
1. Introduction
Shipment is the dominant method for redistributing products from one continent to another and is critical 
in sustaining the world’s economy. Shipping activities result in emissions of air pollutants over natural wa-
ters and contribute approximately 15% of the NOx emissions and 13% of the SOx emissions on a global scale 
(IMO, 2014; Kontovas, 2020).

Ship-originated air pollutants (primary emissions and their secondary products) have been reported to af-
fect the atmospheric composition, air quality, and human health. A pioneering study by Lawrence and 
Crutzen (1999) revealed that ship emissions reshape atmospheric chemistry in the marine boundary layer 
(MBL). Eyring et al. (2010) reported that ship emissions of air pollutants caused air quality problems with el-
evated nitrogen oxides, sulfur, particulate matter, and ground-level ozone (O3) in coastal areas and harbors. 
Fan et al. (2016) and Lv et al. (2018) also suggested that ship emissions have a noticeable influence on air 
quality in East China and East Asia, respectively. The reduced air quality due to ship emissions can lead to 
adverse health impacts with 14,500–37,500 worldwide premature deaths per year (H. Liu et al., 2016). Ship 
emissions affect climate via their effects on greenhouse gases (CO2, CH4, and O3) and cloud condensation 
nuclei (Von Schneidemesser et al., 2015). Ship emissions also change marine stratocumulus regime of open 
cells into closed cells inducing negative radiative forcing (Y.-C. Chen et al., 2012; Goren & Rosenfeld, 2012).

The budget of reactive halogen species (RHS) can also be influenced by shipping emissions. Osthoff 
et al. (2008) reported the first ambient measurement of ClNO2, an important reservoir of reactive chlorine, 
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and linked its production with ship plumes and coastal pollution. Ship-emitted NOx (=NO + NO2) and SO2 
increase the deposition of acids (HNO3, H2SO4) to the sea surface and aerosols, decreasing their pH, which 
can potentially affect the debromination process of sea-salt aerosols (Badia et al., 2019; Yang et al., 2005). 
This emitted NOx also affects the formation of O3 and hence the subsequent emission of iodine species (I2 
and HOI) from the oxidation of iodide in seawater (Carpenter et al., 2013; Macdonald et al., 2014), trans-
forms reactive halogen oxides into halogen nitrates which ultimately deposit onto the sea surface (Simpson 
et al., 2015), and is associated with nighttime iodine chemistry (Saiz-Lopez et al., 2016), for example, via the 
reaction of NO3 with both I2 and HOI.

Oceans are the largest source of reactive halogen (Cl, Br, and I) species and most of the impact of oceanic 
halogens inherently occurs in the marine atmosphere (Simpson et  al.,  2015). Reactive halogens change 
the partitioning of HO2 and OH which affects the oxidation capacity of the atmosphere (Li, Badia, Wang, 
et al., 2020), as well as the partitioning of NO and NO2 and hence affects the air quality (Li et al., 2019; 
Sherwen et al., 2017). Reactive halogens increase the loss of O3 (via reactions of halogen atoms with O3) and 
reduce the production of O3 (via the reactions of halogen oxides with NO2), which affects air quality and ra-
diative forcing (Hossaini et al., 2015; Saiz-Lopez et al., 2012, 2014; Sherwen, et al., 2016; Sherwen, Schmidt, 
et al., 2016). Halogen-mediated tropospheric ozone loss is also linked to climate and is projected to be a key 
component of the ozone budget throughout the 21st century (Iglesias-Suarez et al., 2020). Halogen atoms 
(mostly chlorine but also bromine atoms) also react with volatile organic compounds (VOCs) and initiate 
photochemical production of O3 in polluted areas (Li et al., 2016; Sarwar et al., 2012).

This work focuses on evaluating the interaction of ship-originated air pollutants and atmospheric halogens 
emitted from the ocean. We adopt a revised regional chemical transport model, Weather Research Fore-
casting coupled with Chemistry (WRF-Chem), updated with comprehensive implementation of halogen 
sources and chemistry (Badia et al., 2019) and the EDGAR emission inventory for air pollutants from ship-
ment activities (Crippa et al., 2018), to look into the interaction between ship-originated air pollutants and 
oceanic halogen emissions within the lower troposphere over the open ocean. We choose East Asia as the 
region of interest because (1) very few studies on reactive halogens have been conducted in this area; (2) 
this region contributes nearly 40% of the seaborne trade around the world (H. Liu et al., 2016); and (3) this 
region is one of the world’s busiest ship tracks (Crippa et al., 2018).

2. Method and Materials
2.1. WRF-Chem Model

The halogen sources and chemistry incorporated in the WRF-Chem model have been documented in detail 
in Badia et al. (2019). Here, we briefly describe the main processes. A few heterogeneous reactions activate 
(relatively) inert halogen species (chloride, HCl, bromide in sea-salt aerosol, iodide in seawater, etc.) to 
reactive gaseous species (e.g., R1–R3). In R1, φ represents the ClNO2 production branching ratio (yield).

N O Cl ClNO NO32 5 2 2        (R1)

 3 2O Br sea salt aerosol Br ‐ (R2)

 3 2O I sea water I HOI  ‐ (R3)

These halogens actively participate in atmospheric chemistry via (1) directly destroying O3 molecule (R4); 
(2) oxidizing VOCs which contributes to the generation of more oxidants including RO2, HO2, OH, and O3 
(R5–R9); (3) perturbing the partitioning of HOx (R10 and R11) and NOx (R12); and (4) providing a sink for 
NOx (R13) (Saiz-Lopez & von Glasow, 2012; Simpson et al., 2015). The loss of halogen species is primarily 
through deposition on aerosol and ground surface with halogen nitrates (ClNO3, BrNO3, and INO3) having 
the highest Henry’s law constants (Badia et al., 2019).

 3X O XO X Cl; Br; and I   (R4)
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   2Cl Br VOC RO HCl HBr   (R5)

2 2RO NO NO RO   (R6)

2 2HO NO NO OH   (R7)

NO NO O P32     hv (R8)

O P O O3   2 3 (R9)

2XO HO HOX  (R10)

HOX X OHhv   (R11)

2XO NO X NO   (R12)

2 3XO NO XNO  (R13)

2.2. Emission Data

We follow Li, Badia, Wang, et al. (2020) to set up the reactive halogen scheme in order to calculate the reac-
tive halogen emissions online. Although in the present study, we do not include the anthropogenic chlorine 
emission inventory over mainland China because the focus here is over the oceanic area.

We use the MEIC emission inventory (www.meicmodel.org) for routine air pollutants (NOx, SO2, CO, VOC, 
NH3, PM2.5, and PM10) in mainland China and EDGARv4.3.2 emission inventory (Crippa et al., 2018) for 
air pollutants in other East Asian regions. For the ship emissions, the EDGARv4.3.2 inventory is adopted. 
Note that there are no halogen emissions in the EDGAR and MEIC emission inventories. The geographical 
distribution for ship emissions of NOx, CO and VOCs, and SO2 over the ocean is shown in Figure 1. We ac-
knowledge that there have been a few emission inventories developed for East Asia with various spatial and 
temporal coverage, for example, Fan et al. (2016) for the year 2010, H. Liu et al. (2016) and Lv et al. (2018) 
for the year 2013, and D. Chen et al. (2017) for the year 2014. Please note that in the present conceptual 
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Figure 1. Emissions of NOx, CO and VOC, and SO2 (mol km-2 h-1) over the ocean within the study domain. The blue line is used for further cross-section 
analysis.

http://www.meicmodel.org
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work, we investigate the coupled chemistry of ship emissions and oceanic 
halogens and we do not intend to characterize shipping emission inven-
tories in East Asia.

2.3. Simulation Setup

The domain of interest (14°N–38°N, 108°E–132°E) is shown in Figure 1 
and covers the coastlines of most East Asian regions. The simulation pe-
riod is July 20, 2018 to August 31, 2018 considering the initial 11 days in 
July as model spin-up. Three simulation scenarios, as shown in Table 1, 

were conducted to identify the effects of the ship emissions on air pollutants and halogens (i.e., the chang-
es between NO-SHIP and FULL cases) and those of halogens on ship-originated air pollutants (i.e., the 
difference of atmospheric composition between NO-HAL and FULL cases). Here, we note that we design 
our model simulations to quantify the sources (ship or oceanic halogen) and the corresponding subsequent 
chemical transformations on the atmospheric chemistry.

2.4. Model Performance Evaluation

We evaluated the simulated air pollutants and halogen species from the three cases with previously reported 
observations within (or close to) the domain of interest (Table S1). The reported average NO2 ranges from 30 
to 5,300 pptv (Lan et al., 2015; Schreier et al., 2015). The three scenarios also simulate a large concentration 
range (from pptv to ppbv levels) of NO2 (see Section 3 for details). WRF-Chem simulations cover the range 
of NO2 reported by the previous studies in this area but overestimate NO2 compared to some studies and 
underestimate compared to others (Table S1). The discrepancy between model and measurements could be 
due to (1) different period between model and field campaigns; (2) different spatial dimensions and range 
(a single point in ground campaigns and a 3D line for flight campaigns compared to a 27 × 27 km2 grid box 
in the model); (3) uncertainty in the emission inventory from shipping and the islands within the domain; 
and (4) missing sources and/or chemical mechanism of NOx leading to the typical underestimation of NOx 
levels in remote MBL by chemical transport models (e.g., Travis et al., 2020). Similarly, the present work 
reproduces the O3 level in the South China Sea and Taiwan strait compared to one observation study (in 
average 21 ppbv) (Lan et al., 2015) but underestimates O3 compared to other previous measurements (∼50 
to ∼85 ppbv; Carmichael et al., 2003; Hatakeyama et al., 2004; Jacob et al., 2003). This could be due to (1) 
uncertainty in the emission inventories; (2) uncertainty in the initial and boundary conditions; (3) grid 
size and different spatial range; and (4) a lack of VOC emissions from the ocean (e.g., S. Wang, Hornbrook, 
et al., 2019). WRF-Chem underestimated CO compared to the observations with a range from 145 to 286 
ppbv for CO (Carmichael et al., 2003; Jacob et al., 2003; Lan et al., 2015) (Table S1).

As to the loading of RHS in the region, previous studies reported a range of the daytime average of BrO from 
0.15 to 1.7 pptv (Koenig et al., 2017) and a daytime average of IO from 0.4 to 1.4 pptv in the West Pacific 
(Großmann et al., 2013; Prados-Roman et al., 2015). The NO-SHIP scenario overestimates the level of BrO 
(daytime average of 0.96 pptv and maximum of 7.0 pptv at the surface) and IO (daytime average of 0.76 pptv 
and maximum of 1.6 pptv within MBL and 1.4 pptv and 4.2 pptv at the surface). The FULL case estimates 
an amount closer to the observations for both halogen oxides (daytime average of 0.45 pptv and maximum 
of 1.4 pptv for BrO at the surface; the daytime average of 0.68 pptv and maximum of 1.3 pptv of IO in 
MBL; and an average of 1.2 pptv and maximum of 2.6 pptv of IO at the surface; Table S1). A recent study 
(S. Liu et al., 2020) reported a wide range of mixing ratios of organic bromine species (CHBr3, CH2Br2, and 
CHBr2Cl) in the East China Sea and West Pacific. The present study underestimates these organic bromine 
species but covers the lower end of the measurements (Table S1). Note that these bromine species have a 
lifetime of tens to more than a hundred days (Fernandez et al., 2014) and therefore have limited impact on 
the bromine loading at the surface and within the MBL. In general, WRF-Chem reasonably reproduces the 
limited observations available over the Western Pacific.
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Cases Ship emission Oceanic halogen emission
Halogen 

chemistry

NO-SHIP No Yes Yes

NO-HAL Yes No No

FULL Yes Yes Yes

Table 1 
Simulation Scenarios
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3. Results and Discussion
3.1. Impact of Ship Emissions on Air Pollutants

The simulated average distribution of air pollutants (NO, NO2, and O3) at the surface for the NO-SHIP and 
FULL cases and the relative changes from NO-SHIP to FULL (the impact of ship emissions) are presented 
in Figure 2. Note that in the current study, we focus on the interaction between ship-originated air pollut-
ants and oceanic halogens therefore we only present the results over the marine area. The reader is referred 
to Li, Badia, Wang, et al. (2020) for the influence of halogens on oxidation and air pollutants over land in 
this region.

In the NO-SHIP scenario, there are no emissions of NOx over the ocean and the levels of NO (in average 12.3 
pptv) and NO2 (127.0 pptv) are low in most of the marine atmosphere (Figure 2). O3 has an average mixing 
ratio of 19.9 ppbv and ranges between 10.0 and 50.0 ppbv over the ocean and peaks in the northern part of 
the domain which is affected by the outflow from China, Korea, and Japan (Figure 2).

In the FULL scenario, shipping activities add substantial (compared to the natural state of marine atmos-
phere) emissions of NOx on top of this otherwise clean environment, which result in higher levels of NO 
(in average 38.3 pptv or 210.0% higher) and NO2 (289.8 pptv or 128.0% higher) compared to the NO-SHIP 
scenario. Note that in the marine areas away from the coast, the NOx enhancement near the ship tracks is as 
large as a factor of 10 (less than 10.0 pptv in NO-SHIP case as compared over 100.0 pptv in FULL case). The 
enhancement of NOx levels results in an opposite impact on background ozone levels depending on loca-
tion: O3 is reduced in the northern part of the domain (East China Sea) by as much as -15.8% and enhanced 
in the southern part (South China Sea) up to 22.8% compared to the NO-SHIP scenario. This is because 
as a secondary product of photochemistry, O3 has a nonlinear relationship with its precursors, NOx and 
CO + VOCs (Seinfeld & Pandis, 2006). Thus, an increase of NOx leads to (1) an increase of O3 if the levels of 
CO in the NO-SHIP scenario are sufficient (e.g., >70 ppbv in the South China Sea) or (2) a decrease in O3 if 
the levels of CO are lower (e.g., <60 ppbv in the East China Sea, Figure S1).

Most of the previous studies on the role of shipping activities in East Asia have focused on their impact on 
air quality over land (e.g., H. Liu et al., 2016; Z. Liu et al., 2017; Lv et al., 2018; Zhang et al., 2017). A model 
study by R. Wang, Tie, et al. (2019) in the East China Sea reported a range of –5 to 30 μg m-3 (∼–2.5 to 15 
ppbv) difference in O3 over the ocean at a specific hour (14:00 on September 21, 2015) after the addition of 
ship emissions. Our simulations have a similar range of impacts (Figure 2) but a different spatial pattern, 
possibly due to the different simulation period, different emission inventory, and halogen chemistry used 
here but not in previous works (see Section 2 for Methods and Materials). Overall, it can be seen that the 
ship emissions substantially change the simulated level of air pollutants over the ocean.

3.2. Impact of Ship Emissions on the Loading of Halogens

The total inorganic chlorine (Cly), bromine (Bry), and iodine (Iy) in the NO-SHIP and FULL cases and the 
relative changes due to ship emissions are presented in Figure 3. In the NO-SHIP case, the average levels of 
Cly (38.7 pptv), Bry (2.8 pptv), and Iy (9.0 pptv) present a spatial distribution that generally correlates with 
the level of O3, NOx, and chloride (as an indication of sea-salt aerosol; Figure S2) because the activation of 
halogens from sea-salt aerosol and sea surface to the gaseous phase is strongly mediated by O3, NOx, and 
sea-salt aerosol (Saiz-Lopez & von Glasow, 2012; Simpson et al., 2015).

The large changes in air pollutants due to the addition of ship emissions induce a significant difference 
in the simulated levels of halogen species. The average Cly over the ocean within our domain increases 
to 139.3 pptv (or by 259.8%) in the FULL scenario. Note that shipping activities substantially increase the 
level of NOx (Figure 2) and OH (Figure S3) which activates chlorine from (relatively) inert chloride in sea-
salt aerosol to reactive chlorine gases, for example, ClNO2, ClNO3, HOCl, and Cl2. For Bry, the average is 
reduced to 1.9 pptv (or by 32.8%) in the FULL scenario. The large enhancement of NOx transforms BrO into 
BrNO3 which deposits onto the sea surface and hence reduces the total gaseous bromine. Regarding Iy, the 
mean level is decreased to 8.5 pptv (or by 6.1%) in the FULL case. The NOx enhancement also contributes to 
changes in Iy by favoring the formation of INO3, instead of HOI which dominates as iodine reservoir species 
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in low NOx environments. The reduction of O3, in turn, decreases the emission of I2 and HOI from the ocean 
(Carpenter et al., 2013; Macdonald et al., 2014). Simulated levels of halogens in the FULL scenario are in 
line with the results in Li, Badia, Wang, et al. (2020) except that the present study does not include anthro-
pogenic chlorine emissions over the land and hence simulates lower levels of chlorine.

LI ET AL.

10.1029/2020JD034175

6 of 17

Figure 2. Simulated monthly average of NO (pptv, top), NO2 (pptv, middle), and O3 (ppbv, bottom) at the surface for the NO-SHIP (left) and FULL (center) 
scenarios. The relative change (in percentage) between scenarios is shown in the right column. The relative change of one species (here using NO as an 
example) between two cases in this paper is calculated as:  relativechange FULL NO SHIP NO SHIPNO NO NO / NO 100  ‐ ‐ .
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We now look at the effects of ship emissions on the featured species of reactive halogens, ClNO2, BrO, 
and IO (Figure 4). Shipping activities increase the levels of NOx and hence the production of ClNO2. But 
for BrO, the large NOx levels along the ship tracks rapidly transform BrO to BrNO3, which is subsequently 
taken up on aerosols, therefore, decreasing the levels of BrO. As for IO, the ship-emitted NO2 transforms IO 
into INO3 and subsequently deposits on aerosol surfaces, therefore, decreasing IO in most of the domain, 
especially along the ship tracks. Both BrNO3 and INO3 undergo photolysis and the photolysis rate of BrNO3 
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Figure 3. Simulated monthly average of Cly (pptv, top), Bry (pptv, middle), and Iy (pptv, bottom) at the surface for the NO-SHIP (left) and FULL (center) 
scenarios. The relative change (in percentage) between scenarios is shown in the right column.
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(Figure S4) is slower (hence regenerating less halogen atom or halogen oxide) than that of INO3 (Figure S4). 
Such difference of photolysis rate between BrNO3 and INO3 induces a larger decrease in BrO than in IO 
(Figure 4). ClNO2 is produced at night and can be transported to adjacent areas before being photolyzed at 
sunrise, therefore, the changes in ClNO2 do not follow the ship tracks pattern as strictly as those in other 
halogen species. Note that the uptake of ClNO2 on aerosols (when pH < 2) to form Cl2 (Roberts et al., 2008) 
is not considered in the present work and is not expected to have noticeable influence because the simulated 
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Figure 4. Simulated monthly average of ClNO2 (pptv, top), BrO (pptv, middle), and IO (pptv, bottom) at surface for the NO-SHIP (left) and FULL (center) 
scenarios. The relative change (in percentage) between scenarios is shown in the right column.
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pH is rarely lower than 2 in the bins with considerable sea-salt aerosol within our domain (Figure S5). On 
the contrary, BrO and IO are formed during the day and rapidly transform to other species (e.g., BrNO3 and 
INO3), therefore the suppressing effect of ship emissions is evident along the ship tracks.

3.3. Impact of Ship Emissions on the Halogens Partitioning

In this section, we investigate how ship emissions change the partitioning of halogen species. Figure 5 pre-
sents the monthly averaged percentage contribution of individual gaseous species to the total Cly, Bry, and Iy 
in the NO-SHIP and FULL scenarios. For chlorine, ship emissions induce a shift from HOCl to Cl2, mostly 
driven by heterogeneous recycling (Keene et al., 2009; Pechtl & von Glasow, 2007), and result in a less effec-
tive washout efficiency that increases the chlorine burden. In particular, including ship emissions reduces 
percentage contribution of individual species to Cly, that is, HOCl (from 71.8% to 50.3%), ClNO2 (from 3.4% 
to 2.7%), BrCl (2.2% to 0.4%), and ICl (0.7% to 0.2%) and significantly increase that of Cl2 (13.3% to 32.5%) 
and ClNO3 (2.7% to 7.5%). Only small changes are induced to ClO and Cl. Note that the total abundance of 
chlorine species is increased with the addition of ship emissions (Figure 3) and such enhancement effect is 
stronger for some species than for others.

Shipping activities also affect the bromine partitioning, with the largest change in the BrNO3 fraction from 
5.2% to 16.2% and in BrO from 16.1% to 8.8%, due to the large emissions of NOx transforming BrO into 
BrNO3. BrCl is the dominant bromine fraction for both NO-SHIP and FULL schemes. Note that including 
the additional NOx and SO2 sources does not introduce a significant change in the sea-salt recycling of bro-
mine (mainly driven by BrNO3 and HOBr) as for the case of chlorine, where HOCl is the dominant fraction 
for the NO-SHIP case. The changes in iodine partitioning are similar to those of bromine species.

The average concentration and partitioning of halogen species during the daytime (8:00–17:00, local time) 
and nighttime (18:00–07:00, local time) in the NO-SHIP and FULL scenarios are depicted in Figures S6 
and S7. The total chlorine and bromine abundances in the daytime are slightly higher than those in the 
nighttime, while total iodine during the day is lower compared to that at night in both NO-SHIP and FULL 
scenarios (Figures S6 and S7). The key changes of halogen partitioning between the NO-SHIP and FULL 
cases in the daytime (as well as the changes in the nighttime) are similar to those in daily average (Figure 5), 
for example, the decrease of HOCl, the increase of BrNO3 and INO3.

The partitioning of halogen species in the daytime shows distinct patterns compared to that at night (Fig-
ure S6 for the FULL scenario and Figure S7 for the NO-SHIP case). Here, we take the FULL case as an 
example. For daytime chlorine, the most abundant species is HOCl (59.7%) followed by Cl2 (13.5%), ClNO3 
(13.7%), ClO (11.7%), etc., while at night, Cl2 (48.2%) and HOCl (43.4%) contribute to most of the loading. 
For bromine species, HOBr (41.4%), BrNO3 (23.8%), BrO (16.5%), and BrCl (9.8%) are the dominant daytime 
species, while at night the partitioning is dominated by BrCl (52.5%), IBr (21.9%), Br2 (9.8%), and BrNO3 
(7.4%). In a global model study by Fernandez et al. (2014), HBr and HOBr are the species with elevated sur-
face concentrations during the daytime in the Western Pacific (eastern part of the domain in present work), 
while Br2, HBr, and BrCl are high at night. The present study does not show large levels of HBr because 
there are higher levels of pollutants, which activate the bromine from HBr (relatively more inert) to other 
more reactive species (e.g., via the reactions of ClNO3 + HBr  BrCl, HOCl + HBr  BrCl, HBr + N2O5 
 BrNO2, and HOBr + HBr  Br2). For the partitioning of iodine species in the daytime, HOI (66.2%), 
INO3 (11.2%), and IO (15.0%) contribute more than 90% of total iodine, and HOI (59.5%), INO3 (8.1%), I2O2 
(9.6%), and I2 (8.4%) take up most of the iodine at night. Saiz-Lopez et al. (2014) reported HOI as the most 
abundant species at noon at the surface in the tropics and dihalogen molecules (IBr + ICl + I2) and HOI 
are the most abundant at midnight. Note that the reaction of HOI with NO3 (Saiz-Lopez et al., 2016) is not 
included in the present work.

3.4. Impact of Halogens on Ship-Originated Air Pollutants

Figures 6 and 7 show the simulation of NO, NO2, and O3 in NO-HAL and the relative changes from NO-
HAL to FULL. Halogens reduce both surface NO (on average by 9.6 pptv or 20.1%) and NO2 (on average 
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by 66.8 pptv or 18.7%) in most of the regions due to the transformation of NOx to halogen nitrates, which 
ultimately form HNO3 and deposit to the sea surface and aerosols. Note that along the ship tracks and close 
to the coast, NO is enhanced and NO2 is reduced mostly because the loss of O3 decreases the formation of 
NO2 (from the reaction of NO + O3  NO2) resulting in an enhancement of NO. Li et al. (2019) applied the 
CMAQ model with comprehensive halogen chemistry in Europe and reported a decrease of NO2 (as much 
as 1.7 ppbv) in the North Sea, the Mediterranean sea, and the polluted coastal areas and an increase of NO2 
(up to 0.20 ppbv) in other oceanic areas due to the same reason.

LI ET AL.

10.1029/2020JD034175

10 of 17

Figure 5. Partitioning of monthly average Cly (top), Bry (middle), and Iy (bottom) for the NO-SHIP (left) and FULL 
(right) scenarios.
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Halogens consistently reduce the levels of O3 (on average by 4.2 ppbv or 17.4%) throughout the domain be-
cause (1) halogen atoms directly destroy O3, (2) halogen chemistry reduces the level of NO2 and hence the 
production of O3, and (3) the production of O3 via the added reactions of Cl and Br atoms with VOCs is not 
able to compensate the enhanced loss of O3 driven by (1) and the reduced production of O3 driven by (2). 
Figure 7 shows a vertical perspective of the air pollutants for the NO-HAL and FULL cases along the latitu-
dinal transect shown in Figure 1. Halogens reduce the NOx and O3 throughout the MBL and even in the free 
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Figure 6. Simulated monthly average of NO (pptv, top), NO2 (pptv, middle), and O3 (ppbv, bottom) at the surface for the NO-HAL (left) and FULL (center) 
scenarios. The relative change (in percentage) between scenarios is shown in the right column.
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troposphere, affecting the vertical transport of air pollutants (emitted over the continent and transported 
to the coastal and open ocean areas) from the surface to the MBL and the free troposphere. A hemispheric 
modeling study with CMAQ in the summer of 2006 (Sarwar et al., 2015) reported a reduction in O3 of more 
than 6.0 ppbv in coastal areas because of halogens and >4.0 ppbv within the domain of the current study. 
Sherwen et al. (2016) and Sherwen, Schmidt, et al. (2016) utilized a global model (GEOS-Chem) and sug-
gested that halogens reduced surface O3 by ∼10% (∼a few ppbv) in the year of 2005 within the domain of 
the present work. A follow-up work of GEOS-Chem (Sherwen et al., 2017) reported a larger reduction of O3 
(as much as 28.9 ppbv) in July 2015 within the European domain. Muñiz-Unamunzaga et al. (2018) applied 
CMAQ in Los Angeles and found a decrease of 2.5–5.0 ppbv in O3 along the coast in September 2006 due 
to the inclusion of full halogen chemistry. Sarwar et al. (2019) conducted a year-long simulation in 2006 of 
CMAQ and reported a decrease of 25% over oceanic waters and >6 ppbv in the present study domain. Li, 
Badia, Wang, et al. (2020) employed the WRF-Chem model to report 4%–10% reduction in surface O3 along 
the coast in summer 2018 due to the addition of halogen sources and chemistry in China.
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Figure 7. Simulated monthly average of NO (pptv, top), NO2 (pptv, middle), and O3 (ppbv, bottom) over the cross-section plane for the NO-HAL (left) and 
FULL (center) scenarios. The relative change (in percentage) between scenarios is shown in the right column. The black shared area corresponds to the location 
of the Hainan Island (see Figure 1).



Journal of Geophysical Research: Atmospheres

3.5. Impact of Halogens on Free Radicals

The elevated levels of halogens in the presence of ship emissions (results in the FULL case as shown in Fig-
ure 3) in turn change the atmospheric composition with distinguished features along and around the ship 
tracks. Figure 8 illustrates the average spatial distribution of the main free radicals controlling atmospheric 
oxidation in the NO-HAL scenario, in the FULL scenario, and the relative changes.
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Figure 8. Simulated monthly average of OH (pptv, top), HO2 (pptv, middle), and NO3 (pptv, bottom) at the surface for the NO-HAL (left) and FULL (center) 
scenarios. The relative change (in percentage) between scenarios is shown in the right column.
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In the NO-HAL case, the average levels of OH and HO2 over the ocean are 0.32 pptv and 8.5 pptv, respec-
tively. OH is higher along the ship tracks, while HO2 is lower due to the emissions of NO from ships and the 
subsequent reaction of NO with HO2 that transforms HO2 into OH. The average NO3 over the ocean is 7.1 
pptv, with higher NO3 outside the ship tracks compared to within the nearby tracks because the high levels 
of NO and NO2 react with NO3, reducing the levels of this radical.

Halogen chemistry decreases OH (on average by 0.05 pptv or 16.0%) and HO2 (on average by 0.9 pptv or 
10.8%) in most of the domain (Figure 8) because of significant O3 destruction (Figure 6). Noticeably, in 
the grids with intensive ship emissions (Figure 1), OH is only slightly reduced and HO2 is increased since 
halogens (mostly chlorine) increase the formation of HOx via reactions of halogen atoms with ship-emitted 
VOCs (R5). NO3 is formed through the reaction of NO2 and O3, and halogens decrease the NO3 mixing ratios 
(on average by 2.8 pptv or 39.3%) because (1) halogens reduce the levels of NO2; (2) halogens decrease O3; 
(3) halogens directly react with NO3 radical through the reactions of I2 and I with NO3. NO3 concentration 
could be further decreased if the reaction of HOI with NO3 (Saiz-Lopez et al., 2016) is included. The relative 
change of NO3 due to halogens is not marked along the ship tracks (Figure 8) while the absolute change of 
NO3 is evident along the tracks (Figure S8) because halogens induce the same decreasing effects on NO3 (in 
contrast to the complex effects of halogens on HOx) on and near the ship tracks. We also isolate the results 
in the daytime (for OH and HO2) and nighttime (for NO3) and the results show the same pattern (Figure S9).

Figure 9 shows the vertical cross-section results for the simulation of radicals in the NO-HAL and FULL 
scenarios and the corresponding changes. The effect of halogens on OH and HO2 is higher below 400 m 
above sea level (a.s.l.), but a noticeable influence can be seen in the upper boundary layer and the free trop-
osphere mostly due to the reduction of O3. For NO3, the decreasing effect due to halogens is more intense 
and reaches to more than 1,000 m a.s.l. because NOx levels in addition to O3 are significantly reduced.

Sarwar et al. (2015) used the CMAQ model to estimate that halogens led to an average decrease of OH (∼1%) 
and HO2 (∼11%) in summer 2006 in the Northern Hemisphere. A global study with GEOS-Chem for the 
year of 2005 (Sherwen et al., 2016; Sherwen, Schmidt, et al., 2016) suggested a change of HOx (OH + HO2) 
in the range of -5% to 5% due to halogens within our domain. A follow-up work by Stone et al. (2018) found 
an increase of OH (∼2%) and a decrease of HO2 (-5% to -2%) for the year 2009 in East Asia. Li, Badia, Wang, 
et al. (2020) utilized the WRF-Chem model in China and reported changes of OH and HO2 in between -10% 
and 20% in summer 2018 along the coast. Note that Li, Badia, Wang, et al. (2020) included anthropogenic 
chlorine emission over land for their simulation, which led to an increase of both OH and HO2 in polluted 
coastal regions. Muñiz-Unamunzaga et al. (2018) used CMAQ model in Los Angeles and found a large de-
crease (-50% to -20%) in the NO3 radical in September 2006 due to halogens and dimethyl sulfide chemistry. 
Li et al. (2019) suggested that halogen chemistry also significantly reduced the NO3 levels by as much as 
20 pptv in July 2016 in the Mediterranean Sea. Li, Badia, Wang, et al. (2020) estimated as much as a 30% 
decrease in NO3 along the coast of China in summer 2018 due to halogen chemistry.

4. Conclusions and Final Remarks
This conceptual work exemplifies, on one hand, the impacts of shipping emissions on the atmospheric 
burden of RHS (increasing Cly by 260%, decreasing Bry by 33%, and decreasing Iy by 6%) as well as on air 
pollutants and climate-relevant species (increasing NOx by >100% and inducing a wide range of changes 
in O3 from -16% to 23%) over the open ocean environment. On the other hand, our results account for the 
effects of RHS on the abundance and distribution of ship-originated free radicals (decreasing HOx by more 
than 10% and decreasing NO3 by ∼40%) and air pollutants (decreasing NOx by∼20% and decreasing O3 by 
∼17%) in East Asia over the open ocean in summer. All of these highlight the importance of considering the 
long-range transport of oceanic natural sources interacting with anthropogenic pollutants not only in the 
vicinity of the ship tracks but also in the surrounding areas and vertically into the free troposphere.

Such chemical interaction between shipping emissions and RHS is also expected in other parts of the world 
with marked shipping activities, for example, the North Sea (Bencs et al., 2020), southern Europe (Nunes 
et al., 2020), northern Europe (Tang et al., 2020), and North Pacific and North Atlantic (Crippa et al., 2018).
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While the chemical scheme and shipping emissions used in the present work are subject to some uncer-
tainties as discussed in Sections  2 and 3, our analysis suggests that (1) ship emissions should be taken 
into account when studying reactive halogens from the ocean; (2) halogens should be considered when 
assessing the impact of shipping emission on air quality; and (3) further laboratory, field, and numerical 
modeling works are required to fully characterize the chemical interaction between ship emissions and 
oceanic halogens. A particular interest is to consider the synergistic interaction between shipping emissions 
and halogens on the regulation of air pollution for coastal cities with large ports, for example, Shanghai, 
Shenzhen, and Hong Kong. On a broader aspect, we recommend that the formulation of air quality and en-
vironmental policies should consider the strong chemical interaction between ship emissions and reactive 
halogen species.

Data Availability Statement
Data that support the finding of this study can be found at https://doi.org/10.17632/yd3bdrcwtb.1 (Li, Ba-
dia, Fernandez, et al., 2020).
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Figure 9. Simulated monthly average of OH (pptv, top), HO2 (pptv, middle), and NO3 (pptv, bottom) on the cross-section plane for the NO-HAL (left) and 
FULL (center) scenarios. The relative change (in percentage) between scenarios is shown in the right column.
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