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Abstract Observations of halogen oxides, ozone, meteorological parameters, and physical and

biogeochemical water column measurements were made in the Indian Ocean and its marine boundary

layer as a part of the Second International Indian Ocean Expedition (IIOE‐2). The expedition took place on

board the oceanographic research vessel Sagar Nidhi during 4–22 December 2015 from Goa, India, to Port

Louis, Mauritius. Observations of mixed layer depth, averaged temperature, salinity, and nitrate

concentrations were used to calculate predicted iodide concentrations in the seawater. The inorganic iodine

ocean‐atmosphere flux (hypoiodous acid [HOI] andmolecular iodine [I2]) was computed using the predicted

iodide concentrations, measured atmospheric ozone, and wind speed. Iodine oxide (IO) mixing ratios

peaked at 0.47 ± 0.29 pptv (parts per trillion by volume) in the remote open ocean environment. The

estimated iodide concentrations and HOI and I2 fluxes peaked at 200/500 nM, 410/680 nmol·m−2·day−1,

and 20/80 nmol·m−2·day−1, respectively, depending on the parameterization used. The calculated fluxes for

HOI and I2 were higher closer to the Indian subcontinent; however, atmospheric IO was only observed

above the detection limit in the remote open ocean environment. We use NO2 observations to show that

titration of IO by NO2 is the main reason for this result. These observations show that inorganic iodine fluxes

and atmospheric IO show similar trends in the Indian Ocean marine boundary layer, but the impact of

inorganic iodine emissions on iodine chemistry is buffered in elevated NOx environments, even though the

estimated oceanic iodine fluxes are higher.

1. Introduction

Reactive halogen species (chlorine, bromine, and iodine) have been shown to play an important role in the

chemistry of the lower troposphere. They lead to the depletion of ozone (O3), change the oxidizing capacity

of the atmosphere through hydrogen and nitrogen oxides, lead to oxidation of toxic metals such as mercury,

and, in the case of iodine, cause formation of new particles in the marine environment (Saiz‐Lopez & von

Glasow, 2012). Historically, halogen oxides in the lower troposphere attracted attention mainly in the polar

environment where elevated concentrations (>10 parts per trillion by volume [pptv] equivalent to

pmol/mol) were observed during the springtime and led to near total depletion of O3 and elemental mercury

(e.g., Frieß et al., 2001; Hausmann & Platt, 1994; McConnell et al., 1992; Saiz‐Lopez, Chance, et al., 2007;

Schroeder et al., 1998).

Of the different halogen compounds, iodine species have the most significant impact on ozone in the global

troposphere (Carpenter, 2003; Saiz‐Lopez & von Glasow, 2012; Saiz‐Lopez, Plane, et al., 2012). Early studies

speculated on the role of oceanic emissions of iodine compounds on atmospheric chemistry, with some

laboratory‐based experiments suggesting an ocean to atmosphere flux (Chameides & Davis, 1980; Garland

& Curtis, 1981; Liss & Slater, 1974; Miyake & Tsunogai, 1963). A major source for organic volatile iodine spe-

cies (e.g., CH3I and CH2I2) is biogenic production by microalgae and macroalgae (Alicke et al., 1999;

Carpenter, 2003; O'Dowd et al., 2002; Saiz‐Lopez & Plane, 2004). Inorganic iodine species, notably I2 and

hypoiodous acid (HOI), are mainly formed through heterogeneous surface reactions of iodide, present in

the surface waters, and gas phase ozone (Carpenter & Nightingale, 2015). This process can be described

by reactions (R1) and (R2), both of which occur in different steps (Hayase et al., 2010; Sakamoto et al.,

2009) leading to the release of photochemically reactive iodine species in the marine atmosphere.
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I− þ O3 þHþ
→HOIþ O2 (R1)

HOIþ I− þHþ
↔I2 þH2O (R2)

The inorganic iodine species are the largest source of iodine in the marine atmosphere where they form a

significant sink for atmospheric ozone through reaction (R1) and through catalytic destruction of ozone

in the atmosphere (Carpenter et al., 2013; Ganzeveld, 2009; Mahajan et al., 2012).

The detection of iodine monoxide (IO) at the coastal atmospheric laboratory at Mace Head (Alicke et al.,

1999) triggered further work on the exact role of iodine emissions. Subsequent studies showed that signifi-

cant biogenic iodine emissions from macroalgae can lead to new particle formation at coastal sites

(Jimenez, 2003; Mahajan et al., 2009; McFiggans et al., 2004, 2010; O'Dowd et al., 2002, 2004; Saiz‐Lopez

et al., 2006). Ground‐based observations (Frieß et al., 2001; Saiz‐Lopez, Mahajan, et al., 2007; Mahajan,

Shaw, et al., 2010) followed by satellite measurements (Saiz‐Lopez, Chance, et al., 2007; Schönhardt et al.,

2008) confirmed the importance of iodine chemistry in the polar troposphere, with iodine playing a major

role in modulating the oxidation capacity of the Antarctic boundary layer. Outside the polar environment,

the first observations of IO were made at Mace Head (Alicke et al., 1999) followed by Cape Grim,

Tasmania, and later at the Canary Islands, showing peak IO concentrations of 6, 2.2, and 4 pptv, respectively

(Allan et al., 2000), although some influence of coastal macroalgae emissions was detected. More recent

observations at Cape Verde showed year‐round presence of IO at about 1.5 pptv, with little annual variability

(Read et al., 2008; Mahajan, Plane, et al., 2010). Since these island‐based campaigns, ship‐based studies have

also confirmed the presence of IO in the remote marine boundary layer (MBL), although at lower mixing

ratios typically below 1 pptv (Commane et al., 2011; Großmann et al., 2013; Hepach et al., 2016; Mahajan

et al., 2012; Prados‐Roman et al., 2015). Observations of IO above instrumental detection limits have also

been made in the free troposphere, highlighting the importance of iodine chemistry above the MBL (Dix

et al., 2013; Puentedura et al., 2002). For a complete list of measurements of iodine compounds in the

MBL, please refer to the published review (Saiz‐Lopez & von Glasow, 2012).

Modeling studies have shown the significant impact that iodine can have on the atmosphere even at low con-

centrations (Saiz‐Lopez, Lamarque, et al., 2012; Saiz‐Lopez et al., 2014; Sherwen, Schmidt, et al., 2016,

Sherwen, Evans, et al., 2016). According to model estimates, a large geographical variation in the IO mixing

ratios in the MBL is expected, with higher concentrations observed in the tropics and extratropics (Prados‐

Roman et al., 2015; Sherwen, Evans, et al., 2016). The gradient is mainly driven by the emission strength of

inorganic source gases (HOI and I2), which are in turn driven by the rate of ozone deposition and the iodide

content in the seawater (Carpenter et al., 2013; Chance et al., 2014; MacDonald et al., 2014). Indeed, in the

Indian Ocean, the model predicts a large gradient in IO, with higher concentrations close to the equator

where higher ozone concentrations and sea surface temperature (SST) are observed (Prados‐Roman et al.,

2015; Saiz‐Lopez et al., 2014). But apart from a cruise in the Southern Indian Ocean (Prados‐Roman et al.,

2015) and ground‐based observations at Maldives (Oetjen, 2009), there are no other reported observations

of IO in this region hitherto.

The North Indian Ocean and its neighboring continents are characterized by their unique climatic condi-

tions due to strong monsoonal winds (Burkill et al., 1993). The southwest monsoon, which determines the

intensity of rainfall over the Indian subcontinent, is a function of ocean‐atmospheric interaction and is tele-

connected with warming physical processes like El Niño and the Indian Ocean Dipole. In response to this

forcing, the upper ocean circulation and hydrography show strong variability (Kumar et al., 2006; Saji

et al., 1999). The Northern Indian Ocean also harbors different distinct biogeochemical regimes

(Dileepkumar, 2006). The western and eastern Indian oceans (mainly Arabian Sea and Bay of Bengal) are

fairly biologically productive compared with the equatorial Indian Ocean. Since the first International

Indian Ocean Expedition (IIOE; https://scor‐int.org/project/iioe‐1), our understanding of the biogeochem-

istry of this region has increased considerably (Wiggert et al., 2009). Recent studies reveal that the equatorial

Indian Ocean has been warming for more than a century, at a rate faster than any other region in the tropical

oceans. The summer SST in the central east Indian Ocean warm pool has increased by 0.7 °C, and the wes-

tern Indian Ocean has seen a warming of 1.2 °C compared with those during preindustrial times (Roxy et al.,

2014). A major question is whether the biogeochemistry in the Indian Ocean has been altered significantly

by this raise in temperature. To help answer this, a research campaign named the Second International
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Indian Ocean Expedition (IIOE‐2) was conducted in the Indian Ocean to

study extensively the ocean physics, chemistry, and biology. The study

area was similar to the first IIOE that was carried out on board research

vessel Anton Bruun during May–June 1963, almost 50 years ago. As a part

of IIOE‐2, we report observations of IO in the equatorial Indian Ocean,

during a cruise in December 2015 along a track from India to Mauritius.

We also estimate the iodide levels in the seawater based on the nutrient

concentrations, salinity, and SST (Chance et al., 2014) and thereby com-

pute the flux of inorganic iodine species to the atmosphere. We compare

spatial trends in the measured atmospheric iodine concentrations with

those of the ocean‐air fluxes and explore differences in the context of

the atmospheric chemistry of iodine.

2. Observation and Methodology

2.1. Atmospheric Parameters

The study was conducted on board the oceanographic research vessel

Sagar Nidhi as a part of IIOE‐2 in December 2015. The expedition started

at Goa, India, on 4 December 2015 and finished in Mauritius on 22

December 2015. Figure 1 shows the track of the ship and the 5‐day back-

trajectories arriving at noon on every day of the cruise calculated using the

HYbrid Single‐Particle Lagrangian Integrated Trajectory (HYSPLIT) model using the EDAS‐40 km. (Draxler

& Rolph, 2003).

Surface ozone was monitored using a U.S. Environmental Protection Agency‐approved photometric UV

analyzer (Ecotech EC9810B). Calibration of the O3 analyzer was done on every fifth day using an inbuilt

O3 calibrator for instrument zero and span correction and with gas standards before and after the expedition,

which showed an ~3% drift. The O3 analyzer was placed in the same place as the indoor unit of the multi‐axis

differential optical absorption spectroscopy (MAX‐DOAS), with an inlet close to the outdoor unit (~2‐m inlet

gas line).

The MAX‐DOAS (Hönninger et al., 2004; Plane & Saiz‐Lopez, 2006; Platt & Stutz, 2008; Wagner et al., 2004)

instrument (EnviMes) was set up on the second level of the ship, pointing toward the fore looking out to the

horizon. The instrument is made up of an indoor unit, housing two spectrometers with a spectral resolution

of 0.7 nm (UV: 301.20–463.69 nm and Vis: 443.54–584.19 nm), and an outdoor unit, containing a scanning

telescope. The outdoor unit was mounted on a mechanical gimbal table. This setup reduced the ship's pitch

and roll to within ±2°. The scanner also has a high‐sensitivity (±0.01°), fast‐response (0.1 s) inclinometer

and corrects the elevation angle actively during measurements. The true elevation angle was logged and

angles within a range of 0.2° of the set elevation angles (1°, 2°, 3°, 5°, 7°, 10°, 20°, and 90°) were used for ana-

lysis. The spectra were calibrated using mercury emission lines from a mercury calibration lamp every day

and with the Fraunhofer spectrum (Kurucz et al., 1984). Nonlinearity of the spectrometers was also cor-

rected in addition to the offset and dark current, which were collected on each day. Spectra were collected

at each angle for 1 s, resulting in a full scan every 12 s including motor movement time. The data were then

averaged for 1 hr to improve the signal‐to‐noise ratio. The QDOAS software was used for the retrieval of slant

columns from the spectra (Fayt & Van Roozendael, 2013). The cross sections used for IO retrieval in the 415‐

t 440‐nm spectral windowwere: IO (GómezMartín et al., 2005), NO2 220 K and 298 K (Vandaele et al., 1997),

H2O (Rothman et al., 2013), O4 (Greenblatt et al., 1990), O3 (Bogumil et al., 2003), glyoxal (Volkamer et al.,

2005), a ring spectrum (Chance & Spurr, 1997), a second Ring spectrum following Wagner et al. (2009), a

liquid water spectrum (Pope & Fry, 1997), a stray light‐correction offset, and a third‐order polynomial.

Sensitivity of the analysis to wavelength windows and included cross sections has been done in the past

(Gómez Martín et al., 2016; Mahajan et al., 2012) and is not included here. The error estimation follows

the same procedure as reported before (Mahajan et al., 2012; Prados‐Roman, 2015). The cross section of

water is not well quantified in the spectral range of IO and hence could lead to some errors in the retrieval

(Lampel et al., 2015); however, we avoid the largest water bands in order to reduce these errors. It should be

noted that the liquid water cross section has a low spectral resolution and hence can have a small effect on

Figure 1. The Second International Indian Ocean Expedition cruise track

along with the HYbrid Single‐Particle Lagrangian Integrated Trajectory

(HYSPLIT)‐calculated 5‐day backtrajectories arriving at noon local time on

every day of the cruise. The day of December 2015 is written next to the

trajectory arrival point. The sampling locations where measurements of

oceanic parameters were made are highlighted as red circles along the track.
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the retrieved trace gas column densities. However, these have also been tested rigorously in the past by our

group (Mahajan et al., 2012; Prados‐Roman., 2015) and other groups around the world (Dinter et al., 2015;

Peters et al., 2014; Sadeghi et al., 2012; Vountas et al., 2007), and the above mentioned analysis setting has

been used in most open ocean MAX‐DOAS observations of IO. Großmann et al. (2013) have discussed in

detail the impact of liquid water and its potential influence on trace gas retrievals and found that in their

data set the influence was almost negligible, which is also expected here. The residual root mean square

in the IO region was between 2.5 × 10−4 and 5 × 10−4, resulting in 2σ IO differential slant column densities

(DSCDs) detection limits of 1.4 × 1013 to 2.8 × 1013 molecules/cm2. NO2 was also retrieved in this region,

with a detection limit ranging between 5.3 × 1014 and 9.8 × 1014 molecules/cm2. For the retrieval of O4,

the spectral range used was 350–386 nm, with BrO (Wilmouth et al., 1999) and HCHO (Meller &

Moortgat, 2000), in addition to O3 223 K and 243 K, NO2 220 K and 298 K, O4 and two Ring spectra included

with a third‐degree polynomial. The residual root mean square in the O4 region was between 1.7 × 10−4 and

6 × 10−4, resulting in 2σO4DSCD detection limits of 0.7 × 1042 to 2.6 × 1042molecules2/cm5. Observations of

other species such as glyoxal, bromine oxide, and formaldehyde, which were also retrieved during this study,

are not discussed in detail here. Surface mixing ratios were calculated from the MAX‐DOAS DSCDs using

the O4 slant columns retrieved during the study by the “O4 method” (Mahajan et al., 2012; Prados‐Roman

et al., 2015; Sinreich et al., 2010; Wagner et al., 2004). To obtain the effective light path length, the O4

DSCDs at the lower‐elevation angles (1–3°) were divided by the assumed O4 mean concentration from the

surface to 200 m above sea level. The height of this layer is based on the average last scattering altitude com-

puted using different aerosol profiles. Standard MBL‐based aerosol profiles were used for the computation.

IO mixing ratios were then calculated by dividing trace gas DSCDs by the computed path lengths. The errors

were derived from the DOAS fitting errors in the O4 and IO DSCDs, combined with small errors in the mean

O4 extinction coefficient and the air density due to the uncertainty of the layer height. Further errors are

likely to be introduced by the assumption that the IO layer has a constant mixing ratio up to the last scatter

altitude and that the entire differential O4 absorption, relative to the zenith sky viewing direction, occurs in

the line‐of‐sight direction. Hence, the errors on the O4method are most likely underestimated, which is why

we use 2σ errors to estimate the uncertainty on the mixing ratios. Further information on the estimation of

errors on this methodology can be found in past studies where a similar methodology has been applied

(Mahajan et al., 2012).

Although NO2 DSCDs were also retrieved in the 415‐ to 440‐nm window, they were found to be below the

detection limit for most of the cruise, except close to the Indian coast. The DOAS settings used for the

NO2 analysis were similar to the IO retrieval. In order to understand the geographical distribution of NO2

and the effect of NOx on iodine chemistry in the Indian Ocean MBL, we also included analysis of satellite‐

based tropospheric NO2 columns. We made use of three different gridded satellite tropospheric vertical

column density (VCD) data sets available from the Tropospheric Emission Monitoring Internet Service

(http://www.temis.nl) website. These instruments aboard the satellites are (i) the Ozone Monitoring

Instrument (on board Aura, 13 × 24 km2 ground pixel size) and (ii) Global Ozone Monitoring Experiment

2 (GOME‐2) (on board Metop‐A and Metop‐B satellites, 40 × 80 km2). All the satellites are Sun synchronous

and equipped with spectrometers to measure the UV‐visible absorption due to atmospheric NO2. These

absorption spectra are then analyzed using the DOAS technique (Platt & Stutz, 2008). Further details on

the DOAS retrieval settings used for the satellite data can be found elsewhere (Boersma, 2004; Boersma

et al., 2007). For NO2, the tropospheric VCDs were calculated by subtracting the stratospheric component

from the total column. We used 1° mean tropospheric NO2 along the cruise track to study the correlation

between IO and NO2 over the course of the study.

2.2. Oceanic Parameters

Water columnmeasurements of physical parameters were carried out at 21 stations on a meridional transect

along 67°E from 12°N to 5°S (Figure 1). Profiles of temperature and salinity were obtained using the

conductivity‐temperature‐depth system (SBE 911 plus, Sea‐Bird Electronics, USA) up to a depth of

2,000 m. The accuracy for the measurements were as follows: temperature: ±0.001 °C; conductivity: ±

0.0001 S/m; and depth: ± 0.005%. The potential temperature (θ °C) was calculated based on algorithms from

the international thermodynamic equation of seawater (Intergovernmental Oceanographic Commission,

2010). The mixed layer depth (MLDpt) was computed based on the potential temperature difference criteria
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and was considered as the depth at which potential temperature decreases by 0.5 °C compared with the sur-

face value (Monterey & Levitus, 1997).

Of the 21 sampling stations, biogeochemical parameters weremeasured at 10 stations (Figure 1). Samples for

nutrient analysis were collected in 250‐ml narrow mouth polypropylene amber bottles (Nalgene). Each

bottle was rinsed twice with the sample water prior to collection. Analysis was performed as soon as possible

using a spectrometric segmented continuous flow autoanalyzer (Skalar San+). The precision and accuracy

for NO3
− measurements were ± 0.06 and ±0.07 μM, respectively. Although various biogeochemical para-

meters were measured, we focus on the nitrate due to its strong correlation with the distribution of iodide

in the global ocean (Chance et al., 2014).

As iodide concentrations in the surface water were not measured during the cruise, the following parame-

terizations proposed by Chance et al. (2014) were used to estimate concentrations:

iodide½ � ¼ 0:28 ±0:002ð Þ×SST2 þ 1:7 ±0:2ð Þ×∣latitude∣þ 0:9 ±0:4ð Þ× NO3
−½ �–0:020 ±0:002ð Þ×MLDpt

þ 7 ±2ð Þ×salinity–309 ±75ð Þ (1)

ln iodide½ � ¼ 0:0026 ±0:0003ð Þ×SST2

þ 0:016 ±0:003ð Þ×∣latitude∣−0:009 ±0:006ð Þ× NO3
−½ �–0:00044 ±0:00004ð Þ×MLDpt

þ 0:05 ±0:03ð Þ×salinity þ 2 ±1ð Þ (2)

These parameterizations were obtained through multiple linear regression analysis of globally observed

iodide concentrations in the surface seawater against the SST (°C), the absolute latitude, the MLDpt (in

m), nitrate concentration (μmol/L), and salinity (practical salinity unit [PSU]). Chlorophyll a (chl a) concen-

trations were initially also considered for the parameterization but proved to be an insignificant contributor

(<5% significance level). Both parameterizations in equations (1) and (2), with R2 of respectively 0.676 and

0.642 for the global data sets, were used to predict iodide concentrations in the surface waters of the different

stations of the cruise. The uncertainty associated with these parameterizations is estimated to be between 0.5

and 2 nM (0.3–4.3%), based on error propagation using an estimation of the uncertainty of the MLDpt of 5 m

and neglecting the uncertainty on the latitude. This does not account for uncertainties inherent to the use of

a global parameterization that has not been validated in the Indian Ocean. The predicted iodide concentra-

tions were consequently used to calculate the fluxes of I2 andHOI using themultiple linear regressionmodel

proposed by Carpenter et al. (2013), using the following expressions:

fluxI2 ¼ O3 gð Þ

� �

* iodide½ � O3 gð Þ

� �

* iodide½ �1:3
* 1:74×109−6:54×108* ln wsð Þ
� �

(3)

fluxHOI ¼ O3 gð Þ

� �

* 4:15×105*

ffiffiffiffiffiffiffiffiffiffiffiffiffi

I−aqð Þ

h i

r

ws
−

20:6

ws
−2:36×104*√iodide�

0

B

B

@

1

C

C

A

(4)

where the fluxes are in nmol·m−2·day−1, [O3] is the atmospheric ozone in nmol/mol, [iodide] in the

seawater is in mol/dm3, and the windspeed (ws) is in m/s. The correlation factors between the calculated

fluxes using these equations and the equivalent laboratory observations were found to be 0.9991 and

0.9986, respectively (Carpenter et al., 2013). This algorithm is able to broadly capture global trends in

observed iodine oxide concentrations, as has been shown recently in its successful implementation in a glo-

bal model (Prados‐Roman et al., 2015; Sherwen, Evans, et al., 2016, 2017). However the parameterization

tends to overestimate the fluxes over seawater in low winds due to incomplete knowledge of the underlying

processes (Carpenter et al., 2013; MacDonald et al., 2014; Sherwen, Evans, et al., 2016).

3. Results and Discussion

3.1. Atmospheric Parameters

Figure 2 shows variations in all the measured meteorological parameters during the cruise. The top panel

shows the changes in atmospheric temperature as the ship traveled from India to Mauritius. The highest
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temperature was seen away from the Indian coast, peaking at ~31.5 °C on 5 December (~12°N). Slightly

lower temperatures were observed as the ship approached Mauritius, with the lowest temperature (24 °C)

seen on 16 December (5 °S). The relative humidity ranged between 50% and 90% over the campaign, with

typical values around 70%. The wind speed ranged between near‐stagnant conditions close to Mauritius to

a peak of 14.5 m/s on 17 December (7 °S). For the majority of the cruise, the wind speed ranged between

5 and 10 m/s. The wind direction close to the Indian subcontinent was northeasterly, with air masses travel-

ing over the Indian subcontinent before arriving at the ship. The backtrajectories also indicate this

(Figure 1), with the first few days of the cruise being exposed to continental air masses and hence exposed

to anthropogenic emissions. Between 7 and 10 December, the wind direction changed to southwesterly, with

lower influence of the Indian subcontinent. Beyond 10 December, the wind direction changed to northerly

and stayed that way until 18 December, after which it wasnorth westerly until 22 December. The solar radia-

tion (0.3 to 3 μm) varied between a minimum peak of ~500 W/m2 on 16 December to a maximum peak of

about 1,000 W/m2 seen on several days of the study. Most of the cruise had clear‐sky conditions except on

7, 10, 15, and 16 December, when long periods of overcast skies were observed. Rainfall occurred on 15

and 16 December.

The ozone mixing ratios measured during the cruise are shown in the bottom panel of Figure 2. These data

have been filtered for the ship's exhaust. Elevated mixing ratios, peaking at 52 ppbv, were seen close to the

Indian subcontinent on 4 December (15°N), the first day of the cruise. A large variation in the mixing ratios

Figure 2. Data time series of the meteorological parameters and ozone mixing ratios measured over the length of the

cruise.
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was noticed for the first few days when the air masses arriving at the ship were from the Indian

subcontinent, with a diurnal variation peaking during the daytime. This diurnal pattern is indicative of

photochemical production (Seinfeld & Pandis, 2006). The peak ozone mixing ratios occurred during the

afternoon (between 2 and 4 p.m.). This is expected since ozone production depends on precursors, the

sources of which are mainly on the subcontinent, and hence, transport of these precursors and their

chemical processing to form ozone needs to be considered. The ozone levels dropped as the cruise

progressed, and after 10 December (5°N), the peak values were below 20 ppbv consistently, with the

absence of any clear diurnal pattern. The effect of changes in wind direction, indicating arrival of

different air masses, was seen on different occasions during the cruise. For example, on 7 December, there

was a sudden decrease in the ozone mixing ratios, which coincided with a change in wind direction from

northeasterly winds to southwesterly. Southwesterly air masses do not pass over the Indian subcontinent,

which is a source for ozone precursors, and hence, such a decrease is expected. A decrease to below

10 ppbv was seen on 15 and 16 December, which coincided with the rainfall period (Figure 2).

The MAX‐DOAS DSCDs are shown in Figure 3, where the top panel shows the O4 DSCDs, the middle panel

shows the NO2DSCDs, and the bottom panel shows the IO DSCDs. The O4DSCDs can be used as a measure

of the aerosol loading of the atmosphere. Over the open ocean, the O4 DSCD values of the lowest‐elevation

angles are grouped together, while values of higher‐elevation angles are clearly separated, which shows the

existence of elevated aerosol loads close to the surface. Closer to the Indian subcontinent, most of the eleva-

tion angles are grouped together, indicating high aerosol loading with a small gradient, unlike in the open

ocean environment. This is due to multiple scattering and absorption of photons by the aerosol layer.

Further details about this process can be found in Platt & Stut (2008). DSCD values for NO2 were above

the detection limit only close to the Indian subcontinent, and after 7 December (~10°N) NO2 was not

observed above the detection limit of the MAX‐DOAS instrument. In the case of IO, the DSCDs were below

the instrumental detection limit close to the Indian subcontinent, and positive detection above the two sigma

detection limit was observed only after 7 December (~10°N). The largest IO DSCDs were observed on 10

December. There was a data gap on 12 and 13 December, which was caused by instrumental problems. In

general, higher values for IO were observed in the lower‐elevation angles, indicating that the IO showed a

decreasing vertical gradient.

Figure 3. O4, NO2, and IO differential slant column densities (DSCDs) measured during the cruise. The small circles are

values below the 2σ detection limit of the instrument. The different viewing elevation angles are given by the color code,

shown as the color bar.

10.1029/2018JD029063Journal of Geophysical Research: Atmospheres

MAHAJAN ET AL. 8110



Using the O4 DSCDs, we estimated the NO2 and IO volume mixing ratios in the boundary layer during the

cruise. Mixing ratios for NO2 were seen above the detection limit only close to the Indian subcontinent with

a peak of 854 ± 223 pptv on 4 December at 11:22 a.m., 41.7° solar zenith angle. The values dropped signifi-

cantly as the cruise progressed away from the subcontinent and by 7 December, NO2 was below the detec-

tion limit. In the case of IO, the opposite trend was observed with IO mixing ratios below the detection limit

close to the Indian coast. The daily averaged IO mixing ratio peaked on 9 December (~8.5°N) at

0.47 ± 0.29 pptv and then steadily reduced southward to <0.2 pptv.

The daily averaged IOmixing ratios compare well with past reports of IO in the open oceanMBL (Commane

et al., 2011; Dix et al., 2013; Großmann et al., 2013; Mahajan et al., 2012; Prados‐Roman et al., 2015). Values

around 0.6 pptv of IO have been reported in the eastern Pacific (Mahajan et al., 2012). The largest reported

database, from several cruises around the world's oceans, shows that in most of the global MBL, IO ranges

between 0.4 and 1 pptv (Prados‐Roman et al., 2015). Higher values have been reported in the Atlantic at the

Cape Verde Atmospheric Laboratory, with a daytime IO mixing ratio of 1.5 pptv (Mahajan et al., 2009; Read

et al., 2008). In the Pacific, lower IOmixing ratios were observed at the Galapagos Islands, with IO peaking at

0.9 ± 0.2 pptv (Gómez Martín et al., 2013). The current observations from the Indian Ocean are at the lower

end of the range, with a maximum daytime average of 0.47 ± 0.29 pptv.

3.2. Oceanic Parameters

The latitudinal distribution of MLDpt did not show any clear north‐south gradient, but rather a strong varia-

bility (supporting information Figure S2). At two stations, 12°N and 10°N, the MLDpt was deeper (57 and

56 m), the depth of which decreased gradually and reached its shallowest value of 11 m at 5°N. The

MLDpt deepened further south and reached 69 m at 1°S. Beyond that, the MLDpt became shallower and

at the last two sampling stations it was only 15 and 19 m at 4°S and 5°S. Mixing in the upper ocean is regu-

lated mainly by winds, waves, incoming solar radiation, evaporation, and precipitation (Prasanna Kumar &

Narvekar, 2005). The MLDpt values were subsequently used to compute the iodide concentrations along the

cruise transect.

The MLDpt‐averaged temperature distribution (supporting information Figure S3a) showed considerable

latitudinal variation. At the northernmost station (12°N), the MLDpt‐averaged SST was 28.58 °C, which then

increased by more than 1 °C at 10°N (29.68 °C). Further south, the SST reduced by 0.4 °C and remained

almost constant till 4°S. At the southernmost station, the average SST reduced further and reached

28.21 °C. Interestingly, unlike SST, the MLDpt‐averaged salinity distribution showed a distinct north‐south

gradient (supporting information Figure S3b). High‐salinity waters were found north of the equator (salinity

>36 PSU) and gradually decreased toward the south (~35 PSU).

Variability in MLD is crucial for nutrient distribution and redistribution through turbulent mixing since it

directly controls the quantity of nutrients available for phytoplankton (Mann & Lazier, 1996; D'Ortenzio

et al., 2014). Deepening of the MLD facilitates injection of nutrients into the surface layer (Cullen et al.,

2002). During the present study, MLDpt‐averaged NO3
− also showed a distinguishable hemispheric distribu-

tion pattern (supporting information Figure S3c). North of the equator, the concentrations were fairly low

(~0.5 μM) despite the moderately deep MLDpt and increased in the vicinity of equatorial stations where

the highest MLDpt was observed. The nitrate concentrations ranged between 0.8 and 1 μM in this region.

Further toward the south, the nitrate concentrations decreased to 0.7 μM, where MLDpt was also shallow.

Similar nutrient variations with MLD are also found in different parts of the Indian and Global Oceans like

the Arabian Sea (Prasanna Kumar & Narvekar, 2005), the Bay of Bengal (Narvekar & Prasanna Kumar,

2006), the North Atlantic (Dutkiewicz et al., 2001), the North Pacific subtropical gyre (Johnson et al.,

2010), and the Mediterranean Sea (D'Ortenzio et al., 2014).

Average iodide concentrations (Figure 4) were calculated for the 10 stations using the parameterization

described in the previous section, using average MLDpt values for all parameters. As expected, at these

low latitudes (Chance et al., 2014), the calculated iodide concentrations were relatively high, ranging from

164.2 to 209.1 nM (equation (1)) and from 347 to 517 nM (equation (2)), with the higher values in the

Northern Hemisphere and a dip around the equator and a gradual decrease southward toward Mauritius

(Figure 4). The values estimated using equation (1) are similar to surface iodide concentrations reported

for the Arabian Sea (10–22°N; 154 to 321 nM; Farrenkopf & Luther, 2002), while those estimated using
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equation (2) are higher. Iodate concentrations measured further south in

the Indian Ocean (−4°N, 41°E, and −2°N, 43°E; Truesdale, 1978) also

imply iodide concentrations of at least 166 nM, assuming a globally con-

stant total inorganic iodine concentration of ~450 nM (Chance et al.,

2014). Observed iodide concentrations at similar latitudes in the Atlantic

and Pacific Oceans vary typically from 90 to 165 nM, which make the con-

centrations predicted using equation (2) seem unrealistically high.

Indeed, of the 925 previous sea surface iodide concentrations described

in Chance et al. (2014), only eight were greater than 350 nM, and only

two were greater than 400 nM. Of these, all the values >400 nM were

observed in coastal, sometimes brackish waters of the Skagerrak and so

likely reflect very different biogeochemical conditions to the open, tropi-

cal ocean. We therefore believe that the parameterization in equation (2)

does not apply well to the Indian Ocean. This view is confirmed by some

very recent observations of sea surface iodide in the tropical Indian Ocean

(http://doi.org/czhx). Chl a concentrations, given as a MLDpt average for

the measurement stations, are plotted in Figure 4 (middle), and the latitu-

dinal variation suggests that it is a bad proxy for the calculated iodide

(R2 = −0.123), despite some similarities observed between the plots.

Similar results have been obtained at the global scale, showing that chl

a is a poor proxy for iodide distribution (Chance et al., 2014). Figures 5b

and 5c show the fluxes for HOI and I2, respectively, predicted using both

calculated iodide concentrations. The wind speed (Figure 4, bottom) and

ozone concentrations (Figure 5a) used in equations (3) and (4) for the

calculations of the fluxes are given as daily averages for the days on which

the oceanic parameters were measured. Similar to the predicted iodide

concentrations, the predicted fluxes for HOI and I2 show a very high

upper value when using the iodide concentrations predicted using

equation (2) (Figure 5). Previous estimates of the flux for I2 and HOI

resulted in mean annual values of, respectively, around 8 × 106 and

0.8 × 108 molecules·cm−2·s−1 in the tropical latitudes (Sherwen, Evans,

et al., 2016), which is consistent with the amount of IO observed at the

Cape Verde Observatory (Carpenter et al., 2013). Großmann et al. (2013)

also estimated a comparable necessary I2 flux that was in the range of

10–22 × 107 molecules·cm−2·s−1. Here the fluxes for I2 are estimated

within the range of 1.9–18.9 × 106molecules·cm−2·s−1 (for [I−] calculated

using equation (1)) and 5.4–58.5 × 106 molecules·cm−2·s−1 (for [I]

calculated using equation (2)), and fluxes for HOI range from 68.6 to

285.9 × 106 molecules·cm−2·s−1 (for [I−] calculated using equation (1)) and 49.0 to 472.9 × 106 molecu-

les·cm−2·s−1 (for [I−] calculated using equation (2)). The upper limits for the range calculated in this study

are comparatively high, particularly using equation (2), which we believe overestimates the iodide concen-

tration predicted in the surface waters. The high fluxes predicted are sustained by the high iodide concentra-

tions, relatively high ozone concentrations close to the Indian subcontinent, and moderate wind speed.

The iodide concentrations predicted by equation (2) are higher by an average factor of 2.2 compared with

those by equation (1). This discrepancy seems to be due to the high relative uncertainties for salinity and

the last constant term of equation (2), which induce higher relative errors. The difference between both para-

meterizations becomes more pronounced in the calculations for the flux of molecular iodine (up to 3.25 lar-

ger) than for the flux of HOI (up to 1.6 larger) as equation (3) is more sensitive to the iodide concentration

than is equation (4). The HOI flux dominates the total flux and is about 15 times larger than the I2 flux.

3.3. Drivers of Reactive Atmospheric Iodine

Past reports have studied the relationship between different oceanic and atmospheric parameters and the

atmospheric iodine content (Mahajan et al., 2012; Prados‐Roman et al., 2015). In the Pacific, positive

Figure 4. Observations of oceanic parameters measured during the Second

International Indian Ocean Expedition and the calculated iodide concen-

trations are given. The bottom panel shows the sea surface temperature

(SST; red circles) and the salinity (blue diamonds), the middle panel shows

chlorophyll a (chl a; green triangles) and the wind speed (WS; black dia-

monds), and the top panel shows the nitrate concentrations (blue squares)

and the iodide concentrations calculated using the two parameterizations

given in equations (1) (empty red circles) and (2) (filled red circles).

PSU = practical salinity unit.
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correlations between SST, salinity, organic iodine compound fluxes, and

IOx were reported, while O3 and chl a showed significantly negative cor-

relation. The study by Chance et al. (2014), however, did not find a signif-

icant correlation between seawater iodide content and chl a. During this

current study, there was no significant correlation between chl a and

the atmospheric IO concentrations, adding weight to previous reports that

chl a concentrations are poor predictors for iodine emissions globally

(Großmann et al., 2013; Mahajan et al., 2012). It should be noted that

although chl a is a poor predictor, sea surface iodide concentrations

(and hence iodine emissions) are still thought to be linked to biological

productivity (Chance et al., 2014).

Figure 5 shows that although the fluxes of inorganic iodine compounds

are larger closer to the Indian subcontinent, driven by higher iodide con-

centrations and higher ozone levels, IO is not detected above the detection

limit of the instrument close to the coast. This could partially be explained

by a poor parameterization for the determination of iodide concentrations

in this area. Indeed, the parameterization proposed in Chance et al. (2014)

has not yet been validated for the Indian Ocean. Although the calculated

fluxes might thus be influenced by these limitations, it is expected that if

the iodine emission fluxes are driven by the same processes, this should be

correctly reflected by the trend of the calculated fluxes. However, espe-

cially close to the Indian subcontinent, opposite trends between the calcu-

lated fluxes for I2 and HOI and the observed IO concentrations are found.

Indeed, at 12°N, the IO mixing ratios are smaller than at 8° N, although

the HOI and I2 fluxes are larger by a factor of almost 2. The highest daily

averaged IO mixing ratio is observed at about 8.5°N. In order to explain

this discrepancy, we look at the possible mechanisms that might cause

lower atmospheric IO concentrations in the presence of a higher

inorganic iodine flux from the ocean.

As mentioned, the main source of iodine compounds in the open ocean is

in the form of inorganic iodine emissions (Mahajan, Plane, et al., 2010;

Carpenter et al., 2013). Once the oceanic HOI and I2 are equilibrated into

the atmosphere through ocean‐air interaction, they undergo photolysis to

produce I atoms ((R3) and (R4)). The I atoms then react with O3 to form

IO (R5).

HOIþ hυ→Iþ OH (R3)(Bauer et al., 1998)

I2 þ hυ→2I (R4)(Saiz‐Lopez et al., 2004)

Iþ O3→IOþ O2 k 298 Kð Þ ¼ 1:3×10−12 cm3·molecule−1·s−1 (R5)(Atkinson et al., 2007)

IO can undergo several different reactions in order to form higher iodine oxides, HOI, or recycle back to I

(Sommariva et al., 2012). However, in the presence of NO2, it can also lead to the formation of IONO2

(R6), which can act as a reservoir species for iodine.

Figure 5. (a) The observed IO mixing ratios above (red circles) and below

(empty red circles) the multi‐axis differential optical absorption spectro-

scopy (MAX‐DOAS) detection limit (DL; black lines) and the ozone

mixing ratio (blue circles) along the cruise track. (b) Calculated ocean‐

atmosphere flux of hypoiodous acid (HOI) for the two parameterizations

(equation (1), empty blue circles, and equation (2), filled blue circles). (c)

Calculated ocean‐atmosphere flux of I2 for the two parameterizations

(equation (1), empty red circles, and equation (2), filled red circles). (d) The

satellite‐retrieved tropospheric NO2 vertical column densities using three

satellite based instruments. OMI = Ozone Monitoring Instrument.
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IOþ NO2 þM→IONO2 þM k 298 Kð Þ ¼ 3:48×10−12 cm3·molecule−1·s−1 at 1 bar (R6)(Atkinson et al., 2007)

The resulting IONO2 can photolyze (2 × 10−3 s‐1, for clear‐sky conditions in the tropics; Mössinger et al.,

2002) or undergo thermal decomposition back to IO + NO2 (3.5 × 10−5 s−1 at 298 K; Atkinson et al.,

2007). For these two processes to dominate over the formation of IONO2, NO2 has to be below

~100 pptv, which is observed in the remote open ocean environment but not close to the Indian subcontinent

where anthropogenic emissions result in larger levels of NO2. IONO2 can also react with I atoms to recycle

back to I2 (5.6 × 10−11 cm2·molecule−1·s−1 at 298 K; Kaltsoyannis & Plane, 2008), as has been observed in

semipolluted environments (Mahajan et al., 2009). However, for this to occur, a substantial concentration

of I atoms and a [IONO2]/[O3] ratio greater than 0.01 is required (Kaltsoyannis & Plane, 2008). At the low

concentrations of IO observed during IIOE‐2, the concentrations of I atoms are too low (0.12 pptv) for the

reverse reaction to play an important role and, as pointed out above, nor does the photolysis and thermal

decomposition compete with the formation of IONO2. The lifetime for heterogeneous recycling of IONO2

through aerosol uptake, considering an upper limit aerosol surface area of 1 × 10−6 cm2/cm3 and an uptake

coefficient of 0.1, is about 0.6 hr, which is too slow in comparison with its formation rate at NO2 > 100 pptv.

Hence, in the presence of elevated NO2, the IO will get titrated to the reservoir species IONO2, leading to

values lower than the detection limit of the MAX‐DOAS instrument.

During IIOE‐2, as mentioned above, the NO2 DSCDs were observed above the detection limit of the instru-

ment only close to the Indian subcontinent. The peak mixing ratio of 854 ± 223 pptv was also observed close

to the Indian subcontinent. Additionally, the monthly mean satellite data for December 2015 in Figure 5d

shows the southward latitudinal reduction in the tropospheric NO2 VCDs. Peak column densities between

1.6 × 1015 and 1.8 × 1015 molecules·cm−2 are observed on 4 December (15°N), with a significant reduction

along the cruise track away from the Indian coast. The backtrajectories also show that the air masses passing

over the Indian subcontinent were sampled until 7 December (10°N), after which the wind pattern changes

and air masses are mostly oceanic in origin. The oceanic air masses should have lower levels of NO2 due to

the lack of anthropogenic emissions, which is reflected in the tropospheric column densities and the surface‐

based MAX‐DOAS observations (MAX‐DOAS detection limit is ~120 pptv). At low NO2 concentrations, the

IO is not titrated and hence is observed above the detection limit of the instrument. At present, global models

overestimate the concentrations of IO close to the Indian subcontinent. A Goddard Earth Observing System ‐

Chemistry (GEOS‐Chem)‐based study by Sherwen, Evans, et al. (2016) has reported upward of 1 pptv close

to the Indian coast, which is much larger than the observed levels. The Community Atmosphere Model with

Chemistry (CAM‐Chem) model is closer to the observations but still shows more than 0.5 pptv close to the

Indian subcontinent (Prados‐Roman et al., 2015; Saiz‐Lopez et al., 2014). It should be noted that the models

reproduce well the open ocean observations although GEOS‐Chem overpredicts the IO concentrations in the

Indian Ocean.

In the remote open ocean environment, the distribution of IO tracks the trend of the estimated HOI and I2
fluxes, with lower atmospheric IO as the cruise progressed toward the Mauritius. Indeed, the IO mixing

ratios were close to or below the detection toward the end of the study period, when the HOI and I2 fluxes

were at their lowest. In view of observations in the Pacific (Gómez Martín et al., 2013; Mahajan et al., 2012),

it could be argued that the trends of IO observed in this study can be explained by a shift in the partitioning of

reactive iodine speciation. Values around 1 pptv for IO + I have been reported in the eastern Pacific MBL,

with the IO:I ratio about 2:1, with IO mixing ratios around 0.6 pptv (Mahajan et al., 2012). We checked

whether the change in ozone from above 20 to 10 ppbv can explain the trend of IO rather than the change

in the fluxes. The calculated IO + I peaks at 0.58 ± 0.31 pptv in the Northern Hemisphere outside the high‐

NOx regions and followed a similar trend to the IO observations, although with a smaller gradient, reducing

to 0.35 ± 0.28 pptv below the equator. This suggests that the iodide calculated using parameterization

reported by Chance et al. (2014) and the parameterizations for the fluxes by Carpenter et al. (2013) are able

to capture the geographical variation of atmospheric IO, in regions of low NOx. Comparison with past obser-

vations of iodide and IO around the world suggests that the second parameterization equation (equation (2))

overestimates the iodide concentration and resultant fluxes in the Indian Ocean. Additionally, in regions

with elevated NOx, the atmospheric IO is controlled by titration reaction rather than the flux of inorganic
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species (Mahajan et al., 2009; Platt & Janssen, 1995). This would reduce the impact of iodine chemistry on

ozone destruction closer to the Indian subcontinent and needs to be accurately calculated in large‐

scale models.

4. Conclusions

Here we report measurements of atmospheric IO during the IIOE‐2 in addition to oceanic observations of

SST, salinity, MLDpt, and nitrate concentrations. The oceanic parameters were used to calculate the

predicted seawater iodide concentrations, and the resultant HOI and I2 fluxes from the ocean to the atmo-

sphere. The estimated fluxes for inorganic iodine compounds were several times larger close to the Indian

subcontinent in the Arabian Sea as compared with the remote open ocean environment. However, the atmo-

spheric IO mixing ratios were lower close to the Indian subcontinent. It is suggested that this discrepancy is

due to titration of IO by NO2, which is corroborated by the MAX‐DOAS and satellite‐based NO2 observa-

tions. In the remote ocean MBL, the atmospheric IO tracks the estimated HOI and I2 fluxes, adding weight

to the reports that oceanic inorganic iodine emissions are the main source for iodine in the remote open

ocean MBL. Finally, these observations show that the flux estimates for HOI and I2 can explain the

atmospheric distribution of IO in the Indian Ocean, but a correlation between the fluxes and atmospheric

IO is observable only in the low‐NOx regions as NOx‐based titration dominates in areas with elevated NOx.
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