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Abstract: Air pollutants from ship exhaust have a negative impact on air quality in coastal areas,
which can be greatly exacerbated by sea breeze circulation. However, our understanding of this issue
is still limited, especially in coastal areas with a complex topography and winding coastlines, such as
the Bohai Rim region in China. In order to fill this knowledge gap, the Weather Research and Forecast
model coupled with the chemistry (WRF/Chem) modeling system was employed to investigate the
influence of sea breeze circulation on the transport of PM2.5 emitted by ships from April to September
in 2014. The major findings are as follows: (1) The concentration of PM2.5 due to ship emissions was
2.94 µg/m3 on days with a sea breeze and 2.4 times higher than on days without a sea breeze in
coastal cities in the region. (2) The difference in the contribution of ship emissions during days with a
sea breeze and days without a sea breeze decreases with increasing distance from the coastline but
remains non-negligible up to 50 km inland. (3) The shape of the coastline, the topographic height of
the land area, and the latitude have a significant impact on sea breeze circulation and thus on the
transport of ship emissions. (4) The differences in the contribution of ship emissions under days with
a sea breeze versus days without a sea breeze were more evident than those under onshore versus
alongshore and offshore winds, indicating that sea breeze circulation can cause cyclic accumulation
of pollutants and thus reinforce the impact of ship emissions on coastal air quality more than by
onshore winds. It should be emphasized that during the switching from sea breeze to a non-sea
breeze, the pollutants that have been transported to the land area by sea breeze have not yet been
carried back to sea, resulting in the ship contribution value still not significantly reduced even if the
wind is a non-sea breeze at that moment. In addition, other factors e.g., emissions, precipitation, and
chemistry can also play an important role in the observed trends in this study.

Keywords: ship emissions; sea breeze; Bohai Rim region; PM2.5; WRF/Chem

1. Introduction

With the accelerating process of economic globalization and increasingly frequent
international trade exchanges, global seaborne trade, which is an important component
of international trade, has been growing continuously in the past decades. The booming
ship transportation industry has caused significant energy consumption and air pollutant
emissions that negatively affect air quality, climate change, and human health [1–6]. China
is a major shipping country, with nearly 300,000 operating ships and thousands of ports [7].
In 2020, Chinese ships emitted 86,000 tons of hydrocarbons (HC), 1,391,000 tons of nitrogen
oxides (NOx), and 58,000 tons of particulate matter (PM), which are about 19.8%, 28.2%,
and 24.2% of the total national non-road mobile source emissions, respectively [8].

The transport and dispersion of pollutants in coastal areas are significantly influenced
by wind direction [9–12]. In particular, ship emissions, as a marine source with high
emission intensity [1,13–16], may have a more significant impact on land areas under the
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onshore wind, as pointed out in previous studies. Liu [17] reported that in the context of
onshore wind, ship emissions were brought to inland areas and led to a higher contribution
in most coastal urban regions, reaching 3–7 µg/m3 and accounting for 15–20% of the total
PM2.5. When the wind shifted to non-onshore wind, only the coastal areas were affected,
and the influence of ship emissions on the inland dropped sharply to less than 1 µg/m3,
accounting for less than 5% of the total PM2.5. However, this conclusion is based on the
case of only one event, and the characteristics of the influence of onshore compared with
non-onshore wind on ship emissions over longer periods of time are not fully understood.

Sea breezes are one of the main causes of onshore wind and are one of the most
prominent mesoscale features in coastal locations due to a thermal contrast between land
and sea [18,19]. Studies have shown that in summer, sea breeze circulation occurs with
a frequency of over 50% and can penetrate more than 100 km horizontally inland in
China [20–22]. Many researchers have confirmed the adverse effects of sea breeze cir-
culation on air quality in coastal areas [23–32]. The recirculation effect of sea breeze on
pollutants and the formation of a thermal inner boundary layer limiting the vertical disper-
sion of pollutants were identified as the main reasons for the deterioration of air quality in
coastal areas due to the sea breeze circulation [33]. In addition, the sea breeze circulation
can cause atmospheric pollutants near the coast to disperse 20–60 km inland from the
coastline [34–36]. Under this weather background, ship emissions may further aggravate
air pollution in coastal cities more than usual. Therefore, it is necessary to investigate the
effects of ship emissions on air quality in coastal cities under the sea breeze circulation.

Few studies have been conducted on the effects of sea breeze circulation on the
transport of ship emissions. Shang et al. [37] investigated the influence of sea breeze
circulation on the transport and evolution of ship emissions during an episode of the sea
breeze at Tangshan port in the Bohai Rim region. Their results indicated that the dispersion
of pollutants emitted from ships was significantly influenced by sea breeze circulation
and that the pollutants could be transported inland to areas about 100 km away from the
coastline, thus aggravating air pollution in ports and the surrounding cities.

The topography of the Bohai Rim region in China is complex, with two peninsulas
(the Liaodong Peninsula and Jiaodong Peninsula) and a C-shaped coastline. Therefore, the
influence of sea breeze circulation on ship emissions in the Bohai Rim region may be more
complicated than that in those coastal areas with a straight coastline and flat topography
and possibly with distinguishing geographical differences. However, this issue is not yet
fully understood.

To fill this knowledge gap, we selected the Bohai Rim region as the research area and
divided it into six sections according to the convexity and concavity of the coastline. The
Weather Research and Forecast model coupled with the chemistry (WRF/Chem) modeling
system was employed to investigate the influence of sea breeze circulation in the transport
of ship emissions between April and September in 2014. The results of this study will
help policymakers formulate more precise and effective control measures and policies to
mitigate the impact of ship emissions on air quality.

2. Methodology
2.1. Study Area

The Bohai Rim region, surrounded by Beijing–Tianjin–Hebei, Shandong Province, and
Liaoning Province, including the entire coastal area of the Bohai Sea and a portion of the
coastal area of the Yellow Sea, is an important international gateway and is one of the
busiest port clusters in the world. Two of the top ten ports in the world, namely Tianjin
Port and Qingdao Port, are located in this region [38,39]. In this paper, the study area was
set from 34.06◦ N to 43.37◦ N and 114.91◦ E to 125.92◦ E, covering all ports of the Bohai
Rim region, as shown in Figure 1.
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2.2. Input Data and Model Configuration 
2.2.1. Input Data 

In this study, the WRF/Chem modeling system was employed to investigate the im-
pact of onshore wind, especially sea breeze circulation, on the transport of ship emissions 
in the summer half of 2014. The input data of the modeling system are described as fol-
lows: 

Emission from shipping. The ship emission inventory for the study was established 
by Chen et al. [40] with a high spatiotemporal resolution in China. Based on this inventory, 
the total ship emissions in this study area were 1.8 × 105 (SO2), 28.9 × 105 (NOx), 2.4 × 104 
(PM2.5), 2.6 × 104 (PM10), 1.16 × 104 (HC), and 2.46 × 104 (CO) tonnes/yr. Figure 2 shows the 
spatial distribution of annual ship emissions for different pollutions in 2014 over the Bohai 
Rim region. 

Emission from other anthropogenic and natural sources. Other anthropogenic 
emission inventories were obtained from the Multi-resolution Emission Inventory of 
China (MEIC) in 2014 [41–44]. The biomass burning emissions reported by Zhou et al. [45] 
were used in this study. The biogenic emissions were calculated by online version of the 
Model of Emissions of Gases and Aerosols from Nature (MEGAN) [46], based on the 
United States Geological Survey (USGS) land-use classification. 

 

Figure 1. Map of the study area and two nested domains established for modeling.

2.2. Input Data and Model Configuration
2.2.1. Input Data

In this study, the WRF/Chem modeling system was employed to investigate the
impact of onshore wind, especially sea breeze circulation, on the transport of ship emissions
in the summer half of 2014. The input data of the modeling system are described as follows:

Emission from shipping. The ship emission inventory for the study was established
by Chen et al. [40] with a high spatiotemporal resolution in China. Based on this inven-
tory, the total ship emissions in this study area were 1.8 × 105 (SO2), 28.9 × 105 (NOx),
2.4 × 104 (PM2.5), 2.6 × 104 (PM10), 1.16 × 104 (HC), and 2.46 × 104 (CO) tonnes/yr.
Figure 2 shows the spatial distribution of annual ship emissions for different pollutions in
2014 over the Bohai Rim region.
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Figure 2. Spatial distribution of annual ship emissions for different pollutions (kg/km2/yr) in 2014
over the Bohai Rim region.

Emission from other anthropogenic and natural sources. Other anthropogenic emis-
sion inventories were obtained from the Multi-resolution Emission Inventory of China
(MEIC) in 2014 [41–44]. The biomass burning emissions reported by Zhou et al. [45] were
used in this study. The biogenic emissions were calculated by online version of the Model
of Emissions of Gases and Aerosols from Nature (MEGAN) [46], based on the United States
Geological Survey (USGS) land-use classification.
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Meteorological data. The meteorological input for the WRF/Chem model was gener-
ated from the National Centers for Environmental Prediction (NCEP) Final Analysis (FNL)
data with a spatial resolution of 1◦ × 1◦ and a temporal resolution of 6 h [47].

2.2.2. Model Configuration

Two scenarios (with and without ship emissions) were modeled separately in this
study to evaluate the impact of sea breeze circulation on the onshore transport of PM2.5
emitted by ships. All configurations of the WRF/Chem model were kept consistent for the
two scenarios except for the emission inputs. A two-level-nested domain was designed
for the modeling system, as shown in Figure 1. Domain 1 covers most of China with a
grid resolution of 27 km (174 rows and 152 columns). Domain 2 covers the Bohai Rim
region with a grid resolution of 9 km (90 rows and 96 columns). In the vertical dimension,
each domain has 30 vertical layers extending from the surface to the 100 hPa level, with
18 layers within 4 km, and the lowest layer has a thickness of approximately 40 m. As
the background pressure field is more stable in China during the summer half-year, the
thermal difference between the sea and the land is more obvious, which is more favorable
for sea breeze formation [20,21,48]. Therefore, in this paper, April–September was selected
to investigate the effect of sea breeze circulation on ship emissions. A spin-up period of
three days was used for the WRF/Chem model for each month. Detailed physical and
chemical schemes used in the model are listed in Table 1.

Table 1. WRF/Chem configurations for physical and chemical schemes.

Chemical and Pysics Options Schemes Reference

Chemical
Schemes

Gas-phase The Regional Acid Deposition
Model version 2 (RMD2) Stockwell et al. [49]

Aerosol
The Modal Aerosol Dynamics

Model for Europe
(MADE/SORGAM)

Ackermann et al.,
1998; Schell et al. [50]

Physics
Schemes

Planetary
Boundary layer Yonsei University (YSU) Hong et al. [51]

Long-wave Radiation Eta Geophysical Fluid Dynamics
Laboratory (GFDL)

Fels and
Schwarzkopf [52]

Shortwave Radiation Goddard Chou and Suarez [53]
Microphysics Purdue Lin Lin et al. [54]

Land Surface Model Noah Ek et al. [55]

2.3. Model Evaluation

The WRF/Chem model has been extensively applied and evaluated in our previous
studies [15,37,56] and in those of other researchers [57–61]. In this study, we used similar
evaluation methods to those employed by Chen et al. [37]. The correlation coefficient(R),
the mean absolute error (MAE), the normalized mean bias (NMB), the normalized mean
error (NME), the mean fractional bias (MFB), and the mean fractional error (MFE) statistical
indicators were used to evaluate the performance of the model.

The simulated results of meteorological factors (including temperature at 2 m, T2;
relative humidity at 2 m, RH2; wind speed at 10 m, WS10; wind direction at 10 m, WD10)
were compared with ground-based meteorological observations (Table 2). The monitoring
data at every 1 or 3 h (most at 3 h) from 161 meteorological stations located in or near the
core coastal cities were obtained from the National Climate Data Center [62]. In general, the
simulation results were in close accordance with the observations, with a high correlation
coefficient (R), i.e., 0.71–0.92 (statistically significant at a 95% confidence level) and relatively
low mean absolute error (MAE) values for temperature (0.66–1.33 ◦C), relative humidity
(5.22–9.52%), wind speed (0.9–1.06 m/s), and wind direction (15.26–28.24◦).



Atmosphere 2022, 13, 1094 5 of 18

Table 2. Performance statistics for temperature at 2 m (T2), relative humidity at 2 m (RH2), wind
speed at 10 m (WS10) and wind direction at 10 m (WD10) at 161 sites within the study area.

Species Month MB 1 MAE 2 NMB 3 (%) NME 4 (%) R 5

T2
◦C

April −0.51 1.40 −4.04 4.81 0.90
May −0.15 1.27 −0.71 4.41 0.91
June −0.29 0.96 −1.33 4.04 0.89
July 0.03 0.95 −0.49 1.52 0.86

August 0.12 0.66 0.47 2.67 0.91
September 0.73 1.33 3.99 6.57 0.92

RH2
%

April 0.81 9.52 0.29 5.53 0.83
May 1.27 7.34 0.64 8.38 0.86
June 2.25 7.24 2.37 4.54 0.83
July −0.19 7.95 6.74 12.38 0.85

August 2.78 5.61 3.30 6.72 0.86
September 1.30 5.22 1.56 6.87 0.87

WS10
m/s

April 0.81 0.98 30.23 36.78 0.71
May 0.65 0.95 17.86 26.18 0.74
June 0.42 0.90 2.17 22.86 0.73
July 0.49 0.91 8.09 28.14 0.75

August 0.88 0.99 10.12 26.52 0.73
September 0.79 1.06 11.38 27.79 0.75

WD10
◦

April 5.32 25.71 17.98 28.98 0.73
May 8.86 19.45 3.28 7.21 0.76
June 14.79 21.96 5.60 8.32 0.76
July 15.82 23.00 6.02 8.75 0.76

August 6.31 15.26 2.31 5.60 0.77
September 19.16 28.24 7.38 10.88 0.78

1 MB indicates the mean bias. 2 MAE indicates the mean absolute error. 3 NMB indicates the normalized mean
bias. 4 NME indicates the normalized mean error. 5 R indicates the correlative coefficient.

The simulation results of PM2.5 concentration were compared with the average surface
observation values (per hour) of all monitoring stations in 140 sites. The surface observa-
tions were obtained from the local Environmental Protection Bureaus (Table 3). A high
correlation coefficient (from 0.76 to 0.95) was shown between the simulated concentrations
and the observed concentrations. The value of NMB and NME ranged from −21.46% to
13.66% and from 10.56% to 34.05%, respectively, which are within the suggested criteria
(MFB ± 60% and MFE ± 75%) for particulate matter modeling by Boylan and Russell [63].

Table 3. Performance statistics for PM2.5 concentrations at 140 sites within study area.

Month NMB (%) NME (%) MFB 1 (%) MFE 2 (%) R

April −13.48 34.05 −23.59 26.26 0.85
May −21.46 28.35 −12.29 16.72 0.81
June −2.01 28.59 −1.96 20.96 0.81
July −15.11 10.56 −7.47 16.61 0.81

August 10.86 29.58 6.47 19.32 0.76
September 13.66 33.30 5.40 17.95 0.80

1 MFB: indicates the mean fractional bias. 2 MFE: indicates the mean fractional error.

The results indicate that the simulated values generally agreed with the observations,
but differences were also found between the simulation results and the observational data.
These deviations might be explained by the inherent uncertainty of the meteorological
input, emission inventory, and the unavoidable deficiencies of the meteorological and air
quality models [64].
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2.4. Identification of Onshore Wind

In this study, the Bohai Rim region was divided into six sections based on its geograph-
ical features and coastline orientation. Six representative stations near the coastline were
selected to represent the average wind direction of each section, as shown in Figure 3.
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each section of the coastline.

The wind direction is classified into three categories based on the method proposed
by Sethuraman and Rayno [65]: (1) When the wind direction is in one direction (22.5◦) on
each side of the coastline, it is defined as alongshore wind. (2) When the wind direction is
outside the coastal wind range and blows from the land to the sea, it is defined as offshore
wind. (3) When the wind direction is outside the coastal wind range and blows from the
ocean to the land, it is defined as onshore wind. In this paper, we focus more on the impact
of ship emissions on coastal cities driven by onshore winds, so we combine offshore and
alongshore winds as non-onshore winds. The onshore wind range in each section is shown
in Table 4.

Table 4. Onshore wind range of each section.

Area Onshore Wind Range

Section A-B ENE-SSW 1

Section B-C SSW-NNW
Section C-D ENE-SSW
Section D-E NNW-ESE
Section E-F W-NE
Section F-G ENE-SSW

1 ENE-SSW indicates that the wind direction is in the range of 67.5–202.5◦ (clockwise) and the angle measured
in a clockwise direction, between true north and the direction from which the wind is blowing. Please refer to
Figure 3 for the division of wind directions.
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2.5. Identification of the Sea Breeze

To investigate the influence of sea breeze circulation on ship emissions, it is critical to
first understand how to effectively identify the sea breeze. Previous studies have proposed
four prime criteria: large-scale background wind field, temperature difference between
the land and sea, near-surface wind direction, and wind speed [66–71]. In this study, the
following methods were adopted for the identification of sea breeze based on the above
four indicators and the location of the study area: (1) after sunrise and before sunset, there
is a continuous onshore wind of more than 3 h; (2) after sunrise, the sudden change in wind
direction is greater than 40◦; (3) the difference between the daily maximum air temperature
over land and sea surface temperature is at least 3 ◦C; (4) the wind at the 850 hPa pressure
level blows offshore during the daytime; (5) there is no precipitation prior to the onset of
the sea breeze, and then, the temperature decreases and the relative humidity increases
significantly after the initiation of the sea breeze. The first and second criteria, which
are considered the most important, were used to ensure that the wind was turning from
offshore to onshore at the onset of the sea breeze. The third criterion was used to ensure
that the physical mechanism driving the sea breeze was active. The fourth criterion was
used to exclude onshore wind that was caused by synoptic forcing. The fifth criterion
denotes supplemental features for finding the sea breeze. Based on the above criteria for
identifying days with a sea breeze, the data set of days with a sea breeze in the Bohai Rim
region was established by the results of the meteorological simulation of each section of the
coastline area (Figure 4).
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3. Results

In this study, the impacts of shipping on PM2.5 were estimated based on modeling
results from two scenarios, i.e., with and without ship emissions. In the following sections,
we discuss the contribution of ship emissions to the concentration of PM2.5 in coastal cities
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of the Bohai Rim region, the difference in contribution under the onshore and non-offshore
wind, and the influence of sea breeze circulation.

3.1. Contribution of Ship Emissions to Concentration of PM2.5

Figure 5a,b respectively show the average concentration of PM2.5 due to ship emissions
in micrograms per cubic meter (with ship-no ship) and as a percentage ((with ship-no ship)
× 100%/(with ship)) in summer over the Bohai Rim region. Through the analysis of the
simulation results, we found that: (1) Ship emissions caused an evident increase in PM2.5,
with an average contribution of 1.13 µg/m3 (~6.5%) over the land area in the study area.
(2) The increase in ship emissions was mainly concentrated near the coastline, especially
in coastal cities where ports were located, with a contribution value of up to 6.53 µg/m3.
(3) The peninsula was more significantly affected by ship emissions than the other areas in
the Bohai Rim region. As can be seen from the figure, the eastern Jiaodong Peninsula and
the southern Liaodong Peninsula were more significantly influenced by ship emissions,
with an average contribution of more than 2 µg/m3 (~9%). This could be attributed to
its being closer to the area with high-intensity ship emissions (main channel, as shown
in Figure 2) and the accumulation of pollutants caused by both sides of the peninsula is
affected by ships. (4) With the increase in distance from the coastline, the contribution of
ship emissions to PM2.5 concentration gradually decreased, with different decay degrees
in each region. At the Jiaodong Peninsula, the value of the contribution at a distance of
50 km from the coastline was still in the range of 2~3 µg/m3, but it had dropped to about
1 µg/m3 at the Liaodong Peninsula, which may be related to the dominant wind direction
and sea breeze circulation.
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3.2. The Reinforcing Effect of Onshore Wind on the Transport of Ship Emissions

In this section, based on the identification of onshore wind discussed in Section 2.4,
the hourly wind direction of each section around the Bohai Rim region and the corre-
sponding average PM2.5 concentration contributed by ships in the land area at 10 km
from the coastline were calculated and classified, as shown in Figure 6. It can be seen
that the concentration of PM2.5 due to ship emissions in the context of onshore wind was
significantly higher than that with the non-onshore wind. The concentration of PM2.5 due
to ship emissions in all regions was 3.17 µg/m3 during onshore wind, while it was only
1.87 µg/m3 with the non-onshore wind.
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Rim region.

It was found that the contribution of ships during non-onshore wind was significantly
lower than that during onshore wind, but it still has a degree of contribution to the PM2.5
in the coastal region. This can be explained by the following reasons. As the direction
of the local wind is constantly switching, and during the switching from onshore to non-
onshore wind, the pollutants that have been transported to the land area by the onshore
wind have not yet been carried back to sea by the non-onshore wind, resulting in the
ship contribution value not significantly reducing even if the wind is non-onshore at that
moment. Consequently, we were unable to completely distinguish these wind transition
moments in our statistics, as some areas still had ship contribution values during the
non-onshore wind.

By comparing the differences in ship emissions among six sections, it was found
that they were more evident in sections A-B, C-D, and F-G, with 1.41 to 2.03 µg/m3,
while the others were only 0.65 to 1.2 µg/m3. Figure 6(a1–a6) shows that the frequency
of onshore wind in these regions was relatively high, ranging from 37% to 52%. Once
emitted, pollutants from ships were transported to land-based areas by frequent onshore
wind, resulting in significantly higher ship contributions in these areas during onshore
wind hours than during non-onshore wind hours. While in section E-F, not only the high
contribution from ships during onshore wind but also at a high level during the non-
onshore wind. This is primarily due to this region being in the peninsula region, which
may coincide with the onshore flows in section F-G when section E-F is in the non-onshore
flow period, making the pollutants emitted from the Qingdao and Rizhao ports (whose
total cargo throughputs are in the top 10 in China [38]), which are located to the southeast,
vulnerable to the influence of such flows across the peninsula to section E-F. Therefore,
the ship contribution values were higher than 3 µg/m3 for 90% of the moments in the



Atmosphere 2022, 13, 1094 10 of 18

east-south wind hours, resulting in their higher ship contribution values in the non-onshore
wind hours.

In order to further analyze the impact range of onshore wind on the transport of ship
emissions (the impact on the penetration of ship emissions), the concentration of PM2.5 due
to ship emissions in the land area at 10 km, 30 km, and 50 km from the coastline during
onshore wind and non-onshore wind were calculated, as shown in Figure 7.
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The contribution of ships at different distances from the coastline with the onshore
wind was higher than that during the non-onshore wind period, and the average difference
in values of contribution between the two cases became lower with increasing distance
from the coastline. This means that the ship’s contribution values were less affected by
onshore wind in the further inland areas from the coastline. The difference in the average
contribution value at 10 km from the coastline was 1.3 µg/m3, with a value of 1.7 and
2.44 times as high as that at 30 km and 50 km from the coastline. A similar situation
found in section A-B was significant, with the difference in contribution at 10 km from the
coastline being 1.37 and 3.43 times as high as at 30 km and 50 km, respectively. The wind
vectors in Figure 5 showed that the average wind speed in the region was low, which was
not favorable for onshore wind to penetrate the ship emissions. On this basis, the more
deeply inland region was more susceptible to emissions from ships on the opposite shore,
which led to a larger decrease in the difference in its contribution. However, the difference
in ship emissions in section D-E did not show a clear trend of decreasing with increasing
distance, which may be related to the relatively flat topography of the region.

These results were basically in the same scope as the results in a previous study in
Shanghai by Liu et al. [17], where the average contribution of ship emissions during onshore
wind in most coastal urban regions reached 3–7 µg/m3. The difference between this study
and Liu et al. [17] may result from two aspects: one is the difference between the geography
of the Bohai Rim region and Shanghai, and the other is that the time span in Liu et al. [17]



Atmosphere 2022, 13, 1094 11 of 18

is relatively shorter, whereas, in this paper, six months of simulation results are selected for
analysis. Therefore, a longer simulation period may reduce the uncertainty of the results to
some extent.

3.3. Impact of Sea Breeze on the Transport of Ship Emissions

As shown in Figure 2, there is a dense distribution of ship emissions along the coastline
of the Bohai Rim region, and the sea breeze circulation may cause the recirculation and
accumulation of pollutants and favors the production of secondary pollutants, increasing
the concentration of pollutants during days with a sea breeze.

Based on the data set of days with a sea breeze established in Section 2.5, the entire
study period was divided into days with a sea breeze and days without a sea breeze, and
the average contribution from ships in days with a sea breeze and days without a sea breeze
was calculated based on the respective simulation results. The time period for averaging
was set as 12:00 noon to 0:00 midnight daily.

As shown in Figure 8, an evident increase can be found in the contribution of ship
emissions to PM2.5 concentrations in the land areas during days with a sea breeze compared
to days without a sea breeze in each section of the study area. Among them, the values
of ships’ contribution values in section C-D were more significantly influenced by the sea
breeze circulation. On days with a sea breeze, the values of ships’ contribution were still
more than 2 µg/m3 in some land areas at 100 km from the coastline, while on days without
a sea breeze, the contribution of ships was only concentrated near the coastline.
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Since coastal zones were more affected by sea breeze circulation than inland areas, we
selected 15 cities along the coastline of the Bohai Rim region to investigate the disparities
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in ship emissions between days with a sea breeze and days without a sea breeze. Figure 9a
shows the spatial distribution of the differences in ship contribution values for coastal cities,
and Figure 9b shows the ship contribution values and the differences between them on
days with a sea breeze and days without a sea breeze in 15 cities. Among them, Panjin,
Yingkou, Dalian, Weihai, Yantai, and Qingdao are located in the peninsula region and are
influenced by the sea breeze circulation on both coasts; thus, the differences on both coasts
are averaged in this paper.
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The contribution of ship emissions was significantly higher on days with a sea breeze
than days without a sea breeze in coastal cities. On days with a sea breeze, the average
contribution in 15 coastal cities was 2.94 µg/m3, 2.4 times higher than on days without a sea
breeze. The Jiaodong Peninsula (sections E-F and F-G) was most significantly affected by
the sea breeze, followed by section C-D and Liaodong Peninsula (sections A-B and B-C), and
section D-E was the least. Among the coastal cities that were more significantly affected by
the sea breeze circulation, Dalian and Weihai, which are located in the peninsula region and
surrounded by the sea on three sides, were the most affected by the sea breeze circulation,
and the differences in values of contribution are 2.65 µg/m3 and 3.05 µg/m3, respectively.
The five coastal cities in section C-D were also strongly affected by the sea breeze, and
the differences in the contribution values were all around 2 µg/m3 and decreased from
the northern part to the southern part. On days without a sea breeze, the dominant wind
direction was more perpendicular to the coastline from north to south in order. Under the
influence of such a wind field, ship emissions from the southern coastal regions were more
favorable to inland transport, resulting in a lower difference in contribution values than
those in the north during days with a sea breeze.

However, the concentration of PM2.5 due to ship emissions in section D-E was less
influenced by the sea breeze circulation, with the difference in contributions reaching
0.97 µg/m3 only in Dongying. The other cities were less affected by the sea breeze cir-
culation, with the difference being below 0.4 µg/m3. The frequency of sea breeze in this
region was low, which was not conducive to the recirculation of pollutants emitted from
ships. Nevertheless, the Liaodong Peninsula, for which sea breeze circulation occurred less
frequently, was affected by sea breeze circulation more significantly than section D-E.
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The shape of the coastline around the Bohai Rim region helps to explain this phe-
nomenon, which has a significant impact on the sea breeze [72–74]. The coastline of
Liaodong Peninsula is shaped convexly, and the low-level onshore flows on both sides of
the convex coastline tended to form a convergence that strengthened the sea breeze, which
increased the transportation capacity of pollutants to the shore. However, the coastline of
section D-E is concave in general, which makes the low-level onshore flows favorable to
divergence, thereby weakening the sea breeze circulation, resulting in the ship emissions
in this region being influenced by the sea breeze circulation even less than the Liaodong
Peninsula where the frequency of sea breeze was lower.

Through this finding, we further probe the pattern of ships’ contributions in the
peninsula region influenced by the sea breeze circulation. The Jiaodong Peninsula at lower
latitudes was more significantly affected by sea breeze than the Liaodong Peninsula at
higher latitudes. A systematic review of global studies concerning sea breeze circulation
reveals that the frequency, intensity, distance inland, and duration of sea breeze circulation
are generally higher at low latitudes than at higher latitudes [21–23,32,75–81]. Consequently,
the influence of sea breeze circulation on the transport of ship emissions may be more
significant in lower latitudes.

To further analyze the effect of sea breeze circulation on the penetration of ship
emissions, the concentration of PM2.5 due to ship emissions at 10 km, 30 km, and 50 km
from the coastline on land on days with a sea breeze and days without a sea breeze was
calculated, as shown in Figure 10. On days with a sea breeze, the concentration of PM2.5
due to ship emissions at 10 km from the coastline was 3.61 µg/m3, 2.1 times higher than
that at 50 km. However, on days without a sea breeze, the concentration of PM2.5 due to
ship emissions at 10 km was only 1.87 µg/m3, which was 1.9 times higher than that at
50 km. The average difference of the contribution of PM2.5 due to ship emissions between
days with a sea breeze and days without a sea breeze also decreased significantly with
increasing distance from the coastline. The difference in contribution at 10 km from the
coastline was 1.6 and 2.2 times higher than that at 30 km and 50 km from the coastline. It
can be concluded that the influence of sea breeze circulation on the value of ship emissions’
contributions decreases with the increase in distance from the coastline but still has a
non-negligible influence at a further 50 km inland.

As Levy et al. [82] reported, sea breezes can cause pollutants to recirculate over the
same airshed as much as three times per day, and the air pollution over coastal areas may
thus be aggregated. Therefore, the effect of recirculation due to the sea breeze circulation
makes the pollutants from ships accumulate, increasing the contributed concentration. As
shown in Figure 11, the differences in the contribution of ship emissions under onshore ver-
sus non-offshore winds were less than those on days with a sea breeze versus days without
a sea breeze at 10 km, 30 km, and 50 km from the coastline. This result confirms that the
circulation of sea breeze can cause the cyclic accumulation of pollutants and thus reinforce
the impact of ship emissions on coastal air quality more than simple onshore winds.
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4. Conclusions

In this study, the WRF/Chem model was employed to investigate the influence of sea
breeze circulation on the transport of PM2.5 emitted by ships from April to September 2014
in the Bohai Rim region, China. The results indicate that ship emissions caused an evident
increase in PM2.5, with a simulated average ship contribution of PM2.5 to the whole study
area of 1.13 µg/m3. This value was 6.53 µg/m3 in coastal cities where ports were located.

The concentration of PM2.5 due to ship emissions during onshore wind was signif-
icantly higher than that during the non-onshore wind. The concentration of PM2.5 due
to ship emissions in all regions was 3.17 µg/m3 during onshore wind in the land area at
10 km from the coastline, while it was only 1.87 µg/m3 during the non-onshore wind. With
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increasing distance from the coastline, the difference in values of contribution between the
two cases decreased, and the difference in contribution in the land area at 10 km from the
coastline was 1.7 and 2.44 times higher than that at 30 km and 50 km from the coastline.

In most coastal cities, the average contribution of ship emissions to PM2.5 was 2.94 µg/m3

on days with a sea breeze, 2.4 times higher than that on days without a sea breeze. A
downward trend was also found in the effect of sea breeze circulation on the contribution
of ship emissions to PM2.5 concentrations. The difference of contribution at 10 km from
the coastline between days with a sea breeze and days without a sea breeze were 1.6 and
2.2 times higher than those at 30 km and 50 km from the coastline. In addition, the shape of
the coastline, the topographic height of the land area, and the latitude have a significant
impact on the circulation of sea breeze and, thus, on the transport of ship emissions.

It should be noted that the above conclusions are entirely based on the simulation
results, which are subject to unavoidable uncertainties due to the bias in the simulation
results, especially in the wind direction. Follow-up studies based on improved models
are needed to reduce these uncertainties. In addition, as the direction of the local wind
is constantly switching, and during the switching from sea breeze to a non-sea breeze,
the pollutants that have been transported to the land area by sea breeze have not yet
been carried back to sea, resulting in the ship contribution value still not significantly
reduced even if the wind is a non-sea breeze at that moment. At present, it is difficult to
completely distinguish these wind transition moments in our statistics, which also require
more comprehensive and in-depth follow-up research to address this issue in the future.

Furthermore, other factors e.g., emissions, precipitation, and chemistry can also play
an important role in the observed trends in this study. Taking emissions as an example, the
variability in emissions may have evident effect on the results during shorter periods (e.g.,
a few hours to days). However, over the long term (e.g., several months), the changes in
emissions may offset each other positively and negatively. Thus, the uncertainty associated
with changes in emissions is limited. In order to exclude the influence of these factors,
a follow-up study could choose a typical case of sea breeze process by setting the same
meteorological conditions, the same other emissions (except for ship emissions), and the
same chemical mechanisms to highlight the contribution of ship emissions to coastal air
quality under the influence of sea breeze circulation.
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