions with I – (reaction 4). However, note that no significant
correlation is found between IO3 – concentrations and excess acidity over all samples in the current
study (results not shown).
Iodide Coarse mode fractions for samples S01 and S14 and the fine mode fraction for sample S09
had I – concentrations below their detection limits (figure 5). Similarly to IO3 – concentrations, the
I – concentrations are heavily enriched compared to sea water. This is true for both sampled fine
and coarse mode aerosols, which have an EF range of 155 - 1063 and 11 - 60, respectively (section
2.2.4). Most IO3 – :I – ratios are larger than 1, except for the fine mode fractions of the three most
southern aerosol samples (S01, S02, and S03) (figure 6). This is consistent with findings by Xu
et al. (2010), while other studies have reported IO3 – :I – ratios <1 (e.g. Baker, 2004, 2005; Lai et
al., 2008). Nevertheless, I – concentrations are not negligible, as has also been reported repeatedly
by other studies on various ocean basins (Baker, 2005; Gilfedder et al., 2008). For example, the
I – concentrations for the Atlantic Ocean found by Baker (2004) and Yodle (2015) are similar for
both size fractions as reported here (table 4) and even more so when only the remote south Atlantic
Ocean air masses are considered. They are, however, not as high as recorded for some samples of the
west Pacific Ocean (Yodle, 2015) or for samples taken at the Pacific Ocean near the Antarctic (Lai
et al., 2008) and near the Arctic (Xu et al., 2010), where the latter study found concentrations up to
48 pmol m−3 (table 4). These variations may be due to the origin of the air masses which travel over
regions with different levels of primary productivity or ocean waters with different abiotic factors,
such as salinity or sea surface temperature (Xu et al., 2010; Mahajan et al., 2012; Großmann et al.,
2013). All of these factors can affect the organic or inorganic iodine sources to the MBL. However,
many uncertainties persist and no clear relation has yet been found. Additionally, many mitigating
factors may be influenced by geographical, seasonal, and other variability, the processes of which are
either not yet sufficiently understood or not known at all. For example, iodine emissions from the
surface ocean could be related to sea surface temperature (Mahajan et al., 2012), but it may also be
related to interactions with O3 in the micro-layer of the surface water (e.g. Carpenter et al., 2013),
which depends on the O3 concentrations in the MBL. The variation in I – concentrations in the
Indian Ocean aerosols can thus not yet fully be explained based on the origin of their air masses.
An intriguing difference with previously reported I – concentrations is found in the distribution
between fine and coarse mode aerosols. More often, the I – is distributed somewhat evenly between
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Figure 6: IO3 – :I – ratios for all Indian Ocean aerosol samples (OASIS). Ratios for which one of the
species was below detection limit are indicated by an empty marker. Air mass type is indicated by
boxes around sample numbers: blue=S.OCEAN, orange=BORDERS, red=EAST.
the two size fractions, or even has a tendency to have a higher concentration in the coarse mode
fraction (Baker, 2004; Yodle, 2015). However, the I – in the Indian Ocean aerosols were on average
significantly higher in the fine mode than in the coarse mode fractions (figure 5, P = 0.01). This
finding is unexpected due to pH dependent reactions that deplete I – , such as halogen activation
mechanisms that especially occur in smaller, acidic, fine mode aerosols (Vogt et al., 1996, 1999). The
decomposition of SOI has been suggested by Baker (2005) as a possible mechanism that enhances I –
concentrations to the extent that it can offset the depleting effect of halogen activation. Discussion
on this topic continues in the following section on SOI.
Soluble Organic Iodine The iodine speciation in fine mode aerosols consists of about 27 % to
40 % of SOI, which is similar to the abundance of I – (figure 5). However, in contrast to studies
by Baker (2005) and Allan et al. (2009), the SOI fraction found for the Indian Ocean aerosols in
the current study was not the most dominant soluble iodine species in the fine mode fraction and
did not significantly differ in its concentrations compared to the coarse mode aerosols. For coarse
mode aerosols, the SOI fraction ranged between about 16 % and 27 %.
SOI concentrations in the fine mode Indian Ocean aerosols are similar to those for aerosols
sampled in remote, clean marine conditions over the south Atlantic Ocean (AMT13 and AMT21
cruises, (Baker, 2005; Yodle, 2015)). However, in the coarse mode of Indian Ocean aerosols, the SOI
concentrations are significantly lower compared to those coarse mode aerosols sampled in similar
conditions above the south Atlantic Ocean (P = 0.01). Similar to the results for IO3 – (section
2.2.3), this may indicate a difference in sources for SOI. Quantifying SOI and accounting for its
sources may potentially be important in understanding the proportions of other iodine species in
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aerosols. However, the source of aerosol SOI remains unclear (Saiz-Lopez et al., 2011). A likely
source for SOI in marine aerosols potentially involves a secondary formation mechanism, based on
the observation that total iodine in the ocean water only consists of a very small proportion of
SOI (Wong, 1991). One mechanism proposed by Baker (2005) is the reaction between HOI and
dissolved organic matter (DOM), which will be further investigated in the modelling work of this
study (section 3.3.1). It is further hypothesised that the decomposition of SOI and consequent
production of I – could be a mechanism that explains the non-negligible I – concentrations (Baker,
2005; Gilfedder et al., 2008; Pechtl et al., 2007). Lai et al. (2008)’s data supported this hypothesis,
showing a significant correlation between SOI and I – concentrations of bulk samples (Spearman’s
rank correlation: 0.624). The current study did not find a significant correlation between total
(fine + coarse mode) SOI and I – concentrations, but it did find a significant correlation between SOI
and I – concentrations in the fine mode aerosol fraction (Spearman’s rank corr. = 0.70, P = 0.043,
figure 7). As no significant correlation is found for the coarse mode aerosol fraction, perhaps
specific (chemical) features of fine mode aerosols, such as acidity levels, are especially conducive to
this mechanism, which are less likely to be present in coarse mode aerosols.

Figure 7: Correlation between SOI and I – for fine mode (Spearman’s rank corr.=0.70, P=0.043)
and coarse mode (Spearman’s rank corr.=0.60, P=0.13) aerosols.
When only considering SOI concentrations within fine mode aerosol fractions, they are on average higher in BORDERS air masses than EAST air masses (P = 0.0416). It is possible that
the BORDERS air masses transported more organic substances that formed SOI by reacting with
radical iodine gas species, which subsequently condensed on or was scavenged by aerosols (Allan
et al., 2009). Such secondary SOI production mechanisms would also explain why no difference
in SOI concentrations is found for the coarse mode aerosol samples between these two air mass
types. However, no further analysis can be done with the data currently available from the cruise
measurements.
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The next section extends the analysis to include chloride (Cl – ) and bromide (Br – ) chemistry
and their interactions with iodine chemistry in the aerosol-phase.
2.2.4

Halogen Loss

Halogen loss becomes relevant in understanding iodine aerosol speciation by considering the halogen
activation mechanism in aerosols (reaction 5, X=Cl ,Br ,I; Y=Cl, Br, I).
X− + HOY + H+ = XY + H2 O

(5)

The halogen activation mechanism is one in which halogens enhance each other’s loss from the
aerosol phase by the production of volatile dihalogens in acidic conditions (Vogt et al., 1999). The
relative role of other factors that contribute to halogen loss can indicate to what extent halogen
activation involving I – (reaction 6, X=Cl, Br) is relevant to the I – depletion in the aerosol samples.
I− + HOX + H+ = IX + H2 O
–

(6)

–

Typically, Br and Cl are depleted in aerosols (von Glasow & Crutzen, 2003). Sea salt particles
are substantial sources of bromine and chlorine to the MBL and are released into the gas-phase
according to reactions, such as reaction 5. Br – loss from sea salt aerosols is usually attributed to
autocatalytic cycles involving reactive bromine species (Br) in the gas-phase that react with O3
and HO2 , respectively), the products of which are taken up by the aerosol where they subsequently
participate in halogen activation reactions that lead to the production of volatile dihalogen species
when conditions are acidic enough. According to this cycle, and for every Br2 molecule that enters
it, an additional (net) Br2 molecule is emitted from the aerosol (von Glasow & Crutzen, 2003). Most
of the coarse mode aerosol samples for the Indian Ocean observations had Br – concentrations below
the detection limit, which may be due to this efficient recycling process (figure 8, A). Given this,
and assuming a correlation between smaller aerosols and higher acidity, the relatively lower Br –
loss for the fine mode compared to the coarse mode aerosols are counter-intuitive, as more Br – loss
would be expected for the fine mode aerosols compared to the coarse mode fractions. Nevertheless,
this is an observation also found in other studies, the mechanism of which is still unclear (Sander
et al., 2003). However, the Br – enrichment is not always straightforward, as the fine mode sample
can consist of non-sea salt particles mixed with a small fraction of sea salt particles, resulting in a
higher Br/Na ratio compared to that of sea water (von Glasow & Crutzen, 2003).
If X=Cl and Y=Br in reaction 5, bromine can also catalyse a net release of Cl – from the aerosol
to the atmosphere. However, the main mechanism for Cl – loss from aerosols is acid displacement,
which especially produces HCl that is rapidly released to the gas phase (e.g. reactions 7 and 8,
(Robbins et al., 1959; Eriksson, 1959, 1960)). Acids that play a role in the chlorine deficit in aerosols
include H2 SO4 , HNO3 , MSA, and oxalic acid (Kerminen et al., 1998). No correlation was found
between Cl – loss and MSA or oxalic acid in this data set (results not shown).
Na+ + Cl− + HNO3 −−→ Na+ + NO3− + HClgas

(7)

Na+ + Cl− + H2 SO4 −−→ Na+ + SO42− + 2 HClgas

(8)

There is a clear difference in the Cl – deficit between the coarse and fine mode aerosols, the
latter being more depleted in Cl – (figure 8B). This may suggest a difference in the age of the
aerosols, the coarser sea salt aerosols perhaps being recently formed by bubble bursting mechanisms.
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However, larger particles also have faster sedimentation rates and the iodine speciation results
showed that the coarse mode aerosols had time to accumulate IO3 – (section 2.2.3). NO3 – and nssSO42 – concentrations are significantly lower than the Cl – loss in the fine mode samples, suggesting
a minor role of H2 SO4 and HNO3 in the observed chlorine deficit (table 5). This implies that other
processes, such as halogen activation, could have played a relatively larger role (equation 6). This
is consistent with the on average higher acidity levels found for fine mode aerosols compared to
the coarse mode aerosols and the higher enrichment factors of I – in fine mode aerosols (figure 9C).
Acids have likely not had much influence on Cl – loss in the coarse mode samples either, as they
barely have any Cl – loss or are even enriched in Cl – compared to sea water.
Br – loss [nmol m−3 ]
Cl – loss [nmol m−3 ]
NO3 – [nmol m−3 ]
nss-SO42 – [nmol m−3 ]

Fine Mode
ND-0.0087 (-0.0099)
8.34-26.43 (12.63)
0.12-0.80(0.25)
0.41-4.88 (2.18)

Coarse Mode
ND-0.34 (0.24)
-24.63-31.66 (-5.86)
ND-4.35 (2.056)
ND-4.062 (0.019)

Table 5: Concentration ranges and median of detectable values (in parentheses) for aerosol samples
during the OASIS cruise (ND=not detectable).
Whereas Br – and Cl – are typically depleted in sea salt aerosols, iodine is typically heavily
enriched in sea salt aerosols compared to sea water (von Glasow & Crutzen, 2003; Saiz-Lopez
& von Glasow, 2012), which reveals the dominance of the gas-to-particle conversion processes
for iodine species. This distinction can also be seen in the current data set (figure 8C) and is
especially true for fine mode aerosols (figure 9A). The iodine enrichment factor (EF) for fine mode
aerosols ranges between about 361-1153, while for coarse mode the range is 22-160 (figure 9).
This is consistent with other observations (Baker, 2005; Yodle, 2015). IO3 – and I – are both also
more enriched in the fine mode aerosols compared to the coarse mode aerosols (figure 9B and C,
respectively). This shows that, even though IO3 – concentrations are on average higher in coarse
mode aerosols, the fine mode aerosols accumulate more IO3 – relative to the amount of sea salt that
they contain. This is consistent with the production mechanisms associated to fine and coarse mode
aerosol fraction: formation of fine mode aerosols is associated with secondary mechanisms, such as
condensation of sulphur gas species, and the formation of coarse mode aerosols is associated with
primary mechanisms, such as the emission of sea salt particles (Blanchard & Woodcock, 1980).
2.2.5

Size-Segregated Aerosol Speciation

Studying more than two aerosol size classes of a sample can provide more detailed insight into the
chemical composition and distribution of species. While for most samples only two size fractions
were analysed, a total of seven aerosol size fractions are analysed for sample S10, as all six stages
of the aerosol impactor were used during sampling time on the OASIS cruise (in addition to the
back-up filter). The distribution of major ions over all size fractions closely resembles that of a
size-segregated aerosol sample of the southern Atlantic Ocean, which is discussed by Yodle (2015)
(Appendix 6.3). These two aerosol samples have in common that they are both taken in the southern
hemisphere and are both classified as clean, remote, marine aerosols.
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Figure 8: Percentage differences of A) Br – , B) Cl – , and C) TSI compared to sea water for
all samples taken along the OASIS cruise on the Indian Ocean. Blank markers indicate concentrations below the detection limit. Air mass type is indicated by boxes around sample numbers
(blue=S.OCEAN, orange=BORDERS, red=EAST).
2.2.6

Iodine Speciation of Size-Segregated Aerosol Sample

–

IO3 concentrations were below the detection limit for the two smallest aerosol size-fractions, but
it is the dominant fraction in aerosols sized 0.9 µm and larger (figure 10). I – was undetectable
for all modal aerosol sizes, except for modal sizes < 0.1 µm, 2.4 µm, and 5.0 µm. This results
in highly variable IO3 – :I – ratios, but only size fractions 2.4 and 5 µm have both detectable IO3 –
and I – concentrations. The distribution of the iodine species concentrations resembles that of the
remote south Atlantic Ocean aerosol sample analysed in the work by Yodle (2015). Specifically,
most of the IO3 – is found in aerosols with sizes between 1.6 and 5 µm and its concentration is
particularly low in the smallest and largest size fractions. The IO3 – distribution over the aerosol
size fractions may be explained according to three factors: acidity, surface area, and sedimentation.
First, a possible chemical sink for IO3 – may be feasible under acidic conditions (Pechtl et al., 2007).
Smaller aerosols generally have lower pH values than larger aerosols due to differences in production
mechanisms (Keene et al., 1998), which is consistent with a systematic decrease in excess acidity
levels over an increase in aerosol sizes (figure 11). Hence, a negative relation between net acidity
and IO3 – concentrations may be a feasible explanation for the undetectable IO3 – concentrations
in the smallest aerosol fractions and the IO3 – increase from submicron to 2.4 µm size fractions.
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Figure 9: Enrichment factors for A) TSI, B) IO3 – , and C) I – for all samples taken along the OASIS
cruise on the Indian Ocean. Blank markers indicate concentrations below the detection limit. Air
mass type is indicated by boxes around sample numbers (blue=S.OCEAN, orange=BORDERS,
red=EAST).
Second, IO3 – concentrations may be dependent on the uptake of HIO3 (Plane et al., 2006), which
is again dependent on the aerosol surface area. Yodle (2015) found a significant positive correlation
between the surface area equivalent of nss-Ca2+ and IO3 – concentrations. However, the relation
between the surface area equivalent for Na+ and IO3 – concentrations was unclear. As the nssCa2+ concentrations in the observations of the current study are very low and especially the coarser
mode aerosols are likely dominated by sea salt particles, it is also unclear to what extent surface
area and the uptake of HIO3 may have played a role in the results for the IO3 – distribution over
the different aerosol sizes. Last, the lower IO3 – concentrations in the largest aerosol size fractions
(and lower I – and SOI concentrations) may be explained by the higher sedimentation velocity of
larger aerosol particles. Due to faster deposition rates, the residence time of these larger particles
is shorter and thus have less time to accumulate IO3 – . This is supported by the particularly small
EF for all iodine species in these aerosol sizes (figure 12C).
A relation between I – and excess acidity or SOI concentrations was difficult to establish, because
many aerosol size fractions had I – concentrations below the detection limit (figure 10). This is
comparable to findings by (Yodle, 2015), who found that all I – concentrations for the size-segregated
aerosol sample were below their detection limit, which was slightly higher than the detection limit
for I – in the current study (Appendix 6.2). SOI is found in all fractions and its concentration is
lowest in size fractions >5 µm.
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Figure 10: Cumulative IO3 – , I – , and SOI concentrations for size-segregated aerosol fractions for
sample S10 and the IO3 – :I – ratio. Values on x-axis are modal aerosol sizes (µm) collected on the
filter of each stage in the multi-stage aerosol impactor. Values below the detection limit (or ratios
for which at least one value is below its detection limit) are indicated by blank bars (or markers).

Figure 11: Excess acidity (bars) and IO3 – concentrations (line) for each size fraction of sample S10.
Values on x-axis are modal aerosol sizes (µm) collected on the filter of each stage in the multi-stage
aerosol impactor. Blank markers indicate values below the detection limit.
Halogen Loss of Size-Segregated Aerosol Sample Cl – and Br – show almost opposite trends
when it comes to their depletion (figure 12A). However, most aerosol fractions had undetectable
Br – concentrations, which limits interpretation of Br – loss. The smallest aerosol size fraction is
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enhanced in Br – by about a factor of two compared to sea water, while the coarsest fraction is
slightly depleted (∼ 8 %). This finding supports the same trend found for all other fine and coarse
mode samples in this study (section 2.2.4). However, the loss of Br – in the largest size fraction of
the size-segregated aerosol sample is quite low compared to values of around 30 % or higher found in
other studies (e.g. see Sander et al., 2003). Cl – loss shows a decreasing trend with increasing aerosol
size. Its concentrations are enhanced in the two largest fractions. Acid displacement by H2 SO4
can be a partial explanation (20 - 30 %) for the Cl – depletion in the smaller aerosols (< 1 µm)
(figure 12B). This is further supported by a significant correlation between the percentage of Cl –
loss and excess acidity (figure 12D, P = 0.01). Other processes are at play in the larger aerosol
fractions, which result in Cl – enrichment. For example, the sampled coarse mode fractions may
have recently received a fresh addition of sea salt aerosols through bubble bursting processes. This
would be consistent with the low enrichment factors of all iodine species in the largest aerosol
fractions. Similar distributions for Cl – loss have been found for size-segregated aerosols in both the
northern and southern Atlantic Ocean, which both differed in chemical properties (Yodle, 2015).
This trend thus seems to be a common phenomenon regarding Cl – loss.
2.2.7

Summary of Analytical Soluble Iodine Speciation Results

Overall, no significant differences were found for iodine species between the different types of air
masses. Furthermore, even though IO3 – and I – did not show a direct correlation with excess
acidity, they did show significant differences between the fine and coarse mode aerosols. Coarse
mode aerosols had higher IO3 – concentrations and less excess acidity, in support of theories on
pH dependent depletion and uptake. The size-segregated aerosol analysis shows that most of the
IO3 – may reside in aerosol size fractions between around 1 to 5 µm. I – concentrations were higher
in fine mode samples, which may be due to the decomposition of SOI. The distribution for the
size-segregated sample shows that most of the I – may be found in aerosols smaller than 0.1 µm.
The iodine speciation for the Indian Ocean aerosols is compared to similar sampling conditions
above the Atlantic Ocean (remote south Atlantic air masses). The results are similar between these
two ocean basins for fine mode aerosols. However, larger IO3 – and SOI abundances for the aerosols
in clean south Atlantic Ocean air masses compared to the Indian Ocean aerosols from similar air
mass types indicate that the sources for these iodine species, and likely also the coarse mode aerosol
chemical properties, may have differed between these two ocean basins at the time when the samples
were taken.
The results are consistent with theory on the pH dependency of these iodine species and an
external consistency with previous studies. The same goes for the results on halogen losses. Larger
losses for Cl – are found in the fine mode aerosols. The opposite observation is made regarding
Br – loss, while iodine is heavily enriched in all aerosols. Based on comparisons to other sources for
Cl – loss, iodine’s role in halogen activation (reaction 6) has potentially played an important role,
especially in the measured fine mode aerosol fraction in the current study.
The following section presents the results of a modelling study that assesses how the results
of this detailed observational data analysis can be further interpreted considering various chemical
mechanisms, such as pH dependent iodine reactions.
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Figure 12: A) Percentage Br – and Cl – loss per aerosol size fraction (µm) for sample S10. B) Cl –
loss and NO3 – and nss-SO42 – concentrations per aerosol size fraction (µm). C) Enrichment factors
of IO3 – , I – , and TSI for each aerosol size fraction (µm). D) Relation between percentage chloride
loss and excess acidity for over all aerosol size fractions (µm); P=0.01. Empty markers or bars
indicate values below detection limit.
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3
3.1

Modelling Analysis: MISTRA
Modelling Methodology

The objective of modelling aerosol iodine speciation is two-fold. The first objective is to gain
further insight into possible chemical mechanisms that can explain some of the iodine speciation
observations. By implementing pH dependent reactions for IO3 – concentration reduction and SOI
dependent reactions for I – enhancement in the MISTRA model, Pechtl et al. (2007) managed to
reduce the simulated over-estimation of IO3 – and under-estimation of I – concentrations in other
modelling studies. The impacts of the individual effects of these two chemical mechanisms will
similarly be analysed for the case of the Indian Ocean aerosols. This can help to identify possible
consequent impacts on gaseous iodine species and O3 . The cruise observations for the region during
sampling time of sample S10 will be used as the main reference data set for designing as well as
evaluating the modelling experiments.
The second objective of using MISTRA is to further improve the model by studying its behaviour
during its application to a site-specific case-study. The aim is to make it available to the public
as an open-source system in the near-future. A number of challenges were encountered during this
study. While many tests have been done and hypotheses on possible solutions made, these will not
be elaborated on here, as they are not relevant to the topic of aerosol iodine speciation. Instead,
the reader is referred to the appendix for more information (Appendix 6.7).
3.1.1

MISTRA Description

Model Features MISTRA is a one-dimensional boundary layer model. Meteorology, microphysics, and thermodynamics are calculated online with a set of prognostic variables (Bott et
al., 1996; Bott, 1997). These consist of wind speed components, specific humidity, and potential
temperature. The microphysical module includes explicit particle growth calculations, as well as
radiation-particle interactions (von Glasow et al., 2002a, 2002b). Specifics on the meteorology,
micro-physics, and thermodynamic modules can be found in the work by Bott et al. (1996) and
Bott (1997). Details on the chemical module, including the prognostic equations for the chemical
species concentrations, can be consulted in the work by von Glasow et al. (2002a) and von Glasow
et al. (2002b).
The model consists of 150 layers, extending up to 2000 m with usual layer height settings. The
first 100 layers, starting at the surface, each consist of an equidistant height of 10 m. The 50 topmost layers are spaced logarithmically. The default time step for radiation and (micro-)physical
simulations is 60 s. The chemical time step is 10 s.
Chemistry The chemical reaction scheme includes H, O, S, C, N, Cl, Br, and I cycles; 316 gasphase reactions; 176 aqueous-phase reactions; 82 gas-aqueous exchange processes; 19 heterogeneous
reactions; and 50 chemical equilibria. Gas-phase chemistry is explicitly resolved for all model layers.
Aqueous-phase (aerosol) chemistry only occurs in layers in which the relative humidity exceeds the
deliquescence point (or the crystallisation humidity if the relative humidity has previously decreased
below the crystallisation humidity (von Glasow et al., 2002a)). The iodine chemistry scheme is
mostly based on Vogt et al. (1999) and has been further updated by von Glasow et al. (2002a,
2002b) and Pechtl et al. (2007) (table 8). The current study has also accordingly excluded the
formation of I2 O2 and other higher iodine oxides as a result of the OIO self reaction in the gasphase. These higher iodine-oxides potentially play a role in aerosol particle formation (O’Dowd et
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al., 2002; Jimenez et al., 2003; Saunders & Plane, 2006; Mahajan et al., 2010). However, these
mechanisms also involve numerous uncertainties (Pechtl et al., 2006). Nevertheless, a simplified
aerosol nucleation mechanism based on the work by Pechtl et al. (2006) is implemented in the
model and involves the formation of aerosol particles through condensation of OIO, H2 SO4 , and
NO3 . In MISTRA, these condensable volatile gases do not further participate in the aqueous
chemistry of the aerosol (Pechtl et al., 2006) and this mechanism can therefore be considered a sink
for these gases. In the current study, the nucleation module is not activated, because of existing
implications regarding other components of the model output (see section 4 and Appendix 6.7).
Adding even more complexity to the chemical mechanisms by adding a (nucleation) component
that in itself also has a lot of uncertainty is not constructive to the objective and scope of this work.
The particles are distributed on a two-dimensional grid of 70 logarithmically equidistant dry
particle radii and 70 logarithmically equidistant total particle radii classes. The dry particle radii
range from 0.005 µm to 15 µm and the total particle radii range from 0.005 µm to 150 µm. This
2D micro-physical grid (made of 4900 classes) is split into four chemical bins. Deliquescent aerosol
particles (particles that are in an aqueous meta-stable state at a particular relative humidity) are
considered as ”sulphate aerosols” (bin 1) when their dry aerosol radius is < 0.5 µm. Deliquescent
aerosol particles are considered ”sea salt aerosols” when their dry aerosol radius is > 0.5 µm (bin
2). When the liquid content of the aerosols increases to such an extent that the total aerosol radius
becomes 10 times larger than the dry aerosol radius, they get moved to one the corresponding
droplet bin: droplets that are derived from the sulphate aerosols are moved to bin 3 (”sulphatederived droplet”) and those derived from the sea salt aerosols are moved to bin 4 (”sea salt-derived
droplet”). If droplets decrease in their total particle radius, then they return to their respective
original aerosol bins. The aqueous (aerosol) chemistry per chemical bin is only calculated by the
model if the total amount of liquid water content within that bin (using the sum of particles in
the chemical bin) exceeds a user defined threshold value. The feedback of particle growth on the
radiative properties of the system is fully implemented (von Glasow et al., 2002a). In this study,
the focus is on the two aerosol bins. The simulated sulphate aerosols are compared to the fine
mode aerosols in the analytical observations and the simulated sea salt aerosols are compared to
the coarse mode aerosols in the analytical observations.
3.1.2

Initialisation and Data

The model was run for five days at a fixed location deemed representative for the locations along
the cruise track (at a latitude of 5.85°S and a sun declination of 18.65°E; see Appendix 6.6 for more
details). The first 24 hours were used as spin-up time. The meteorological variables, such as air
temperature, wind speed, relative humidity, and air pressure, were set up according to conditions
continuously measured during sample S10. A gradual increase in mean sea level pressure over
the sampling duration justifies the inclusion of air subsidence (Appendix 6.6). The meteorological
settings lead to the formation of droplets (activation of chemical bins 3 and 4), which is consistent
with the presence of cloud cover and some precipitation recorded during the cruise (Krüger, 2010b).
Note that, even though chemistry occurs in the droplet bins, analysis will only be done for the
aerosol bins, as no data was collected on iodine speciation in rainwater during the cruise and
thus no validation of the simulated droplet chemistry is possible for this case-study. A typical
marine aerosol size distribution is assumed (Hoppel & Frick, 1990). Following the settings used by
Pechtl et al. (2007), the initial aerosol composition (in mass) for sulphate aerosols was set to 99.6%
(NH4 )2 SO4 and 0.4% NH4 NO3 . For sea salt aerosols, the initial composition was assumed to be that
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of sea water with similar pH. An initial dissolved organic matter (DOM) fraction is added to both
aerosol types (10% of the sulphate aerosol fraction and 1% of the sea salt aerosol fraction (Pechtl
et al., 2007)), which becomes relevant in the experimental runs (section 3.1.3). Sea salt aerosols are
produced through the sea water bubble-bursting mechanism for which two parameterisations are
implemented in MISTRA, following Monahan et al. (1986) and Smith et al. (1993). The latter is
used in the current study, especially because this parameterisation gives the most realistic results
for high wind speeds (von Glasow et al., 2002a), such as those recorded during the OASIS cruise.
Initial mixing ratios have been set in order to reproduce clean marine conditions (table 6).
Unfortunately, data of, for example, ozone-sondes and greenhouse gas concentrations were not yet
available and could thus not be used in the validation or initialisation of this modelling study.
Instead, a combination of observations from other cruises and modelling studies are used that
were most relevant to the current study. O3 mixing ratios and the emission rates of HOI and
I2 were constrained using the simulated values from simulations of the global chemistry-climate
modelling system EMAC (e.g. Ganzeveld et al., 2010). Emission fluxes represent sources of chemical
compounds from the ocean surface into the MBL. The emission rates used for CH3 I, CH2 I2 , CH2 ClI,
I2 , and HOI compared well with emission rates simulated for the Indian Ocean by the GEOS-Chem
model in Sherwen et al. (2016).

NO2
HNO3
NH3
SO2
O3

Initial Mixing Ratio [nmol mol−1 ]
Bottom MBL Top MBL
0.01
0.01
0.01
0.05
0.06
0.06
0.05
0.05
40
50

CH4
C2 H 6
HCHO
H2 O 2
PAN
HCl
DMS
Br2
HOI
I2
CH3 I
CH2 I2
CH2 ClI
CO
CO2
H2

1800
0.5
0.15
0.6
0.01
0.03
0.1
0.001
0
0.00007
0.001
0.001
0.00143
65
388000
500

Gas

1800
0.5
0.15
0.6
0.1
0.03
0.1
0.001
0
0.00007
0.001
0.001
0.00143
65
388000
500

Emission Rate [molec cm−1 s−1 ]

Reference
EMAC (e.g. Ganzeveld et al., 2010)
(von Glasow et al., 2002a)
(Pechtl et al., 2006)
(Pechtl et al., 2006)
top: (von Glasow et al., 2002a; Pechtl et al., 2006)
bottom: EMAC (e.g. Ganzeveld et al., 2010), (Krüger, 2010b)
(von Glasow et al., 2002a; Pechtl et al., 2006)
(von Glasow et al., 2002a)
(Pechtl et al., 2006)
(von Glasow et al., 2002a)
(von Glasow et al., 2002a)
(Pechtl et al., 2006)
(Krüger, 2010b), EMAC (e.g. Ganzeveld et al., 2010)

0
0
0
0
0
0
0
0
0
5E09
0
7.63E07
6.28E06
4.8E06
3.0E07
3.8E07
0

EMAC (e.g. Ganzeveld et al., 2010)
(Pechtl et al., 2006), EMAC (e.g. Ganzeveld et al., 2010)
(Großmann et al., 2013)
(Vogt et al., 1999)
(Großmann et al., 2013)
(Pechtl et al., 2006)

Advection [mol mol−1 ]
7.5E-09
4.5E-08

O3
NO2

Table 6: Initial mixing ratios and emission rates for a number of gases included in the model.

3.1.3

Experimental Runs

Reproducing aerosol IO3 – and I – concentrations with models is challenging, as at present many
uncertainties exist on chemical mechanisms that control the chemical sources and sinks. From
the laboratory analysis of the Indian Ocean aerosol samples, it was concluded that the iodine
speciation in fine (<1 µm) and coarse (>1 µm) mode aerosols differed significantly in terms of
IO3 – and I – concentrations (section 2.2.3). These differences are thought to arise primarily from
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the level of aerosol acidity. To test a number of suggestions made in literature on the drivers of
these differences, three chemical mechanisms are explored, which have been inspired by the work
of Pechtl et al. (2007). The first mechanism evaluated in these modelling experiments is a chemical
sink for IO3 – according to the net Dushman reaction:
IO3− + 5 I− + 6 H+ −−→ 3 I2 + 3 H2 O

(9)

–

This reaction defies the completely inert nature of IO3 and may be significant in decreasing
simulated IO3 – :I – ratios. Additionally, it implies a loss of total iodine in the aerosol, as I2 is volatile
and likely escapes to the gas-phase.
The second mechanism is based on the suggestion by Baker (2005) that the non-negligible
observed concentrations of aerosol I – may be related to the decomposition of SOI. SOI is not
represented in MISTRA, because the identification of lumped species and thus their characteristics
are highly uncertain or unknown (Gilfedder et al., 2008). However, one possible source for SOI
may be the chemical interactions between DOM and HOI, the latter of which has an affinity for
the former (Baker, 2005). SOI decomposition and its role in I – production can then implicitly be
represented by the following reaction (Pechtl et al., 2007):
HOI + DOM −−→ I− + H+ + DOM

(10)

Pechtl et al. (2007) explored different reaction rate constants for this reaction. Based on their
conclusion that the highest rate constant of 107 M−1 s−1 resulted in iodine speciation that was
closest to observations for the Atlantic Ocean, this highest rate constant is also used in the present
study. This is an assumption associated with many uncertainties that can have relatively large
consequences for iodine aerosol speciation. These results must thus be interpreted with care.
The third evaluated mechanism in the modelling experiments is the uptake of HIO3 , which
may be an important, if not the main, source for IO3 – in the model (Pechtl et al., 2007). Many
uncertainties exist for the uptake of HIO3 , which warrant its investigation. The uptake of HIO3 is
represented in the model by the following heterogeneous reaction:
HIO3 −−→ IO3− + H+

(11)

The implementation of these mechanisms in the experimental set-up is summarised in table 7.
The BASE run neither has reaction 9, nor reaction 10 included in the aqueous chemistry scheme.
The DOM run is identical to the BASE run, except that it includes reaction 10. The DUSHDOM
run has both reactions 9 and 10 added to the BASE chemistry scheme. The LESS-HIO3 run is
based on the DUSH-DOM run, but the uptake rate of HIO3 is reduced to only one-tenth of its
original uptake rate. The LESS-DOM run is identical to the DUSH-DOM, except for that the
DOM fraction in the initial aerosol composition has been reduced by an order of magnitude to
study the importance of the role of DOM related to iodine chemistry. Note that, even though these
experiments are based on the work by Pechtl et al. (2007), this modelling work is unique in the
sense that it is applied to a specific site and conditions, instead of more general conditions that
were considered in the study by Pechtl et al. (2007). From this point onwards, the relevant chemical
reactions that are discussed in subsequent sections are referred to according to their label in table
8.
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Model Run
BASE
DOM
DUSH-DOM
LESS-HIO3
LESS-DOM

Description
Base run, including full aqueous phase iodine scheme
BASE run + HOI reducing reaction with DOM (reaction 10)
BASE run + Dushman reactions (reaction 9) and HOI reducing reaction with DOM (reaction 10)
Idem to DUSH-DOM with reduced HIO3 uptake
Idem to DUSH-DOM with reduced initial aerosol DOM fraction

Table 7: Description of the experimental model runs.
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Label
I1
I1a
I2
I2a
I3
I3a
I4
I5
I6
I7a
I7b
I7c
I7d
I7
I8a
I8b
I8
I9
I10
I10a
I11
I12
I13
I14
I14a
I15
I15a
I16
I18
Label
EQ43/44
EQ45/46
EQ47/48
EQ49/50
Label
H14
H18

Reaction
HOI + I – + H+ −−→ I2
I2 −−→ HOI + I – + H+
HOI + Cl – + H+ −−→ ICl
ICl −−→ HOI + Cl – + H+
HOI + Br – + H+ −−→ IBr
IBr −−→ HOI + Br – + H+
HOCl + I – + H+ −−→ ICl
HOBr + I – + H+ −−→ IBr
IO + IO −−→ HOI + HIO2
Cl2 + HOI −−→ HIO2 + 2 Cl – + 2 H+
I – + IBr −−→ I2 + Br –
I2 + Br – −−→ I – + IBr
I – + ICl −−→ I2 + Cl –
I – + O3 + H+ −−→ HOI
HOI + HSO3 – −−→ I – + HSO4 – + H+
HOI + SO32 – −−→ I – + HSO4 –
HOI + HOCl −−→ HIO2 + Cl – + H+
HOI + HOBr −−→ HIO2 + Br – + H+
2 HOI −−→ HIO2 + I – + H+
HIO2 + I – + H+ −−→ 2 HOI
HIO2 + H2 O2 −−→ IO3 – + H+
HIO2 + HOCl −−→ IO3 – + Cl – + 2 H+
HIO2 + HOBr −−→ IO3 – + Br – + 2 H+
HIO2 + HOI −−→ IO3 – + I – + 2 H+
IO3 – + I – + 2 H+ −−−→ HIO2 + HOI
HIO2 + I2 − H+ −−−→ IO3 – + 2 I – + 2 H+
IO3 – + 2 I – + 2 H+ −−−→ HIO2 + I2 − H+
I2 + HSO3 – −−→ 2 I – HSO4 – + 2 H+
HOI + DOM −−−→ I – H+ + DOM
Equilibrium Reaction
ICl + Cl – ←−→ ICl2 –
IBr + Br – ←−→ IBr2 –
ICl + Br – ←−→ IClBr –
IBr + Cl – ←−→ IClBr –
Heterogeneous Reaction
HI −−→ I – + H+
HIO3 −−−→ IO3 – + H+

k0 [M 1−n s−s ]
4.4x101 2
3.0
2.9x101 0
2.4x106
4.1x101 2
8.0x105
3.5x101 1
1.2x101 3
1.5x109
1.0x106
2.0x109
4.74x103
1.1x109
4.2x109
5.0x109
5.0x109
5.0x105
1.0x106
2.5x101
2.0x102
6.0x101
1.5x103
1.0x106
2.4x102
1.2x103
5.5x10−5
4.2x108
1.7x109
105 or 107
K0 [M n−m ]
7.7x101
2.9x102
1.8x104
1.3

n
3
1
3
1
3
1
3
3
2
2
2
2
2
2
2
2
2
2
2
3
2
2
2
2
4
1
5
2
2
n
2
2
2
2
n
1
1

m
1
1
1
1

Table 8: Aqueous-phase iodine reaction scheme used in the current work. H2 O is not written in
the reactions. k0 is the reaction rate constant, K0 is the equilibrium constant, and n and m give
the order of the reactions. References for each reaction can be found in Pechtl et al. (2006, 2007).
Reactions in bold are adjusted for the purposes of the modelling experiments (see table 7).
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3.2
3.2.1

Model Validation
Meteorology Validation

Assessing the quality of the simulation of meteorological components is an essential first step for
evaluating the simulated chemical processes given the dependence of these on many meteorological
drivers. For example, temperature strongly affects evaporation rates, which feeds back into the
micro-physics, which in turn affects photolysis rates. The latter is the main mechanism through
which atomic iodine is released from organo-iodines and can be oxidised into gas species (Saiz-Lopez
& von Glasow, 2012). Iodine can then enter the aerosol phase through subsequent heterogeneous
reactions or homogeneous nucleation (Pechtl et al., 2006). Therefore, wind speed, air temperature,
relative humidity, and air pressure simulations were validated against cruise observations at 10 m
height. Within about 24 hours, simulated meteorological components reach values that are within
the range of the average observational values ± one standard deviation, indicated by the horizontal
grey bar (figure 13). The resulting boundary layer height is about 720 m, as is indicated by the
sudden rapid increase of potential temperature in its vertical profile (figure 14). The MBL height
appears to be fixed around a constant altitude, which is due to the inclusion of subsidence and
a strong inversion layer (Appendix 6.6). As a result, the division between the MBL and the free
troposphere is rather sharp, as is noticeable from the liquid water content profile (figure 15A). The
MBL height agrees well with the relatively stable boundary layer height estimated during the cruise
(Krüger, 2010a, 2010b). Wind speed stabilises around 10 m s−1 . High wind speeds such as these
increase the flux of sea salt particles from the sea surface into the MBL (Blanchard & Woodcock,
1980). Within each chemical bin, the model does not make a distinction between those aerosols that
are more acidified through aging and those that have been freshly formed and thus are more alkaline.
Instead, the model calculates the total H+ concentration and total liquid water content within the
entire chemical bin. This means that the larger, freshly formed sea salt particles may introduce
more alkalinity to the sea salt aerosol bin, which causes the entire aerosol bin to appear relatively
alkaline while not being able to properly represent the more aged, acidic sea salt aerosols within this
bin. Thus, this may cause an overestimation of the pH for the sea salt aerosol bin, which should be
taken into account while interpreting the model results (von Glasow et al., 2002b). Air temperature
shows a diurnal cycle around 25 ◦C. The relative humidity varies closely around 79 %, which is well
above the crystallisation humidity of both types of aerosols (40-42 %, von Glasow et al., 2002a). The
diurnal pattern for relative humidity is inversely correlated to temperature. Air pressure is stable
throughout the simulation. For the purpose of this study, these model simulations regarding the
meteorology appears to represent the observed meteorological conditions in a satisfactory manner
to perform a subsequent, reliable analysis of the gas and aerosol chemistry.
3.2.2

Particle Concentration and Cloud Formation

Particle growth resulted in the activation of the droplet bins (bins 3 and 4) within roughly one
day of simulation time between 350 and 700 m height. The formation of droplets indicate cloud
formation, which can be seen in the high liquid water content (LWC) between about 400-700 m
(figure 15A). The presence of a cloud layer substantially affects the radiation balance above, as well
as below, the cloud layer, as can be observed from the increased simulated photolysis rates of NO2
(figure 15B).
The presence of clouds has an impact on the halogen chemistry throughout the MBL, also
in near-surface layers (von Glasow et al., 2002b). The implications for gas- and aqueous-phase
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Figure 13: Simulated wind speed, air temperature, relative humidity, and air pressure at 10 m for
the entire model simulation time (120 hours). Vertical blue areas indicate night-time. Horizontal
grey bar indicates the range of the average observational values over sampling duration of sample
S10 ± the standard deviation. The first day of simulation time that is used as spin-up time is
included in these figures.
bromine and chlorine chemistry have been discussed in von Glasow et al. (2002b). These mainly
involve a rapid recycling of bromine and chlorine species through an enhanced uptake by droplets
and a faster release to the gas phase. The latter is explained by the higher relative humidity and
subsequent partitioning of HCl between the aqueous and gas-phase (see von Glasow and Sander
(2001) for further information). Possible implications of cloud formation for iodine have not yet
been discussed. These implications may be different to impacts on bromine and chlorine, due to
their different cycling processes. This topic will not be studied here, as the aim of the current
study is to reproduce and understand aerosol iodine speciation of site-specific aerosol samples of
the Indian Ocean. Nevertheless, the results presented here should be interpreted carefully and
possible impacts due to cloud formation must be considered.
The simulated ranges of sulphate and sea salt aerosol concentrations near the surface are 157 230 part. cm−3 and 0.9 - 1.7 part. cm−3 , respectively (figure 16). These ranges are realistic
compared to field observations (see e.g. Hoppel and Frick (1990) for aerosol sizes < 0.52 µm and
see Gong (2003) and O’Dowd and Smith (1993) for sea salt aerosols). A diurnal cycle in particle
concentration is only clearly visible higher in the MBL, which is further away from the source of
the sulphate particles (nucleation of emitted gases at the surface) and sea salt particles (bubble
bursting mechanism). Aerosol concentration decreases with height, as the particles grow and enter
the droplet bins. Whether the chemistry is simulated for the chemical aerosol and droplet bins
depends on whether the total liquid water content of each bin exceeds a threshold value. This
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Figure 14: Vertical profile of potential temperature at 00:00 12:00 hours of day 3 of simulation time.
The average is taken of days 2, 3, and 4. Grey-coloured area indicates the standard deviation on
either side of the average potential temperature of the vertical profile.

Figure 15: A) Liquid water content in MBL over five days simulation time. B) Photolysis rates for
NO2 over five days simulation time. The first day of simulation time that is used as spin-up time
is included in these figures.
threshold value is different for each chemical bin. The aqueous chemistry for both aerosol types
is ’activated’ throughout the MBL, as the liquid water content for aerosols is sufficiently high.
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However, simulation of the chemistry for both types of droplets is only activated at higher altitudes
nearer to the cloud layer, as a higher threshold for liquid water content is prescribed in MISTRA to
activate their aqueous chemistry. Thus, even if some droplets are present at lower altitudes, they
are expected to have little effect on the aerosol chemistry in near-surface layers.

Figure 16: A) Sulphate aerosol and B) sea salt aerosol concentrations in MBL over simulation time
at 10, 50, and 500 m height (the latter is in the middle of the cloud layer). Only the results for day
2, 3, and 4 are shown.

3.2.3

Gas Mixing Ratios

The impact of aerosol chemistry can clearly be seen in the differences in mixing ratios of certain
gases between runs where the aerosol chemistry is excluded and included. These changes can be
explained by the uptake of some gases as well as the release of others by the aerosol. For example,
HNO3 , SO2 , and DMS are readily taken up by aerosols (figure 17A, D, and C), while NH3 is released
(figure 17B). Sea salt aerosols are the main source for Cl and Br in the MBL, which can be seen,
for example, in the simulated ClO and BrO gas-phase mixing ratios that increase when aerosol
chemistry is included (figure 17E and F). The strong role of iodine halogen activation can be seen
in the increased simulated mixing ratios of I2 , ICl, and IBr (figure 17A, B, and C) when aerosol
processes are included in the simulations. The sources of soluble iodine are mainly the iodine oxides
(IO, OIO, I2 O2 ), HOI, HI, and HIO3 (figure 18D, E, F, G, H, I).
Even though relevant gas mixing ratios have been measured during the OASIS cruise, unfortunately the data could not be obtained for the current study. Therefore, alternative sources were
used to validate the gas-phase chemistry, such as other studies that use MISTRA and observations
from cruises with comparable meteorological conditions. Values for initial mixing ratios and emission rates are based on a combination of results from other modelling studies (Vogt et al., 1999; von
Glasow et al., 2002a, 2002b; Pechtl et al., 2006, 2007), the output of the EMAC model (Ganzeveld
et al., 2010), and reported observations (Oetjen, 2009; Jones et al., 2010; Saiz-Lopez & von Glasow,
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Figure 17: Mixing ratios of A) HNO3 , B) NH3 , C) DMS, D) SO2 , E) ClO, and F) BrO without (No
aer.) and with (aer.) aerosol chemistry activated at 50m (full line) and 500m (dashed line) height.
Only results for simulation days 2, 3, and 4 are shown.
2012) (Appendix 6.6). Note that the conditions were defined as to simulate clean, remote marine
conditions. Resulting mixing ratios of iodo-carbons are comparable to values reported in the work
by Großmann et al. (2013), IO mixing ratios are similar to those observed at the Maldives by
Oetjen (2009), and other relevant mixing ratios are close to mixing ratios used by other remote
MBL modelling studies (Pechtl et al., 2007) (table 9). An advection term for NO2 was included,
as nitrogen gas species depleted very quickly and resulted in unrealistically low concentrations. A
strong inversion maintained a stable MBL height. However, this limits down-mixing of O3 from
the free troposphere into the MBL, causing a strong decrease in O3 mixing ratios over time (results
not shown), as the balance between the source of O3 and O3 deposition on the ocean surface is not
maintained (von Glasow et al., 2002a). This is why an O3 advection term was introduced in order
to restrain a decrease in O3 concentrations due to this imbalance. Concentrations of gases emitted
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Figure 18: Mixing ratios of A) I2 , B) ICl, C) IBr, D) IO, E) OIO, F) I2 O2 , G) HOI, H) HI, and
I) HIO3 without (No aer.) and with (aer.) aerosol chemistry activated at 50m (full line) and 500m
(dashed line) height. Only results for simulation days 2, 3, and 4 are shown.
by the surface ocean, such as DMS, are higher in the near-surface layer (figure 19A). The presence
of clouds barely has any effect on the concentrations of some gases, such as O3 (figure 19C), while
is has a strong decreasing effect on very soluble gases, such as HNO3 (figures 17A 19D). HNO3
mixing ratios increase drastically in the free troposphere due to the lack of aerosols and droplets
(figure 19B). Overall, the simulated vertical concentration gradients of many of these compounds
also indicate that MBL is relatively well-mixed.
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Figure 19: Vertical profile for A) DMS, B) HNO3 , C) O3 concentrations, and D) HNO3 concentrations below the inversion layer at 00:00 and 12:00 hours on day 3 of the simulation time. The
average is taken of days 2, 3, and 4. Grey area indicates standard deviation on either side of the
average.
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Gas

Mixing Ratio [ppt] Großmann et al. (2013) [ppt] Oetjen (2009) [ppt]
Average Max.
Average Max.
Range
CH3 I
0.76
0.93
0.52
0.93
CH2 ClI 0.91
1.45
1.43a
4.16a
CH2 I2
0.36
0.90
0.56
1.76
I2
0.29
0.91
IO
0.19
0.97
2.4-3.1b
OIO
0.023
0.65
a
Values used of part 2 of the TransBrom cruise with non-elevated mixing ratios.
b
Values used of analysis for the Maldives.

Pechtl et al. (2007) [ppt]
Max.
2
1
1
0.07
0.1
0.1

Table 9: Resulting average and maximum near-surface mixing ratios compared to observations and
other modelling studies.
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3.2.4

Aerosol pH

The aerosol pH likely plays a crucial rule in determining the soluble iodine speciation and the extent
to which iodine is recycled back to the gas-phase. For example, the halogen activation reactions
depend on aerosol acidity, which convert I – , Br – , and Cl – to volatile dihalogen species that escape
to the gas-phase (Vogt et al., 1999) (reaction 12; X,Y= I, Br, Cl).
HOX + Y− + H+ −−→ XY

(12)

Some of the chemical mechanisms that are investigated in the experimental runs (section 3.1.3)
are also pH-dependent. Thus, the simulated pH has to be carefully validated in order to assess the
relevance of these mechanisms. However, pH was not measured for the aerosol samples taken during
the OASIS cruise and thus a direct comparison cannot be made. Instead, simulated pH values are
assessed based on comparisons with the work of Pechtl et al. (2007) and pH values measured during
other field campaigns.
pH of Sea Salt Aerosols The simulated pH values of the sea salt aerosols near the surface ranges
between pH 6.9 and 8.8, which is slightly higher than the pH of ∼ 6 that was found by Pechtl et
al. (2007) (figure 20B). Nevertheless, the pH range seems realistic, considering that the current
study has reproduced high observed wind speeds, which means that more sea salt particles will
enter the MBL (Smith et al., 1993) and the pH range is similar to the pH of sea water (pH ∼ 8.1).
It further agrees well with the pH values between 7 and 8.7 found in other field studies (Winkler,
1980). Shortly after the production of sea salt aerosols, they are expected to dehydrate during
equilibration with ambient relative humidity, which results in a decrease in pH (Keene et al., 1998).
Additionally, the uptake of acidic gases, such as HNO3 and H2 SO4 , acidifies the sea salt aerosol
over time. As no significant effects of sea salt aerosol acidification can be seen here, it indicates
that the flux of fresh sea salt particles appears to dominate the simulated pH of the entire sea salt
aerosol bin. This also explains the simulated decrease in sea salt aerosol pH with height, especially
in the first 200 m, as these aerosols are farther from the sources that counter aerosol acidification of
the entire aerosol bin (Pechtl et al., 2007) (figure 21). Above altitudes of 200 m, however, the pH
somewhat increases again. It can be explained by the liquid water content, which strongly increases
with altitude and dilutes the H+ concentrations. A large difference is seen for pH values during the
day (12:00) and at night (00:00), with those simulated during the day being much lower compared
to simulated nocturnal pH. This is a complex phenomenon that occurs when aerosols gain more
liquid water content and must simultaneously maintain the equilibrium between H+ and Cl – by
taking up more HCl (von Glasow & Sander, 2001). Even though this process also happens at night,
the enhanced relative humidity at night results in dilution effects in aerosols that exceed the uptake
of HCl. These phenomena were not observed by Pechtl et al. (2007), because they did not have any
cloud formation in their modelling study.
It should be noted that the simulated pH of the sea salt aerosols seems to be rather unstable,
both over time (figure 20B) and over height (figure 21). This feature potentially points at some
numerical issues within these simulations of MBL aerosol cycling, which is something that is not
yet well understood and requires further investigation (Appendix 6.7).
pH of Sulphate Aerosols pH of sulphate aerosols is expected to be between about 1 and
3 (Winkler, 1980; Keene et al., 1998). However, the pH simulated for the sulphate aerosols is
on average -0.45 (figure 20). Recordings of negative pH values are uncommon, as they cannot be
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Figure 20: Average pH values over 50 m height for A) sulphate aerosols and B) sea salt aerosols
for the BASE run.

Figure 21: Vertical profile of pH values for A) sulphate aerosols and B) sea salt aerosols over a
height of about 700 m for the BASE run. The vertical profile at time points 00:00 and 12:00 are
plotted for day 3. The average is plotted for the last four days of simulation time. The grey area
indicates the range of the standard deviation on either side of the average pH.
measured, but are certainly possible (Lim, 2006). Pechtl et al. (2007) found a pH of 0.5 for sulphate
aerosols in their modelling study with MISTRA. The extremely low simulated pH in the current
study is likely due to the very low simulated liquid water content in the sulphate aerosol bin (around
5 10−12 m3liq m−3
air ), the cause of which is currently unknown (Appendix 6.7). The sulphate aerosol
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chemistry is nevertheless calculated by the model, as the liquid water content exceeds the threshold
set for its activation. Aerosol pH values can be < 1 in low relative humidity conditions (Winkler,
1986). The relative humidity at 10 m height in the current study is about 79 %, but most of the
liquid water resides in other chemical bins, rather than in the sulphate aerosol bin. As the liquid
water content increases with altitude (figure 15A), so does the pH of the sulphate aerosol (figure
21A). The validity of these conditions has been carefully assessed and it has been concluded that
the sulphate aerosol chemistry can be further analysed, although with care. Nevertheless, this is a
topic that should be further investigated in the future for the development of MISTRA (section 4).
Options include the implementation of more chemical sub-bins, each with their own liquid water
content threshold for the activation of aerosol chemistry, thereby capturing some more of the water
content distribution within each chemical bin; introducing a more detailed activity computation;
and addressing some uncertainties of heterogeneous reactions regarding strong acids and bases on
dry aerosols (pers. comm. Josué Bock).
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3.3

Modelling Results and Discussion

In order to thoroughly investigate complex interactions between aerosols and gas-phase chemistry
in relation to the field observations for the Indian Ocean aerosols, this section on the MISTRA
modelling results is limited to the near-surface levels. As the aerosol iodine speciation measurements
of the OASIS cruise were carried out close to the sea surface (10 m), only the model results for the
lowest 50 m (average of the lowest 5 layers) are presented. The vertical gradient for aqueous iodine
species within this altitude range is almost zero and thus closely represents the absolute values at
10 m height. Processes that happen at higher altitudes in the MBL, including the impact of cloud
formation at these levels, is outside the scope of this analysis.
The results of the modelling experiments with MISTRA are shown for both sulphate and sea salt
aerosols. The iodine speciation, with emphasis on IO3 – and I – concentrations, is discussed first in
combination with complex interactions with gas-phase species (section 3.3.1). The diurnal patterns
of the iodine species, the relative speciation between aerosol types, and the impacts of chemical I –
-enhancing as well as IO3 – -reducing mechanisms are discussed in this order. The purpose of this
section is not only to study the relevant chemical mechanisms, but also to understand how these
mechanisms behave in MISTRA. The impact on O3 concentrations in the MBL is elaborated on
separately (section 3.3.2), after which the main findings are summarised (section 3.3.4).
3.3.1

Aqueous Iodine Speciation

Diurnal Cycles of Species In the gas-phase, a strong diurnal cycle is simulated for all iodine
gas species (figure 22). Except for I2 , all mixing ratios for iodine gas species increase during the
day and heavily decrease during the night. This is due to their chemical production mechanisms,
which directly or indirectly depend on the photolysis of iodine gas precursors, such as I2 , CH3 I,
CH2 ClI, and CH2 I2 , and the mixing ratios of oxidants, such as OH and HO2 .
The simulated diurnal pattern of gas-phase species are partly responsible for the strong diurnal
pattern of the concentration of soluble iodine species in aerosols (figure 23). IO3 – concentration
increases during the day (figure 23A, B) along with HIO3 gas mixing ratios (figure 22E). The latter
can be an important source for IO3 – in aerosols in the BASE run (Pechtl et al., 2007). Surprisingly,
IO3 – concentration in sea salt aerosols decreases during the night, even though the BASE run does
not include a chemical sink for IO3 – (figure 23A, B). This trend is a consequence of cloud formation
and its stratifying effect on the MBL. The radiation balance during the day causes the cloud layer
and subcloud layers to be strongly decoupled, whereas this decoupling collapses during the night
when there is a smaller surface heat flux (von Glasow et al., 2002b) (figure 15A). Consequently, the
MBL is much better mixed during the night and the enhanced humidity allows aerosols to grow.
The lower IO3 – concentration in the aerosols during the night is thus not due to a chemical sink, but
due to a micro-physical loss of aerosols that ’grow towards’ the droplet bin. This explanation of the
mechanism involved in the simulated nocturnal decrease in IO3 – in the aerosol phase is confirmed
by the opposite diurnal cycle found for IO3 – concentrations in the corresponding droplet bins
(Appendix 6.8). The chemical sources for IO3 – are substantial enough to cause a net accumulation
over time. Simulated I – and HOI concentrations show a similar diurnal pattern to each other
(figure 23B, C; note that the simulated I – concentration for the BASE run is so low that it is not
visible in the figure, but a pattern similar to the ones obtained in other runs exists (Appendix 6.8)).
The sharp peak in the early morning is due to the build-up of gaseous I2 during the night, which
rapidly photolyses when the sun rises (figure 22A). The resulting iodine atoms are oxidised by O3 ,
a fraction of which ends up in HOI, HIO3 , and HI (figure 22D, E, F). These gas species are taken
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up by aerosols through heterogeneous reactions or gas-particle exchange (e.g. reactions H14 and
H18, table 8). Before noon, however, I – and HOI concentrations rapidly decrease, which can be
explained by a combination of the heavily decreased I2 concentration, photolysis (which also affects
HOI), and the storage of soluble iodine in IO3 – . After sun set, both I – and HOI concentrations
in the aerosol decrease before accumulating again. A likely reason for the simulated decrease is
similar to the ’micro-physical’ loss for IO3 – , as described above. However, the lack of photolysis
allows I2 to recover, which is one of the sources for HOI in the gas-phase, causing a net increase
in I – and HOI concentrations in aerosols over night. The simulated aerosol DOM concentration
decreases during the day, as it reacts with OH, chlorine atoms, and bromine atoms, all of which
increase during the day and cease being produced at night (figure 23G, H).

Figure 22: Average concentrations over 50 m height above the surface for A) I2 , B) IO, C) OIO,
D) HOI, E) HIO3 , and F) HI mixing ratios for 4 days. Vertical coloured areas indicate night time.

Relative Concentrations Between Aerosol Types The reason why it is constructive to compare the sulphate and sea salt aerosols to each other is because their production and thus their
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Figure 23: Average concentrations over 50 m height above the surface for A) IO3 – , C) I – , E) HOI,
and G) DOM in sulphate aerosols and B) IO3 – , D) I – , F) HOI, and H) DOM in sea salt aerosols
for 4 days. Vertical coloured areas indicate night time. Grey horizontal bars indicate the range of
the average±standard deviation of the observations (only available for IO3 – and I – ). The range
of observational values are not visible for the sulphate aerosols, as the IO3 – and I – concentrations
in the samples are too low and too high, respectively, compared to the simulations.
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chemical composition can be very different, which may strongly influence the iodine speciation.
MISTRA enables analysis of these processes as a function of the different chemical compositions
of the aerosol bins. When comparing the speciation between the sulphate and sea salt aerosols for
the BASE run, some striking differences are immediately apparent (figure 23). First, the simulated
DOM concentration is 3 orders of magnitude larger in the sea salt aerosols than in the sulphate
aerosols (figure 23G and H). This is puzzling at first, because the initial aerosol fraction for sea salt
aerosols was defines as being 10 times lower than that for sulphate aerosols. Additionally, sea salt
aerosols have lower particle number concentrations. However, whereas new sea salt aerosol loading
is added to the MBL by sea water bubble bursting mechanisms, sulphate aerosols do not have a
continuously replenishing source of DOM. Condensation of gases or vapours that could potentially
be precursors to DOM in aerosols is not included in the model runs and is not even implemented in
the nucleation scheme, which only takes a limited number of condensable gases into account (Pechtl
et al., 2006). Hence, the initial DOM concentrations in sulphate aerosols are depleted.
A second striking simulated difference between the different aerosol bins is that the I – concentration is much lower in the sulphate aerosols with an average concentration of 6.7 10−7 pmol m−3
compared to 7.4 10−3 pmol m−3 in the sea salt aerosols (figure 23C and D). This can be explained
by the high acidity levels of the sulphate aerosol, which strongly stimulate the halogen activation
reactions that form I2 , ICl, and IBr from I – (I1, I4, and I5). The difference in HOI concentrations
are likewise explained according to reactions I1, I2, and I3 (figure 23E and F).
A third striking result is that there is a large simulated difference in the IO3 – concentrations
between the aerosol types. IO3 – concentration in the sulphate aerosol bin is about 40 times larger
than those in the sea salt aerosol bin (figure 23A and B). Compared to the work by Pechtl et al.
(2007), IO3 – concentration for the sea salt aerosols in the BASE run is about 4 times lower, but
the one for the sulphate aerosols is about 4 times higher. This can partly be due to a variety of
factors, such as markedly different initial mixing ratios of gases, emission rates of iodo-carbons, and
meteorological conditions, including a lack of cloud formation in the work by Pechtl et al. (2007).
However, the most important reason might be due to the sulphate aerosol chemistry. The sulphate
aerosols are smaller and have a much higher particle concentration than the sea salt aerosols. Thus,
the total surface area is likely larger. Sulphate aerosols therefore scavenge gas-phase iodine species,
such as HIO3 , much more efficiently, which end up as IO3 – in the aerosol phase. Specifically, during
the spin-up time, the uptake of HIO3 in the sulphate aerosols is twice as fast as in the sea salt
aerosols (figure 24). Since there is no chemical sink for IO3 – introduced yet, it simply accumulates.
Even though these results are consistent with the model hypothesis and simplifications, such high
simulated IO3 – concentrations appears to be unrealistic for clean, open ocean conditions without
any particularly strong iodine sources to the atmosphere.
It is very likely that the unrealistic IO3 – concentration simulated within the sulphate aerosols is
related to unresolved issues on the low liquid water content and pH levels of the sulphate aerosols
(see a discussion on unresolved issues for MISTRA in Appendix 6.7). Additionally, the formation
and uptake of HIO3 (Plane et al., 2006; Pechtl et al., 2007), as well as the relative contribution of
HIO3 uptake to IO3 – concentrations in this modelling study (section 3.3.3), are highly uncertain.
Besides IO3 – , other soluble iodine species in the BASE run, such as I – , compare well with the
findings in the work by Pechtl et al. (2007).
Effect of DOM-HOI Interactions Prior to this analysis, the addition of the Dushman reactions
(reactions I14a, I15, and I15a) to the BASE run alone was tested to study the effect on iodine
speciation. No significant difference with the BASE run was observed for any of the species,
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Figure 24: HIO3 uptake rate by A) sulphate aerosols and B) sea salt aerosols for 5 simulation days
(including spin-up time) for the BASE, DOM, and DUSH-DOM runs.
including IO3 – , which is why these results are not shown here. The reason that the simulated IO3 –
concentration was not reduced is different for the sulphate and sea salt aerosols. In the sulphate
aerosols, the net Dushman reaction is likely limited by the low simulated I – concentrations, whereas
in the sea salt aerosols low simulated I – and H+ concentrations are limiting factors in this chemical
mechanism. Compensation by the uptake of HIO3 is not considered significant, as no change was
found in its mixing ratio.
When only the reaction between DOM and HOI is added in the aqueous reaction mechanism
(run DOM ), all iodine species are heavily affected. Reaction I18 leads to a dramatic, but expected,
increase in the simulated I – concentration, increasing by four orders of magnitude in both aerosol
types (figure 23C and D). Simulated HOI concentrations decrease accordingly (figure 23E and F).
I – has become an additional and effective competitor for DOM, which constrains the reactions
between DOM and, for example OH. However, since DOM is destroyed when it reacts with OH but
not when it reacts with I – , the net result is that its simulated concentration increases (figure 23G
and F). This means that more DOM is available to react with HOI and produces I – in the next
time step, creating a self-enhancing effect. This effect is not expected to be realistic on longer time
scales, as it will eventually seriously constrain the availability of HOI. The interaction between I –
and DOM further reduces the simulated IO3 – concentration by about 5 % in the sulphate aerosols
and about 32 % in the sea salt aerosols. This finding can again be explained by the increased
competition for HOI, which plays a crucial role in IO3 – formation through the following reactions,
where X = I, Cl, or Br:
HOI + HOX −−→ HIO2 + X− + H+

(13)

HIO2 + HOX −−→ IO3− + X− + H+

(14)
–

Additionally, an indirect reducing effect of reaction I18 on simulated IO3 concentration is that
the reduced HOI concentration in the aerosol phase results in less release of IX to the gas phase
(except for I2 , which increases; X=Cl, Br). Pechtl et al. (2007) described that this leads to a
smaller simulated production of HIO3 in the gas-phase (figure 22E). Compared to the BASE run,
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I2 mixing ratios in the DOM run have increased with on average about 90 % at night due to the
enhanced release from the aerosol phase according to the halogen reaction involving I – and HOI:
HOI + I− + H+ −−→ I2

(15)
+

Even though the sea salt aerosols have a lower simulated H concentration than the sulphate
aerosols, they are much less limited in the abundance of I – and HOI in the DOM run. This leads
to faster reaction rates of reaction 15. The greatest contribution to simulated I2 emissions from
aerosols in this case is thus from sea salt aerosols even though the sulphate aerosols are more acidic.
Effect of the Net Dushman Reaction The effect of the net Dushman reaction will first be
discussed for the sea salt aerosols. When both the net Dushman (IO3 – reducing) and the DOMHOI (I – producing) reactions are included in the chemical scheme (run DUSH-DOM ), an average
simulated enhancement for IO3 – depletion of only about 0.2 pmol m−3 occurs compared to the
DOM run (∼ 3 %). Despite a higher simulated I – concentration, the impact on the simulated IO3 –
concentration is very small due to the limiting H+ concentration in sea salt aerosols (Pechtl et al.,
2007). The small IO3 – reducing effect of the Dushman mechanism in the sea salt aerosols is also
partly compensated by slightly enhanced simulated production and uptake of HIO3 compared to
the DOM run. The latter can be explained by the higher OIO mixing ratio (section 3.3.2), which
reacts with OH to form HIO3 . The higher simulated I – concentration in sea salt aerosols for the
DUSH-DOM run is counter-intuitive, because it is consumed in the net Dushman reaction, even
if it is relatively slow. Its enhancement can be traced back to the enlarged peaks in simulated HI
concentration in the gas-phase (figure 22F) and its subsequent enhanced uptake by the sea salt
aerosol (Appendix 6.8), which results in I – :
HI −−→ I− + H+

(16)

The simulated production of HI relies on iodine atoms that are released through photolysis of,
for example, I2 , whose concentration also increases in the DUSH-DOM run (figure 22A). I2 is a
product of the net Dushman reaction, but the reaction rate of the latter is too slow in the sea salt
aerosols to account for the substantial increase in simulated I2 . The reaction rate of reaction 15 in
the sea salt aerosols is not significantly different between the DOM and DUSH-DOM runs and thus
does not offer an explanation. Rather, the enhanced I – concentration in the sea salt aerosols is an
indirect effect of the sulphate aerosol chemistry. Since the sulphate aerosols have high simulated
concentrations of both IO3 – and H+ , the net Dushman mechanism is faster in the sulphate aerosols
than in the sea salt aerosols. The result is an average decrease in IO3 – concentration of about
25 pmol m−3 in the DUSH-DOM run compared to the DOM run (∼ -4 %). As the net end product
of the Dushman reaction mechanism is I2 , the additional increase in simulated I2 mixing ratio in
the DUSH-DOM run can mostly be attributed to the enabled iodine release of the large IO3 – pool
in the sulphate aerosols. Interestingly, the I – that was gained by the sulphate aerosols through
the interactions between HOI and DOM in the DOM run is almost completely lost again in the
DUSH-DOM run. This cannot be explained by the reaction rate for reaction 15, because it strongly
decreases in the DUSH-DOM run compared to the DOM run. Thus, the simulated loss of I – is
likely due to its consumption in the chemical sink for IO3 – .
Comparison of MISTRA to Observations for Indian Ocean Aerosols The comparison between the iodine speciation simulated by MISTRA and the observations of soluble iodine speciation
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in the Indian Ocean aerosols collected during the OASIS cruise is not straightforward. MISTRA
provides concentrations over time at a fixed geographical point, while the iodine concentrations
measured in the Indian Ocean aerosol samples is integrated over time (2-5 day sampling duration)
and space (progressing cruise track and changing origins of air masses). Hence, the observational
analysis does not provide information on the diurnal pattern of the iodine species concentrations,
which thus renders validation of the diurnal pattern simulated by the model impossible. Nevertheless, a comparison between the simulations by MISTRA and the observations is attempted by using
the range of the average concentrations ± the standard deviations and comparing this to the range
of concentrations simulated over time by MISTRA. The average of each soluble iodine species in the
fine and coarse mode aerosols is calculated from the analytical concentrations of all aerosol samples
collected during the OASIS cruise, as all sampled air masses were deemed similar in terms of type
and origin (sections 2.2.1 and 2.2.3). The observations for iodine speciation in the fine mode aerosol
samples are compared to the iodine speciation in the sulphate aerosols in MISTRA. Likewise, the
observations for the coarse mode aerosol samples are compared to the simulated sea salt aerosols.
As explained in section 2.2.3, the IO3 – :I – ratio gives information on the relative abundance of
these two species, which can provide insights into the iodine accumulation and depletion mechanisms
in aerosols. These are important to understand in order to assess the rate of iodine recycling between
the aerosol and the gas-phase, which determines the impact of iodine chemistry on O3 destruction
rates in the MBL. In the simulated sea salt aerosols, average IO3 – :I – ratios are unrealistically
high in the BASE run, being of the order of 104 . This strong discrepancy is mainly attributable
to the low simulated I – concentration, which is far below the experimental detection limit, while
I – concentration was measured above this detection limit in most samples (section 2.2.3). The
simulated IO3 – :I – ratio greatly improves in the DOM run with a value of about 1.4. In the DOM
run, the IO3 – :I – ratio goes down to about 0.1 in the morning when the simulated IO3 – concentration
is at its lowest due to the preceding transfer of growing aerosols to the droplet bins at night, as well
as due to the peak in simulated I – concentration due to the rapid photolysis of iodine gas species as
the sun rises. The average simulated ratio remains around 1 in the DUSH-DOM run. Even though
these relative concentrations are more realistic than what was found in the BASE run, MISTRA
over-estimates, instead of under-estimates, aerosol I – concentration in the DOM and DUSH-DOM
runs compared to observations (figure 23D). Simulated IO3 – concentration has not yet stabilised
in the DOM and DUSH-DOM, but its value agrees well with the range of coarse mode aerosol
observations (figure 23A).
In the sulphate aerosols, the simulated IO3 – and I – concentrations are heavily over- and underestimated in the BASE run, respectively, resulting in average simulated IO3 – :I – ratios in the order
of 1012 (figure 23A, C). The IO3 – :I – ratio remains unrealistically high in the DOM and DUSH-DOM
runs with an average value of about 9x107 and 6x108 , respectively. These simulated implausible
IO3 – :I – ratios, as well as the simulated absolute concentrations, are not at all representative of the
soluble iodine speciation observations for the fine mode aerosols analysed in this study.
Briefly, MISTRA reproduces realistic IO3 – :I – ratios for the sampled coarse mode Indian Ocean
aerosols, but over-estimates the I – concentration by a factor of about 10. Regarding the soluble
iodine speciation for the fine mode aerosols, MISTRA is currently unable to reproduce realistic
absolute and relative IO3 – and I – concentrations, as it greatly over- and under-estimates them,
respectively. This finding is thought to be related to the unresolved issues regarding the low
simulated pH values of the sulphate aerosols and the low liquid water content (Appendix 6.7),
although the exact process that leads to these results has not yet been identified.
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3.3.2

Impact on Ozone

In this section, the effect of the iodine speciation and the different chemical mechanisms on O3
destruction, in which iodine chemistry in the MBL may play an important role, is investigated.
The simulated O3 concentration decreases by a striking 37 % in the DOM run compared to the
BASE run. The magnitude of this impact is similar to results of other modelling studies dedicated
to the impact of the entire iodine chemistry on the O3 mixing ratio (Read et al., 2008; Mahajan et
al., 2010). The further addition of the net Dushman reaction increases this difference by another
∼3 %. The simulated O3 reduction can be attributed to the enhanced recycling of iodine from the
aerosol to the gas-phase, mainly in the form of I2 that is produced from the increased simulated
concentration of I – . Important to mention here is that the reaction rate constant used for reaction
I18 is highly uncertain and likely on the high-end of the range of values considered to be realistic
(Pechtl et al., 2007).
The simulated IO mixing ratio during the day is higher as O3 reacts with iodine atoms that
have been photolysed from the increased I2 gas (figure 22B). Simulated OIO is formed by the IO
self-reaction, but in contrast to IO, it does not show a clear increase during the day even though
its morning peaks have increased slightly (figure 22C). The lack of change in its mixing ratio is due
to its rapid photolysis rates and its reaction with OH that forms HIO3 , and its simulated uptake
by aerosols and droplets.
According to findings in the modelling work by Mahajan et al. (2010), it is expected that
the simulated HO2 :OH ratio decreases when the halogen recycling rate between the aerosol and
gas-phase increases. Indeed, IO reacts with HO2 to form HOI (reaction 17), which subsequently
photolyses to OH. Likewise, the simulated NO2 :NO ratio is expected to increase, because IO oxidises
NO to NO2 (reaction 18) (Mahajan et al., 2010). However, the exact opposite effect happens in
both simulated ratios when comparing the DOM run to the BASE run (table 10). Concurrently,
the simulated mixing ratios of HO2 and OH both decrease and those of NO2 and NO increase in
absolute values in the DOM run (results not shown).
Run
BASE
DOM

HO2 :OH
47.0
60.5

NO2 :NO
6.6
4.5

Table 10: HO2 :OH and NO2 :NO ratios for the BASE and DOM runs based on maximum values
during day 3 of the model simulation time at 10 m height.

IO + HO2 −−→ HOI + O2

(17)

IO + NO −−→ I + NO2

(18)

The following reactions may be an explanation for the simulated decrease in the mixing ratios
of HO2 and OH. Reaction 19 is a sink for OH. This means that the rate for reaction 20 is not
only slowed down by a lower O3 mixing ratio, but also by less OH. The simulated HI mixing ratio
increases due to the higher availability of iodine atoms, resulting from the faster recycling processes
induced by the interaction between DOM and HOI. This means that HO2 is also consumed in
reaction 21. The fact that the simulated HO2 :OH ratio increases implies that the OH mixing ratio
decreases faster than the HO2 mixing ratio in the simulations.
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I2 + OH −−→ HOI + I

(19)

OH + O3 −−→ HO2 + O2

(20)

I + HO2 −−→ HI + O2

(21)

As for the nitrogen species, the increase in simulated mixing ratios for both NO2 and NO may
be a consequence of the lower O3 , HO2 , and OH mixing ratios, which slow down the formation
of NO3 , HNO3 , and HNO4 . Enhanced simulated concentrations of nitrogen gas species cannot be
explained by equilibria and exchange processes between the aerosol and gas-phase. The simulated
decrease in the NO2 :NO ratio implies that the NO concentration increases faster than the NO2
concentration, which may be caused by the involvement of NO2 in the formation of INO2 (reaction
22) and INO3 (reaction 23 and 24), which have been enhanced by the faster recycling of iodine
between the aerosol and the gas-phase:
I + NO2 −−→ INO2

(22)

IO + NO2 −−→ INO3

(23)

I2 + NO3 −−→ INO3

(24)

Note that the reaction rates of the relevant reactions invoked in the explanation for the changes
in HO2 :OH and NO2 :NO ratios have not been analysed due to time constraints for this project.

Figure 25: Average ozone mixing ratios over 50 m height for the BASE, DOM, and DUSH-DOM
runs.

3.3.3

Role of HIO3 and DOM

HIO3 Uptake One of the sources for IO3 – in the aerosols is the uptake of HIO3 , which is
represented in MISTRA according to the following heterogeneous reaction:
HIO3 −−→ IO3− + H+
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(25)

Since the HIO3 is thought to be a major source for IO3 – in both aerosol types (Pechtl et
al., 2007), the simulated aerosol iodine speciation was studied in a case where the uptake rate of
HIO3 was reduced by an order of magnitude (LESS-HIO3 run). This results in a reduction in the
simulated uptake of HIO3 of about 70 % in both the sulphate and sea salt aerosols compared to the
DUSH-DOM run (figure 26), while the production of HIO3 remains the same. However, a slower
HIO3 uptake rate did not change the IO3 – concentrations in the sulphate aerosol (figure 27). In
the sea salt aerosol, the simulated IO3 – concentration is slightly lower during the spin-up time, but
it reaches the same concentration as in the DUSH-DOM run by the second day (figure 27B). These
findings suggest that, in this modelling study, the HIO3 uptake can be a contributing, but not a
dominant source of simulated IO3 – in aerosols. Instead, other chemical sources for IO3 – dominate,
such as the following:
HIO2 + HOX −−→ IO3− + X− + 2 H+

(26)

–

The depletion rate of IO3 according to the net Dushman reaction did not have a compensating
effect in the LESS-HIO3 run, as its reaction rates did not change compared to the DUSH-DOM
run (Appendix 6.8).

Figure 26: Rate of HIO3 uptake in A) sulphate aerosols and B) sea salt aerosols for the BASE,
DUSH-DOM, and LESS-HIO3 runs. Note that the spin-up time is included in this figure, as it
greatly affects the amount of IO3 – found in the aerosols.
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Figure 27: Average IO3 – concentration over 50 m height for A) sulphate aerosols and B) sea salt
aerosols for the BASE, DUSH-DOM, and LESS-HIO3 runs over a simulation period of 5 days
(including spin-up time). Horizontal grey bar in (B) indicates the range of the average ± standard
deviations of the IO3 – concentration in the coarse mode observations for the Indian Ocean aerosol
samples. The range of observations is not visible for the sulphate aerosols, as the IO3 – concentration
in the samples is too low compared to the simulations.
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DOM Fraction Acknowledging the significant role that DOM may play in the aerosol and gasphase chemistry according to the representations in MISTRA, an important factor to consider is
the DOM fraction in the aerosol. In the current modelling study, a DOM fraction of 10 % aerosol
was added to the initial composition of sulphate aerosols and a 1 % fraction is added to that of sea
salt aerosol, following the set-up used by Pechtl et al. (2007). These fractions are quite arbitrary,
considering the large variability in soluble organic matter content of aerosols, which, in addition to
environmental factors and geography, also varies according to aerosol size (Jacobson et al., 2000;
O’Dowd et al., 2004; Facchini et al., 2008). Field observations have increasingly shown that organic
matter can be a substantial component in aerosols, affecting its chemical and physical properties
(Jacobson et al., 2000; Yang et al., 2004; Schmitt-Kopplin et al., 2012). The higher proportion of
DOM prescribed in the sulphate aerosols in the model is justified by observations that typically
show higher organic matter fractions in sub-micrometer aerosols compared to super-micrometer
aerosols (O’Dowd et al., 2004; Facchini et al., 2008). In periods of low biological activity, the
organic fraction measured at Mace Head ranged between 10 and 20 % of sub-micrometer aerosol
mass (O’Dowd et al., 2004). A study by Facchini et al. (2008) concluded that most organic matter
in aerosols due to sea water bubble-bursting mechanisms is water-insoluble and that water-soluble
organic matter likely enters the aerosol phase through secondary mechanisms. However, the DOM
fractions prescribed for the initial compositions of the aerosols in MISTRA are realistic according
to observational studies, such as O’Dowd et al. (2004) and Facchini et al. (2008).
To illustrate the dependency of the impact on O3 destruction by the DOM fraction of aerosols,
the DOM fraction was reduced by a factor 10 in an additional simulation with MISTRA, keeping
the chemistry scheme the same as in the DUSH-DOM run (LESS-DOM run). This resulted in an
average decrease in simulated O3 mixing ratios of only 4 % compared to the BASE run, which is less
than the decrease found for the DUSH-DOM run by a factor of about 9 (figure 28). These results
stress that the uncertainties related to both the DOM fraction, its relation to SOI concentrations
in aerosols, and the degree to which it may be a source to I – demand more sensitivity studies on
each mechanism.
3.3.4

Summary of Modelled Iodine Speciation Results

While the findings for the simulated iodine speciation in the sulphate and sea salt aerosols can
be explained by aerosol and gas-phase interactions, MISTRA is currently unable to reproduce the
observations regarding iodine speciation in the fine and coarse mode Indian Ocean aerosols. This
is especially true for the sulphate aerosols, which have extremely high simulated IO3 – and low
simulated I – concentrations. These results are likely related to unresolved issues with MISTRA in
its current settings, which lead to high simulated H+ concentrations in the sulphate aerosols and a
low liquid water content. Even though the range of IO3 – concentration simulated for the sea salt
aerosols agrees well with the observed range found for the coarse mode aerosols, the uncertainties
related to the sulphate aerosol chemistry might indirectly influence the representativeness of the
simulated chemistry in the sea salt aerosols by withholding large amounts of iodine in the form of
IO3 – . If the simulated production rate of IO3 – in the sulphate aerosol is invalid, then perhaps the
simulated IO3 – concentration in the sea salt aerosols represents the observations well for the wrong
reasons. I.e. it is not a better understanding of the aerosol iodine chemistry that led to a good
reproduction of the IO3 – concentration in the sea salt aerosols, but it is rather due to the fact that
the chemical conditions in the sulphate aerosols withhold the simulated iodine from the system.
The introduction of a chemical sink for IO3 – only had a minor effect in the simulated sea salt
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Figure 28: Average O3 mixing ratios over 50 m height for the BASE, DUSH-DOM, and LESS-DOM
runs for 4 days.
aerosols, as the net Dushman reaction was limited by low a H+ concentration. In the sulphate
aerosols, the simulated IO3 – concentration decreased, but the sink was essentially limited by a low
I – concentration. The difficulties in reproducing the IO3 – concentration lie not only in possible
chemical sinks, such as the Dushman reactions, but also in its sources. For example, despite the fact
that Pechtl et al. (2007) in their modelling study with MISTRA found that HIO3 is the dominant
source for IO3 – , the results of the current study suggest that the uptake of HIO3 does not control
most of the IO3 – levels found in either the simulated sulphate or the sea salt aerosols in the casespecific atmospheric and chemical conditions. Uncertainties related to the production of HIO3
further complicate the understanding of mechanisms that regulate the iodine speciation in marine
aerosols.
The implicit representation of SOI degradation as an additional source of I – strengthened the
simulated iodine cycling between the aerosol and gas-phase by enhancing I – concentration and
O3 destruction. However, this effect heavily depends on the simulated abundance of DOM in the
aerosols and the reaction rate between DOM and HOI, all of which are highly uncertain due to
unknown compositions of DOM and SOI in marine aerosols and their sources. In order to draw
more concrete conclusions about the extent to which DOM and SOI may have played a role in
the observations found for the Indian Ocean aerosols, it is required to investigate the abundance
of DOM in the surface waters that influenced the sampled air masses. For example, chlorophyll
concentration can be used as a proxy for the amount of organic matter in the sea water and
emissions of organic substances to the atmosphere. Unfortunately, these investigations could not
be done within the time-span of this study. According to the modelling experiments done with
MISTRA, it is nevertheless a topic to consider for a follow-up study.
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4

Discussion and Conclusions

This study on iodine speciation in marine aerosols combines observations for the Indian Ocean and
the application of the model MISTRA to study relevant chemical mechanisms and the interaction
between aerosol and gas-phase chemistry in the MBL. In this work, the first analytical results for
the Indian Ocean on aerosol iodine speciation are presented and thus contributes towards a global
overview of the variability in soluble iodine speciation in the MBL. The purpose is to understand
the recycling rate of iodine between aerosols and the gas-phase in order to better quantify its impact
on MBL O3 concentration. The Indian Ocean aerosol samples were collected on glass micro-fibre
filters and extracted with an orbital mixer at room temperature, thereby complying with the most
recent understanding of the most reliable method for iodine species concentration recovery (Baker
et al., 2000; Yodle, 2015). Based on the analysis of the background aerosol chemistry and the air
mass back trajectories, the sampled air masses are ascertained to be clean and from marine origin.
The main differences in soluble iodine speciation are found between fine and coarse mode aerosol
samples. These differences are considered to be related to different average net acidity levels between
the two aerosol size fractions, which is a feature that indirectly connects the iodine speciation to
aerosol production mechanisms, such as secondary gas-condensation or bubble-bursting processes.
With increasing observational data sets of iodine speciation in aerosols not only from different
ocean basins, but also different air mass types, it is becoming possible to analyse the aggregation
of marine aerosol iodine speciation data. In the near future, there may be enough data to compare
aerosol iodine speciation between, for example, different types of air mass types, hemispheres, or
seasons. Special consideration must be maintained for the method of aerosol collection (e.g. the
use of cellulose or glass micro-fibre filters) and extraction methods (e.g. ultrasonication or mixing),
as these may impose a confounding effect on the iodine speciation results. The current work is
limited to soluble iodine species in aerosols, but a substantial fraction of iodine species is likely
to be insoluble (Baker et al., 2000; Gilfedder et al., 2010; Xu et al., 2010; Zhang et al., 2015).
Therefore, a better understanding of iodine recycling between the gas- and aerosol-phases requires
urgent investigations regarding the sources, stability, and compositon of the insoluble iodine fraction
in aerosols.
To gain more insight into the relevant chemical mechanisms and the effect of these on the iodine
speciation and O3 mixing ratio, the Indian Ocean observations from the OASIS cruise are used
as a case-study in MISTRA. Specifically, the roles of a possible chemical sink for IO3 – in acidic
conditions and the degradation of SOI as an additional source for I – have been evaluated. It is the
first re-introduction of MISTRA after further developments made by Dr. Josué Bock, which extends
the purpose of this study to additionally identify aspects of - and representations in - the model.
It stimulates further development to make MISTRA suitable in a large variety of applications and
case-studies.
In terms of reproducing the aerosol iodine speciation observations, the model performs relatively
poorly, especially for the fine mode, sulphate aerosols. The interactions between the chemistry of
the aerosols and the gas-phase implies that the unrepresentative simulated iodine chemistry in the
sulphate aerosols may have affected the much better reproduction of the observations for the coarse
mode, sea salt aerosols. The poor performance may be due to a number of factors. First, we do not
have a complete understanding of the iodine chemistry or the kinetics. The rate of various chemical
reactions and the identification of IO3 – and I – sources is still governed by many uncertainties.
These include the strength of the chemical sink for IO3 – via the net Dushman reactions in acidic
conditions (Pechtl et al., 2007); the relative contribution of various aerosol and gas-phase iodine
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species to IO3 – and I – concentrations, such as HIO3 and SOI (Baker, 2005), respectively; and the
production of HIO3 (e.g. Plane et al., 2006) and SOI.
Second, many gas-phase species concentrations, such as those of IO, BrO, NOx , O3 , DMS,
CH4 , and COx , were measured during the OASIS cruise, but were unavailable for the current
study. These measurements are necessary to initialise the model more accurately with site-specific
data and to better validate the output. The lack of measurement data thus contributes to the model
uncertainties. For example, as shown in this study, aerosol iodine speciation may form a strong
interactive link between aerosol DOM fraction and O3 destruction in the gas-phase. The extent of
the impact on O3 depends on the abundance of DOM in the MBL, which has been shown to be
highly variable in previous studies (e.g. Jacobson et al., 2000; O’Dowd et al., 2004; Facchini et al.,
2008). Analyses of sea water dissolved organic carbon and other sea water parameters measured
during the cruise can indicate the feasibility of the way DOM abundance in aerosols is initialised in
MISTRA. However, these analyses would need additional investigations of other proxies for DOM
in sea water, such as chlorophyll concentrations, over the regions from which the sampled air masses
’originate’. In combination with the observational data on O3 concentration, the importance of the
relation between DOM, SOI, iodine recycling, and O3 destruction can then be better validated for
this particular case-study.
Third, even though cloudiness occurred during the cruise, the cloud formation simulated in the
model may have affected the iodine aerosol and gas-phase chemistry. The bromine and chlorine
chemistry and speciation throughout the MBL is heavily affected by the presence of droplets, as
previously demonstrated in the work with MISTRA by von Glasow et al. (2002b). Examples of such
affects of cloud presence on halogen chemistry are completely different simulated diurnal cycles and
faster recycling rates. However, such an analysis has not yet been done for iodine and thus possible
mitigating factors of cloud formation in MISTRA could not be taken into account in the current
study.
Fourth, a number of unresolved issues with MISTRA still exist, which implicate the comparison
between the simulated and observed aerosol iodine speciation. Currently, the main issues are
thought to occur in the simulated interaction between the micro-physics and the chemistry of the
sulphate aerosol bin. One possible manner in which the sulphate aerosol bin loses a lot of liquid
water content is by sulphate aerosols that ’grow into’ the respective droplet bin, but do not shrink
back to the sulphate aerosol bin (pers. comm. Josué Bock). In any case, the result is a simulation
of a particularly dry sulphate aerosol bin, which nevertheless exceeds the liquid water threshold for
the aerosol chemistry to occur. This technical switch in the model is based on the total liquid water
content of the entire chemical bin and does not take the distribution of liquid water content over
the 2D particle size spectrum into account. Splitting up each chemical bin into smaller size ranges
and performing a test that compares the liquid water content within each ’sub-bin’ to a threshold
is unfeasible in terms of computing costs. An intermediate approach could be to introduce a more
complex liquid water content threshold that takes the internal distribution within each chemical
bin into account (pers. comm. Josué Bock). These options are worth looking into, as the low
liquid water content is expected to be one of the main causes of diagnostically calculated low pH
values for the sulphate aerosol bin. Many aqueous reactions, including those that play a crucial
role in the recycling of iodine back to the gas-phase, depend on the pH of the aerosol. Thus, a
pH that is too low may over-estimate the iodine recycling and hence possibly also the level of
O3 destruction in the MBL. An additional factor that may play a role in the computed low pH
values is the implementation of heterogeneous reactions, to which higher uncertainties are associated
compared to other reactions. The gases that participate in such reactions are strong acids and may
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thus strongly affect H+ concentrations in the chemical bins. Hence, in order to solve these issues,
the assumptions made in the model regarding the threshold for aerosol chemistry activation and
heterogeneous reactions must be reconsidered.
Last, nucleation processes have not been included in the model runs in the current study due to
time-limitations. Pechtl et al. (2006) developed a nucleation module for MISTRA that allows the
user to include ternary H2 SO4 - NO3 - H2 O and/or homogeneous OIO nucleation and condensation
onto existing particles. These processes interact with the micro-physical module, which feeds back
to the nucleation module. It has been shown that OIO may be an important factor in new particle
formation in clean, marine conditions (Pechtl et al., 2006). As the conditions in the current case
study correspond to the clean conditions set in the work by Pechtl et al. (2006), OIO nucleation
might have been a relevant and significant loss for OIO mixing ratios in the gas-phase. Even though
the nucleation module in MISTRA has been developed in a way that condensed OIO through the
nucleation processes does not participate in the aqueous chemistry and that therefore these processes
are a sink for OIO (Pechtl et al., 2006), the lower availability of OIO in the gas-phase could indirectly
affect the aerosol chemistry. For example, an additional sink for OIO means that less atomic I is
produced through the photolysis of OIO, which affects the production of other iodine gas species,
such as HI, which affect the I – concentration in aerosols through less uptake of HI. OIO is also a
reactant in the formation of HIO3 , the uptake of which may be a source to IO3 – in the aerosols in
some cases (Pechtl et al., 2007). However, in the current study the dominance of HIO3 as a source
to IO3 – may not be significant and thus homogeneous nucleation of OIO may not have an effect on
the IO3 – concentration via this chemical route.
Considering all the implications that were encountered during the application process of MISTRA, the next step-by-step plan is proposed as a more effective approach to study the iodine
chemical cycle for specific case-studies like the one presented in the current work.
1. A first step would be to relieve the model of the specific meteorological boundary conditions
used in the case study and instead use settings that avoid cloud formation. It is advisable to
disable the aqueous-phase chemistry for the aerosols at this stage. Part of the considerations
should be the relevance and effect of a subsidence term and the strength of the inversion layer
in determining the height of the MBL.
2. Assuming that all the measurement data from the cruise are available, including the mixing
ratios of various greenhouse gases, the emission fluxes and initial gas mixing ratios can be set
in order to reproduce the observations in the most feasible and accurate way. If applicable,
advection terms for certain gases, such as O3 and NO2 , can be added.
3. The next step is to enable the aqueous-phase chemistry and to study the effect it has on the
gas mixing ratios. The total liquid water content within each aerosol bin should exceed the
threshold in order to activate the aerosol chemistry. Should the result be that the agreement
of mixing ratios of certain gases between the simulation and observations decreases, then the
emissions of gases should be adapted within the range in which it is feasible to do so. Other
possible explanations for the disagreement between simulation and observation should also be
considered. Examples are micro-physical aspects, such as the particle number concentration,
the liquid water content per aerosol bin, and the aerosol pH. At this stage, it would be interesting to investigate whether the unstable conditions found in runs throughout the development
process of the BASE run also occur. If the answer is positive, then the sensitivity of the
model to parameter changes must be tested to identify the source of the instabilities. Current
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suggestions of parameters include the liquid water content threshold for aerosol chemistry
activation, relative humidity, and the uptake of acidic gases. If the simulated aerosol species
concentrations are stable, then further step-by-step changes applied to the model to eventually obtain settings that reproduce specific site observations will reveal which factors in the
model lead to unstable chemical/micro-physical conditions. The simulated iodine speciation
can be compared to the observations. However, the performance of the model should not
yet be based on this analysis, as the site-specific meteorological conditions have not yet been
reproduced at this stage.
4. Once the aerosol chemistry is deemed realistic, an analysis should be done on the effect of
the presence of clouds on the iodine species concentrations, similar to what has been done
for chlorine and bromine by von Glasow et al. (2002b). The results can then be used in the
interpretation of the next runs.
5. The meteorological conditions can now be set according to what reproduces the best agreement
with the cruise measurements.
6. The role that ternary H2 SO4 -NO3 -H2 O and homogeneous OIO nucleation may have on both
the mixing ratios of gas-phase as well as the concentrations of aerosol speciation should be
tested.
7. As a final stage, changes in aerosol (or gas-phase chemistry) can now be tested with a more
complete understanding of various parameters in the model.
indeed, you have now a vertical system in which all the boxes are connected and where the vertical transport continuously breaks down the gradient and which further complicates interpretation
of the simulations of the box sources and sinks. If you could run the model simply for one box and
prescribing specific drivers of the chemical/aerosol sources and sink terms, this could really help in
testing the representation of those different model components.
An additional tool that can contribute to understand the responses of various variables in
MISTRA is running the model in a single box model mode. This can be done using a number of
switches that are incorporated in the modelling code and prescribing specific drivers of chemical
sources and sinks. Having only one box instead of 150 layers allows the user to directly test
the representation of various model components, as it removes the added complexity of vertical
transport that reduces the concentration gradient over the vertical system (pers. comm. Laurens
Ganzeveld).
Other aspects to be tested for the Indian Ocean case study include different atmospheric conditions, such as the difference between clean and polluted conditions. The air masses sampled
during the OASIS cruise were very clean. However, the origin of air masses may vary according to
seasonality and can transport polluted air over the Indian Ocean. A different background aerosol
chemistry alters the iodine speciation and may thus lead to subsequent effect on the gas-phase
chemistry in the MBL. MISTRA can be used to investigate the effect of these different conditions
on iodine recycling rates.
Even though the step-by-step approach to modelling a specific case-study with MISTRA (outlined above) was broadly followed, MISTRA should have first been tested in more general meteorological conditions (e.g. mid-latitude conditions in summer) without cloud formation, from which the
BASE run could have gradually been built. Nevertheless, the modelling activities have contributed
a great deal to personal learning objectives regarding modelling experience, as well as helped to
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understand the complexity of halogen cycling in the MBL. This research presents how MISTRA
as a one-dimensional, coupled modelling system can be used in support of field observations. It
illustrates the added value of MISTRA to study chemical interactions within aerosols, as well as
between aerosols and the gas-phase. These analyses can be used as a stepping stone to further
assess possible feedback mechanisms.
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6.1

Appendix
Appendix A: Air Mass Back Trajectories

(a) Air mass back-trajectory at start of sample
S01.

(b) Air mass back-trajectory about 24 hours into
sample S01.

Figure 29: Air mass back-trajectories for sample S01.
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(a) Air mass back-trajectory at end of S01 and
start of sample S02.

(b) Air mass back-trajectory about 24 hours into
sample S02.

Figure 30: Air mass back-trajectories for sample S02.

(a) Air mass back-trajectory at end of sample S02
and start of sample S03.

(b) Air mass back-trajectory about 24 hours into
sample S03.

Figure 31: Air mass back-trajectories for sample S03.
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(a) Air mass back-trajectory at end of sample S03
and start of sample S04.

(b) Air mass back-trajectory about 24 hours into
sample S04.

Figure 32: Air mass back-trajectories for sample S04.

(a) Air mass back-trajectory at end of sample S04
and start of sample S05.

(b) Air mass back-trajectory about 24 hours into
sample S05.

Figure 33: Air mass back-trajectories for sample S05.
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Figure 34: Air mass back-trajectory at end of sample S05.

(a) Air mass back-trajectory at start of sample
S09.

(b) Air mass back-trajectory about 24 hours into
sample S09.

Figure 35: Air mass back-trajectories for sample S09.
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(a) Air mass back-trajectory at end of sample S09
and start of sample S10.

(b) Air mass back-trajectory about 24 hours into
sample S10.

Figure 36: Air mass back-trajectories for sample S10.

(a) Air mass back-trajectory about 48 hours into
sample S10.

(b) Air mass back-trajectory about 72 hours into
sample S10.

Figure 37: Air mass back-trajectories for sample S10 (continued).
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(a) Air mass back-trajectory at end of sample S10
and start of sample S11.

(b) Air mass back-trajectory about 24 hours into
sample S11.

Figure 38: Air mass back-trajectories for sample S11.

(a) Air mass back-trajectory at end of sample S11
and start of sample S13.

(b) Air mass back-trajectory about 24 hours into
sample S13.

Figure 39: Air mass back-trajectories for sample S13.
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(a) Air mass back-trajectory at end of sample S13
and start of sample S14.

(b) Air mass back-trajectory about 24 hours into
sample S14.

Figure 40: Air mass back-trajectories for sample S14.

Figure 41: Air mass back-trajectory at end of sample S14.

77

6.2

Appendix B: Analytical Methods

This section covers the details on the laboratory analysis of the aerosol samples regarding instrumental drift, calibration, blank correction, and independent standards. This information is
supplementary to sections 2.2.1, 2.2.3, 2.2.4, and 2.2.5.
6.2.1

Instrumental Drift

Instrumental drift occurred in all almost all runs. However, this has been corrected for in the data
processing methods. To account for instrumental drift, standard concentrations were measured
before and after the samples. Briefly, the concentration of the samples are calculated twice: once
according to the calibration done with the standards run before the samples and a second time
according to the calibration done with the standards run after the samples. The concentration of the
sample was then calculated by weighing concentrations using both calibrations according to when
the sample was run through the IC-ICP-MS between the two calibrations. A linear instrumental
drift is assumed. For example, the sample run straight after the first calibration will be mostly
dependent on the first calibration, while the sample run last will be mostly dependent on the second
calibration. The exact calculations are described in the supplementary document (Laboratory Report
for Soluble Iodine Extraction and Quantification of Indian Ocean Aerosol Samples).
6.2.2

Calibration

In the first calibration of the blank run, the 20 nmol dm−3 concentration was lower than expected
and fell off the linear regression line. This was probably due to a bubble that entered the solution
between the IC and the ICP-MS or a sudden change in pressure. The chromatograph indeed shows
a sudden drop in signal (figure 42).

Figure 42: Chromatograph of standard sample (20 nmol dm−3 ) during the blank run. Drop in
signal, possibly due to a bubble that entered the solution, is indicated by the arrow.

6.2.3

Detection Limits for Iodine Species

The Laboratory Methods Report explains how the detection limits were calculated. The different
detection limits are shown in tables 11 and 12 for the IC-ICP-MS runs to measure iodate and iodide
and the ICP-MS runs to measure TSI, respectively. The individual detection limits calculated per
sample are not shown here.
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Blank Run IC-ICP-MS: IO3 – and I – Calibrated iodate concentrations were below detection
limit for all blank samples. Calibrated iodide concentrations were only below detection limit for
the following samples: S07.3W, S08.W, S08.3/4, SFB.S1, OASIS1, and OASIS2.
Sample Runs IC-ICP-MS: IO3 – and I – During the first sample run (SPEC10), no calibrated
concentrations for any sample was below detection limit, except for iodide in the coarse mode for
sample S01. The calibrated iodate concentrations during the second sample run (SPEC14) were
below the detection limit for samples S10.W and S10.6. The calibrated iodide concentrations during
the second sample run were below detection limit for samples S09.W, S14A.W (not injected during
SPEC14), S01.3/4, S14B.3/4, S10.1, S10.4, S10.5, and S10.6.
Out of all the samples that were measured twice (see section ??), only samples S14A.W and
S09.W had measurements below detection limit. Sample S14A.W was not injected properly during
the second sample run, so those calibrated values are discarded and values from the first sample
run are used instead, as also mentioned in section ??. The iodate results for sample S09.W are
chosen from the SPEC14 run, because the results from SPEC10 were unreliable. The values for its
iodide content were reliable from both runs. However, they were below the detection limit for the
second run (SPEC14). This is why the iodide results from the first sample run (SPEC10) are used
instead of the average of both sample runs.
Blank Run ICP-MS: TSI Only OASIS1 and OASIS2, which were the blanks made during
sample extraction, had values below the detection limit.
Sample Runs ICP-MS: TSI
Run
Blank (SPEC7)
Samples (SPEC10)
Samples A (SPEC14)

No samples had values below the detection limit.

Detection Limit IO3 – [pmol m−3 ]
0.23
0.58
1.03

Detection Limit I – [pmol m−3 ]
0.13
0.78
1.02

Table 11: Detection limits for iodate and iodide for all runs on the IC-ICP-MS for a hypothetical
sampled air volume of about 2500 m3 .

Run
Blank (0-10 nM)
Samples (0-100 nM)
Samples A (0-1000 nM)
Samples B (0-1000 nM)

Detection limit [pmol m−3 ]
0.023
0.10
0.99
0.89

Table 12: Detection limits for all total soluble iodine (TSI) runs on the ICP-MS for a hypothetical
sampled air volume of about 2500 m3 .
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–

IO3
<0.042
IO3 –
<0.16

Fine Mode
Error I –
Error
0.22 0.024
Coarse Mode
Error I –
Error
0.23 0.023

TSI
0.58

Error
0.011

TSI
0.65

Error
0.0073

Table 13: Blank correction terms and its errors for iodate and iodide for fine mode samples and a
hypothetical sampled air volume of about 2500 m3 . Units are in nmol/filter. The blank correction
terms for IO3 – are below the detection limit.
6.2.4

Blank Correction Terms for Iodine Species

6.2.5

Independent Standards

Recovery percentages for all independent standards range between 87.14 and 100.22 %. The high
recovery of the concentrations of the independent standards provide additional support for the
reliability of the methods and results in this research (table 14).
–

IO3
I–
TSI

IIS.A [nM]
144.53 (92.39)
75.74 (93.28)
220.27 (97.09)

ISS.B [nM]
48.32 (92.87)
25.32 (87.14)
73.64 (100.22)

500 nM IO3 – [nM]
NA
NA
507.05 (95.40)

500 nM I – [nM]
NA
NA
507.05 (87.74)

Table 14: Known concentrations of independent standards. Percentage recovery is given in brackets
[%]. NA = not analysed.
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6.3

Appendix C: Background Aerosol Chemistry - Major Ions

The chemical composition of the aerosols provide the context for the interpretation of the iodine
speciation results. This section briefly presents some of the major ions that were measured in the
aerosol samples. The sources of the major ions in the aerosols belong to primary or secondary
aerosol production processes, according to which this section is split up.
6.3.1

Major Ions Associated with Primary Aerosols

Sodium (Na+ ), magnesium (Mg2+ ), sea salt (ss-)sulphate (ss-SO42 – ), and chloride (Cl – ) are major
components in seawater (Seinfeld & Pandis, 2016). Sea spray and bubble-bursting processes are a
form of primary aerosol production and often contribute to the coarser aerosol size fractions. This
can clearly be seen in the data obtained for the Indian Ocean samples (figure 43). The coarse
mode fractions per sample range between 85-94% for Na+ , 94-99% for Mg2+ , 85-94% for ss-SO42 – ,
and 96-98% for Cl – . The same trends in concentrations between the samples are found for Na+ ,
Mg2+ , ss-SO42 – , and Cl – . Na+ and Cl – are, by far, the most abundant major ions in aerosols,
especially in coarse mode fractions. For example, Mg2+ and ss-SO42 – concentrations are lower than
Na+ concentrations by roughly a factor of 12 and 17, respectively. This is not surprising, as Na+ and
Cl – are the most abundant ions in sea water (Seinfeld & Pandis, 2016).
The abundance of sea salt aerosols is dependent on wind speed (Gong et al., 1997). However,
no significant correlation was found between Cl – , Na+ , Mg2+ , and ss-SO42 – concentrations versus
average wind speed per sample (Pearson correlation, α = 0.05; calculated over the aerosol collection
time; data not shown). This can be due to the small sample size, the non-linearity of the relationship,
or mediating effects of precipitation and aerosol radii (Gong et al., 1997).
Nss-potassium (nss-K+ ) has been identified as a tracer for biomass burning (Andreae, 1983),
which also plays a role in primary aerosol production (Allen & Miguel, 1995). Nss-K+ has only been
found to be above detection limits for fine mode aerosols (figure 44), which is consistent with results
for remote Atlantic Ocean aerosols (Yodle, 2015). Nss-K+ concentrations were undetectable for fine
mode fractions of samples 01, S05, and S09. Compared to a number of AMT cruises (Baker, Jickells,
Biswas, Weston, & French, 2006), the median values in the current data set are often smaller by at
least a factor of 10. However, compared to the AMT21 cruise, values are very similar for air mass
types that have very little continental influence (Yodle, 2015).
Regarding differences between the air mass types that were identified in this study, none of the
major ions associated with primary aerosol production have significantly different concentrations
(α = 0.05).
Bromide Bromide (Br – ) is the most dominant form of bromine in aerosols (Seinfeld & Pandis,
2016). For the coarse mode aerosol fractions, Br – concentrations fell below the detection limit,
except for samples S01, S05, S09, and S10 (figure 43). The fact that the highest Br – concentrations
are found in the the coarse mode aerosols can be explained by the most likely origin of larger aerosols
in the remote MBL, which is sea spray. Note that the highest Br – concentrations for coarse mode
aerosol samples also have the highest concentrations of other major ions associated with primary
aerosol production by sea spray (e.g. Cl – , Na+ , ss-SO42 – , (figure 43) and nss-K+ (figure 44)).
Accordingly, one might expect that most of the Br – would be found in the coarse mode aerosol,
similar to Na+ . However, unlike for Na+ , processes exist that recycle halogen species, such as
Br – , back to the gas-phase by the production of volatile di-halogen species (Sander et al., 2003;
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Figure 43: Profiles of atmospheric concentrations for fine and coarse mode fractions per aerosol
sample for Na+ , Mg2+ , ss-SO42 – , nss-Ca2+ , Cl – , and Br – . Concentrations below their detection
limits are indicated by an empty bar.Coloured boxes around the sample labels indicate to which
air mass the sample belongs to (blue=S.OCEAN, orange=BORDERS, red=EAST).
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Vogt et al., 1996, 1999). This process of volatilisation of halogens from the aerosol to the gasphase is enhanced in more acidic aerosols (Sander et al., 2003). However, the correlation between
Br – and excess acidity was insignificant, including for total values, and for fine and coarse mode
fractions (data not shown). The lack of correlation between Br – and excess acidity is not necessarily
inconsistent with data reviewed by Sander et al. (2003), because they looked at total concentrations
of bromine species and had actual pH values.
Br – was detectable for all fine mode aerosol samples, except for sample S11 (figure 43). Even
though its concentrations are much lower in the fine mode fraction compared to the detectable
concentrations in the coarse mode fractions, the fine mode fractions are on average relatively enriched in Br – compared to the amount of Na+ , while the coarse mode fractions on average have a
loss of Br – compared to sea water (section 2.2.4). Br – sources besides sea salt include relatively
minor sources, such as biomass burning, fossil fuel combustion, coal burning, and volcanic emissions (Sander et al., 2003). Once oxidised, these bromine gas species may condense onto fine mode
aerosols. This may happen relatively more on fine mode rather than on coarse mode aerosols, due
to a higher surface:volume ratio of fine mode aerosols (Sander et al., 2003). However, the marine air sampled in the current study was relatively clean and lacked concentrations of major ions
that might suggest substantial anthropogenic or continental influence. Additionally, no statistically
significant relation is found between the Br – concentrations and excess acidity for the fine mode
aerosol samples (Pearson correlation, α=0.05). These observations on the relative amount of Br –
remain largely unexplained in the current study.
Nss-Ca2+ Nss-Ca2+ in aerosols is used as an indicator of dust. No nss-Ca2+ is found in the fine
mode aerosol fractions. The concentrations found for nss-Ca2+ in the coarse mode aerosol samples
are about an order of magnitude lower than some aerosol samples for the Atlantic Ocean that were
affected by Saharan dust (Yodle, 2015). Whereas nss-Ca2+ might potentially affect the uptake of
certain iodine species (Yodle, 2015), its low concentration in the Indian Ocean samples indicate
that the iodine speciation was likely not significantly influenced by such mechanisms.
6.3.2

Major Ions Associated with Secondary Aerosols

A number of major ions are associated with secondary aerosols. As their precursors are released
into the atmosphere, they are oxidised and aggregate, condense, or bind to form or grow aerosols
(Seinfeld & Pandis, 2016). Major ions considered here include ammonium (NH4+ ), non-sea salt
-sulphate (nss-SO42 – ), nitrate (NO3 – ), oxalate (C2 O42 – ), and methane sulphonic acid (CH4 O3 S).
A common source for NH4+ and nss-SO42 – is biomass burning (Savoie et al., 1992; Andreae & Merlet, 2001; Baker et al., 2006). An additional source for NH4+ is fertilisation in agriculture (Seinfeld
& Pandis, 2016). NO3 – in the atmospheric aerosols has been linked to combustion processes. Interactions between emitted nitric acid or sulphuric acid with sea salt are a pathway to the aqueous
phase for these compounds (Andreae & Crutzen, 1997). C2 O42 – has a number of different sources,
which can be primary or secondary, and anthropogenic or biogenic. It can be an oxidation product
of volatile organic compounds (VOCs), but it has also been associated with combustion processes
(Yu, Huang, Xu, & Hu, 2005). These compounds can be a good indicator of levels of anthropogenic
influences and pollution in the sampled air masses.
Nss-Sulphate Nss-SO42 – concentrations were below detection limit for the coarse mode aerosols
in samples S01 and S11 (figure 44). Nss-SO42 – concentrations appeared to have negative values
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for the coarse mode of samples S04, S05, and S09. This means that the sea salt fraction is larger
than the total measured SO42 – concentration and therefore suggests a loss. Dominant fractions
were mostly found in the fine mode (51-99%). The fine mode nss-SO42 – concentrations did not
differ significantly between air mass types. Median concentrations for the BORDERS and EAST
air masses are 1.4 and 2.3 nmol m−3 , respectively. These values are extremely low compared to the
values obtained in cruises analysed in, for example, Baker et al. (2006). However, it is similar to
concentrations of fine mode remote south Atlantic Ocean aerosols (median=1.6 nmol m−3 ) (Yodle,
2015), which most closely resemble the sampling conditions during the OASIS cruise.
A possible source for SO42 – in aerosols is the exchange between Cl – and SO42 – :
H2 SO4(g) + 2 NaCl(l) −−→ 2 HCl(g) + Na2 SO4(l) (Graedel &Keene,1995)

(27)

However, no strong correlations between SO42 – and Cl – concentrations or Cl – loss were found,
which is likely because other processes occur that influence the Cl – concentrations (section 2.2.4).
Ammonium NH4+ was only detectable in fine mode aerosols for samples S02, S03, S10, and S11
and were not significantly different between air mass types (figure 44). The lower NH4+ concentrations
agree well with the remote north and south Atlantic aerosol samples from the AMT21 cruise (Yodle,
2015). Sample S11 has an NH4+ concentration that is larger than all other detectable concentrations by at least a factor of 2. Remarkable is that this concentration exceeds the range of
NH4+ concentrations found for air masses over the Atlantic Ocean that are affected biomass burning (Yodle, 2015). Relatively higher values for sample S11 are not found for other major ions
associated with secondary aerosol production mechanisms. No explanation for this observation is
offered in the current study.
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Figure 44: Profiles of atmospheric concentrations for fine and coarse mode fractions per aerosol
sample for NH4+ , nss-SO42 – , NO3 – , nss-K+ , C2 O42 – , and CH4 O3 S. Concentrations below their
detection limits are indicated by an empty bar. Coloured boxes around the sample labels indicate
to which air mass the sample belongs to (blue=S.OCEAN, orange=BORDERS, red=EAST).
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Nitrate The most dominant fraction of NO3 – is found in the coarse mode aerosols (57-88 %, figure
44). Similarly to the exchange between Cl – and SO42 – (see above), a process that may have played
a role is the exchange of Cl – and NO3 – in the process of sea salt aerosol acidification:
NHO3(g) + NaCl(l) −−→ HCl(g) + NaNO3(l) (Graedel &Keene,1995)

(28)

where g and l refer to the gas and aqueous phase, respectively. Even though both these processes may have contributed to the presence of NO3 – in aerosols, no strong relation was found
with Cl – concentration or Cl – loss, as other processes, such as halogen activation, also affect Cl –
concentrations.
The only sample that has a NO3 – concentration below its detection limit is the coarse mode
fraction of sample S04. Interestingly, no nss-Ca2+ could be detected for this sample either, including
for the fine mode aerosols (figure 43). Nss-Ca2+ can be an indicator of atmospheric dust (Baker
et al., 2006) and can play a role in the uptake of NO3 – by aerosols according to the following net
reaction:
2 HNO3 +CaCO3 −−→ Ca(NO3 )2 +H2 O+CO2 (Dentener, Carmichael, Zhang, Lelieveld, &Crutzen,1996)
(29)
However, no significant correlation is found between nss-Ca2+ and NO3 – (results now shown).
The low nss-Ca2+ values in this study and the origin of air masses indicate that dust aerosols
are unlikely. Additionally, the number of samples is too low to properly investigate a correlation
between nss-Ca2+ and NO3 – within this data set. Therefore, a relation between the lack of nssCa2+ and noticeable drop in NO3 – in the coarse mode aerosol fraction of sample S04 is questionable.
Oxalate C2 O42 – was detectable in all samples, except for the coarse mode fraction of sample S04
(figure 44). The C2 O42 – concentrations are comparable to the concentrations found in relatively
clean air masses during the AMT21 cruise (Yodle, 2015). No significant differences were found for
its concentrations between different air mass types.
Methane Sulphonic Acid MSA was detectable in most fine mode aerosol samples, except for
the fine mode fraction of samples S01 and S04 (figure 44). It was undetectable in all coarse mode
aerosol samples, except for the coarse mode fractions of samples S09 and S10.
6.3.3

Acidity

Acidity of the fine and coarse mode aerosol fractions was approximated using the ion balance to
obtain ”excess acidity”. Almost all samples have some excess acidity, except for the coarse mode
fraction for samples S01, S04, S05, and S09, which have net alkalinity (figure 45). Additionally,
except for samples S02 and S13, the fine mode fractions have significantly more excess acidity
than their respective coarse mode aerosol fraction. This is consistent with a previously reported
association between pH and aerosol size, where smaller aerosols are generally associated with a
lower pH (Keene et al., 2002).
The high excess acidity in the coarse mode for sample S13 is due to relatively high nss-SO42 – and
C2 O42 – concentrations compared to other coarse mode aerosols. However, these concentrations are
still relatively low. There are no significant differences in excess acidity between air mass types.
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The ion balance was also calculated for remote Atlantic Ocean aerosol samples by Jickells et
al. (2003). They found excess acidity values between -2.2-7.8 nmol m3 for fine mode aerosols and
between -16.2 and 32.1 nmol m3 for coarse mode aerosols (Jickells et al., 2003). The ranges of excess
acidity reported in this current work, even though smaller, agree well with the ranges reported in
Jickells et al. (2003): 1.5-11.1 nmol m3 for fine mode aerosols and -6.1-8.5 nmol m3 for coarse mode
aerosols, respectively.

Figure 45: Excess acidity, calculated using the ion balance, for fine and coarse mode aerosol fractions. Coloured boxes around the sample labels indicate to which air mass the sample belongs to
(blue=S.OCEAN, orange=BORDERS, red=EAST).

6.3.4

Summary of Background Aerosol Chemistry

Variation exists in major ion concentrations of the Indian Ocean aerosol samples. However, no clear
or significant patterns can be identified for the concentrations of major ions that are associated with
primary aerosol production. No significant differences between air mass types is found for major
ions associated with secondary aerosol production. Additionally, the relatively low concentrations
for major ions that are associated with pollution suggest that the sampled air masses were in general
very ’clean’ and lacked substantial continental and anthropogenic influences.
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6.3.5

Major Ion Concentrations for Size-Segregated Aerosol Sample

This section shows the major ion concentration distribution over the different size fractions of
sample S10, which was the only aerosol sample in this study that was segregated into a total
of seven different size fractions. Major ions associated with sea water, such as Na+ , Mg2+ , Cl –
, and ss-SO42 – are most abundant in aerosol size fractions 2.4 µm and larger (figure 46), which
supports the association of primary aerosol production processes, such as bubble-bursting, and
larger aerosol sizes. Major ions associated with secondary aerosol production processes, such as
nss-SO42 – and C2 O42 – , are most abundant in the smaller aerosol sizes (figure 47). These major ion
concentrations are consistent with the results for a similarly size-segregated aerosol sample analysed
for the southern, remote Atlantic Ocean (Yodle, 2015).

Figure 46: Atmospheric concentrations for each of seven aerosol size fractions for sample S10 for
Na+ , Mg2+ , ss-SO42 – , nss-Ca2+ , Cl – , and Br – . Concentrations below their detection limits are
indicated by an empty bar.
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Figure 47: Atmospheric concentrations for each of seven aerosol size fractions for sample S10 for
NH4+ , nss-SO42 – , NO3 – , nss-K+ , C2 O42 – , and CH4 O3 S. Concentrations below their detection
limits are indicated by an empty bar.
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6.4

Appendix D: SPEC10 vs. SPEC 14 Analysis

The sample run was done twice for most samples, as the chromatographs of the first sample run
(SPEC10) showed substantial perturbations (15). These were likely caused by bubbles that formed
in the suppressor in the IC and entered the ICP-MS. The bubble formation seemed to get worse
closer to the end of the SPEC10 run. However, even though the chromatographs of the standards
near the end of the run were heavily affected by the bubbles, it still had a decent calibration.
For the second sample run (SPEC14), the suppressor was replaced by a newer one, which
significantly decreased, if not completely ceased, the amount of bubble formation. SPEC14 only
re-measured samples that had odd-looking chromatographs in SPEC10. It also included a number
of samples that had accidentally not been included in the first one, i.e. the coarse mode samples
for samples 10 and 11, which had been extracted by Alex Baker prior to this project. Sample 11
3/4 (the coarse mode for sample 11) was diluted by a factor of 2 (1 mL of sample + 1 mL MQ), in
anticipation of extremely high values. It was put at the start of the SPEC14 run so that, should
the calculated concentration be extremely low, an undiluted sample could still be added to the run
before it completed.
Fine Mode
S01.W
S02.W
S03.W
S05.W
S09.W
S10.W
S14A.W

Coarse Mode
S01.3/4
S03.3/4
S04.3/4
S05.3/4

S14A.3/4
S14B.3/4

Table 15: Fine and coarse mode samples that were measured twice (once in SPEC10 and once
in SPEC14), as the first run (SPEC10) had issues with bubbles entering the ICP and causing
disturbances to the I+ signal.
When comparing the results of both runs for the samples mentioned in table 15, it can be seen
that there is a very good agreement with the 1:1 line for most results on IO3 – and I – of the samples
(see figure 48). A number of samples, such as S09.W, S14A.W, S03.3/4, and S05.3/4, deviate
quite a bit from the 1:1 line for their IO3 – values. Note that something went wrong when running
sample 14A.W for the second time (SPEC14), as the chromatograph did not show any iodine signal.
Perhaps it did not inject the sample. This is also why its I – signal deviates substantially from the
1:1 line. Samples S02.W and S04.3/4 are border-cases in the sense that they are very close to the
1:1 line, but their error bars do not quite overlap with it.
Unfortunately a statistical analysis, such as a t-test, to test the significance of the difference
between the values obtained in SPEC10 and SPEC14 for each sample in table 15 was not possible.
This was due to the fact that each sample was only measured once during each run, resulting in a
degree of freedom value of 0. To gain more insight into which result is most appropriate to use in
further analysis, the relative error of all samples, including the ones that were measured only once,
was plotted against their calculated concentration (see figure 49).
The relative error was calculated for each individual measurement by dividing the error by the
90

calibrated concentration. For samples that were measured twice (table 15), the relative error was
calculated for the two results combined in the following way:
RelativeError =

(X1 − X2 )/2
X

(30)

Where X1 and X2 refer to the two calibrated concentrations and X represents the average of X1
and X2 . This approach is based on the fact that confidence limits of a calibration are smallest near
the centroid of a calibration curve (Miller & Miller, 2005). Thus, in a graph that plots the relative
error versus the calibrated concentration, the lower concentrations should correspond with high
relative errors. Likewise, the higher concentrations should correspond with lower relative errors.
When samples deviate from this pattern, it suggests that their error is much larger than for most
other samples, leading to question them. In this case, figure ?? confirms that one of the two results
for IO3 – should be discarded for samples S03.3/4, S05.3/4, S09.W, and S14A.W, because their
relative error is too high. This also counts for the I – results from both runs for sample S14A.W.
This is not clear for samples S02.W and S04.3/4, which were identified as border-cases in figure 48
and thus an average of SPEC10 and SPEC14 is taken for these samples. It should be mentioned
that the chromatograph for S04.3/4 was the only one in the SPEC14 run that showed a clear
disturbance in the IO3 – signal. However, the integrated area was not substantially affected. For
samples S03.3/4, S05.3/4, and S09.W, the IO3 – results from SPEC14 are used instead of SPEC10,
as the chromatographs of SPEC10 show clear disturbances in the IO3 – signal, which are not present
in that of SPEC14. As the results for I – seem fine for both runs, these will be averaged. For sample
S14A.W, IO3 – and I – values of SPEC10 are used, as no signal was observed in SPEC14.
Note that the values used for analysis also depend on the detection limit, which was analysed
after comparing the two sample runs.
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Figure 48: Results for atmospheric concentrations for samples run in both sample runs (SPEC10
and SPEC14). Samples for which the difference between the results is significantly different from
zero are labeled.
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Figure 49: Relative error of each sample plotted against their calculated concentration. This
includes all single measurements and average values of samples that were measured twice in two
different runs (SPEC10 and SPEC14). For all single measurement values, fine mode IO3 – results
are represented as empty circles, fine mode I – as empty squares, coarse mode IO3 – as filled circles,
and coarse mode I – as filled squares. For samples that were measured twice, additional values are
plotted: fine mode IO3 – is plotted as red circles, fine mode I – as green circles, coarse mode IO3 –
as orange circles, and coarse mode I – as blue circles.
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6.5
6.5.1

Appendix E: Tests
Comparisons Between Indian Ocean Aerosol and Remote South Atlantic Ocean
Iodine Speciation

Differences for the iodine speciation between Indian Ocean and Atlantic Ocean aerosols sampled
from clean, remote marine air masses in the southern hemisphere were studied using a Student t-test.
The Atlantic Ocean cruises used for this analysis are the AMT13 (Baker, 2005) and AMT21 cruises
(Yodle, 2015). Only the sampled air masses classified as ’remote south Atlantic’ (RSA) air masses
were used. However, the aerosols for the AMT13 cruise were collected on cellulose filters (Baker,
2005), while the Indian Ocean aerosols in the current study and the aerosols from the AMT21 cruise
were collected on glass micro-fibre filters (Yodle, 2015). Additionally, the methods for extracting
the aerosols from the cellulose filters in the work by Baker (2005) included 5 minute ultrasonic
agitation. As ultrasonication has been shown to potentially lead to changes in iodine speciation
results (Baker et al., 2000), especially when cellulose filters are used for collection (Yodle, 2015), the
analysis for the differences between Indian Ocean and remote south Atlantic Ocean iodine speciation
has also been done using only the data from the AMT21 cruise, even though the very short period
of ultrasonication applied in the work by Baker (2005) is unlikely to have altered iodine species
concentrations. Indeed, the conclusions for the differences between the Indian Ocean data and RSA
data from both Atlantic Ocean cruises are maintained when looking at the differences between the
Indian Ocean data and only the RSA data from the AMT21 cruise. The P-values recorded in this
work in section 2.2.3 refer to those from the analysis using data of both the AMT13 and AMT21
cruises.
6.5.2

Significance of SOI-I – Relation

To test if there is a (significant) relation between SOI and I – concentrations, the most appropriate
option between using a Pearson’s or a Spearman’s correlation was explored. Whereas a Pearson’s
correlation describes the strength of a linear relationship, a Spearman’s correlation describes the
strength of a monotonic relationship (two variables change together, but not at the same rate).
To test a linear relationship, the data must agree to a number of assumptions, such as a normal
distribution of the data and equal variance for the two variables that are being tested. If the data set
cannot fulfill these assumptions or if it contains outliers, it is best to consider using the Spearman’s
correlation instead of Pearson.
In this case, it was decided to use the Spearman’s correlation instead of Pearson’s and to
subsequently test its significance for three reasons.
1. The data set is quite small (n=10), which makes it difficult to assess the normality of the
data. I – concentrations were relatively normally distributed (for fine, coarse, and total concentrations). Even though the SOI concentrations also passed the tests for normality and
equal variance, there was more uncertainty.
2. In the fine mode analysis, the Pearson correlation coefficient is larger than the Spearman
correlation coefficient (table 16). This can be the case when the data set includes an outlier to
which the Pearson correlation coefficient is sensitive. In the current data set, there is a sample
that has much higher I – concentrations than the other samples. The Spearman correlation
treats the data as ranks, which excludes the influence of the outlier. This reasoning also
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applies to the analysis of the total concentrations, since the effect of the outlier in the fine
mode is also present in the total concentrations data set.
3. The relation between the two iodine species is not necessarily linear and may well be monotonic, which is better described by the Spearman correlation coefficient.
When both the fine and coarse mode data sets are combined (”Combined” analysis), the relationship between the SOI and I – concentrations is significant according to both correlation analyses
(table 16). However, the relation is insignificant when the coarse mode data set is considered separately, attributing most of the significance in the relation to the fine mode fraction.
Mode
Fine
Coarse
Total
Combined

Pearson
0.80*
0.53
0.66*
0.80*

Spearman
0.70*
0.60
0.62
0.82*

Table 16: Comparison between the Pearson and Spearman correlation coefficients for I – and SOI
for fine and coarse mode concentrations, total (fine+coarse) concentrations, and combined analysis
of fine and coarse mode. Concentrations below the detection limit are left out of the analysis.
Asterisk indicates significance.
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6.6

Appendix F: Model Initialisation
Variable
Latitude
Sun Declination
Geostrophic Wind Speed
Water Temperature
Factor in Specific Humidity Calculation
Pressure
Air Subsidence

Values
5.85°S
18.65°
12 m s−1
300.5 K
0.79
101400 Pa
-0.006 m s−1

Table 17: Initial values applied in the model (MISTRA) in order to reproduce measured meteorological conditions during the cruise.

6.6.1

Air Subsidence

As air subsidence would imply a lateral outflow of air, including it in the model simulations would
further imply a violation of the conservation of mass. However, for reasons previously discussed in
von Glasow et al. (2002a, 2002b), subsidence can be important to include in the model, especially
regarding the simulation of cloud formation. A sequence of test model runs showed that, given the
initial conditions assigned to simulate meteorological conditions that represent the measurements,
it was necessary to include air subsidence to obtain representative simulated meteorology. The
maximum air subsidence parameter was set at -0.006 m s−1 .
Unfortunately, the pressure systems over the Indian Ocean at the time of sampling has not been
documented, but surface pressure measured during the cruise shows a decreasing trend as the cruise
headed northwards (figure 50). This suggests that the cruise was exiting a high pressure weather
system. However, the cruise ship seems to re-enter a higher pressure zone towards the end of the
sampling period of sample S10. ERA-Interim data on mean sea level (MSL) pressure replicate some
of the variability throughout the sampling period and location of sample S10 (figures 51, 52, 53,
54, and 55), as can also be seen in figure 50. The fact that the cruise re-entered a higher pressure
zone further supports considering air subsidence in the model simulations.
6.6.2

Sea Surface Temperature

The radiative fluxes introduce a diurnal cycle in air temperature, but the dominant driver of air temperature is the sea surface temperature (SST; in MISTRA, water temperature=tw). The average air
temperature at 10 m height that was measured during the cruise for the duration of sample S10 was
25.85 ± 0.57 ◦C. In terms of setting the model, tw can be set to 300.5 K to reproduce the average
measured air temperature. However, the SST value needs to be realistic as well. In order to determine if this is the case, the tw was compared to the monthly average SST found on the website of
the Integrated Climate Data Center (http://icdc.cen.uni-hamburg.de/las/getUI.do?dsid=id
-39358a1d99&catid=8EA022A58E336A015E183E021AADEC48&varid=sst-id-39358a1d99&plot=XY
zoomable image&view=xy&auto=true, date visited: 8/February/2017). The cruise covers a range
of 10.50°S- 5.83°S in latitude and 62.49°-66.01° in longitude over a period of about five days. The
monthly mean SST in this area ranges between 299.5K and 300.9K (26.35-27.65◦C). This agrees
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Figure 50: Surface air pressure measured during the cruise (mb). Measurements taken for the
duration of sample S10 are highlighted in red.
well with the values given by the climate datasets from NOAA (https://www.esrl.noaa.gov/
psd/data/gridded/data.cobe2.html) (figure 56). Thus, the values prescribed for tw in MISTRA
for this study are realistic.
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Figure 51: Mean sea level pressure (Pa) on 27 July 2014 (colour scheme) for every 6 hours. The
position of the cruise ship is marked (yellow marker) at each time point along the cruise track
(black, dashed line). Black lines in the corners indicate the continental and country boundaries.
Data has been acquired from ERA-Interim (on 28 February 2017).
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Figure 52: Mean sea level pressure (Pa) on 28 July 2014 (colour scheme) for every 6 hours. The
position of the cruise ship is marked (yellow marker) at each time point along the cruise track
(black, dashed line). Black lines in the corners indicate the continental and country boundaries.
Data has been acquired from ERA-Interim (on 28 February 2017).
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Figure 53: Mean sea level pressure (Pa) on 29 July 2014 (colour scheme) for every 6 hours. The
position of the cruise ship is marked (yellow marker) at each time point along the cruise track
(black, dashed line). Black lines in the corners indicate the continental and country boundaries.
Data has been acquired from ERA-Interim (on 28 February 2017).
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Figure 54: Mean sea level pressure (Pa) on 30 July 2014 (colour scheme) for every 6 hours. The
position of the cruise ship is marked (yellow marker) at each time point along the cruise track
(black, dashed line). Black lines in the corners indicate the continental and country boundaries.
Data has been acquired from ERA-Interim (on 28 February 2017).
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Figure 55: Mean sea level pressure (Pa) on 31 July 2014 (colour scheme) for every 6 hours. The
position of the cruise ship is marked (yellow marker) at each time point along the cruise track
(black, dashed line). Black lines in the corners indicate the continental and country boundaries.
Data has been acquired from ERA-Interim (on 28 February 2017).
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Figure 56: Sea surface temperature (K) for region where sample S10 was taken. Image obtained
from https://www.esrl.noaa.gov/psd/data/gridded/data.cobe2.html, February 2017.
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6.7

Appendix G: Model Development

During the development of the base run, two issues were encountered regarding the aqueous chemistry simulations, especially in the aerosol chemical bins:
1. After about 96 hours of simulation time, the concentrations of a number of species, including
H2 SO4liq , HSO4 – , NH4+ , and H+ , unusual showed oscillations, especially in near-surface
layers.
2. The sulphate aerosol bin had negative pH values in near-surface layers (pH circa -0.5).
6.7.1

Test: Adjusted Chemical Time Step

The first issue was initially thought to be related to a possible numerical problem in the model. This
was tested by decreasing the chemical time step from 10 s to 2 s. The time step for the radiative and
physical modules was not adjusted, as these variables do not change much within their time step
of 60 s. The time step for dry particle deposition was altered from 60 s to 2 s. Even though these
alterations to the time steps did not resolve the oscillation problem, they did give some additional
insights. Firstly, substantial changes in the concentration of some species were observed, while
no change occurred in the concentration of others. These differences (or lack thereof) are likely
due to the sensitivity of the chemical species. For example, reactions involving fast reaction rates
will be more sensitive to time-step differences than slower reaction rates. Additionally, species with
multiple sources can show smaller differences between the test runs than species that depend on one
reaction or equilibrium. Furthermore, the much smaller time step for the particle deposition could
mean a faster response by this module to changes in particle sizes. Although, based on timescale
analysis and assuming a maximum particle dry deposition velocity on the order of 1 cm s−1 and a
model surface layer, it is not expected that the model results will show a large sensitivity to the
applied time step for the particle deposition calculations. Soluble iodine species were not much
affected by the smaller time step, which indicates a low sensitivity to changes in the gas-phase. Due
to time limitations of this project, no further details are given on this test run. However, it might
be an interesting starting point for further development and validation of the model.
6.7.2

Test: Liquid Water Content for Chemical Bins

In a further attempt to solve the oscillation problem, the liquid water content per chemical bin
(aerosols and droplets) was adjusted. The micro-physics in MISTRA contains a 2D particle spectrum with 70 dry particle size classes and 70 total particle size classes (von Glasow et al., 2002a).
By reducing the maximum total particle radius from 150 µm to 60 µm, it was expected that the
distribution of liquid water content would shift from the droplet bins to their respective aerosol
bins. However, even though the droplet bins lost liquid water content at 10 m height, the liquid
water content in aerosols was also reduced. Between the near-surface layers and the cloud layer, the
difference in liquid water content between the two conditions was either minor or non-existent. On
day 5 of the model simulation, the liquid water content of sea salt aerosols and droplets suddenly
increases in the cloud layer, while that of the sulphate aerosols plummets to extremely low values,
soon after which the model crashes (figure 57). These simulation issues point to a high sensitivity of
certain species to low liquid water content, in which the (micro-)physics triggers a decrease in H2 O
concentrations. At some point, a certain threshold is exceeded that induces a positive feedback that
further exacerbates its depletion. This is mostly apparent in the sulphate aerosols, which already
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Figure 57: Liquid water content (cw) in A) sulphate and B) sea salt aerosols in near-surface layers
when maximum total aerosol radius is limited to 150 µm and 60 µm.
have low liquid water contents. It starts with a water content that is too low compared to the
H+ and OH – concentrations to be in equilibrium (eq1, figure 58). The system aims to restore the
equilibrium by shifting the reaction towards the chemical production of H2 O (eq1, figure 58). This
has strong effects on equilibria between H2 SO4 and HSO4 – and between NH3 and NH4+ , which
both depend on H+ and OH – , respectively (eq3 and eq4, figure 58). Additionally, once H+ starts
to become very limited, HO2 concentrations are affected as its equilibrium with O2 – shifts to the
right (eq2). This will eventually contribute to the positive feedback of H2 O depletion, as HO2 is a
source for the former (re1, figure 58). At night, OH – concentrations do not seem to recover. The
absence of O3 photolysis allows more production of OH – through O2 – , but it also limits it by
reducing OH production. The depletion in H2 O reaches a rate at which the input of H+ (eq3, eq2)
and of OH – (re2, re3, re4) cannot maintain the balance.
Even though the same mechanism occur in the sea salt aerosols, the effect is not as prominent
due to a much higher liquid water content and higher concentrations of relevant oxygen species.
Additionally, while the liquid water content in sea salt aerosols near the surface does not change
substantially, the concentration of sea salt particles increases. This means that the same amount
of liquid is distributed over a larger number of particles, implying that the sea salt aerosols are
drier overall. Within the 2D particle spectrum, it is thus not inconceivable that the particles that
originally had the lowest liquid water content may have become completely dry aerosols. However,
the model only treats the chemical bins as a whole and does not distinguish between dry aerosols
and ’wet’ aerosols within one chemical bin.
Note that these mechanisms and their potential role in the unresolved issues of the MISTRA
simulations need a substantial amount of additional investigation. Items and mechanisms discussed
here are suggestions, but may be insignificant. For example, the contribution of HO2 to H2 O may
be negligible, but this has not been confirmed yet by the reaction rates simulated by the model.
6.7.3

Influence of DOM on Unstable Aerosol Concentrations

The oscillations encountered in previous runs (as explained above) were unexpectedly substantially
reduced upon the addition of DOM in the initial composition of sulphate aerosols and the increase
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Figure 58: Simplified schematic overview of chemical mechanisms that can explain the sensitivity of
certain aqueous species to low liquid water content. Dashed lines represent exchange reactions between gas and aqueous phase, dashed arrow indicate equilibrium reactions, and full arrows represent
forward reactions.
of DOM in that of sea salt aerosols (see below for more details on the reasons for doing so). This
effect can be explained by the indirect impact of DOM on the concentration of oxygen species
that are needed to stabilise equilibrium reactions (eq1, eq2, figure 58). DOM reacts with halogen
species, producing HO2 (equations 31 and 32 - similar reactions occur for chlorine). According
to the equilibrium reaction between HO2 and O2 – (equation 33), this leads to more H+ and O2 –
production, both of which help sustain the equilibrium with H2 O (figure 58). Additionally, the
enhanced DOM and HO2 concentrations increase the competition with O2 – for Br2 – and HOBr,
thereby also indirectly sustaining O2 – concentrations.
Br + DOM −−→ Br− + HO2
Br2−

−

+ DOM −−→ 2 Br + HO2
+

−−
HO2 )
−*
−H +

O2−

(31)
(32)
(33)

Furthermore, the number of sea salt aerosol particles increases steadily with DOM present in
the initial composition, whereas it suddenly increases faster in the run without DOM (figure 59).
So although it appears from the model experiments that DOM might affect the micro-physics, but
it is still unclear how.
Justification for Added DOM Fraction Baker (2005) suggested that a possible missing source
for I – in marine aerosols could be the degradation of SOI. Pechtl et al. (2007) tested this in MISTRA
by implementing the following reaction, in which DOM acts as a catalyser:
DOM + HOI −−→ DOM + I− + H+

(34)

Organic matter can enter aerosol compositions either through secondary (oxidation and subsequent condensation and adhesion) or primary mechanisms (sea water bubble-bursting) (Jacobson
et al., 2000; Facchini et al., 2008). However, no gas-particle exchange of DOM is included in
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Figure 59: Number concentration of A) sulphate aerosols and B) sea salt aerosols at 10 and 50 m
for a run without a DOM fraction in sulphate aerosols and only a very small DOM fraction in sea
salt aerosols; and a run with initial DOM fraction of 10 % for sulphate aerosols and 1 % for sea
salt aerosols. Note that the label ’DOM’ in the legend refers to an example run in which DOM was
added to the initial composition of the aerosols, as described, and not to the DOM run, which is
described in the experimental runs of this study (section 3.1).
MISTRA at present. The only replenishment of DOM in the simulated aerosols is ensured by
the fresh aerosol production as a result of the simulated bubble-bursting process, which includes a
given fraction of DOM. Secondary mechanisms, such as condensation of gases, can happen on short
time scales (O’Dowd et al., 2004), which means that the DOM concentration in MISTRA might
be under-estimated. However, this secondary mechanism as a source for DOM in organic aerosols
requires high enough concentrations of electrophilic gases (OH, O3 , and NO3 ), which were likely
relatively low in the remote region where the samples in this study were taken (section 2.2.1).
A 10 % DOM fraction of aerosol is added to the initial composition of sulphate aerosols and a 1 %
fraction is added to that of sea salt aerosol, following the set-up used by Pechtl et al. (2007). These
fractions are quite arbitrary, considering the large variability in soluble organic matter content of
aerosols, which, in addition to environmental factors and geography, also varies according to aerosol
size (Jacobson et al., 2000; O’Dowd et al., 2004; Facchini et al., 2008). Field observations have
increasingly shown that organic matter can be a substantial component in aerosols, affecting its
chemical and physical properties (Jacobson et al., 2000; Yang et al., 2004; Schmitt-Kopplin et al.,
2012). The higher proportion of DOM prescribed in the sulphate aerosols in the model is justified
by observations that typically show higher organic matter fractions in sub-micrometer aerosols
compared to super-micrometer aerosols (O’Dowd et al., 2004; Facchini et al., 2008). In periods of
low biological activity, the organic fraction measured at Mace Head ranged between 10 % and 20 %
of sub-micrometer aerosol mass (O’Dowd et al., 2004). A study by Facchini et al. (2008) concluded
that most organic matter in aerosols due to sea water bubble-bursting mechanisms is water-insoluble
and that water-soluble organic matter likely enters the aerosol phase due to secondary mechanisms.
However, the DOM fractions prescribed to the initial compositions of the aerosols in MISTRA are
realistic according to studies, such as O’Dowd et al. (2004) and Facchini et al. (2008).

107

6.8
6.8.1

Appendix H: Model Output and Analyses
Liquid Water Content of Chemical Bins

Figure 60: Liquid water content in A) sulphate-derived droplets and B) sea salt-derived droplets
at 10 and 50 m height when the maximum total particle radius is limited to 150 µm or 60 µm.

Figure 61: Idem as figure 60, but zoomed in on lower values.
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Figure 62: Liquid water content in A) sulphate aerosols, B) sea salt aerosols, C) sulphate-derived
droplets, and D) sea salt-derived droplets over atmospheric height when the maximum total particle
radius is limited to 60 µm.

Figure 63: Idem as figure 62, but zoomed in on near-surface layers.
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Figure 64: Liquid water content in A) sulphate-derived droplets and B) sea salt-derived droplets
at 10 and 50 m height when DOM is not included or included in initial aerosol composition.

Figure 65: Liquid water content in A) sulphate aerosols, B) sea salt aerosols, C) sulphate-derived
droplets, and D) sea salt-derived droplets over atmospheric height when DOM is not included or
included in initial aerosol composition.
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Figure 66: Idem as figure 65, but zoomed in on near-surface layers.
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6.8.2

Particle Concentrations of Chemical Bins

Figure 67: Particle concentrations for each chemical bin at 10 and 60 m when the maximum total
particle radius is limited to 150 µm or 60 µ/meter.
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Figure 68: Idem as figure 67, but zoomed in for droplet bins.
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Figure 69: Particle concentrations for each chemical bin at 10 and 60 m when DOM is not included
or included in initial aerosol composition.

Figure 70: Idem as figure 69, but zoomed in for droplet bins.
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6.8.3

Oscillating Behaviour of Concentrations of Species

Figure 71: Comparison of concentrations of species sensitive to changes in (or low values for)
liquid water content in aerosols when the maximum total particle radius is limited to 150 µm or 60
µ/meter.

6.8.4

Experimental Results
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Figure 72: Comparison of concentrations of a number of oxygen species when the maximum total
particle radius is limited to 150 µm or 60 µ/meter.
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Figure 73: Comparison of concentrations of species sensitive to changes in (or low values for) liquid
water content in aerosols when only sea salt aerosols have a very small fraction of DOM in their
initial composition and when the DOM fraction is increased in both aerosol types (maximum total
particle radius is 150 µm in both cases).
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Figure 74: Comparison of concentrations of a number of oxygen species when only sea salt aerosols
have a very small fraction of DOM in their initial composition and when the DOM fraction is
increased in both aerosol types (maximum total particle radius is 150 µm in both cases).

Figure 75: Average of IO3 – concentrations over 50 m height for sulphate- and sea salt-derived
droplets for the BASE, DUSH-DOM, and LESS-HIO3 for 4 days.
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Figure 76: Average concentrations (logarithmic scale) over 50 m height above the surface for A)
IO3 – , C) I – , E) HOI, and G) DOM in sulphate aerosols and B) IO3 – , D) I – , F) HOI, and H)
DOM in sea salt aerosols for 4 days. Vertical coloured areas indicate night time. Grey horizontal
bars indicate the range of the average±standard deviation of the observations (only available for
IO3 – and I – ).
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Figure 77: Set of reactions that compose the net Dushman reaction for sulphate and sea salt aerosols
for the BASE, DUSH-DOM, and LESS-HIO3 for 5 day simulations time (including spin-up time)
for the first 100 m height.
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