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Abstract: A sea breeze is a local circulation that occurs in coastal regions from the poles to the equator.
The adverse influence of ship emissions on air quality in coastal areas may be aggravated by the onshore
flow of sea breeze circulation. However, our knowledge regarding the evolution of ship-emitted pollutants
during a specific sea breeze episode is still limited. To address this knowledge gap, this study investigated
the evolution of ship emissions during a sea breeze episode that occurred on 29 June, 2014 in Tangshan
port in China by employing the WRF/Chem model. NO,, one of the primary pollutants emitted by ships,
was selected as the target pollutant for investigation. The results indicate that the ground level NO,
concentration was considerably affected by sea breeze circulation. Although the onset of the sea breeze
was delayed until nearly midday due to offshore synoptic winds, ship-emitted NO, was transported to
more than 100 km inland with the penetration of the sea breeze. Further investigation found that the
averaged concentration of ship-contributed NO, during the episode showed an evident downward trend
as the distance from the coastline increased. Vertically, the shallow atmospheric boundary layer (ABL) on
the sea limited the vertical dispersion of ship emissions, and the pollutant was transported shoreward by
the sea breeze within this shallow ABL. The height of the ABLs is lowered in coastal regions due to the
cooling effect of sea breezes which brings the cool marine air to the hot land surface. Ship-contributed
NO, was mostly trapped in the shallow ABL; thereby, its concentration increased.

Keywords: air quality; ship emissions; sea breeze; Tangshan port; WRF/Chem

1. Introduction

The adverse influence of ship emissions on air quality in coastal and port regions has been
extensively reported worldwide [1-18]; this problem can be aggravated when there is an onshore
wind [19-22]. Usually, a sea breeze is the main reason for this onshore flow, except in the case of a
shoreward-blowing synoptic wind.

A sea breeze is a local circulation that occurs in coastal locations due to a thermal contrast
between land and sea [23]. Previous studies have reported that sea breeze circulations can penetrate
more than 100 kilometers inland horizontally, and reach more than 3000 meters vertically [24-27].
Furthermore, sea breezes continuously occur at specific geographic locations [28]. Previous studies in
China’s Bohai Bay [29] and Jiangsu Province [24] revealed that the average occurrence frequency of
a sea breeze ranged from 41.2% to 52.8%. Therefore, the transport and dispersion of air pollutants
in coastal areas may be significantly influenced by these circulations [28,30,31], and it is useful to
investigate the impact of these frequently-occurring coastal circulations on air quality.
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Various mechanisms of sea breeze circulations affecting the air quality in coastal areas have been
proposed and reviewed by many researchers [32-39], e.g., the recirculation of pollutants associated with
sea breezes and the thermal internal boundary layer (TIBL) are often designated as the causes of persistent
air pollution problems in coastal areas [32]. (1) Recirculation of pollutants. Owing to the presence of sea
breeze circulations, polluted air that is initially transported away from the emitting source by the seaward
return flow can be recirculated landward, resulting in an accumulation of pollutants in coastal areas [40,41].
As Levy et al. [42] reported, sea breezes can cause pollutants to recirculate over the same airshed as much
as three times a day, and the air pollution over coastal areas may thus be aggregated. (2) Thermal internal
boundary layers (TIBLs). TIBLs form near the Earth’s surface when cool, stable marine air advects over a
hot land surface and becomes thermodynamically unstable near the surface while remaining unmodified
above. The unmodified marine air acts as a cap that prevents vertical mixing between destabilized marine
air within the TIBL and the continental air above, which therefore limits the vertical extent of the dispersion
of air pollutants [32,41,43-46]. Locally-emitted pollutants are then trapped in this shallow TIBL [28,47],
resulting in an increase in their concentrations.

Ship emissions are a major source of pollutants in coastal regions. Previous studies on ship
emission inventories indicate that high emission intensities are generally located in port areas and
major shipping channels near the coast [13,14,20,48,49], and ~70% of ship emissions occur within
400 km of the coastline according to Corbett et al. [50] and Eyring et al. [51,52]. The transport and
dispersion of ship emissions may thus often be dependent on sea breezes. Investigating the evolution
of ship-emitted pollutants during sea breeze episodes is necessary to improve our understanding of
how, and to what extent, ship emissions impact air quality in coastal regions.

However, present studies that have quantified the impacts of ship emissions have primarily focused
on overall contributions based on long-term (e.g., annual or seasonal) modeling/observations [1-17,53-57].
The evolution of ship-emitted pollutants during a specific sea breeze episode has not been addressed in
detail. The inability to gain insight into this subject limits our understanding of the impact of ships on
air quality, especially in coastal regions. To fill this knowledge gap, a sea breeze episode that occurred
in Tangshan port (the third largest port in China in terms of cargo throughput [58]) in the summer of
2014 was selected as the target period to investigate the influence of sea breezes on the evolution of ship
emissions. The Weather Research and Forecast model, coupled with the Chemistry (WRF/Chem) modeling
system [59], was employed based on a ship emission inventory with a high temporal-spatial resolution [60].
The results of this study may serve as a reference to further our understanding of how ship emissions
impact the air quality during sea breeze episodes, thereby formulating standards and policies that are more
effective for the abatement of ship emissions.

2. Methodology

2.1. Study Area

Tangshan Port, located on the coast of Tangshan city, which borders Beijing in the northwest and
Tianjin in the southwest, is an important maritime transport hub in northern China. As one of the
largest comprehensive ports in the world, its total cargo throughput was 637 million tons in 2018,
ranked third in China and among the top 10 in the world [58]. Figure 1 presents a map of the study
area and depicts the nested modeling domains (detailed in Section 2.2.2), meteorological stations,
and major ports used in this study.

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 evolution of
ship-emitted pollutants during a sea breeze episode on July 29, 2014. The input data of the modeling
system are described as follows:
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Emission data. The emission data used in this study include: (1) land-based emissions extracted
from the the Multi-resolution Emission Inventory of China [61-65], (2) ship emissions extracted from
the a high-spatiotemporal-resolution ship emission inventory in China developed by Chen et al. [60],
(3) biomass burning emissions reported by Zhou et al. [66], and (4) biogenic emissions that were
calculated online using the WRF Preprocessing System (WPS), based on the United States Geological
Survey (USGS) land-use classification. In this study, the emission data with a temporal resolution of
1 hour was used to meet the requirements of the air quality model. The NO, emissions from the main
sectors are presented in Table 1.
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Figure 1. Sketch map of the study area.
Table 1. Input data of land-based and ship emissions.
Sectors Emission (tons/month) Contribution of the emission
Transportation 12979 15.56 %
Industry 37330 44.75 %
Residential 715 0.86 %
Power 24836 29.77 %
Biomass burning 535 0.64 %
Total non-ship emissions 76395 91.58 %
Ship emissions 7018 8.42 %
Total emissions 83413 100%

Meteorological data. The meteorological input for the WRF/Chem model was generated from
the National Centers for Environmental Prediction (NCEP) Final Analysis (FNL) data with a spatial
resolution of 1° X 1° and a temporal resolution of 6 hours [67].

2.2.2. Model Configuration

Two scenarios (with and without ship emissions) were separately modeled and then compared
to identify the evolution of ship-emitted pollutants under the impact of sea breeze circulation.
All configurations of the WRF/Chem model were kept consistent for the two scenarios except for the
emission inputs. A three-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 (99 rows and 72 columns).
Domain 3 covers Tangshan city, and part of Tianjin and the Bohai Sea, with a grid resolution of 3 km
(75 rows and 81 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; the lowest layer has a thickness of
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approximately 40 m. The temporal resolution of the modeling output is adjustable and was set for
1-min resolution in this study. A spin-up period of three days prior to June 29, 2014 was also simulated
to minimize the influence of initial conditions. The physical and chemical schemes used in the model
are listed in Table 2.

Table 2. WREF/Chem configurations for physical and chemical schemes.

Chemical and Physics Options Schemes Reference

The Regional Acid Deposition
Model version 2 (RMD2)
The Modal Aerosol Dynamics

Gas-phase Stockwell et al. [68]

Chemical Schemes

Ackermann et al. [69]; Schell

Aerosol Model for Europe
(MADE/SORGAM) etal. [70]
Planetary Boundary layer Yonsei University (YSU) Hong et al. [71]
. Eta Geophysical Fluid Dynamics
Physics Schemes Longwave Radiation Laboratory (GFDL) Fels and Schwarzkopf [72]

Shortwave Radiation Goddard Chou and Suarez [73]

Microphysics Purdue Lin Lin et al. [74]
Land Surface Model Noah Ek et al. [75]

2.3. Model Evaluation

Although the performance of the WRF/Chem model has been extensively evaluated in our
previous studies [6,53,55] and those of other researchers [76-81], we must nonetheless provide detailed
information on the model’s performance during the sea breeze episode in this study. Similar evaluation
methods to those employed by Chen et al. [6] were applied in the Bohai Rim Region. The simulated
results of meteorological factors (e.g., temperature at 2 m, Ty; relative humidity at 2 m, RH;; wind
speed at 10 m, WS;y; wind direction at 10 m, WD) were compared with ground-based meteorological
observations that were available every three hours at four sites (Tianjin, Binhai, Tangshan, and Leting),
as marked by the black triangle in Figure 1. The meteorological observation data used for the evaluation
of model performance were obtained from the Integrated Surface Data (ISD) of National Centers for
Environmental Information [82].

Table 3 summarizes the meteorological performance statistics of the model, including the values
of mean bias (MB), mean absolute error (MAE), normalized mean bias (NMB), normalized mean error
(NME), and the correlative coefficient (R). The correlation coefficient (R) formulation for wind direction
is different from the formulations for other scalar quantities due to its vector nature, and follows
on from the work of Kwok et al. [83]. In general, the simulation results were in close accordance
with the observations, with a high correlation coefficient (R), i.e., 0.72-0.92 (statistically significant
at a 95% confidence level) and relatively low mean absolute error (MAE) values for temperature
(1.43-2.38 °C), relative humidity (8.59-20.73 %), wind speed (0.65-1.05 m/s), and wind direction
(24.82-30.02°). Similarly, reasonable results of mean bias (MB) were found for temperature (-0.06 to
0.82 °C), relative humidity (-15.18 to —1.05 %), wind speed (0.32 to 0.50 m/s), and wind direction
(5.33 to 8.80°). Certain discrepancies between simulations and observations were within the acceptable
ranges proposed by Zhang et al. [84]. The diurnal variations of RHjy, Ty, and the wind field were also
generally accurately reproduced by the model.

As one of the primary pollutants emitted by ships, NO, was selected to investigate the impact of
sea breezes on the transport of ship-emitted pollutants. Simulated NO, on June 29, 2014 was compared
with averaged surface observations (hourly) in two cities (17 sites in Tianjin and 13 in Tangshan); the
surface observations were obtained from the local Environmental Protection Bureaus. As indicated by
the NO, performance statistics summarized in Table 4, the simulated results were reasonably consistent
with the observations. Strong correlation coefficients (R) for NO, were observed, i.e., 0.95 in Tianjin
and 0.90 in Tangshan. The value of NMB ranged from —12.27% to —2.32% (within +30 %), which
was comparable to other modeling studies [83,84]. The value of NME ranged from 16.61% to 19.91%,
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and the MFB and MFE ranged from —13.07% to —6.30% and 13.54% to 17.98%, respectively. The detail
equations of the statistical metrics in this study are as follows [85].
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where:

Cy = The model-estimated concentration at hour i
C, = The observed concentration at hour i
Cu = The average model-estimated concentration of all hours

C, = The average observed concentration of all hours
N = The total numbers of hours for which the simulations are compared against observations

Table 3. Performance statistics for temperature at 2 m (Ty), relative humidity at 2 m (RH;), wind speed
at 10 m (WSyg), and wind direction at 10 m (WDy) at four sites within the study area.

Sites Vars MB? MAEP NMB® (%) NME4 (%) R®

T, 0.82 1.96 6.20 6.66 0.91

Tianii RH, -15.18 15.18 —22.63 32.63 0.82
1anjin

WSio 0.38 0.66 15.83 27.63 0.82

WDy 8.80 25.78 9.82 16.88 0.75

T, -0.23 1.73 -0.77 5.76 0.92

Binhai RH, -1.05 8.59 -2.63 21.61 0.85

WS 0.32 0.65 11.22 22.62 0.80

WDsg 6.59 24.82 22.86 31.81 0.76

T, 1.01 1.43 3.60 5.10 0.92

Tangshan RH, -12.06 12.06 —22.45 2245 0.84

WSy 0.45 0.76 12.12 34.78 0.79

WDy 5.33 26.62 18.13 29.13 0.72

T, -0.06 2.38 -0.22 9.31 0.91

Leki RH, —-6.53 20.73 -11.16 38.61 0.83
eting

WS 0.50 1.05 18.97 37.00 0.82

WDy 7.92 30.02 17.91 33.74 0.79

2 MB indicates the mean bias. ® MAE indicates the mean absolute error. © NMB indicates the normalized mean bias.
d NME indicates the normalized mean error. © R indicates the Correlative Coefficient.



Atmosphere 2019, 10, 723 6 of 18

Table 4. Performance statistics for NO, concentrations in 2 cities (17 sites in Tianjin and 13 sites in
Tangshan) within the study area.

Sites NMB? (%) NMEP (%) MFB¢ (%) MFE4 (%) R®
Tianjin -12.27 19.91 -13.07 17.98 0.95
Tangshan -2.32 16.61 -6.30 13.54 0.90

2 NMB indicates the normalized mean bias. P NME indicates the normalized mean error. ¢ MFB indicates the Mean
Fractional Bias. 4 MFE indicates the Mean Fractional Error. ¢ R indicates the Correlative Coefficient.

As described above, the simulated values generally agreed with the observations, but certain
deviations were still observed 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 the air quality models (e.g.,
the imperfection of the initial and boundary conditions), as discussed in previous studies [86,87].

2.4. Identification of the Sea Breeze

The prime criteria for identifying a sea breeze are generally based on the diurnal reversal of surface
wind direction associated with the sea breeze circulation [88,89]. In this study, the criteria follows
Furberg et al. [89], Cesar et al. [90], and Borne et al. [88], and is summarized as follows: (1) There
should be a distinct veering in the surface wind direction from offshore to onshore within a 24 hour
period, with brief transition periods occurring between sea and land breeze passages. These periods
can be defined by a 30 min. mean wind speed of < 1.5 m/s or a sudden change in wind direction [90].
(2) The difference between the daily maximum air temperature over land and sea surface temperature
(SST) (referred to as the land-sea temperature contrast) is at least 3 °C. (3) The wind at the 850 hPa
pressure level blows offshore during the daytime. (4) There is no precipitation prior to the onset of the
sea breeze; then, the temperature reduces and the relative humidity increases significantly after the
initiation of the sea breeze. The first criterion, which is considered to be the most important, was used
to ensure that the wind was turning from offshore to onshore at the onset of the sea breeze. The second
criterion was used to ensure that the physical mechanism driving the sea breeze was active. The third
criterion was used to exclude onshore winds that were caused by synoptic forcing [28]. The fourth
criterion denotes supplemental features for finding the sea breeze.

3. Results and Discussion

3.1. Synoptic Background

The development of sea breeze circulation is sensitive to the large-scale synoptic background,
which plays an important role in modulating the prevailing wind direction near the surface [91].
Figures 2 and 3 are the weather charts for surface and upper air respectively (850 hPa pressure level)
on June 29, 2014. At the surface, as shown in Figure 2, the weak pressure gradient and the absence
of strong synoptic winds in the study area make possible the development of sea breeze circulation.
For upper air, as shown in the 850 hPa pressure level charts at 08:00 and 20:00 local time on June
29, 2014 (Figure 3), a northerly wind blew offshore all day over the study area, which ruled out the
possibility of onshore winds that were caused by synoptic forcing [28,92].
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Figure 2. Weather charts at the surface on June 29, 2014 (the location of the study area is indicated by
the black rectangle. The charts were obtained from the Korean Meteorological Administration).

00UTC 29 JUN 2014 (09KST 29 JUN 2014) 12UTC 29 JUN 2014 (21KST 29 JUN 2014)
WE__f M wr mE T —

o

FIAUASSS KMA
{2912UTC JUN 2014
1 HEIGHT apm), TENP()
VET AFEA [17d< 50

3  S— 3 S— 3 e  S— — W 3
‘orea Meteorological Administration(KMA) 00UTC 29 JUN 2014 (09KS T@oniidapid) Korea Meteorological Administration(KMA) T2UTC 29 JUN 2014 (21KST 29 JUN 2014)

14901

Figure 3. Weather charts at the 850 hPa pressure level on June 29, 2014 (The location of the study
area is indicated by the black rectangle. The charts were obtained from the Korean Meteorological
Administration).

3.2. Development of the Sea Breeze Circulation

The simulated horizontal evolution of the 2-m temperature (T;) and relative humidity (RH;)
overlaid by the surface wind vectors on June 29, 2014 in the Tangshan port area are shown in the left
and middle columns of Figure 4, respectively. The right column of Figure 4 shows the vertical cross
sections along the black solid line, as depicted in the left columns.

At 8:00, the surface winds were dominated by an offshore flow in the study area, which was
consistent with the wind directions in the upper levels, as illustrated in the vertical cross section. In the
following hours, the land heated more quickly than the water because of the uneven heating rates,
and the land-sea temperature contrast became increasingly sharp with the increase of solar radiation.
The thermal contrast created a local-scale pressure gradient force (PGF) directed from sea to land.
Around noon, in response to the increase of PGF, the marine air near the surface was driven inland
near the land-water boundary on the northeast corner of the study area, and the surface prevailing
offshore winds began to be deflected by this landward flow. This change in wind direction marks the
beginning of the sea breeze episode; the landward edge of the sea breeze is usually defined as the sea
breeze front (SBF) or the convergence zone [32]. At 14:00, with the continued increase in the contrast in
temperature between land and water, the onshore winds strengthened at the surface, with its front
(SBF) penetrating ~20 km inland. A vertical circulation developed over the land—water boundary,
with a raised head above and immediately behind the SBF, which was created by updrafts within
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both the continental and marine air masses. As the SBF moved inland, the surface temperature in
the land area decreased and the relative humidity rose behind it. In the following hours, as the sea
breeze became more mature, the SBF moved constantly further inland. Before sunset (19:00, sunset
time was 19:43 local time), the sea breeze penetrated more than 100 km inland, with an evident vertical
circulation remaining notable. After sunset (20:00), the synoptic wind strengthened, and the sea breeze
circulation weakened gradually due to the decrease in the thermal contrast. Although the onshore
flow continued to move inland at the surface in the following hours, the vertical circulation was no
longer readily identifiable in the vertical cross section.

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

As discussed above, the well-developed sea breeze circulation that occurred on June 29,
2014 significantly influenced the local atmospheric circulation in the study area. It lasted more
than ten hours and penetrated over 100 km inland. The transport and dispersion of air pollutants may
have thus been significantly affected by this local circulation, and ship emissions, especially those
emitted in ports and near-shore areas, could have been transported far inland by the surface onshore
flow, thus aggravating the air pollution in coastal cities. Therefore, it is meaningful to investigate the
transport and evolution of the ship-emitted pollutants associated with this circulation.

As one of the primary pollutants emitted by ships, NO, was used to investigate the impact of sea
breezes on the transport of ship-emitted pollutants. Notably, ship-contributed NO, was estimated by
comparing the modeling scenarios with and without ship emissions.

Figure 5 illustrates the horizontal (left column) and vertical (right column) evolution of
ship-contributed NO, overlaid by wind vectors in the study area on June 29, 2014. The modeling
results at the surface layer were used for the horizontal analysis, and the vertical cross section along
the black solid line, as depicted in the left column of Figure 5, was selected to investigate the vertical
evolution of ship-contributed NO,. The reasons we chose the location of this cross section are twofold.
In addition to being located in the mid-stream of the onshore flow during most of the sea breeze
episode, we also considered that the cross-section crossed Tangshan port and the area’s main shipping
routes, which may be strongly affected by sea breezes, and therefore, are worthy of investigation.

During the early morning hours, as shown in Figure 5, a northerly wind blew the ship-contributed
NO, that had been brought by the onshore wind the day before out to the sea. This process lasted
several hours until 10:00, when nearly all the ship-contributed NO, on land was swept into the sea.
Owing to this conveyance, along with freshly-emitted NO, in port areas and shipping channels,
a region with high shipping NO, contribution became apparent over the water area. In the vertical
dimension, the evolution of the atmospheric boundary layer (ABL) played an important role in the
NO; transport and dispersion of the pollutant. At 08:00, the height of ABL was relatively low on land.
Ship-contributed NO, was trapped at a lower altitude (lower than ~1 km) in both the land and sea
areas. In the following hours, the ABL developed rapidly and extended to ~2 km above the ground on
land at 10:00. Unlike the situation at 08:00, the ship-contributed NO, was dispersed to a much higher
altitude due to the lifting of the ABL.
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Figure 4. The simulated horizontal evolution of 2-m temperature (T;) (the left column), 2-m relative
humidity (RHj;) (the middle column) overlaid by the surface wind vectors, and the vertical cross
sections of simulated relative humidity (the right column) overlaid by the temperature contours and
wind vectors. The location of the cross section is marked by the black lines in the figures in the left and
middle columns. The red triangles in the right column indicate the location of the sea-land boundary.
Note that the vertical velocity is multiplied by a factor of 20 when plotting the wind vectors.
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Figure 5. The horizontal (left column) and vertical (right column) axes represent the evolution of
ship-contributed NO, overlaid by wind vectors. The black lines in the left column indicate the locations
of the vertical cross sections shown in the right column. The black curves in the right column show the
top of the atmospheric boundary layer (obtained from the model output for each grid along the vertical
cross section). The red triangles in the right column indicate the location of the sea-land boundary.
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Around midday;, at the sea surface, the prevailing offshore winds from previous hours changed
to shoreward with the increasing land—sea temperature contrast. Ship-emitted NO, was transported
landward by this onshore flow. The pollutant penetrated inland at the northeastern and southwestern
part of the study area, but was blocked along the Tangshan coastline in the center of the study area.
This result was chiefly due to the relatively small angle (less than 90 degree) between the onshore
flow and the prevailing wind in the former case, while the opposite flow directions occurred in
the latter case. Vertically, there were three evident differences compared with the situation at 10:00.
First, the ABL height increased by ~200 meters on land while staying the same on the sea. There was a
notably sharp decrease (i.e., large gradient) of the ABL height near the water-land boundary at 10:00.
At 12:00, however, the situation changed and the gradient of the ABL height over this area decreased.
This dynamic may be explained by the cooling effect of the sea breeze, which brought the cool marine
air to the hot land surface and decreased the temperature within the ABL. As a result, the vertical
turbulence within the ABL was reduced, and the ABL height was lowered. Second, the ship-contributed
NO, decreased dramatically in the upper air on the sea. By examining the wind vectors over this
area at 10:00 and 12:00, it could be inferred that the downward wind vectors may bring the pollutant
to the lower level, and the seaward prevailing wind may eventually transport it out of the study
area. Third, a sea breeze circulation cell began to form near the land-water boundary where onshore
flows appeared at low levels (below ~200 m), and returning offshore flows appeared on the upper
(around 300 m-1 km) levels. Ship-emitted NO, was transported from the surface level to higher levels
with the upward motion of the sea breeze near the land—water boundary, but was limited to below
~1 km. The ship-contributed NO, on the sea was mostly limited below the ABL, but areas with high
concentrations were closer to the shore than they were previously.

At 14:00, horizontally, the sea breeze front (SBF) moved further landward in the northeastern and
southwestern parts of the study area. Under the SBF’s influence, ship-emitted NO, was transported
inland over these areas by ~25 km, but with little change in the concentration. In the center of the
study area along the Tangshan coastline, the increasing land—sea temperature contrast, due to the
continuous solar radiation, enabled the SBF’s movement against the prevailing wind and penetrated
inland. Ship-emitted NO, was transported to the land by the sea breeze, but only advanced ~20 km
from the coastline. Areas with high NO, were also found on the landward side of the water-land
boundary, i.e., were not only confined to the sea. In the vertical dimension, the ABL deepened further,
reaching ~2.5 km on the land and with little change on the sea. Compared with the situation at 12:00,
the ABL height between the SBF and the coastline further decreased with the advance of the SBF. At the
leading edge of the sea breeze, the upward motion of air lifted the ABL top; the ship-emitted NO, was
transported from the surface to higher levels (~2.5 km) by this updraft, and was brought back to the
sea by the returning flow.

From 16:00-18:00, as the sea breeze became more mature, and the SBF progressed further inland in
the northeastern and southwestern parts of the study area. Along with the onshore breeze, ship-emitted
NO, was transported ~80 km inland in the northeast at 18:00. In the southwest, the penetration was as
far as 40 km at 16:00, but was restricted within the same distance at 17:00 and 18:00. In the center of
the study area along the Tangshan coastline, the sea breeze deflected the northeast prevailing wind
over land and penetrated further landward, expanding the impact of ship emissions to as far as 80 km
inland at 18:00. Vertically, the ABL height over the inland area that was not yet affected by the sea
breeze varied minimally compared with the situation at 14:00, while evident expansion was observed
in the range between the SBF and the coastline, where the ABL height was lowered due to the cooling
effect of the sea breeze. Ship-emitted NO, that was transported by the onshore wind near the surface
was trapped within this lowered boundary layer, and its concentration was thus increased.

At 19:00 and 20:00 (the time around sunset, i.e., 19:43), the horizontal dispersion pattern of the
ship-emitted NO, was similar to that of the previous few hours, excepting that the pollutant was
transported ~100 km inland due to the further penetration of the sea breeze. In the vertical dimension,
however, an evident change was observed before and after sunset. Before sunset (19:00), the height of
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the ABL was significantly lowered to ~500-700 meters, with a weakening of vertical mixing due to the
reduction in incoming solar radiation levels. An evident sea breeze circulation could still be found at
the time, and the SBF still reached more than 100 km inland. Along with the sea breeze, part of the
ship-emitted NO, traversed hills and moved further inland. Meanwhile, due to the blocking effect
of the high terrain and the lowering of the ABL, increasing amounts of NO, began to accumulate in
the plain area in front of the hill. At20:00, vertical sea breeze circulation was not notable. The ABL
height dropped sharply to below ~300 meters as the sun set and evolved into the nighttime stable
boundary layer due to the absence of thermal forcing. The NO, was restricted within this shallow
nocturnal mixed layer, which favored the accumulation of pollutants. A high NO, concentration (over
10 pg/m?) was thus witnessed in the plain area in front of the hill. In the following hours, the onshore
flow could still be observed owing to inertia; ship emissions were still being transported landward,
thereby lowering the air quality in the coastal areas until midnight.

To further investigate the overall impact of the sea breeze on the transport of ship emissions,
time-averaged wind vectors and ship contributions to NO, from the beginning to the end of the sea
breeze episode were calculated. Figure 6a,b shows the averaged NO, concentration at ground level
overlaid by the averaged 10-m wind vectors during the period from 12:00 to 24:00 for the case of
no ship emissions and with ship emissions, respectively. By comparing Figure 6a,b, we can get the
ship-contributed NO;, as shown in Figure 6¢ (ug/m3, i.e., with — without ships) and 6d (%, (with —
without ships)/with ships)). Further investigation of the variation in the averaged contribution of ship
emissions to NO, with inland distance from the coastline to the line depicted in Figure 6 is presented
in Figure 7. It was found that although the ship-emitted pollutants could be transported far inland
with the sea breeze, the contribution of ship emissions to NO, levels showed a downward trend as the
distance from the coastline increased. The steepest decline was found in the coastal area, decreasing
from more than 36 ug/rn3 (80 %) near the coastline to 10 ug/m3 (30 %) 15 km inland. As the inland
distance increases (from 20-100 km inland), the drop tends to be gentle.

117°30'E 118°30'E 119°30'E
]
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100(pg/m?)

40°30'N Y

40°N

39°30'N

(C) 117°30'E 118°30'E 119°30'E (d) 117°30'E 118°30'E 119°30'E
- IEEEEEEEEEERTC  Tammm - NN - mm
0 1 3 5 7 9 11 13 15 17 19(pgm?) 1 10 20 30 40 50 60 70 80 90 100(%)
Figure 6. Average NO, concentration (ug/m3) for the case of no ship emissions (a), case of with ship
emissions (b), average ship contribution to NO; in ug/m3 (with — without ships) (c) and in % ((with —
without ships)/with ships)) (d) at ground level overlaid by the averaged 10-m wind vectors during the
period from 12:00 to 24:00.
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Figure 7. Variation of the averaged ship-contributed NO; in ug/rn3 (blue curve) and in % (red curve)
during the period from 12:00 to 24:00 at ground level with the distance from the coastline to inland
along the black line depicted in Figure 6.

4. Conclusions

In this study, the WRF/Chem model was employed to investigate the influence of sea breeze
circulation on the transport and evolution of ship emissions during a sea breeze episode on 29 June,
2014 in Tangshan port, China. As one of the primary pollutants emitted by ships, NO, was selected
as the target pollutant for investigation. The results indicate that the transport and dispersion of
ship-emitted NO, was significantly affected by the sea breeze circulation, which lasted more than
10 hours. Although the onset of the sea breeze was delayed to nearly midday due to the offshore
synoptic winds, ship-emitted NO; could be transported inland by more than 100 km due to the
penetration of the sea breeze. Further investigation of the averaged concentration of ship-contributed
NO; at ground level during the episode from the beginning of the sea breeze (12:00) to the end
(24:00) showed that although ship-emitted pollutants could be transported far inland with the sea
breeze, the contribution of ship emissions to NO, showed a downward trend as the distance from the
coastline increased. The steepest decline was found in the coastal area where the ship-contributed
NO, decreased from more than 36 ug/mB' (80 %) near the coastline to ~10 ug/mB' (30 %) 15 km inland.
As the distance inland increases (from 20-100 km inland), the drop tended to be gentle. In the vertical
dimension, the height of the ABL in the coastal regions was associated closely with the advection of
the sea breeze. The ABL height on the sea was low throughout the day, which limited the vertical
dispersion of ship emissions, and most of the pollutants were transported shoreward by the sea breeze
within this shallow ABL. The ABL height was lowered in the region between the coastline and SBF
due to the cooling effect of the sea breeze, which brought cool marine air to the hot land surface and
decreased the temperature within the ABL. The ship-contributed NO, was mostly trapped within this
shallow ABL, and the concentration increased.
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