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Abstract 17 

Recent observations have shown the ubiquitous presence of iodine oxide (IO) in the Indian 18 

Ocean marine boundary layer (MBL). In this study, we use the Weather Research and 19 

Forecasting model coupled with Chemistry (WRF-Chem version 3.7.1), including halogens 20 

(Br, Cl and I) sources and chemistry, to quantify the impacts of the observed levels of iodine 21 

on the chemical composition of the MBL. The model results show that emissions of inorganic 22 

iodine species resulting from the deposition of ozone (O3) on the sea surface are needed to 23 

reproduce the observed levels of IO, although the current parameterisations overestimate the 24 

atmospheric concentrations. After reducing the inorganic emissions by 40%, a reasonable 25 

match with cruise-based observations is found. A strong seasonal variation is also observed, 26 

with lower iodine concentrations predicted during the monsoon period when clean oceanic air 27 

advects towards the Indian subcontinent, and higher iodine concentrations predicted during the 28 

winter period, when polluted air from the Indian subcontinent increases the ozone 29 

concentrations in the remote MBL. The results show that significant changes are caused by the 30 

inclusion of iodine chemistry, with iodine catalysed reactions leading to regional changes of 31 

up to 25% in O3, 50% in nitrogen oxides (NO and NO2), 15% in hydroxyl radicals (OH), 25% 32 

in hydroperoxyl radicals (HO2), and up to a 50% change in the nitrate radical (NO3). Most of 33 

the large relative changes are observed in the open ocean MBL, although iodine chemistry also 34 

affects the chemical composition in the coastal environment and over the Indian subcontinent. 35 

These results show the importance of including iodine chemistry in modelling the atmosphere 36 

in this region.  37 

Keywords: iodine, northern Indian Ocean, marine boundary layer, oxidising capacity 38 
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1. Introduction 40 

Iodine compounds, emitted from the ocean surface, have been implicated in causing changes 41 

to the chemical composition of the marine boundary layer (MBL (Carpenter, 2003; Platt and 42 

Honninger, 2003; Saiz-Lopez et al., 2012a; Saiz-Lopez and von Glasow, 2012; Simpson et al., 43 

2015). The known effects include changes to the oxidising capacity through the depletion of 44 

ozone (O3) (Iglesias-Suarez et al., 2018; Mahajan et al., 2010b; Read et al., 2008; Saiz-Lopez 45 

et al., 2007) changes to the hydrogen oxides (HOx = OH & HO2) and nitrogen oxides (NOx = 46 

NO and NO2) concentrations (Bloss et al., 2005; Chameides and Davis, 1980) and oxidation of 47 

mercury (Wang et al., 2014). Coastal emissions of iodine compounds, through known biogenic 48 

sources such as macroalgae, have been shown to contribute significantly to new particle 49 

formation (McFiggans, 2005; O’Dowd et al., 2002, 2004). It has been suggested that even in 50 

the open ocean environments with low iodine emissions, it can participate in new particle 51 

formation (Allan et al., 2015; Baccarini et al., 2020; Sellegri et al., 2016). Recent ice-core 52 

observations in the high altitude Alps in Europe and in Greenland have shown an increase in 53 

the atmospheric loading of iodine compounds, which highlights the importance of 54 

understanding iodine cycling for accurate future projections (Cuevas et al., 2018; Legrand et 55 

al., 2018).   56 

Over the last two decades, several field campaigns have focused on the measurement of iodine 57 

oxide (IO), which can be used as a proxy for iodine chemistry in the MBL. These observations 58 

made across the world show a near-ubiquitous presence of IO across the Pacific, Atlantic, and 59 

Southern Oceans with concentrations reaching as high as ~3 parts per trillion by volume (pptv) 60 

in the open ocean environment (Alicke et al., 1999; Allan et al., 2000; Commane et al., 2011; 61 

Furneaux et al., 2010; Gómez Martín et al., 2013; Großmann et al., 2013; Mahajan et al., 2012, 62 

2009, 2010a, 2010b, 2011; Platt and Janssen, 1995; Prados-Roman et al., 2015; Read et al., 63 

2008; Saiz-Lopez and Plane, 2004; Seitz et al., 2010; Stutz et al., 2007; Wada et al., 2007; 64 
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Zingler and Platt, 2005). Until recently, the Indian Ocean was the most under-sampled region 65 

for iodine species, but cruises that were a part of the Indian Southern Ocean Expeditions 66 

(ISOEs) and the International Indian Ocean Expedition- 2 (IIOE-2) have confirmed the 67 

presence of up to 1 pptv of IO in this region’s MBL (Inamdar et al., 2020; Mahajan et al., 68 

2019a, 2019b). 69 

Over the Indian Ocean, intense anthropogenic pollution from Southeast Asia mixes with 70 

pristine oceanic air. The mixing of polluted continental and clean oceanic air masses results in 71 

unique chemical regimes, which change drastically due to distinct seasonal circulation patterns, 72 

such as the seasonally varying monsoon. During the winter monsoon season (November to 73 

March), high pollution levels are regularly observed over the entire northern Indian Ocean 74 

(Lelieveld et al., 2001), while during the summer monsoon (June-September), clean air 75 

dominates the atmospheric composition, leading to distinct chemical regimes (Lawrence and 76 

Lelieveld, 2010). For the other transitional months, especially the pre-summer monsoon period 77 

(March-June), the offshore pollution is in general weaker compared to the winter monsoon 78 

conditions (Sahu et al., 2006). The changing atmospheric composition over the Indian Ocean 79 

can interact with oceanic biogeochemical cycles and impact marine ecosystems, resulting in 80 

potential feedbacks. This is indeed the case of inorganic iodine emissions (hypoiodous acid, 81 

HOI and molecular iodine, I2), which are considered to be the major sources of reactive iodine 82 

species from the ocean surface (Carpenter et al., 2013; MacDonald et al., 2014). The emission 83 

of both species depends on the deposition of atmospheric O3, which shows a strong seasonal 84 

cycle due to the changes in the composition of the overlying airmasses. However, even though 85 

the emission of iodine compounds is expected to increase during higher pollution periods, 86 

anthropogenic NOx can lead to titration of iodine in the atmosphere, leading to the formation 87 

of the relatively stable iodine nitrate (IONO2), which effectively reduces the impact of iodine 88 
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on the atmosphere in terms of ozone depletion and also new particle formation (Mahajan et al., 89 

2009, 2011, 2019b). 90 

Recent modelling studies have made an attempt at quantifying the impact of iodine on a global 91 

scale (Saiz-Lopez et al., 2012b, 2014; Sherwen et al., 2016; Stone et al., 2018) and at regional 92 

scales (Li et al., 2019, 2020; Muñiz-Unamunzaga et al., 2018; Sarwar et al., 2015). Although 93 

both approaches have shown significant effects of iodine on the atmosphere, a strong difference 94 

is observed in different regions due to the existing chemical regimes. Amongst the regional 95 

studies, estimates in the eastern Pacific using the Weather Research and Forecasting model 96 

coupled with Chemistry (WRF-Chem) suggest that halogens account for about 34% of the total 97 

ozone depletion in the MBL, of which iodine compounds cause about 16% (Badia et al., 2019). 98 

In China, the contribution of iodine to the halogen‐mediated effect on atmosphere oxidising 99 

capacity has been calculated to be up to 29% (Li et al., 2020). Using the Community Multiscale 100 

Air Quality Model (CMAQ), Li et al. (Li et al., 2019) showed that combined halogen chemistry 101 

(chlorine, bromine and iodine) induces variable effects on OH (ranging from -0.023 to 0.030 102 

pptv) and HO2 (in the range of -3.7 to 0.73 pptv), reduces nitrate radical (NO3) concentrations 103 

(~20 pptv) and O3 (by as much as 10 ppbv), decreases NO2 in highly polluted regions (by up 104 

to 1.7 ppbv) and increases NO2 (up to 0.20 ppbv) in other areas. Another study using the same 105 

model suggested that in the northern hemisphere, halogen chemistry, without higher iodine 106 

oxides photochemical breakdown, leads to a reduction of surface ozone by ∼15%, whereas a 107 

simulation including their breakdown leads to reductions of ∼48% (Sarwar et al., 2015). 108 

However, studies are lacking in the quantification of the impact of iodine over the Indian Ocean 109 

MBL. Here, we study the effects of iodine chemistry on the atmospheric composition in the 110 

northern Indian Ocean MBL, a region where effects of iodine have not been studied hitherto, 111 

using the WRF-Chem model over three different periods in a year. We explore the geographical 112 
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and seasonal variability through quantification of iodine-mediated changes in ozone, HOx and 113 

NOx. 114 

 115 

2. Methodology  116 

The WRF‐Chem model (version 3.7.1), which included a full halogen scheme (Cl, Br, and I) 117 

was used in the present study. The halogen chemistry scheme used in WRF‐Chem and a 118 

detailed description of the model setup are described in past studies (Badia et al., 2019; Li et 119 

al., 2020). Sources of reactive iodine species considered in this study are an oceanic source of 120 

organic iodine compounds (CH2ICl, CH2IBr, CH2I2, and CH3I) and inorganic compounds from 121 

the ocean surface (HOI and I2). The sea-to-air fluxes of organic compounds were calculated 122 

online (Liss and Slater, 1974). The oceanic emission of inorganic iodine (HOI and I2), which 123 

is dependent on the deposition of O3 to the surface ocean and reaction with iodide (I‐) was 124 

calculated online using a parameterisation based on Badia et al. (2019), which was computed 125 

using the empirical laboratory measured parameterisations by Carpenter et al. (2013) and 126 

MacDonald et al. (2014). These emissions produced much higher than observed levels of IO 127 

in the northern Indian Ocean MBL. The reasons for the overestimation are discussed further in 128 

Section 3.2. Hence for the rest of the analysis, the emissions of I2 and HOI were reduced by 129 

40% (i.e. 60% of the standard emission parameterisation).  130 

The domain for the simulations was selected to cover the Indian subcontinent and the northern 131 

Indian Ocean (as shown in Figure 1). We used a spatial resolution of 27 km and 30 vertical 132 

layers (sigma levels of 1.00, 0.99, 0.98, 0.97, 0.96,0.95, 0.94, 0.93, 0.92, 0.91,0.89, 0.85, 0.78, 133 

0.70, 0.60,0.51, 0.43, 0.36, 0.31, 0.27,0.23, 0.20, 0.17, 0.14, 0.11,0.08, 0.05, 0.03, 0.02, 0.01, 134 

0.00) with the surface layer ~20 m above ground level and 10 layers within the boundary layer. 135 

The simulation period included three seasons in the year of 2015 (pre-monsoon in April; 136 
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summer monsoon in July; and the winter monsoon period in January). We ran the WRF‐Chem 137 

model for the months of January, April and July with an extra spin‐up period of 15 days. The 138 

reason for choosing these three months is the different chemical regimes that result over the 139 

Indian Ocean due to changing meteorological conditions. Figure 1 shows the monthly averaged 140 

wind direction and speed over the northern Indian Ocean, which shows the drastic differences 141 

in air masses over the three seasons. Using these considerations, three sets of simulations were 142 

conducted. The BASE scenario considered no iodine emissions from the ocean surface; the 143 

orgI scenario considered only emissions of organoiodides as mentioned above; and the HAL 144 

scenario considered emissions of both inorganic iodine and the organoiodides. Changes in 145 

atmospheric compositions between BASE and HAL represent the impact of the overall iodine 146 

sources and chemistry; while those between the BASE and orgI scenarios represent the impact 147 

of organic iodine emissions; and the difference between orgI and HAL shows the impact of 148 

inorganic emissions of iodine from the ocean surface (HOI and I2).  149 

The model results were validated using observations from cruise-based campaigns in the Indian 150 

Ocean, i.e. during the 2nd International Indian Ocean Expedition (December 2015) and the 8th 151 

Indian Southern Ocean Expedition (ISOE-8) (January 2015) (Mahajan et al., 2019b, 2019a). 152 

Unfortunately, observations were available only during the winter monsoon period, and hence 153 

no direct validation was possible during the other seasons. Observations of IO in the MBL, 154 

along with surface ozone concentrations, were used for the validation of the model simulations. 155 

The MBL in the model results was defined as the lowest 10 layers (1.0 km above sea level). 156 

The domain chosen for the model simulations, along with the tracks of the cruises from which 157 

data was used for validation are shown in Figure 2.  158 

 159 

3. Results and Discussions 160 
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3.1 Model validation 161 

A comparison between the model simulated IO and O3 from the HAL scenario and observations 162 

made during the IIOE-2 and 8th ISOE expeditions is shown in Figure 3. The top panel shows a 163 

comparison between the modelled and observed IO mixing ratios, with both the model and 164 

observations showing IO values below 1 pptv for all the locations. For most of the data points, 165 

the model simulated IO is slightly higher than the observations, although within the uncertainty. 166 

It should be remembered that this close match is after reducing the emissions of inorganic 167 

iodine species from the ocean surface by 40% (discussed further is Section 3.2). The largest 168 

mismatch is observed close to 5º N, where the model predicts approximately 0.9 pptv, while 169 

the observations show a low of 0.23±0.16 pptv. A point to note is that the IIOE-2 observations 170 

were from December 2015, and hence an exact match is not expected. Nonetheless, the 171 

comparison shows that the model does a good job at reproducing the levels of IO observed in 172 

the northern Indian Ocean. The levels observed and simulated IO are similar to the west Pacific 173 

(Badia et al., 2019) and in the South China sea  (Li et al., 2020) but lower than the modelled 174 

and observed values of ~1.5 pptv in the tropical Atlantic MBL (Mahajan et al., 2010b).  175 

The bottom panel of Figure 3 shows a comparison between the model simulated O3 with the 176 

observations. Although the match between the model and observations is good in the northern 177 

Indian Ocean, there is a mismatch in the open ocean closer to the equator, with the model 178 

predicting higher values than the observations. The decreasing trend towards the open ocean is 179 

well captured by the model, with higher values observed close to the Indian coast where larger 180 

anthropogenic emissions are present. The average overestimation of ozone across all the 181 

locations where observations were available was ~25%. The model captures well the difference 182 

between the IIOE-2 and the ISOE-8 cruises, which started from the west and east coasts of 183 

India, respectively. Larger values of O3 were observed during the ISOE-8, which were seen in 184 
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the model simulations too, and shows that the O3 concentrations during the winter months are 185 

higher to the east of India as compared to the west. 186 

3.2 Geographical distribution of IO 187 

Figure 4 shows the geographical distribution of daytime averaged IO across the selected 188 

domain during the three seasons, for the orgI and HAL cases, along with the difference between 189 

the two. The orgI scenario shows significantly low values across the domain, with a peak of 190 

only 0.06 pptv (in January) in the western Indian Ocean close to the equator (Figure 4, top 191 

panels). When averaged across the whole domain for the boundary layer, the mean IO mixing 192 

ratio is a negligible 0.011±0.009 pptv in January, 0.008±0.006 pptv in April and 0.012±0.009 193 

pptv in July (Table 1). Even if only the MBL is considered after applying a land mask, the 194 

mean IO mixing ratio is only 0.015±0.009 pptv in January, 0.011±0.006 pptv in April and 195 

0.015±0.008 pptv in July (Table 1). At such low concentrations, iodine chemistry would not 196 

have any measurable impact on atmospheric chemistry. The values closer to the Indian 197 

subcontinent are negligible, although a high of ~0.04 pptv is seen close to the western Indian 198 

and Pakistani coast during the summer monsoon period (July). It is well known that this region 199 

experiences strong mixing in the northern Arabian sea during the summer monsoon period, 200 

which triggers plankton blooms resulting in high productivity (Qasim, 1982). For the current 201 

model runs, emissions of organic iodine are based on a climatology concentration of organic 202 

halogens in the sea water (Ziska et al., 2013), which show high organoiodides emissions in this 203 

region. However, despite the being an area of high productivity, the values of IO predicted in 204 

the orgI scenarios are significantly lower than the observations (by a factor of 10-20; Figure 2) 205 

and show the need for an inorganic iodine flux. Such a flux has been suggested to be ubiquitous 206 

and dependent on the ozone deposition and seawater iodide concentrations (Carpenter et al., 207 

2013; MacDonald et al., 2014).  208 
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The middle panels in Figure 4 show the distribution of IO for the HAL scenario, which includes 209 

an inorganic iodine flux of I2 and HOI as mentioned earlier. The flux strength has been reduced 210 

by 40% (i.e. 60% of the standard emission parameterisation) compared to the past studies to 211 

get a closer match between the observations and the model. Without such a reduction, the 212 

model predicts a peak of ~1.7 pptv in the domain, which is almost double the peak value 213 

observed during the IIOE-2 or ISOE-8, even when the uncertainty in the observations is 214 

considered (Figure 2). The main drivers for a sea-to-air flux of HOI and I2 are the concentration 215 

of iodide in the seawater and the atmospheric ozone concentrations. The seawater iodide 216 

concentration in the model was estimated using the MacDonald et al. (2014) parameterisation, 217 

which is based on the sea surface temperature. This is also the largest uncertainty in the 218 

inorganic iodine emissions parameterisation. Recent studies have shown that the MacDonald 219 

et al. parameterisation underestimates the seawater iodide in the Indian Ocean (Inamdar et al., 220 

2020), with the model predicted mean iodide in the domain being 117.4±1.4 nM  (range: 113 221 

to 119 nM). Ship-based observations in the same region show a mean iodide value of 222 

185.8±66.0 nM (range of 100 to 320 nM) (Chance et al., 2019, 2020). Iodide observations were 223 

unfortunately not made during the same time as the model runs, but it is unlikely that the model 224 

overestimates the iodide considering the range of reported observations. Indeed, if we use the 225 

mean observed values for the seawater iodide concentrations, the I2 flux would increase by 226 

~58% and HOI flux would increase by 44%, rather than both decrease by 40% as necessary. 227 

The second reason for overestimating the sea-to-air iodine flux could be the overestimation of 228 

ozone in the model. The model overestimates the ozone by ~25% across all the locations where 229 

ozone observations were available (Figure 3). This would cause a ~20% larger flux of HOI and 230 

I2 as compared to the observed O3 values. However, reducing the flux by 20% is still not enough 231 

for the model to match the observations. Other uncertainties in the calculation of the inorganic 232 

iodine flux calculation are in the Henry’s law of HOI, which has not been measured but is 233 

https://doi.org/10.5194/acp-2020-1219
Preprint. Discussion started: 10 December 2020
c© Author(s) 2020. CC BY 4.0 License.



11 
 

estimated. Past reports in the Indian Ocean have also questioned the accuracy of the 234 

parameterisation-based sea-to-air flux of iodine species in the Indian Ocean (Inamdar et al., 235 

2020; Mahajan et al., 2019a). The current model results also suggest that the accuracy of the 236 

flux needs to be revisited, and direct flux observations, which have not been made to date, 237 

would be helpful in quantification of the inorganic iodine emissions.  238 

Additionally, there are other sources of uncertainties which could contribute to the mismatch. 239 

For example, the treatment of the heterogeneous chemistry  has large uncertainties in their 240 

uptake coefficients associated to the ability of the model to simulate the aerosol size 241 

distribution (and aerosol surface area) and the mixing state and surface composition of the 242 

atmospheric aerosols. The photochemistry of I2Ox species also represents an important source 243 

of uncertainty in the iodine chemical mechanism incorporated into chemistry transport models 244 

(Lewis et al., 2020; Saiz-Lopez and von Glasow, 2012; Sommariva et al., 2012). However, a 245 

new set of IxOy photodepletion experiments have recently been reported, but not been 246 

incorporated in the available model mechanisms (Lewis et al., 2020). A further uncertainty on 247 

the IO concentration calculation is that most chemical transport models tend to underestimate 248 

the sources of nitrogen in the open ocean resulting in lower levels of NOx in the MBL e.g. 249 

Travis et al. (2020), which could lead to higher mixing ratios of IO. 250 

Using a reduced flux, seasonally, the highest levels of IO across the domain are observed during 251 

the winter monsoon period in January, and the lowest levels are observed during the summer 252 

monsoon period in July (Figure 4). While higher values (between 0.7 – 0.9 pptv) are observed 253 

in the Bay of Bengal compared to the Arabian Sea, a clear peak in IO is seen close to 3º N in 254 

the Western Indian Ocean, between 65º E and 70º E. This high is even more prominent during 255 

the pre-monsoon season in April, with the peak monthly averaged values reaching as high as 256 

1.3 pptv. A similar high is also observed during April in the eastern part of the domain close to 257 

the equator. A strong seasonal variation is seen, with IO values significantly lower in July as 258 
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compared to January and April. July is the summer monsoon period, and is characterised by 259 

cleaner air over the domain, with clean oceanic air coming from the south-west (Figure 1). This 260 

leads to a reduction in the concentrations of pollutants in the MBL. Considering that the 261 

emission of inorganic iodine is driven by the deposition of O3 at the surface, the reduction in 262 

IO can be attributed to a lower concentration of O3 in the MBL in July (Figure 5). When 263 

averaged over the entire domain, the mean IO mixing ratios are 0.47±0.32 pptv in January, 264 

0.48±0.33 pptv in April and 0.15±0.15 pptv in July, showing the strong seasonality driven by 265 

the emission of inorganic iodine compounds from the ocean surface. When a land mask is 266 

applied and a mean only over the MBL is computed, the values increased to 0.63±0.20 pptv in 267 

January, 0.64±0.22 pptv in April and 0.19±0.14 pptv in July. These values are higher than the 268 

means across the entire domain, showing that most of the IO is restricted to the MBL, close to 269 

the oceanic sources. The concentrations of IO in the current domain are lower than levels 270 

predicted by past studies in other environments. Using a similar setup to the current study in 271 

WRF-Chem, Badia et al. (2019) estimated IO levels of 0.5 pptv in the subtropics as compared 272 

to about 0.8 pptv in the tropics in the MBL. Li et al. (2020) predicted higher levels in the south 273 

China Sea, with IO values ranging between 1 – 3 pptv. By comparison, results from the 274 

Community Multiscale Air Quality Modelling System (CMAQ) predicted peaks of 4-7 pptv in 275 

the coastal regions around Europe, while the open ocean concentrations were below 1 pptv (Li 276 

et al., 2019). Thus, in comparison, the values in the Indian Ocean are lower, especially in July, 277 

than other regions studied hitherto using regional models, implying a reduced impact of iodine 278 

chemistry on the atmosphere in the northern Indian Ocean environment.   279 

The bottom panels in Figure 4 show the difference in IO between the HAL and orgI scenarios. 280 

During January and April, the differences are large, with most of the IO being contributed by 281 

the inorganic emissions. The largest differences (~1.2 pptv) are observed in locations where a 282 

peak is seen in the HAL scenario, closer to the equator. During July, the differences are smaller, 283 
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with most of the open ocean MBL showing a smaller increase compared to the other seasons 284 

when the inorganic flux is included. It should however be remembered that even though the 285 

differences in July are only as high as 0.5 pptv, the orgI scenario predicts only up to 0.04 pptv 286 

during this season, which is lower by an order of magnitude. Seasonally also, the difference 287 

between the two scenarios is large, with the domain averaged IO mixing ratios showing values 288 

of 0.46±0.31 pptv in January, 0.47±0.32 pptv in April and 0.14±0.14 pptv in July for the HAL-289 

orgI contribution. When a land mask is applied and a mean only over the MBL is computed, 290 

the values are 0.62±0.20 pptv in January, 0.63±0.21 pptv in April and 0.18±0.14 pptv in July. 291 

This suggests that most of the IO in the Indian Ocean MBL is due to emissions of inorganic 292 

iodine compounds, rather than the photolysis of organoiodides, which are long-lived and hence 293 

do not contribute heavily to the MBL. A similar result has been observed in other oceanic 294 

MBLs, where observations show that a small fraction of the total IO in the MBL is due to 295 

organic compounds  (Mahajan et al., 2010b).  296 

For the rest of the analysis, we use the difference between the HAL and BASE scenarios to 297 

quantify the impact of iodine chemistry considering that the orgI greatly underestimates the 298 

iodine concentrations in the model domain. The differences and percentage differences in 299 

oxidising species such as ozone (O3), nitrogen oxides (NO2 and NO), hydrogen oxides (OH 300 

and HO2) and the nitrate radical (NO3) are studied to quantify the impact of iodine on the MBL 301 

atmosphere. 302 

3.3 Impact on ozone 303 

Figure 5 shows the geographical distribution of O3 across the selected domain during the three 304 

seasons for the HAL scenario, along with the absolute and percentage difference between the 305 

HAL and BASE scenarios. As expected, much higher concentrations of O3 are observed over 306 

the Indian subcontinent as compared to in the surrounding ocean MBL, with O3 mixing ratios 307 
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peaking over 50 ppbv in the subcontinent as compared to mixing ratios less than 10 ppbv in 308 

certain parts of the MBL. A steady decrease is observed from the coast to the open ocean 309 

environment, which is expected considering that the main sources of O3 are emitted on the 310 

subcontinent. Seasonal changes are observed, with higher concentrations observed during 311 

January and April as compared to the summer monsoon period. During January and April, the 312 

winds flow from the subcontinent towards the open ocean, while during July the winds flow 313 

from the open ocean towards the subcontinent, which results in cleaner air masses during July 314 

(Figure 1). Additionally, during the summer monsoon, wet deposition also plays a role in the 315 

removal of O3 and its precursors from the atmosphere. During January, higher values are 316 

observed in the MBL, which is due to stronger winds advecting the polluted air masses from 317 

the continent (Figure 1). The model also predicts higher values of O3 over the Bay of Bengal 318 

as compared to the Arabian Sea, which was also seen in the observations (Figure 2). When 319 

averaged over the entire domain, the mean O3 mixing ratios are 32.16±9.76 ppbv in January, 320 

29.64±10.79 ppbv in April, and 23.34±8.85 ppbv in July for the HAL scenario. The lowest 321 

values are seen during the monsoon period when cleaner oceanic air is seen over the domain 322 

(Table 2). If only the MBL, where elevated concentrations of IO are observed, is considered, 323 

the mean O3 mixing ratios are 28.17±7.83 ppbv in January, 24.17±6.42 ppbv in April, and 324 

19.49±5.97 ppbv in July. This shows that the advection of anthropogenic sources from the 325 

continent affects the ozone in the remote MBL too (Table 2).  326 

The middle panels of Figure 5 show the absolute difference in O3 over the model domain. 327 

During January and April significant ozone destruction is observed in the MBL, with as much 328 

as 3.5 ppbv lower O3 in the HAL scenario as compared to the BASE scenario. During January 329 

relatively larger destruction is observed in the Bay of Bengal as compared to the Arabian Sea. 330 

Significant losses in O3 are also observed in the western Indian Ocean closer to the equator. 331 

Interestingly, O3 destruction is also visible over the Indian subcontinent, showing that the 332 
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effects of iodine chemistry are not just limited to the MBL. In January, an increase of 1 ppbv 333 

is seen in over the south of India. During April, the destruction of O3 is more restricted to the 334 

MBL, with larger destruction observed in the Arabian Sea as compared to the Bay of Bengal. 335 

The main difference in the O3 during these two months is driven by the dynamics which dictates 336 

where the oceanic emissions of iodine are advected. During July, negligible difference is 337 

observed between the HAL and BASE case, with the depletion within ±0.3 ppbv, which reflects 338 

the lower concentrations of iodine during the summer monsoon period. When averaged over 339 

the entire domain, the mean change in O3 mixing ratios are -1.20±0.77 ppbv in January, -340 

0.97±0.71 ppbv in April and a small increase of 0.01±0.31 ppbv in July, showing that through 341 

January and April a mean reduction is observed, but in July there is a statistically non-342 

significant increase when the IO concentrations are very low. This change in ozone is mainly 343 

driven by changes in the MBL, where the differences are -1.31±0.67 ppbv in January, -344 

1.22±0.65 ppbv in April and -0.10±0.21 ppbv in July. If we consider the absolute changes 345 

rather than the mean change, the average over the whole domain is larger at 1.25±0.69 ppbv in 346 

January, 0.98±0.69 ppbv in April and 0.21±0.22 ppbv in July, while over the MBL the 347 

differences are 1.31±0.66 ppbv in January, 1.22±0.65 ppbv in April and 0.15±0.18 ppbv in July 348 

(Table 3). The reason for larger absolute differences as compared to mean differences is that 349 

there are both increases and decreases seen through the domain, and hence the absolute 350 

differences gives us an idea of the total impact of iodine chemistry.  351 

The bottom panels in Figure 5 show the percentage change in O3 between the BASE and HAL 352 

scenarios. As much as 20% reduction in the O3 concentrations is observed in the MBL when 353 

iodine chemistry is included, with the largest differences observed in the western part of the 354 

domain, closer to the equator. For most of the domain, the change in O3 is <15%. Over the 355 

Indian subcontinent, and close to the coastal areas, the relative change in O3 is small, which is 356 

due to larger absolute concentrations in these locations. In January and July, a small increase 357 
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(<5%) in the O3 concentrations is predicted over large parts of the domain. This shows the non-358 

linear effect of iodine chemistry on the atmosphere, which can lead to an increase in O3 in 359 

certain parts of the domain due to changes in other oxidants. When averaged over the entire 360 

domain, the mean percentage changes in O3 mixing ratios are -3.60±3.33 % in January, -361 

3.16±3.62 % in April and 0.06±1.37 % in July, showing that the largest relative change is seen 362 

during the winter period in January followed by the pre-monsoon season in April, while the 363 

smallest change is in July during the monsoon when the IO values are low (Table 2). Over the 364 

MBL, the mean percentage changes in O3 mixing ratios are -4.43±3.39 % in January, -365 

4.80±3.49 % in April, and -0.51±1.26 in July, which means that larger differences are seen in 366 

the MBL rather than over the Indian subcontinent (Table 2). When the absolute change is 367 

computed, the differences are similar with the average over the whole domain showing a 368 

3.75±3.17 % change in January, 3.21±3.58 % change in April and 0.89±1.04 % change in July, 369 

and only over the MBL, the absolute percentage change is 4.45±3.37 % in January, 4.80±3.49 370 

% in April and 0.77±1.13 % in July (Table 3). The fact that the absolute change values are 371 

close to the mean change values shows that most of the domain sees a destruction in ozone due 372 

to the presence of iodine compounds. 373 

This relative change is lower than in the Pacific, where the WRF-Chem simulated O3 374 

destruction because of all halogens peaked at -16 ppbv, which was approximately 70% of the 375 

total ozone loss, of which 18-23% was because of iodine chemistry (Badia et al., 2019). The 376 

loss of O3 due to iodine was similar to the current domain in China, where the range of ozone 377 

destruction/production because of all halogens was -10 to +5% (Li et al., 2020). Over Europe, 378 

combined halogen chemistry, which includes I, Br and Cl, significantly reduces the 379 

concentrations of and O3 by as much as 10 ppbv. The contribution because of only iodine is 380 

also larger than in the current domain, which is expected because of the higher IO 381 

concentrations simulated in Europe (Li et al., 2019).   382 
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3.4 Impact on nitrogen oxides (NOx) 383 

Halogen oxides interact with nitrogen oxides to change the NO/NO2 ratio by reacting with NO 384 

to form NO2. Additionally, iodine oxides can also react with NOx to form iodine nitrate 385 

(IONO2), which can be taken up on aerosol surfaces to act as a sink or recycle both nitrogen 386 

compounds and iodine compounds (Atkinson et al., 2007). Thus, the resultant increase or 387 

decrease in nitrogen oxides depends on the concentrations of iodine compounds, concentrations 388 

of nitrogen compounds and the aerosol surface available for heterogenous recycling. Figures 6 389 

and 7 show the geographical distribution of NO2 and NO across the selected domain during the 390 

three seasons, for the HAL scenario, along with the absolute and percentage difference between 391 

the HAL and BASE scenarios. As expected, much higher concentrations of NO2 are observed 392 

over the Indian subcontinent as compared to the surrounding ocean MBL, with NO2 mixing 393 

ratios peaking over 5 ppbv in the subcontinent as compared to mixing ratios less than 0.2 ppbv 394 

in certain parts of the MBL (Figure 6). The hotspots for NO2, which are either power plants or 395 

large cities, are clearly visible. A sharp decrease is observed from the coast to the open ocean 396 

environment, which is expected considering that the primary sources of NO2 are on the 397 

subcontinent. The shipping lanes in the Indian Ocean also show higher concentrations of NO2, 398 

and are clearly visible, especially south of the Indian subcontinent, where NO2 mixing ratios 399 

of up to 1 ppbv can be seen. A seasonal variation is also observed, with higher concentrations 400 

observed during winter in January, followed by the pre-monsoon period in April, with the 401 

summer monsoon period in July showing the lowest concentrations, even at the hotspots. When 402 

averaged over the entire domain, the mean NO2 mixing ratios are 0.43±1.27 ppbv in January, 403 

0.30±0.77 ppbv in April, and 0.27±0.79 in July for the HAL scenario, with the lowest values 404 

observed during the monsoon period when cleaner oceanic air is seen over the domain (Table 405 

2). Over only the MBL, the mean NO2 mixing ratios are 0.10±0.46 ppbv in January, 0.06±0.30 406 
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ppbv in April, and 0.07±0.29 ppbv in July. This shows that the MBL is much cleaner than the 407 

air above the Indian subcontinent (Table 2). 408 

Similar to NO2, NO also shows higher concentrations over the Indian subcontinent as compared 409 

to the surrounding ocean MBL, with NO mixing ratios peaking over 400 pptv in the 410 

subcontinent as compared to mixing ratios less than 20 pptv in large parts of the MBL (Figure 411 

7). The hotspots for NO, which coincide with the hotspots for NO2, are also clearly visible. A 412 

sharp decrease is observed from the coast to the open ocean environment like NO2, indicating 413 

that fossil fuel combustion over land is the main source. The shipping lanes in the Indian Ocean 414 

are more noticeable than for NO2, with NO mixing ratios of up to 200 pptv observed in some 415 

regions. The seasonal variation for NO follows the same trend as NO2, with higher 416 

concentrations observed during January, followed by April, with the summer monsoon period 417 

in July showing the lowest concentrations. However, January shows the lowest concentrations 418 

in the shipping lanes. When averaged over the entire domain, the mean NO mixing ratios are 419 

49.50±221.23 pptv, 36.66±164.95 pptv and 38.79±173.78 pptv in January, April, and July, 420 

respectively (Table 2). The large standard deviations show that the high concentrations of NO 421 

are mainly restricted to hotspots. Over only the MBL, the mean NO2 mixing ratios are 422 

12.56±85.76 pptv in January, 10.38±77.48 pptv in April, and 11.64±58.45 pptv in July. The 423 

lower values and the smaller standard deviations show that the MBL is much cleaner than the 424 

air above the Indian subcontinent and does not contain large hotspots although it is affected by 425 

the coastal regions (Table 2). 426 

The middle panels of Figures 6 and 7 show the absolute difference in NO2 and NO for the HAL 427 

and BASE scenarios. For NO2, a small reduction is observed in most of the MBL during all the 428 

months, with changes of about -0.04 ppbv observed at most locations. Over the subcontinent, 429 

there is variation observed at some locations, with decreases and increases showing a maximum 430 

of ±0.08 ppbv. Over the shipping lanes, where high NO2 is observed, an increase of about 0.04 431 
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ppbv is observed after the inclusion of iodine chemistry. In the case of NO, the variation 432 

observed is similar to NO2, with a small reduction observed in most of the MBL during all the 433 

months, with changes of about -2 pptv observed at most locations. Over the subcontinent, 434 

significant variation is also observed for NO, with decreases and increases showing a maximum 435 

of ±8 pptv. In most of the shipping lanes, where high NO is observed, the inclusion of iodine 436 

chemistry leads to an increase in the NOx concentrations, especially in April, where the increase 437 

in NO2 can be as high as ~10% and the increase in NO can be as high as 15%. When averaged 438 

over the whole domain, the mean change in NO2 mixing ratios is negligible at -0.0040±0.0209 439 

ppbv in January, 0.0007±0.0195 ppbv in April and 0.0003±0.0129 ppbv in July. Over the MBL 440 

too, the differences are just -0.0025±0.0071 ppbv in January, -0.0005±0.0070 ppbv in April 441 

and -0.0008±0.0061 ppbv in July (Table 2). This is because NO2 shows an increase in some 442 

regions within the domain and a decrease in other parts. In the case of NO, the average 443 

difference over the whole domain is also small at -0.23±5.83 pptv in January, 0.59±6.49 pptv 444 

in April and -0.09±4.44 pptv in July. Over the MBL too, the differences are just -0.25±2.85 445 

pptv in January, 0.16±2.87 pptv in April and -0.20±1.99 in July (Table 2). However, similar to 446 

NO2, these values are misrepresentative of the effect of IO because of differences in the sign 447 

of the change across the domain. If we consider the mean absolute difference instead of just 448 

the mean difference, the larger impact of iodine chemistry can be discerned, with a mean 449 

absolute difference in the NO2 mixing ratios of 0.008±0.019 ppbv in January, 0.007±0.018 450 

ppbv in April and 0.004±0.012 ppbv in July across the whole domain and 0.004±0.007 ppbv 451 

in January, 0.002±0.007 ppbv in April and 0.002±0.006 ppbv in July only over the MBL. For 452 

NO, the change is also higher at 1.60±5.61 pptv in January, 1.57±6.33pptv in April and 453 

1.03±4.32 pptv in July across the whole domain and 0.70±2.78 pptv, 0.72±2.78 pptv and 454 

0.45±1.95 pptv in only the MBL during January, April and July (Table 3).  455 
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The bottom panels in Figures 6 and 7 show the percentage changes in NO2 and NO between 456 

the BASE and HAL scenarios. Significant differences are observed over the MBL with 457 

decreases in NOx as high as 50% over large areas when iodine chemistry is included. The 458 

largest differences are observed in the western Arabian Sea and in the southern Bay of Bengal. 459 

Over the Indian subcontinent, and close to the coastal areas, the relative change in both NO2 460 

and NO is small, due to larger absolute concentrations in these locations, although a small 461 

increase is observed over most of the land area. In the shipping lanes, NOx mostly shows an 462 

increase, which is due to the recycling of halogen nitrates on the aerosol surfaces. When 463 

averaged over the whole domain, the mean percentage change in NO2 mixing ratios is small at 464 

-0.91±11.08 %, 0.22±6.89 % and 0.1±5.85 % in January, April, and July. Over the MBL, mean 465 

values of the differences are slightly higher with values of -2.42±11.62 %, -0.91±7.19 % and -466 

1.19±6.24 % in January, April, and July. This suggests that the inclusion of iodine chemistry 467 

leads to the reduction in NO2 in the domain, albeit with a large variation, which would 468 

contribute to the reduction in O3 as mentioned above since NO2 is the main source of ozone in 469 

the MBL. The change in NO is also small at -0.47±15.32 % in January, 1.64±10.85 % in April 470 

and -0.23±7.35 % in July, with slightly higher values observed when averaged only over the 471 

MBL: 1.96±15.6 % in January, 1.54±11.60 % in April and -1.71±7.73 in July (Table 2). When 472 

we consider the mean absolute change to see the actual impact of iodine chemistry, the values 473 

of the means are much higher, with as much as ~3.5% change in NO2 and 7% change in NO 474 

observed over the MBL (Table 3). This change in NOx is smaller than simulated in Europe with 475 

NO2 predicted to increase across most of Europe with most regions showing an increase 476 

between 50 – 200 pptv. However, this was the increase reported due to the inclusion of all the 477 

halogens, and the impact of only iodine would be lower, even though higher levels were 478 

simulated across Europe (Li et al., 2019). 479 

 480 
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3.5 Impact on hydrogen oxides (HOx) 481 

Hydrogen oxides are impacted by iodine chemistry through the catalytic reaction involving IO 482 

changing HO2 into OH. This leads to an increase in the oxidizing capacity of the atmosphere 483 

due to an increase in the OH concentrations. Figures 8 and 9 show the geographical distribution 484 

of OH and HO2 across the selected domain during the three seasons for the HAL scenario, 485 

along with the absolute and percentage differences between the HAL and BASE scenarios. The 486 

daily averaged OH mixing ratios peak at about 0.5 pptv in the MBL close to the Indian 487 

subcontinent, as compared to mixing ratios less than 0.3 pptv over most of the subcontinent 488 

(Figure 8). The shipping lanes in the Indian Ocean show higher concentrations of OH, and are 489 

clearly visible, especially south of the Indian subcontinent and in the Arabian Sea, where OH 490 

mixing ratios of up to 0.45 pptv can be seen. A strong seasonal variation is observed as 491 

expected, with higher concentrations observed during the months of April and July, with the 492 

winter period in January showing the lowest concentrations. This annual variation is driven by 493 

the availability of solar radiation, which is a critical component in OH production. When 494 

averaged over the entire domain, the mean OH mixing ratios are 0.14±0.05 pptv, 0.26±0.07 495 

pptv and 0.28±0.08 pptv in January, April, and July, respectively (Table 2). Over only the 496 

MBL, the mean OH mixing ratios are 0.15±0.05 pptv in January, 0.27±0.08 pptv in April and 497 

0.27±0.08 pptv in July (Table 2). 498 

HO2 shows much higher concentrations over the Indian subcontinent as compared to the 499 

surrounding ocean MBL, with HO2 mixing ratios peaking over 15 pptv in the subcontinent as 500 

compared to mixing ratios less than 10 pptv over most of the MBL (Figure 9). There is a 501 

correlation between the hotspots for NOx, and low concentrations of HO2 over the Indian 502 

subcontinent. This is due to the titration of HO2 by NO, which forms NO2 and leads to an 503 

increase in O3 formation. A gradual decrease in the HO2 mixing ratios is observed from the 504 

subcontinent to the open ocean environment during the months of April and July, although the 505 
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HO2 concentrations in the MBL are larger during January. Relatively, the winter month of 506 

January shows the lowest HO2 mixing ratios of the three months. The shipping lanes in the 507 

Indian Ocean are clearly visible like for OH, although the HO2 concentrations in the shipping 508 

lanes are lower than the surrounding areas. This is due to the earlier mentioned titration of HO2 509 

by ship emitted NO, which leads to an increase in OH but a decrease in HO2. When averaged 510 

over the entire domain, the mean HO2 mixing ratios are 7.10±1.49 pptv, 10.18±1.64 pptv and 511 

9.24±1.97 pptv in January, April, and July, respectively (Table 2). Over only the MBL, the 512 

mean HO2 mixing ratios are higher at 7.32±1.12 pptv, in January but lower in April and July 513 

at 9.80±1.36 and 8.67±1.53 pptv (Table 2). 514 

The middle panels of Figures 8 and 9 show the absolute difference in OH and HO2. For OH, a 515 

small increase in the OH concentration is observed in most of the MBL during the months of 516 

January and April, with the largest increase of about 0.03 pptv observed in the Arabian Sea. 517 

However, for most of the domain, the increase in OH is small, with differences of 0.01 pptv 518 

compared to the BASE scenario. During the monsoon month of July, a small decrease is 519 

observed over most of the domain with an increase observed further south close to the equator. 520 

Over the shipping lanes, a small reduction is observed during all the months, with changes of 521 

about -0.02 pptv along the ship tracks. In the case of HO2, a clear land ocean contrast is 522 

observed in the differences, with the HO2 values reducing over the entire MBL, but showing a 523 

small increase over the subcontinent. The largest reduction is observed in the south-western 524 

Arabian Sea, with changes of about -1.8 pptv in the HAL scenario as compared to the BASE 525 

case. Seasonally, the largest changes in HO2 are observed in January, with the least changes 526 

observed in the monsoon month of July. IO concentrations are the lowest during monsoon due 527 

to clean air-masses reducing the ozone deposition driven emissions and hence the difference 528 

between the HAL and BASE scenarios is also the lowest during July. When averaged over the 529 

whole domain, the mean change in OH mixing ratios is negligible at 0.001±0.006 pptv in 530 
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January, 0.006±0.007 pptv in April and -0.003±0.006 in July. In the case of HO2, the average 531 

difference over the whole domain is also small at -0.48±0.43 pptv in January, -0.35±0.38 pptv 532 

in April and -0.19±0.16 in July. Over the MBL too, the differences are larger with the largest 533 

difference being -0.67±0.36 pptv in January (Table 2). 534 

The bottom panels in Figures 8 and 9 show the percentage changes in OH and HO2 between 535 

the BASE and HAL scenarios. Significant differences are observed with an increase in OH and 536 

a decrease in the HO2 over most of the MBL. The largest change in OH is observed in the 537 

northern Arabian Sea MBL, with a difference of more than 15% between the HAL and BASE 538 

cases when iodine chemistry is included. Large parts of the Arabian Sea and the Bay of Bengal 539 

show an increase in OH of up to 10% for January and April, with a smaller difference observed 540 

in July due to lower concentrations of iodine compounds in the atmosphere. In January and 541 

April, when the concentrations of IO are higher, a negative change in the OH concentrations 542 

are observed over the shipping lanes. In the case of HO2, a large change of up to 25% is 543 

observed in the MBL, with the largest differences observed in the southern western Arabian 544 

Sea, close to the equator. During the months of January and April, most of the MBL shows a 545 

change of -10 to -20 %, while a positive change of 0-5% is observed over the Indian 546 

subcontinent. The mean percentage change in the OH and HO2 mixing ratios peaks at 2.6 % 547 

and 8.4 % for the months of April and July, respectively (Table 2), but the absolute percentage 548 

change in OH is higher at 3.6 % in January, while the HO2 absolute percentage change (Table 549 

3) is about ~8.4 % showing the large impact of iodine chemistry on the oxidation capacity of 550 

the MBL. For example, the 3.29% increase in the OH concentrations observed across the 551 

domain in January would result in the lowering of the methane lifetime by 3.19% in the MBL 552 

(assuming kCH4+OH = 1.85×10-12exp(-1690/T); (Atkinson et al., 2006)). A similar change in the 553 

oxidizing capacity has been simulated in other parts of the world, with halogen chemistry 554 

inducing complex effects on OH (ranging from −0.023 to 0.030 pptv) and HO2 (in the range of 555 
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−3.7 to 0.73 pptv) in Europe (Li et al., 2019) and enhancing the total atmospheric oxidation 556 

capacity in polluted areas of China, typically 10% to 20% (up to 87% in winter) and mainly by 557 

significantly increasing OH levels (Li et al., 2020). The moderate increase in the oxidation 558 

capacity over the northern Indian Ocean and the Indian subcontinent is due to the lower 559 

concentrations of IO in the domain, along with the fact that this number is calculated only for 560 

the impact of iodine chemistry, while the past studies have reported the impact of all halogens. 561 

Globally the average increase in OH because of the inclusion of iodine chemistry has been 562 

estimated to be 1.8 %, which is comparable to the current domain (Sherwen et al., 2016). 563 

 564 

3.6 Impact on the nitrate radical (NO3) 565 

NO3 radicals are the predominant night-time oxidant and play a similar role to OH during the 566 

daytime in the degradation of atmospheric constituents (Wayne et al., 1991). Iodine compounds 567 

interact with NO3, mainly through the primary emissions of inorganic iodine compounds by 568 

the oxidation of chemicals such as I2 and HOI (Saiz-Lopez et al., 2016). Figure 10 shows the 569 

geographical distribution of NO3 across the selected domain during the three seasons, for the 570 

HAL scenario, along with the absolute and percentage difference between the HAL and BASE 571 

scenarios. As expected, much higher concentrations of NO3 are observed over the Indian 572 

subcontinent as compared to the surrounding ocean MBL, with NO3 mixing ratios peaking over 573 

40 pptv in the subcontinent as compared to mixing ratios less than 5 pptv in the MBL 574 

surrounding the Indian subcontinent. A sharp decrease is observed from the coast to the open 575 

ocean environment, which is expected considering that the main sources of NO3 are on the 576 

subcontinent and NO3 has a short lifetime due to its high reactivity. The seasonal variation is 577 

the same as O3, with peak values observed over the Indian subcontinent over the month of 578 

April, followed by January. The monsoon month of July displays the lowest concentrations, 579 
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due to efficient removal of NOx and O3 due to wet deposition. Elevated values up to 15 pptv 580 

are also observed along the shipping lanes due to the conversion of ship emitted NOx into NO3 581 

during the night-time. When averaged over the entire domain, the mean NO3 mixing ratios are 582 

7.64±8.08 pptv in January, 10.38±15.53 pptv in April and 4.52±6.14 pptv in July for the HAL 583 

scenario. The lowest values are observed during the monsoon period similar to O3 when cleaner 584 

oceanic air is observed over the domain (Table 2). If only the MBL, where lower concentrations 585 

of NOx are observed is considered, the mean NO3 mixing ratios are 4.47±5.44 pptv in January, 586 

2.99±4.09 pptv in April, and 2.38±3.94 pptv in July (Table 2). 587 

The middle panels of Figure 10 show the absolute difference in NO3 over the model domain. 588 

During the months of January and April, a significant reduction of up to -1.5 pptv is observed 589 

in the MBL. During January, a reduction is observed in the Bay of Bengal as well as the Arabian 590 

Sea, but in April the reduction in NO3 is largely observed in the Arabian Sea. This correlates 591 

well with the IO distribution which also shows more iodine activity in the Arabian Sea during 592 

April.  A reduction in NO3 is also visible over the Indian subcontinent, and like O3 show that 593 

the effects of iodine chemistry are not just limited to the MBL. Indeed, there are pockets of an 594 

increase in NO3 observed over the subcontinent. During July, negligible difference is observed 595 

between the HAL and BASE case, with a smaller than 0.5 pptv decrease seen across the MBL. 596 

However, during the same period, an increase of up to 1.5 pptv can be seen over the NOx 597 

hotspots over the Indian subcontinent. Decreases of up to -1.5 pptv are also observed along the 598 

shipping lanes, showing the strong interaction between iodine and NOx chemistry. Over the 599 

whole domain, the inclusion of iodine chemistry results in a mean decrease of about ~-0.4 pptv, 600 

which is slightly higher when a mean is taken only for the MBL (Table 2). The absolute change 601 

in NO3 is even higher, with NO3 values changing by an average of 0.5 pptv across the whole 602 

domain in July (Table 3). This value is however lower than the effect of all the halogens, as 603 
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shown by Li et al. (2019) in Europe, where halogens significantly reduced the concentrations 604 

of NO3 by as much as 20 pptv. 605 

The bottom panels in Figure 10 show the percentage change in NO3 between the BASE and 606 

HAL scenarios. As much as a 50% reduction in the NO3 concentrations is observed in the MBL 607 

when iodine chemistry is included, with the largest differences observed in the Arabian Sea, 608 

close to the Indian subcontinent, further west closer to the equator and in the Bay of Bengal. 609 

For most of the other domain, the change in NO3 is <20%. Over the Indian subcontinent, the 610 

relative change in NO3 is small, due to larger absolute concentrations and in some places a 611 

small increase (<5%) is predicted, especially in July when iodine chemistry is not highly active. 612 

The relative change in the shipping lanes is smaller than the surrounding areas due to the higher 613 

relative concentrations of NO3 along the tracks (<20%). On average, the inclusion of iodine 614 

chemistry can cause an almost 10% change in the NO3 concentrations across the MBL in 615 

January with smaller changes of ~4.5% observed during July when the IO concentrations are 616 

lower (Table 3). 617 

 618 

4. Conclusions 619 

In this study, we used the WRF-Chem regional model to quantify the impacts of the observed 620 

levels of iodine on the chemical composition of the MBL over the northern Indian Ocean. The 621 

model results show that the IO concentrations are greatly underestimated if only organic iodine 622 

compound emissions are considered in the model. This reaffirms that emissions of inorganic 623 

species resulting from the deposition of ozone on the sea surface are needed to reproduce the 624 

observed levels of IO. However, the current parameterisations overestimate the concentrations, 625 

which could be because of a combination of modelling uncertainties and the HOI and I2 flux 626 

parameterisation not being directly applicable to this region. This agrees with previous reports 627 
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in the Indian Ocean questioning the current parameterisations and highlights the need for direct 628 

HOI and I2 flux observations. For a reasonable match with cruise-based observations, the 629 

inorganic emissions had to be reduced by 40%. The simulations after this reduction in flux 630 

show a strong seasonal variation, with lower iodine concentrations predicted when cleaner air 631 

is found over the Indian subcontinent due to flushing by remote oceanic air masses during the 632 

monsoon season but higher iodine concentrations are predicted during the winter period, when 633 

polluted air from the Indian subcontinent increases the ozone concentrations in the MBL. A 634 

large regional variation is observed in the IO distribution, and also in the impacts of iodine 635 

chemistry. Iodine catalysed reactions can lead to significant regional changes with peaks of 636 

25% destruction in O3, altering the NOx concentrations by up to 50%, increasing the OH 637 

concentration by as much as 15%,  reducing the HO2 concentration by as much as 25%, and up 638 

to a 50% change in the nitrate radical (NO3). When averaged across the whole domain, the 639 

differences are smaller, although still significant. For example, the average change in OH 640 

across the whole domain reduces the methane lifetime by ~3% in the MBL showing the impact 641 

of iodine on the oxidation capacity. Most of the large relative changes are observed in the open 642 

ocean MBL but iodine chemistry also affects the chemical composition in the coastal 643 

environment and over the Indian subcontinent. Indeed, in some instances an increase in O3 644 

concentrations is predicted over the subcontinent, showing the non-linear effects. These model 645 

results highlight the importance of iodine chemistry in the northern Indian Ocean and suggest 646 

that it needs to be included in future studies for improved accuracy in modelling the chemical 647 

composition in this region.  648 
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Tables 917 

Table 1: Monthly mean of IO concentration in parts per trillion by volume (pptv) over the 918 

domain region for model simulations in January, April, and July 2015, and simulation scenarios 919 

orgI, HAL and difference between HAL-orgI, before and after applying a land mask over the 920 

model domain. 921 

 922 

  923 

IO (pptv) Jan April July 

Over the whole domain 

orgI 0.011±0.009 0.008±0.006 0.012±0.009 

HAL 0.47±0.32 0.48±0.33 0.15±0.15 

HAL-orgI 0.46±0.31 0.47±0.32 0.14±0.14 

Only over the MBL 

orgI 0.015±0.009 0.011±0.006 0.015±0.008 

HAL 0.63±0.20 0.64±0.22 0.19±0.14 

HAL-orgI 0.62±0.20 0.63±0.21 0.18±0.14 
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Table 2: Monthly means and standard deviations of O3, NO2, NO, NO3, OH, HO2 mixing 924 

ratios (unit in parenthesis) over the domain region for the model simulations in January, 925 

April, and July for the HAL scenario along with the difference and percentage differences 926 

between HAL and BASE. The table also includes monthly mean values only over the 927 

MBL. 928 

 January April July January April July 
 O3 (ppbv) NO3 (pptv) 

 Over the whole domain 

HAL 32.16±9.76 29.64±10.79 23.34±8.85 7.64±8.08 10.38±15.53 4.52±6.14 

HAL-BASE -1.20±0.77 -0.97±0.71 0.01±0.31 -0.39±0.43 -0.33±0.83 -0.03±0.29 

HAL-BASE 

% 
-3.6±3.33 -3.16±3.62 0.06±1.37 -4.85±14.07 -3.09±10.72 -0.64±8.08 

 Only over the MBL 

HAL 28.17±7.83 24.17±6.42 19.49±5.97 4.47±5.44 2.99±4.09 2.38±3.94 

HAL-BASE -1.31±0.67 -1.22±0.65 -0.10±0.21 -0.43±0.34 -0.27±0.31 -0.08±0.19 

HAL-BASE 

% 
-4.43±3.39 -4.80±3.49 -0.51±1.26 -8.80±14.41 -8.23±10.49 -3.14±8.29 

 NO2 (ppbv) OH (pptv) 

 Over the whole domain 

HAL 0.43±1.27 0.30±0.77 0.27±0.79 0.14±0.05 0.26±0.07 0.28±0.08 

HAL-BASE 
-

0.0040±0.0209 
0.0007±0.0195 0.0003±0.0129 0.001±0.006 0.006±0.007 

-

0.003±0.006 

HAL-BASE 

% 
-0.91±11.08 0.22±6.89 0.10±5.85 0.34±4.54 2.55±2.47 -0.94±2.22 

 Only over the MBL 

HAL 0.10±0.46 0.06±0.30 0.07±0.29 0.15±0.05 0.27±0.08 0.27±0.08 

HAL-BASE 
-

0.0025±0.0071 

-

0.0005±0.0070 

-

0.0008±0.0061 
0.001±0.007 0.007±0.007 

-

0.002±0.006 

HAL-BASE 

% 
-2.42±11.62 -0.91±7.19 -1.19±6.24 0.44±5.06 2.62±2.35 -0.67±2.23 

 NO (pptv) HO2 (pptv) 

 Over the whole domain 

HAL 49.49±221.23 36.66±164.95 38.79±173.78 7.10±1.49 10.18±1.64 9.24±1.97 

HAL-BASE -0.23±5.83 0.59±6.49 -0.09±4.44 -0.48±0.43 -0.35±0.38 -0.19±0.16 

HAL-BASE 

% 
-0.47±15.32 1.64±10.85 -0.23±7.35 -6.39±5.54 -3.28±4.04 -2.03±1.71 

 Only over the MBL 

HAL 12.56±85.76 10.38±77.48 11.64±58.45 7.32±1.12 9.80±1.36 8.67±1.53 

HAL-BASE -0.25±2.85 0.16±2.87 -0.20±1.99 -0.67±0.36 -0.53±0.26 -0.23±0.14 

HAL-BASE 

% 
-1.96±15.6 1.54±11.6 -1.71±7.73 -8.36±4.56 -5.14±3.05 -2.60±1.53 
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Table 3: Monthly means and standard deviations of O3, NO2, NO, NO3, OH, HO2 mixing 930 

ratios (unit in parenthesis) over the domain region for the model simulations in January, 931 

April, and July for the HAL scenario along with the absolute difference and absolute 932 

difference percentage between HAL and BASE. The table also includes monthly mean 933 

values only over the MBL. 934 

 January April July January April July 
 O3 (ppbv) NO3 (pptv) 

 Over the whole domain 

HAL 32.16±9.76 29.64±10.79 23.34±8.85 7.64±8.08 10.38±15.53 4.52±6.14 

HAL-BASE 1.25±0.69 0.98±0.69 0.21±0.22 0.46±0.35 0.50±0.74 0.16±0.25 

HAL-BASE 

% 
3.75±3.17 3.21±3.58 0.89±1.04 5.73±13.6 4.68±9.78 3.52±6.84 

 Only over the MBL 

HAL 28.17±7.83 24.17±6.42 19.49±5.97 4.47±5.44 2.99±4.09 2.38±3.94 

HAL-BASE 1.31±0.66 1.22±0.65 0.15±0.18 0.45±0.31 0.29±0.29 0.11±0.17 

HAL-BASE 

% 
4.45±3.37 4.80±3.49 0.77±1.13 9.20±14.15 8.81±10.08 4.55±7.47 

 NO2 (ppbv) OH (pptv) 

 Over the whole domain 

HAL 0.43±1.27 0.30±0.77 0.27±0.79 0.14±0.05 0.26±0.07 0.28±0.08 

HAL-BASE 0.008±0.019 0.007±0.018 0.004±0.012 0.004±0.004 0.008±0.005 0.005±0.004 

HAL-BASE 

% 
1.89±10.63 2.15±5.71 1.63±5.33 3.29±3.14 3.02±1.94 1.82±1.40 

 Only over the MBL 

HAL 0.10±0.46 0.06±0.30 0.07±0.29 0.15±0.05 0.27±0.08 0.27±0.08 

HAL-BASE 0.004±0.007 0.002±0.007 0.002±0.006 0.005±0.004 0.008±0.005 0.005±0.004 

HAL-BASE 

% 
3.47±11.25 3.51±6.08 2.52±5.95 3.64±3.39 3.05±1.89 1.75±1.36 

 NO (pptv) HO2 (pptv) 

 Over the whole domain 

HAL 49.49±221.23 36.66±164.95 38.79±173.78 7.10±1.49 10.18±1.64 9.24±1.97 

HAL-BASE 1.60±5.61 1.57±6.33 1.03±4.32 0.51±0.39 0.44±0.27 0.21±0.14 

HAL-BASE 

% 
3.22±14.32 4.36±8.15 2.64±6.46 6.76±4.87 4.16±3.09 2.18±1.52 

 Only over the MBL 

HAL 12.56±85.76 10.38±77.48 11.64±58.45 7.32±1.12 9.8±1.36 8.67±1.53 

HAL-BASE 0.70±2.78 0.72±2.78 0.45±1.95 0.67±0.36 0.53±0.25 0.23±0.14 

HAL-BASE 

% 
5.48±14.86 7.07±8.58 3.76±7.15 8.38±4.51 5.17±2.98 2.63±1.49 
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Figures 936 

 937 

Figure 1: The wind direction and speed over the model domain during the three months used 938 

to study the impact of iodine chemistry on the marine boundary layer. The three months 939 

represent different seasons: the winter monsoon period in January, pre-monsoon in April and 940 

the summer monsoon in July. The direction of the arrows shows the wind direction, and the 941 

size of the arrows and the contour colours show the magnitude of the wind. 942 
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 944 

Figure 2: The domain chosen for the model runs along with the tracks of the cruises from 945 

which data was used for validation are shown. The two cruises were the 2nd International Indian 946 

Ocean Expedition (IIOE-2; December 2015) and the 8th Indian Southern Ocean Expedition 947 

(ISOE-8; January 2015) and started from the West and East coast of India, respectively. 948 
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 950 

Figure 3: A comparison between the model simulated and observed IO (top panel) and O3 951 

(bottom panel) is shown. In cases where IO was not detected, an upper limit (empty squares) 952 

was estimated. 953 
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 955 

Figure 4: Model simulation showing the boundary layer averaged IO mixing ratios across the 956 

domain during the three seasons, along with a difference between the HAL and orgI scenarios 957 

for each season are shown. 958 
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 960 

Figure 5: Model simulations showing the boundary layer averaged O3 mixing ratios across the 961 

domain during the three seasons for the HAL scenario (top panels), along with the differences 962 

(middle panels) and the percentage differences (lower panels) between the HAL and BASE 963 

scenarios for each season are shown. 964 
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 966 

Figure 6: Model simulations showing the boundary layer averaged NO2 mixing ratios across 967 

the domain during the three seasons for the HAL scenario (top panels), along with the 968 

differences (middle panels) and the percentage differences (lower panels) between the HAL 969 

and BASE scenarios for each season are shown. 970 
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 972 

Figure 7: Model simulations showing the boundary layer averaged NO mixing ratios across 973 

the domain during the three seasons for the HAL scenario (top panels), along with the 974 

differences (middle panels) and the percentage differences (lower panels) between the HAL 975 

and BASE scenarios for each season are shown. 976 

  977 

https://doi.org/10.5194/acp-2020-1219
Preprint. Discussion started: 10 December 2020
c© Author(s) 2020. CC BY 4.0 License.



50 
 

 978 

Figure 8: Model simulations showing the boundary layer averaged OH mixing ratios across 979 

the domain during the three seasons for the HAL scenario (top panels), along with the 980 

differences (middle panels) and the percentage differences (lower panels) between the HAL 981 

and BASE scenarios for each season are shown. 982 
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 984 

Figure 9: Model simulations showing the boundary layer averaged HO2 mixing ratios across 985 

the domain during the three seasons for the HAL scenario (top panels), along with the 986 

differences (middle panels) and the percentage differences (lower panels) between the HAL 987 

and BASE scenarios for each season are shown.  988 
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 989 

Figure 10: Model simulations showing the boundary layer averaged NO3 mixing ratios across 990 

the domain during the three seasons for the HAL scenario (top panels), along with the 991 

differences (middle panels) and the percentage differences (lower panels) between the HAL 992 

and BASE scenarios for each season are shown. 993 
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