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Since January 1, 2018, ships berthed at all ports of the three designated emission control areas (ECAs) in China are required to use
fuel with sulfur content not exceeding 0.5% (m/m), excluding one hour postarrival and one hour predeparture. To understand
changes in SO2 due to this policy, two observation stations were established on Waigaoqiao Dock in the Yangtze River estuary.
-ree data types were collected from March 2018 to May 2018, namely, wind speed and direction, SO2 concentration, and ships’
arrival and departure times. -e statistics indicate that the wind direction changed little during the observation period and SO2
concentration was below 5 µg/m3 77.47% of the time. Meanwhile, ships’ arrival and departure at the dock had a distinct influence
on overall SO2 distribution, including occurrence of concentrations ≥5 µg/m3.-e three types of data were divided into six groups
and a difference-in-difference model was used for analysis. -e result shows that SO2 concentration increases due to the use of
high-sulfur fuel and is especially significant when the wind is southwesterly. Furthermore, there was a positive correlation between
increases in SO2 concentrations over 5 µg/m3 and the number of ships arriving or departing from the port. -is study reports the
positive impact of fuel switching on air quality and can be used to evaluate adherence to the ECA policy.

1. Introduction

With the rapid development of the shipping industry [1], air
pollution caused by ship emissions has gained increasing
attention in recent years [2–4] as it is a major contributor to
both local and global air pollution [5, 6]. To limit ship
emissions to the environment and to reduce the risks to
human health, the International Maritime Organization
(IMO) adopted MARPOL Annex VI in 1997 to prevent air
pollution caused by shipping emissions.-emain pollutants
in ship exhaust are sulfur dioxide, nitrogen oxide, and
particulate matter, with SO2 being one of the most prom-
inent pollutants. SO2 comes from the oxidation of sulfur in
fuel oil during combustion. Hence, high average sulfur in
fuel oil leads to high SO2 emissions [7]. -e regulation of
IMO included a global cap of fuel sulfur content (FSC) such
that it should not exceed 3.5% (m/m) (as of 2012) and should
be reduced to 0.5% (m/m) by 2020 [8]. -e IMO regulation

also included the establishment of emission control areas
(ECAs), where the FSC should not exceed 0.1% (m/m) as of
2015 [9]. In addition, some countries and regions have set
their own ECAs. For instance, the Atmospheric Pollution
Prevention and Control Law of the People’s Republic of
China was promulgated in 2015 [10]. In the subsequent
implementation plan, three domestic ECAs were set up by
the Chinese government, namely, the Yangtze River Delta,
the Pearl River Delta, and Bohai Rim (also referred to as the
Beijing-Tianjin-Hebei Region) [11]. Under these regula-
tions, FSC cannot exceed 0.5% (m/m) during berthing
within ECAs, excluding one hour following the ships’ arrival
at the dock and one hour before its departure, January 1,
2018, onwards.

Yangtze River is the world’s third-largest river and
China’s most important inland waterway. Yangtze River
Delta is within the ECAs. Located at the mouth of the
Yangtze River, Shanghai is one of the most prosperous cities
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worldwide. At the end of 2017, Shanghai had a permanent
resident population of approximately 24 million people [12].
Container traffic through Shanghai increased each year from
2010 to 2018 to become the busiest port in the world. As
such, it is important to understand the impact ship pollution
has on air quality in this area [13–15]. -ere are currently
two major ports in Shanghai: Yangshan and Waigaoqiao.
-eWaigaoqiao Port is only 20 km from the city center, and
air pollution caused by ship emissions in this area directly
affects the urban air environment and the health of
Shanghai’s residents. A previous study indicated that 70% of
the global emissions from ships are produced within 400 km
of coastlines and that these emissions can cause severe
environmental and health problems within these regions
[16, 17]. Filonchyk and Peterson (2020) evaluated air quality
during the COVID-19 lockdown of Shanghai and found that
daily concentrations of PM2.5, PM10, SO2, NO2, and CO
during the lockdown period were reduced by 9%, 77%,
31.3%, 60.4%, and 3%, respectively, compared to the same
period in 2019 [18].-erefore, the mitigation of ship exhaust
emissions and the establishment of sustainable port eco-
systems have become urgent tasks that require complex and
comprehensive systematic approaches [19]. -us, as one of
the busiest ports worldwide, it is important to understand
and control the pollution from ships in Waigaoqiao Port.

Previous studies have indicated that ship emissions
observed at the monitoring stations in ECAs have decreased
significantly since the aforementioned restrictions were
implemented [20–24]. Accordingly, this study monitored
the SO2 concentrations at the dock within the China’s ECAs
from March 2018 to May 2018. Ship owners are likely to use
cheaper heavy fuel during arrival or departure at the dock to
reduce fuel costs while staying within the bounds of the
policy. When a ship is berthed, light fuel is likely used in-
stead. -erefore, in this study, changes in SO2 concentra-
tions were used to understand the impact of the
Atmospheric Pollution Prevention and Control Law on air
quality.

Regarding methods for monitoring ship emissions, land-
based measurements provide continuous observations and
have been widely used. Kattner et al. [21] reported large
reductions of SO2 in ship plumes from September 2014 to
January 2015 near the mouth of Hamburg Harbor on the
River Elbe. -eir results show that the vast majority (95.4%)
of all the ships complied with the regulation of 0.1% FSC.
Yang et al. [22] measured SO2 continuously from the Penlee
Point Atmospheric Observatory near Plymouth, United
Kingdom, between May 2014 and November 2015; this
coastal site is exposed to marine air across a wide wind
sector. -eir observations suggest a 3-fold reduction in ship
emitted SO2 from 2014 to 2015. Alfoldy et al. [24] measured
the chemical composition of the plumes of seagoing ships
during a two-week-long measurement campaign in the port
of Rotterdam, Hoek vanHolland, Netherlands, in September
2009. -e average SO2 emission factor was found to be
approximately half of what is allowed in ECAs, and
exceedances of this limit were rarely registered. Beecken
et al. [25] carried out measurements from coastal sites near
the island of Kronstadt and along the Neva River in the

urban area of Saint Petersburg. -e emission factors show
compliance with the 1% FSC ECAs limit for 90% of the ships
in 2011 and 97% in 2012. Murena et al. [26] assessed the
impact of cruise ship emissions in the port of Naples on air
quality using a bottom-up procedure. -ey concluded that
cruise ships’ contribution seems limited but nonnegligible.
-ese studies show that land-based monitoring can monitor
ship emissions accurately. Meanwhile, various studies have
been conducted to clarify the environmental impact of
China’s ECAs policy. -e research of Zhang et al. [27] in-
dicated that the SO2 concentration in Shanghai decreased by
at least 0.229 µg/m3 daily on average due to the imple-
mentation of the ECA policy. Wan et al. [28] compared and
analyzed the changes of air quality in port cities within and
outside the ECAs during the implementation of the policy.
-e results showed that the ECA policy has some time lag,
possibly because enforcement has gradually become more
stringent. Zhang et al. [29] conducted a measurement
campaign (SEISO-Bohai) from December 28, 2016, to
January 15, 2017, at Jingtang Harbor, an area within China’s
ECAs.-e results from this study indicated a positive impact
from fuel switching on the air quality in the study region.
From these studies, it can be seen that the monitoring of ship
emissions in ECAs can help evaluate the implementation
effect of the policy.

At present, the requirement of China’s ECAs is mainly
aimed at the limitation of sulfur content in ship fuel. Ship
emissions of sulfur oxides (mainly SO2) come from the
sulfur content of fuel. -erefore, by detecting the change of
SO2 content in the dock in combination with the berthing
information of the ship, the influence of the restriction
policy on the air quality in the port area can be judged. As an
alternative to the observation position of the above research,
the dock area is not only the heaviest traffic area but also the
main area from which the maritime department supervises
and enforces laws. An understanding of ship emissions and
atmospheric processing in dock areas is required in order to
develop effective regulations to better manage the envi-
ronmental impacts of shipping. -erefore, SO2 monitoring
equipment was installed on the bridge cranes of Waigaoqiao
Dock. We were allowed to observe the changes in sulfur
dioxide in the intensive shipping area from March 2018 to
May 2018. Ships’ arrival and departure times from the port
and the wind speed and direction were also collected for
comparative analysis. -e main purpose of this research was
to clarify the impact of ECA policy on air quality in port
areas. However, as the port area is a relatively complex
environment, it is difficult to accurately assess the impact of
the policy based on existing observational data. In policy
evaluation research, the difference-in-difference model
(DID) is an effective tool to extrapolate the causal effects of
policy [27, 28]. -e primary application of the DID model is
to estimate the difference in the mean outcomes of the
treated and control units posttreatment and to isolate the
outcome difference that existed before the treatment [30].
Meanwhile, ships’ arrival and departure times and wind
speed and direction are the two main factors affecting SO2
concentration which were also monitored. -e monitoring
dataset is suitable for the comparison experiment using the
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DID model. -erefore, we used the DID model to analyze
the collected data. -is can be employed to identify the
impact of reducing SO2 emissions in policy-affected regions.

2. Methods

2.1. Measurement Site. As shown in Figures 1(a) and 1(b),
the measurement station is located on the south bank of the
Yangtze River estuary in the Waigaoqiao Port area, north of
Shanghai. In December 2018, the Waigaoqiao Port handled
1,747,000 teU, 14.987,000 tons of cargo, and 3,553 berthing
vessels. In previous studies [21, 25, 29], the monitoring
station has been located on the shore of the channel. Under
an appropriate wind speed and direction, the monitoring
stations used in previous studies can measure the emissions
of a single ship that sails through the port. However, in this
study, the monitoring equipment was located on the sus-
pension bridge on the dock, as shown in Figure 1(c). We
deployed two sets of equipment on two different working
bridge cranes approximately 1 km apart. During the task of
loading/unloading containers, the bridge crane moved three
dimensionally within a small area, thus the position of the
monitoring equipment varied (30–40m in height) though
this did not affect the outcome. -e bridge crane is mostly
surrounded by container ships berthing. -e research of
Chen et al. [31] indicated that the main contributors to ship
emissions are containers, followed by fishing ships, oil
tankers, and bulk carriers. -erefore, the equipment on the
bridge crane can clearly detect changes in SO2 from its
location.-e complexity of the monitoring points within the
surrounding environment is shown in Figures 1(a) and 1(b).
Sources of airborne SO2 are the ships that are in berth as well
as ships that are sailing far from the dock; at the same time,
container trucks on the docks are also a source of SO2. In
addition, it can be seen from Figure 1(b) that the sur-
roundings of monitoring points 1 and 2 differ, and there are
more ship berths to the west of monitoring point 2. Higher
concentrations of SO2 may be detected when there are
westerly winds. -erefore, in this study, we analyzed the
correlation between the factors (wind speed and direction
and ships’ arrival and departure at the dock) and the ob-
served results (SO2 concentration) rather than the emissions
from individual ships.

2.2. Instrumentation. In this research, SO2 was measured
with instruments from the ETL3000 series, the sensors
(Unitec SENS-IT) of which meet the European Standard
2008/50/EC. As shown in Figure 1(c), the monitoring
equipment employed in this study had a measured weight of
12 kg, a solar power supply system, and the data commu-
nication mode was 4G cellular broadband. It included a data
acquisition and processing unit, modular gas sensor, solar
power supply system, and wireless data transmissionmodule
and a software system that was directly installed outdoors
without any cooling device or air-processing device.-e SO2
sensor used the electrochemical method, where the elec-
trochemical sensor determined the concentration of the gas
through a redox reaction and produced an electrical signal

proportional to the concentration of the gas. -e SO2
electrochemical sensor was efficient in terms of its low power
consumption, small size, and lightweight and being ex-
tremely precise. Additionally, these sensors were capable of
measuring SO2 concentrations at a low ppb range [32], with
a resolution level of 1 ppb, an accuracy of 20 ppb, and a
measuring range of 5 to 10,000 ppb. Overall, this kind in-
strumentation is convenient and lightweight, which is ap-
propriate for installation on a bridge crane.

2.3. Data Treatment. -ree types of data at the monitoring
dock were collected from March 2018 to May 2018: wind
speed and direction, the concentration of SO2, and ships’
arrival at and departure from the dock. SO2 concentration
was measured once per minute from the two monitoring
points. -e data from March and April are continuous data,
with observation times of 743 hours and 720 hours, re-
spectively. Due to the receiver server failure, there is a certain
degree of missing data in May. Data were gathered from 14 :
00 onMay 1 to 14 : 00 onMay 4 and from 0 : 00 onMay 10 to
24 : 00 on May 21. -e total observation time for May was
354 hours.

-e three sets of data were normalized using each hour’s
data in order to facilitate a comprehensive analysis. Using
this methodology, the 2 minutes of average wind speed and
direction data that were collected and themean values of SO2
concentrations observed at the twomonitoring stations were
each considered as one-hour observations. -e ships’ arrival
and departure times at the dock were recorded within each
hour as one-hour observations. -en, SO2 concentration
data were organized into six groups based on the month and
the monitoring points, as follows: Monitor-1 in March,
Monitor-2 in March, Monitor-1 in April, Monitor-2 in
April, Monitor-1 in May, and Monitor-2 in May. -ese data
were then analyzed to identify the SO2 emission charac-
teristics and their relationship with wind speed, wind di-
rection, and ships’ arrival and departure.

Several aspects influenced the results of the analysis. As
can be seen from Figure 1, in addition to nearby berthing
ships, the monitoring point also was able to collect data for
ships sailing in the distance and container trucks passing
under the bridge crane. -ere are also many chemical plants
within 10 km of the dock; the SO2 emitted from these
sources will have impacted the measurements, which can
increase uncertainty. Preliminary studies showed that
1–19% of the sulfur in the fuel is emitted in other forms,
possibly SO3 or SO4 [33–36]. Hence, the assumption that all
sulfur is emitted as SO2 yields an underestimation of the true
sulfur content in the fuel. In addition, the research of Yang
et al. [22] shows that the residence time of SO2 in the marine
atmosphere is approximately 0.5 d, with dry deposition
explaining about a quarter of the total SO2 sink. -erefore,
the SO2 measured by the sensor may be either from the ship
that is emitting it or from ship emissions within half a day.
Unfortunately, there are no quantitative data for the
abovementioned uncertainty. Although the background
value can approximate from the observed value when there
is no ship, the endogenous problems arise when reverse
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causality occurs between the variables or some variables are
missing. However, by using the DID model, the observation
data are robust enough that they can provide useful infer-
ences. It can be defined as follows:

Y
1,2
it � α0 + α1du + a2dt + a3du ∗dt + a4Zit + εit, (1)

where subscripts i and t represent the i-th monitoring point
and t-th month, respectively, and superscripts 1 and 2
represent monitoring points 1 and 2, respectively. Z rep-
resents a series of control variables, ε is a random term (or
disturbance), and the interpreted variable is the monitored
SO2 value.

According to the ECA policy, ships are allowed to use
high-sulfur fuel within one hour of their arrival or departure.
To analyze the influence of this factor on air quality, we used
dt as the control parameter. dt� 1 means that a ship arrived
or departed the dock during this hour; otherwise, dt� 0.
Wind direction is also a major influencing factor. du was
used as the control parameter to classify the monitoring data
of downwind (wind direction: 180–270 degrees) as the
treatment group and the nondownwind data as the control
group. Because the treatment group and the control group
are measured by the same equipment at the same location,
they meet the parallel trend required by the DID model.
When du� 1, the monitoring equipment is leeward of the
berthing ships; that is, the discharge of the berthing ships is
mainly measured by the monitoring equipment. Otherwise,
du� 0. -e DID model parameters are explained according
to the above definition as listed in Table 1.

3. Results and Discussion

-e overall distribution of the average SO2 concentrations
per hour observed at the two monitoring points is shown in
Figure 2. It can be seen that the concentration of SO2 is
mainly distributed between 0 and 5 µg/m3 (77.47% within
the observation time range). -erefore, 5 µg/m3 was used as
the standard for determining high or low SO2 concentration
in this study. As shown in Figure 3 (which includes data for
the duration of the experiment), the wind mostly originated
from the southwest during the observation period. When

these data were analyzed in relation to the equipment in-
stallation location and surrounding environment (Figure 1),
it could be concluded that the results of this experiment were
less affected by the sailing ships and that the main source of
SO2 is the discharge of berthing ships and the pollution
sources on the shore.

-e arrival and departure of ships at the dock are
considered to be a major factor affecting air quality.
-erefore, we counted the distribution of SO2 during these
two periods, respectively. -e results displayed in Figure 4
show that SO2 concentration in the six observation groups is
higher during the ships’ arrival and departure times than at
times when there was no movement of ships in or out of the
dock. -erefore, all six sets of observations reflect the
positive impact of fuel switching on air quality. Moreover,
berths around Monitor-1 are only for ocean-going vessels,
while berths around Monitor-2 are for river vessels and
ocean-going vessels. To a certain extent, this may have led to
a difference in the concentration of SO2 observed between
the monitors. At Monitor-2, the concentrations of SO2
measured were higher, but the differences between periods
of ship movement and periods of no ship movement were
smaller compared to that of Monitor-1.

In Figure 5, we can see the difference in the overall
distribution of the average SO2 concentrations per hour in
two different contexts. Within one hour of a ship’s arrival at
or departure from the dock, the time quantum for SO2
concentrations exceeded 5 µg/m3, which was higher than
that during no ship movement period. Meanwhile, the
overall distribution of SO2 was also slightly larger when a
ship arrived at or departed from the dock. In addition, there
are more ship berths to the west of Monitor-2; therefore,
results could be significantly underestimated at this point,
considering the prevalent wind direction.

From Figures 4 and 5, we can see that ships’ arrival and
departure at the dock are a relatively obvious influence on air
quality; however, there is no quantitative index. In addition,
wind speed and direction can also produce monitoring
results which are difficult to assess. -erefore, the DID
model discussed in section 2.3 was used for analysis and
calculation, and the results are shown in Table 2. We

(a) (b) (c)

Figure 1: (a) Location of the measurement station. (b) Satellite view of the monitoring environment, with the location of the two survey
stations shown in red (map source: lbs.amap.com). (c) Equipment installed at a suspension bridge on the dock.
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Table 1: DID model parameters.

No ship movement in or out of the dock
(dt� 0)

Movement of ship(s) in or out of the dock
(dt� 1) Difference

Downwind (treatment group,
du� 1) α0 + α1 α0 + α1 + α2 + α3 ΔY� α2 + α3
No downwind (control group,
du� 0) α0 α0 + α2 ΔY� α2
DID model estimation α1 α1 + α3 ΔY� α3
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calculated the average SO2 concentration per period. All
measurement data were divided into the treatment group
and control group, and the ships’ arrival and departure times
were taken as the control conditions. Based on the calcu-
lation results of the DID model, the influence of the two
factors (i.e., ships’ arrival or departure time and wind speed
and direction) on the concentration of SO2 was judged.

In the treatment group, the effect of arrival or departure
time is obvious and significant, whereas it is not obvious in
the control group. -is means that SO2 concentration rose
significantly in the period of ship arrival or departure when
the wind direction was southwest. In contrast, when the
wind direction is not southwest, the variation trend of SO2
concentration is not obvious in the period of ship arrival or
departure. Similarly, when there is no arrival and departure
of ships, the influence of wind direction on the changing
trend of SO2 is not obvious. In contrast, when ships are
moving in or out of the dock, the concentration of SO2
increases significantly when the wind is downwind. Finally,
two sets of DIDmodel results (ΔΔY) are negative, which can
be attributed to the small number of data samples. In spite of
this, four sets of DID model results (ΔΔY) are positive and
present the impact of these two factors on SO2 concentra-
tions. On the whole, the calculation results of the DIDmodel
mentioned above show that the SO2 concentration in the air
of the port area increases due to the use of high-sulfur fuel,

and its influence is especially significant when the wind
direction is southwest.

In addition, we conducted statistics on the time period
during which the sulfur dioxide concentration measured at
the two monitoring points exceeded 5 µg/m3. As shown in
Figure 6, when the SO2 concentration exceeded 5 µg/m3 at
only one monitoring point when measured at two points,
both frequency ratios of the arrival and departure of ships
were higher than that within the period in which the SO2
concentration was less than 5 µg/m3 at both monitoring
points. In other words, there is a positive correlation be-
tween the high concentration of SO2 and the increased
frequency of ships arriving and departing from the port area.
-is result also reflects the positive impact of fuel switching.

Several studies have monitored and assessed the impact
of ECAs [21–24, 27–29]. However, the impact of individual
ship activities on air quality is rarely monitored, making it
virtually impossible to assess the impact of ECA policies on
air quality in local areas such as wharves. -e activities of
ships and personnel in dock areas tend to be relatively
frequent, and ship emissions directly affect public health.
-erefore, this study sought to establish monitoring data on
ship emissions in one of Shanghai’s main ports by installing
two monitoring stations at Waigaoqiao wharf to explore the
relationships between SO2 concentrations, wind speed and
wind direction, and ships’ arrival and departure times.

Table 2: DID model results.

No ship movement in or out of the dock
(dt� 0)

Movement of ship(s) in or out of the dock
(dt� 1) Difference

Monitoring point 1, March 2018
Downwind (treatment group,
du� 1) 2.25 4.24 1.99

No wind (control group, du� 0) 3.18 1.42 −1.76
DID model estimation −0.93 2.82 3.75

Monitoring point 2, March 2018
Downwind (treatment group,
du� 1) 5.06 5.35 0.29

No wind (control group, du� 0) 4.02 5.22 1.2
DID model estimation 1.04 0.13 −0.91

Monitoring point 1, April 2018
Downwind (treatment group,
du� 1) 3.56 3.86 0.3

No wind (control group, du� 0) 2.72 2.18 −0.54
DID model estimation 0.84 1.68 0.84

Monitoring point 2, April 2018
Downwind (treatment group,
du� 1) 4.33 4.61 0.28

No wind (control group, du� 0) 4.11 3.95 −0.16
DID model estimation 0.22 0.66 0.44

Monitoring point 1, May 2018
Downwind (treatment group,
du� 1) 3.25 3.71 0.46

No wind (control group, du� 0) 6.02 9.91 3.89
DID model estimation −2.77 −6.2 −3.43

Monitoring point 2, May 2018
Downwind (treatment group,
du� 1) 3.52 4.15 0.63

No wind (control group, du� 0) 3.96 2.96 −1
DID model estimation −0.44 1.19 1.63
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Considering the results presented in Figures 4–6, it can be
concluded that ship emissions during the arrival or de-
parture of ships significantly affect the airborne SO2 con-
centration in the study area. -e results of the DID model
presented in Table 1 further indicate that SO2 concentration
in the air increases significantly due to the use of high-sulfur
fuel when the wind direction is southwest. -is is significant
in the context of recently implemented policies which
stipulate that the FSC cannot exceed 0.5% (m/m) during
berthing within ECAs, excluding the first hour postarrival
and the last hour predeparture. -us, we were able to clarify
the impact of ECA policy on air quality in port areas. We
found that the recently implemented policies may need
amendment in the future to consider our findings.

4. Conclusions

-e implementation of the ECA policy can effectively reduce
the harm caused by ship emissions. How to evaluate the
impact of the implementation of this policy on the envi-
ronment is a research topic of interest. In this study, two SO2
monitoring stations were installed on the bridge crane in
Waigaoqiao Dock, Shanghai, China, which allowed data to
be obtained from March 2018 to May 2018. To analyze the
factors that caused a change in the SO2 concentration, we
collected the data on the wind speed and direction as well as
the arrival and departure times of ships at the port in the
same period and normalized them to one hour. -en, the
DID model was used to evaluate the impact of policy
implementation.

-e overall airborne distribution of SO2 at Waigaoqiao
Dock was obtained. It was determined that the

concentration of SO2 was low (less than 5 µg/m3) 77.47% of
the time. -e distribution of wind speed and direction
indicated that there was little change in the wind direction
during the study period. -e data observed at the moni-
toring stations were mostly attributable to the pollution
sources in the berth and on the shore. -e change in SO2
concentration during periods of ship movement in or out
of the dock compared to when there was no ship activity at
the dock is indicative of the contribution of a ship’s
emissions to the SO2 concentration in the air. -e result of
the DID model shows that the concentration of SO2 in the
air of the port area increased due to the use of high-sulfur
fuel and that its influence is especially significant when the
wind direction is downwind. -is finding is relevant to the
implementation of ECA policy, which requires that the FSC
cannot exceed 0.5% (m/m) during berthing within the
ECAs, except for the first hour after arrival and the last
hour before departure. -e results of this study can be used
as the basis for understanding ship emissions and atmo-
spheric processes within dock areas under ECA policy.
Subsequently, more attention should be paid to the effects
of sailing ship emissions.
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