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• The ship emission ratio of ΔHONO/
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during a cruise.

• A global HONO ship emission inventory
was derived for use in chemical trans-
port models.

• Ship emissions of HONO play an impor-
tant role in the marine atmospheric oxi-
dation processes.
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Nitrous acid (HONO) is an important reservoir of the hydroxyl radical (OH) and thus plays a central role in tro-
pospheric chemistry. Exhaust from engines has long been known as a major primary source of HONO, yet most
previous studies focused on vehicle emissions on land. In comparison, ship emissions of HONO have been rarely
characterized, and their impacts on the tropospheric oxidation chemistry have not been quantified. In this study,
we conducted cruise measurements of HONO and related species over the East China Sea. Contrasting air masses
from pristine marine background air to highly polluted ship plumes were encountered. The emission ratio of
ΔHONO/ΔNOx (0.51± 0.18%)was derived from a large number of fresh ship plumes. Using the in-situmeasured
emission ratio, a global ship emission inventory of HONO was developed based on the international shipping
emissions of NOx in the Community Emission Data System inventory. The global shipping voyage emits approx-
imately 63.9 ± 22.2 Gg yr−1 of HONO to the atmosphere. GEOS-Chem modelling with the addition of ship-
emitted HONO showed that HONO concentrations could increase up to 40–100% over the navigation areas, lead-
ing to about 5–15% increases of primary OH production in the early-morning time. This study elucidates the po-
tentially considerable effects of ship HONO emissions on the marine atmospheric chemistry, and calls for further
studies to better characterize the ship emissions of HONO and other reactive species, which should be taken into
account by global and regional models.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
Acting as a reservoir of the hydroxyl radical (OH), nitrous acid
(HONO) plays a crucial role in the atmospheric photochemistry. Photol-
ysis of HONO by sunlight produces an OH radical and a NO molecule,
which initiate the atmospheric oxidation processes leading to forma-
tions of ozone (O3) and secondary aerosols (Finlayson-Pitts and Pitts,
1999; Kleffmann, 2007). In the ambient atmosphere, HONO is either
emitted from various primary sources such as combustion and micro-
bial processes (Kurtenbach et al., 2001; Su et al., 2011), or formed by
gas-phase and heterogeneous reactions involving nitrogen oxides
(NOx = NO+NO2) (Finlayson-Pitts et al., 2003; George et al., 2005;
Pagsberg et al., 1997). Recent studies have indicated that the sources
of ambient HONO are rather complicated and have not yet been fully
understood (Kleffmann et al., 2005; Stemmler et al., 2006; Zhou et al.,
2011). Exploring the sources and environmental consequences of
HONO is a fundamental step towards a better understanding of atmo-
spheric chemistry, air pollution and climate change.

Exhaust of engine combustion is an important primary source of
HONO in the atmosphere. In particular, vehicular exhaust has long
been recognized as a major source of ambient HONO in urban areas
(Pitts et al., 1984). In the recent decade, a number of field studies
have measured the emission ratios of ΔHONO/ΔNOx from vehicles
at tailpipe, tunnel and roadside in many metropolitan areas over
the world (Kurtenbach et al., 2001; Li et al., 2018; Liu et al., 2017;
Rappenglück et al., 2013; Xu et al., 2015; Yun et al., 2017). These
studies have confirmed the significant contributions of vehicle emis-
sions to the ambient HONO levels and hence atmospheric oxidizing
capacity (Li et al., 2018; Xu et al., 2015). In comparison, little effort
has been dedicated to characterize the emission factors of HONO
from other transportation tools such as shipping vessels. Sea trans-
port contributes to over 70% of the global trade by values and around
80% by volume, and at the beginning of 2015, the world's commercial
fleet consisted of nearly 90,000 vessels according to the International
Maritime Organization (http://www.imo.org/en/Pages/Default.
aspx). Ships emit a large amount of air pollutants into the marine at-
mosphere, among which HONO is a highly reactive component. Ship
emissions of HONO have high potential to perturb the atmospheric
chemistry processes by supplying not only OH radicals but also
NOx, thus affect the marine atmosphere and climate change. To the
best of our knowledge, the impacts of ship emissions of HONO on
the marine atmosphere and climate have not been well quantified
to date.

In the present study, we conducted cruise measurements of HONO
and related species on the East China Sea. A large number of fresh ship
plumes were encountered due to the vessel operation conditions,
which provides a unique opportunity to characterize the emission fac-
tors of HONO from ship exhausts. In the following sections, we first
show the overview of the measurement data and derive the ΔHONO/
ΔNOx emission ratio from the ship plumes. We then develop a global
ship emission inventory for HONO based on the measured emission
ratio and the available NOx ship emission database. Finally, a global
chemical transport model (GEOS-Chem) is utilized to evaluate the im-
pacts of ship emissions on HONO and OH radicals in the marine atmo-
sphere. Overall, this study attempts to fill the knowledge gap of the
ship emission of HONO and its effects on the marine atmosphere, and
demonstrates the demand to further characterize the ship emissions
of highly reactive air pollutants.

2. Methods

2.1. Field measurements

The cruise measurement campaign was conducted in the East
China Sea (117–131°E, 23–33°N) from April 22 to May 27, 2017.
The Scientific Research Vessel “Dong Fang Hong 2” was deployed
as the sampling platform. It is equipped with a medium speed die-
sel engine (MSDE; MAK 8M332C: 1380 KW and 900 RPM; gross
tonnage = 3235) and fueled by relatively clean marine diesel oil
(i.e., 0# diesel fuel), and has been in service for over twenty
years for scientific research surveys in the China Sea (Zhang et al.,
2017). According to the International Maritime Organization, the
MSDE vessels account for about 21.1% of the total vessel fleet, sim-
ilar to that of small-speed diesel engine vessels (20.1%) but slightly
lower than that of high-speed diesel engine vessels (35.4%). The
cabin housing the measurement instruments was located in the
front of the funnel to eliminate potential interferences from ship
plumes. We started the campaign when the vessel was far from
the shore to avoid the impact of vehicle emissions and other
sources at the port. In the present study, however, numerous
stops were designed along the cruise route for collections of the
air and sea water samples. During these stops, the air parcels sam-
pled by the instruments in the cabin were frequently influenced by
the freshly emitted ship plumes, which can be further confirmed by
checking the concentration spikes of primary pollutants such as CO
and NOx. Therefore, the air masses sampled in the present study in-
cluded not only marine air but also a lot of polluted ship plumes. A
schematic diagram for the sampling of marine air and ship plume is
shown in Fig. S1.

A package of commercial equipment was utilized for the field mea-
surements of HONO and related species. Specifically, HONO was mea-
sured by a long path absorption photometer (LOPAP; QUMA Gmbh) at
a time resolution of 1 min (Kleffmann et al., 2002). Automatic zero
checks using ultrapure nitrogen (purity of 99.999%) were performed
regularly twice per day, and manual calibrations by nitrite standard so-
lution were conducted every three days (Li et al., 2018). NO2 was mea-
sured by a Cavity Attenuated Phase Shift (CAPS) spectroscopy
instrument (Teledyne API, Model T500U), which is designed to be
highly selective for NO2 and free from possible interferences from
other NOz species. NO andNOyweremeasured by a chemiluminescence
analyzer (Teledyne API, Model T200U), with an externally placed mo-
lybdenumoxide converter for the conversion of NOy toNO. O3wasmea-
sured by a UVphotometric analyzer (TEI,Model 49C). COwasmeasured
using a non-dispersive infrared analyzer (Teledyne API, Model 300EU)
with automatic internal zero checks every 4 h. Particle number concen-
trations and size distribution in the range of 5–10,000 nm were mea-
sured by a Wide-range Particle Spectrometer (WPS; MSP Model
1000XP). JNO2 was measured by a filter radiometer (Meteorologie Con-
sult Gmbh). Meteorological parameters including temperature, relative
humidity (RH), and winds were monitored by a commercial weather
station. The measurement principles, accuracies, and quality assurance
and control protocols for all of these instruments can be referred to
Xue et al. (2016) and Li et al. (2018).

2.2. GEOS-Chem model

The GEOS-Chem global chemical transport model (Version 9–02)
was used to simulate the impacts of ship HONO emissions on the global
distributions of HONO and OH. The model was run with the standard
HOx-NOx-VOC-O3-aerosol chemistry (Mao et al., 2013) at a horizontal
resolution of 2° × 2.5° with 47 vertical layers (including ten layers of
~0.13 km thickness below 850 hPa), as driven by the GEOS-FP assimi-
lated meteorological fields. The global anthropogenic emissions were
based on the Emission Database for Global Atmospheric Research
(EDGAR) v4.2 inventory for CO and NOx and Community Emission
Data System (CEDS) for non-methane volatile organic compounds
(NMVOCs) (Hoesly et al., 2018), whichwere further replaced by the re-
gional inventories over Asia (INTEX-B), Europe (EMEP), Canada (CAC;
http://www.ec.gc.ca/pdb/cac/cac_home_e.cfm) and China (MEIC:
http://www.meicmodel.org/) (Auvray and Bey, 2005; Zhang et al.,
2009). The international shipping emissions were adopted from the
CEDS inventory, which has the updated fuel consumption that matches

http://www.imo.org/en/Pages/Default.aspx
http://www.imo.org/en/Pages/Default.aspx
http://www.ec.gc.ca/pdb/cac/cac_home_e.cfm
http://www.meicmodel.org/
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the bottom-up estimates from the International Maritime Organization
(2014), includingmonthly emissions of CO, NOx, and SO2 (Hoesly et al.,
2018). Monthly biomass burning emissions were from the GFED3 in-
ventory (van der Werf et al., 2010). Other natural emissions were pa-
rameterized base on the modelled meteorology. See Yan et al. (2016)
for the detailed configurations of the model. The model was run with
and without ship emissions of HONO, and differences between the
two simulations are regarded as the effects of the ship-emitted HONO.
Since the CEDS inventory has been updated to 2014 to reflect the actual
emissions in recent years, we performed a half-year spin-up simulation
and used the simulation results for July 2014 (summer scenario) for fur-
ther analyses. Though inconsistent with the observation time period,
the results of different sensitivity tests can represent potential impacts
of ship HONO emissions on the marine atmospheric chemistry.

3. Results and discussion

3.1. Ship emission ratios of ΔHONO/ΔNOx

The time series of measured air pollutants and weather conditions
during the vessel cruise are shown in Fig. 1. Clearly, contrasting air
masses from very clean marine background air to highly polluted air
parcels were alternately encountered, as indicated by the significant
variation in the concentration levels of primary pollutants such as
NOx. The fresh ship plumes and pristine marine background air were
carefully selected for further analyses. The ship plumes were mainly
sampled during the ship stops with obvious concentration spikes for
primary pollutants (such as NOx and HONO) but lower O3 levels. Con-
sidering the absence of other pollution sources in the sea, such high
levels of primary pollutants are believed to be due to the emissions of
the research vessel. The detailed selection criteria of ship plumes in-
clude (a) only the data when the vessel stopped and the plume
Fig. 1. Time series of measured species and meteorological parameters during the East China Se
lected for analyses. Note that only data collected when the vessel stopped and the plume pass
moved through the sampling inlet were considered (Fig. S1); and
(b) concentration spikes of HONO and NOx as well as reduction in O3

concentrations were observed. A total of 2751 min measurements
were identified as the ship plumedata, indicating the frequent influence
of ship plumes. The averaged mixing ratios (±SD) of NO, NO2 and
HONO for the ship plumes were 73.6 ± 171, 27.6 ± 22.4 and 0.39 ±
0.72 ppbv, with maximum values of 1767, 254 and 7.54 ppbv, respec-
tively (see Table 1). The large range of SD values is mainly caused by
the different engine loads during the ship voyage and the stopping
time. The marine background air was sampled in the open sea far
away from the coast, with extremely low levels of primary pollutants.
The mean marine background concentrations (±SD) of NO, NO2 and
HONO were 20 ± 10, 110 ± 40 and 2 ± 2 pptv, respectively. These
values are representative of the global background conditions, and
will be subtracted from the ship plume data to derive the ΔHONO/
ΔNOx emission ratios.

We then deduced the emission ratio (ER) of ΔHONO/ΔNOx for the
above identified fresh ship plumes. Based on the huge number of instan-
taneous ship plume data, the average (±SD)ERwas0.46±0.31%with a
median value of 0.41% (see Table 2). Furthermore, 90% of the individual
ER values (i.e., 5–95% percentiles) are concentrated in the range of
0.08–0.97%. The scatter of ER values case by case should be due to the
differences in the engine operation conditions and/or the ambient at-
mospheric conditions (e.g., age of plumes), which is also the case for
the vehicle emission ratios on land (Xu et al., 2015). We also calculated
the ER of ΔHONO/ΔNOx for the more strictly defined ship plumes,
which should last for at least 15 min with concurrent high concentra-
tions of HONO and NOx. With this criterion, a total of 37 typical plumes
were screened out, covering 1202 min measurement data. These
plumes further removed the possible interference to the measurement
data in short durations and ensured the high HONO and NOx levels
were indeed affected by the ship plumes. The averaged (±SD) ER for
a voyage from April 22 to May 27, 2017. The black dots represent the ship plume data se-
ing through the sampling inlet were selected as ship plumes in this study.



Table 1
Descriptive statistics of the measured mixing ratios of HONO and related species in the ship plumes and marine background air. Units are ppbv.

Species Ship plume (N = 2751) Marine background (N = 952)

Average SD Median Max Average SD Median Max

NO 73.6 171 28.8 1767 0.02 0.01 0.02 0.04
NO2 27.6 22.4 22.9 254 0.11 0.04 0.12 0.17
HONO 0.39 0.72 2.02 7.54 0.002 0.002 0.002 0.002
CO 213 95 192 1157 81 49 100 118

Table 2
Emission ratios of ΔHONO/ΔNOx derived from all ship plume data and from typical ship plumes.

Parameter All ship plume data (N = 2751) Typical ship plume (N = 1202)a

ΔNOx

(ppb)
ΔHONO
(ppb)

ΔHONO/ΔNOx ΔNOx

(ppb)
ΔHONO
(ppb)

ΔHONO/ΔNOx

Average 67 0.31 0.46% 79 0.43 0.51%
Median 48 0.19 0.41% 46 0.20 0.43%
Standard Deviation 124 0.69 0.31% 25 0.09 0.18%
Daytime Mean 84 0.44 0.53% 110 0.67 0.59%
Nighttime Mean 48 0.17 0.37% 47 0.18 0.42%

a Typical ship plume refers to the plume that lasts for at least 15 min with concurrent data of HONO and NOx at high concentrations. N denotes the number of minute data.
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these typical plumes was calculated as 0.51 ± 0.18% with a median
value of 0.43%,which are quite comparable to those derived from the in-
stantaneous data case. In the following sections, the ER of 0.51% was
adopted to derive the ship emission inventory of HONO, which can be
considered as an overall average estimation of ship HONO emission.

An interestingfinding is the discrepancy between theΔHONO/ΔNOx

ratios derived from the daytime and nighttime ship plumes. The ER de-
rived from the daytime ship plume data (7:00–19:00 local time, LT; in-
cluding 1447min data)was 0.53%±0.37%,which is significantly higher
than that (0.37% ± 0.21%) obtained from the nighttime data
(19:00–7:00 LT; containing 1304 min data) (p b .01). Fig. S2 (a) and
S2(b) show that the ΔHONO/ΔNOx ratios generally increase with the
measured JNO2 levels, (except that JNO2 value is in the range of
3–4 × 10−3 s−1), indicating the significant influence of the solar radia-
tion. Therefore, the higher daytime ΔHONO/ΔNOx ratios should be at-
tributed to the rapid photo-enhanced heterogeneous conversion of
NO2 to HONO on the surface of freshly-emitted particles such as soot.
Laboratory studies have proposed the photo-enhanced uptake of NO2

on aerosol surfaces as a potential daytime source of HONO (George
et al., 2005; Monge et al., 2010), and our results provide the direct evi-
dence of this process in the ambient atmosphere.

In general, the ocean-going vessels, such as container ships, cargo
carriers and tankers, usually burn heavy fuel oil (HFO) in the open wa-
ters, which release more SO2 and metals. Whereas in harbours or spe-
cific emission regulation areas, the ferries, bulk carriers, and other
smaller ship mostly burn marine diesel oil (MDO) instead. Diesch
et al. (2013) showed that the ship gross tonnage was directly propor-
tional to the engine power. The emission ratios of NOx of larger vessels
(gross tonnage N30,000 tons) were 1.5 times higher than that of the
smaller vessels (gross tonnage b5000 tons). In addition, Celik et al.
(2020) pointed out that more efficient fuel combustion resulted in
more NOx emissions owing to the higher combustion temperature. An-
other important impact factor is fuel quality. According to Zhao et al.
(2020), the emission of NOx could be reduced by approximately 20%
when the research vessel burned MDO instead of HFO under different
engine loads. The research vessel in this study is a smaller vessel
(gross tonnage=3235 tons) and usesMDOas the fuel. Thus,we believe
that the emission of NOx under this circumstance is relatively low.

The ship emission related experimental studies can be performed in
stationary platforms (at harbours or ports and mobile platforms in re-
search vessels/aircrafts measurements), and in the exhaust funnels.
Merico et al. (2016) reported the observed NO peak concentration of
~102 ppbv at the harbour area (50 m from the water), which was com-
parable to the NO levels in this study. In contrast, Zhao et al. (2020)
measured the emission gases directly from the chimney and the mean
NO concentrations (MGO: 1438 ± 289 ppm; HFO: 1448 ± 272 ppm)
were much higher than that found in this study. Table S1 compares
our measured ship emission ratios of ΔHONO/ΔNOx against the results
obtained for on-road vehicle emissions from many metropolitan areas
in the world. The different values of ER implied the effects of other fac-
tors such as different types of engines, fuels, and working conditions on
the HONO emissions in the real atmosphere (Huang et al., 2018;
Kurtenbach et al., 2001). In general, the emission ratios derived in the
present study are well within the reported range of ER for vehicle emis-
sions (e.g., 0.10–1.70%), suggesting the similarity of HONO emission fac-
tors from engine exhaust. Thus, results in this study are representative
of the emission ratios from ship engine exhausts. To improve the repre-
sentativeness of this study, we divided the ER into three categories:
0.51% for this study; 1.7% for themaximum ratio and 0.03% for themin-
imum ratio.

3.2. A global ship HONO emission inventory

A global ship emission inventory of HONO was then developed
based on the average in-situ measured ER of ΔHONO/ΔNOx (0.51%)
and the CEDS ship emission inventory for NOx (Hoesly et al., 2018).
Fig. 2 shows the spatial distribution of ship HONO emissions. The ship-
emitted HONO primarily concentrated over the navigation areas
(i.e., the shipping routes and international ports), with much stronger
emission intensity in the Northern Hemisphere. The estimated mean
(±SD) annual emission of HONO from global shipping was 63.9 ±
22.2 Gg yr−1, which was much smaller than those of NOx, SO2 and CO.
The Northwest Pacific (i.e., west of 180°E and north of 15°N), Northeast
Pacific (i.e., east of 180°E and north of 15°N), Northern Atlantic
(i.e., north of 15°N), Indian Ocean & Red Sea, and the Mediterranean &
offshore areas of continental Europe are the major emission zones,
with annual emissions of 8.1 ± 2.8, 14.1 ± 4.9, 24.7 ± 8.6, 8.7 ± 3.0,
and 49.0 ± 17.2 Gg yr−1, respectively. Monthly emissions were also es-
timated and results are summarized in Table S2. Overall, the ship related
HONO emissions in the second half of the year (July–December; 5.4–5.7
Gg mon−1 with a total of 33.5 ± 11.7 Gg) are slightly higher than those
in the first half (January–June; 4.4–5.5 Gg mon−1 with a total of 30.4 ±
10.6 Gg). This pattern was the same as NOx emissions, which reflects
seasonal variations of in shipping business or other ship-related
activities.

The HONO emission inventory derived this study is subject to large
uncertainties. Potential uncertainties mainly arise from uncertainties
of the HONO/NOx emission ratio and the CEDS ship emission inventory



Fig. 2. Annual ship emission inventory of HONO (g m−2 yr−1) developed by the measured emission ratio of ΔHONO/ΔNOx and the CEDS NOx emissions in 2014. The grid resolution is
0.5° × 0.5°.
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for NOx. The emission ratio was derived from only one vessel despite a
huge amount of ship plume data. Therefore, we estimated ship HONO
emissions based on previous reported values of ER to improve its repre-
sentativeness. The ship HONO emissions estimated from the maximum
ratio (1.7%) and theminimum ratio (0.03%) of HONO/NOxwere listed in
Table S2. In addition, the uncertainty of ship NOx emissions may result
from the uncertainties of the CEDS inventory as well. Hoesly et al.
(2018) have shown that IEA-reported consumption is incomplete and
additional fuel consumption is needed to match the bottom-up esti-
mates from the International Maritime Organization in CEDS. However,
more research is needed to improve the reliability of CEDS ship emission
inventory. Furthermore, nearly 70% of the ship emissions occurred
within 400 km of coastlines along the main trade routes (Corbett
et al., 1999). Therefore, the global inventory may underestimate the
emissions of short-distance ships near the continents. Despite these de-
ficiencies, this first piece of ship emission inventory of HONO may still
be considered by modelling studies before a more refined inventory is
in place.

3.3. Impacts on the atmospheric oxidation processes

Influences of ship HONO emissions on the ambient HONO and OH
radicals in the marine atmosphere were determined by the GEOS-
Chemmodel. Model simulated meteorology (2-m temperature, relative
humidity, and winds) was evaluated against the high qualities GEOS-FP
output which uses the most recent validated GEOS system. Fig. S3
shows that the spatial distributions of differentmeteorological variables
are comparable with the GEOS-FP output data. In addition, O3, NO2 and
HONO were evaluated against observational data. Fig. S4, Table S3 and
S4 show that the model performed relatively well in reproducing the
observed levels of O3 and HONO. Fig. S5 shows that the model cannot
capture observed high NO2, probably due to the low model resolution
and the positive biases of the measurement (Sun et al., 2019; Xu et al.,
2015). Overall, the model performed reasonably well in reproducing
the HONO measurement. Fig. S6 shows the global distributions of
HONO, OH, and primary OH sources (POH: the OH production rate
from photolysis of HONO, O3, H2O2, HNO3 and OVOCs, as well as
ozonolysis reactions of unsaturated VOCs) from the Base Scenario
without shipHONOemissions. Themodel predicted higherHONO levels
in the polluted continental areas (e.g., East Asia and western Europe),
with maximum values of 1–2 ppbv for Eastern China. Such levels are
comparable to the in-situ determined concentrations in these continen-
tal regions (e.g., Li et al., 2018 and references therein). In comparison,
the much lower HONO mixing ratios (i.e., 2.4–50 pptv with an average
of 9.8 ± 8.8 pptv) simulated in the East China Sea and near ocean
areas are actually higher than the measured values (2 ± 2 pptv for the
marine background air) in this study. The overestimation of HONO is
mostly due to the low model resolution, i.e., one grid may cover both
coastal and offshore areas. For OH and POH, the model calculated higher
levels in the polluted continents and their adjacent coastal regions, and
moderate levels (1–4 × 106 molecules cm−3 and 0.5–2 × 106 molecules
cm−3 s−1) in the vast oceans.

Figs. 3 and 4 presents the detailed impacts of ship emissions on the
ambient 24-h average HONO and OH in the global marine atmospheres.
With the inclusion of ship HONO emissions, the model predicts signifi-
cant enhancements of HONO concentrations in the navigation areas.
The enhancements in the absolute concentration of HONO reach up to
10 pptv in the North Sea, 3 pptv in the east of North America and are
about 0.5–1.5 pptv in the Northwest Pacific, Northeast Pacific, North At-
lantic, Red Sea and some famous seaports. Generally, the enhancements
of HONO in percentage are 40–100% along the major shipping routes.
This indicates ship emission presents a major source of HONO in the
global marine atmosphere. HONO concentration enhancements mostly
occurred in the nighttime, reaching up to 80–100% in the major ship-
ping routes (Fig. S7). In comparison, the enhancement was much
lower during the daytime due to the fast photolysis.

As HONOphotolysis is amajor source of OH, ship emissions of HONO
could serve as an additional OH supplier and hence enhance the atmo-
spheric oxidation processes. Ourmodelling results showed an enhance-
ment of 20–40% in the OH production rate from HONO photolysis over
the majority of shipping routes after including shipping emissions
(Fig. S8). As shown in Fig. 4a and b, ship emissions of HONO also re-
sulted in significant increases (i.e., 1–4 × 104 molecules cm−3 s−1 or
5–15% in percentage) of the total primary source of OH (POH) in the nav-
igation areas during the early morning period (6:00–7:00 LT). This sug-
gests that ship-emitted HONO may play an important role in the jump



Fig. 3. Absolute and percent differences between Test (standard emissions + ship HONO emissions) and Base (standard emissions) simulated 24-h average HONO in July 2014. The
absolute difference represents the value of Test minus Base simulation (Test-Base), and the percent difference represents (Test-Base)/Base*100%.

6 L. Sun et al. / Science of the Total Environment 735 (2020) 139355
start of the atmospheric photochemistry in the marine atmosphere. In
comparison, the impact of ship-emitted HONO on OH production is
minor during the daytime (Fig. S9), indicating that OH productions are
dominated by other pathways (i.e. HO2 + NO and so on), and the accu-
mulation of HONO during the nighttime has been photolyzed at dawn.
We also examined the impacts of ship HONO emissions on the tropo-
spheric O3 in the marine atmosphere, and found that they are almost
negligible (b1%; figures not shown). This is because O3 formation is
NOx-limited in the pristine marine atmosphere, and adding OH radicals
is insensitive to O3 formation and might even lead to O3 destruction via
the O3 + HOx reaction cycles. In order to improve the representative-
ness of the simulation results, two sensitivity tests were performed by
setting the ER to 1.7% and 0.03%, representing the maximum and mini-
mum ratios in ship plume, respectively (according to the literature re-
sults in Table S2). The two test results showed significant differences.
HONO concentration reached up to 40 pptv in the North Sea and
100–200% over the major shipping routes when we set ER to 1.7%
(Fig. S10(a) and S10(b)). Similarly, the ship HONO emissions promoted
the OH production, which increased 3–10 × 104 molecules cm−3 s−1 or
20–40% for the POH (Fig. S11). However, when ER was set to 0.03%,
HONO concentrations and POH did not show much difference, suggest-
ing the impacts can be ignored.
Fig. 4.Absolute and percent differences between Test and Base simulated total primaryOH sour
local time according to the time zone, i.e., every 15° longitude represents 1 h.
The aforementioned analyses elucidate the significant contribu-
tions of ship emissions to the ambient HONO and OH sources in the
marine air. Once OH is produced, it immediately involves in the at-
mospheric oxidation cycles and oxidizes a variety of reduced sub-
stances such as VOCs and DMS. One should keep in mind that the
present analysis may be subject to some uncertainty due to limita-
tions of the methodology data representativeness. Nevertheless, we
believe that the current estimation should represent a lower limit
for the importance of ship HONO emissions given the following rea-
sons. First, as mentioned above, the CEDS emission may not cover all
the shipping vessels, especially for those with short travel voyages
(Hoesly et al., 2018; Liu et al., 2016). Second, the marine diesel oil
used by the research vessel in this study is a typical clean fuel and
emits relatively low levels of air pollutants compared to common
cargo ships. Third, our analysis suggests the additional formation of
HONO from the heterogeneous reactions of NO2 on the surface of
particles, both of which are major constituents of ship emissions,
and this process was not considered in the GEOS-Chem simulations.
Obviously, more efforts are urgently needed to test more ships, fuels,
operation conditions, etc., and to compile more accurate ship emis-
sion inventories for a better understanding of the influences of global
shipping on the marine atmosphere and climate.
ces (POH) during the earlymorning time (6:00–7:00 LT).We converted theUTC time to the
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4. Summary

We present the direct measurements of emission ratio of ΔHONO/
ΔNOx from a large number of fresh ship plumes. A global ship emission
inventory of HONO was compiled for the first time based on the mea-
sured emission ratio and the available emission data for NOx, and is
ready for use in chemical transport models. GEOS-Chem modelling
analysis illustrates the potentially important impacts of ship emissions
on ambient HONO, primary OH sources, and thus oxidation capacity in
the marine atmosphere. Despite the inherent uncertainty from the
fieldmeasurements and ship emission database, this study is a good ini-
tiative to revisit the roles of ship emissions in the marine atmospheric
chemistry. Further studies are urgently needed to better characterize
the ship emissions of HONO and other reactive species and to thor-
oughly evaluate their impacts on atmospheric chemistry and climate
change.
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