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ABSTRACT
A regression discontinuity design was applied to measure the
short- and long-term policy effects of the air quality improvement
plan implemented for the G20 Hangzhou summit. The analysis
considered the effects across 11 prefecture-level cities in Zhejiang,
China. Five meteorological indicators (temperature, humidity,
pressure, wind speed and rainfall) were employed as control vari-
ables. Using these control variables, the short- and long-term pol-
icy effects were measured in terms of the changes in the air
quality index (AQI) and pollutant concentrations (PM2.5, PM10,
CO, SO2, NO2 and O3) 1 year and 2.5 years after policy implemen-
tation. The results reveal significant short- and long-term effects
of the environmental plan on air quality improvement in cities in
Zhejiang. The policy effects of the plan for the G20 summit were
stronger in Hangzhou than in other prefecture-level cities. In
Hangzhou, the short-term policy effects were stronger than the
long-term effects, especially in terms of the decreasing AQI,
PM2.5 and PM10 levels. Similar regulations should continue to be
implemented for lasting improvements in regional air quality.

ARTICLE HISTORY
Received 16 June 2019
Accepted 25 November 2019

KEYWORDS
Environmental regulation;
regression discontinuity
design; policy effect; air
quality index; pollutant
concentration level

JEL CLASSIFICATIONS
C54; Q38; Q56

1. Introduction

Air pollution causes huge economic losses and creates health risks for people world-
wide (Chang et al., 2014; Sun, Fang, & Sun, 2018). Governments have imposed long-
term environmental regulations to control air pollution. However, these long-term
environmental regulations do not always have satisfactory effects in terms of reducing
air pollution (Zeng, 2018). For instance, the Chinese Ministry of Environmental
Protection issued an air pollution prevention and control action plan (referred to in
this study as the ‘plan’) in September 2013 to control further environmental degrad-
ation. This plan set more stringent thresholds for industrial waste gas emissions.
However, most of industrial companies tend to prioritise economic revenue over
environmental concerns (Christmann, 2004). The 2017 Statistical Bulletin of National
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Economic and Social Development also reported that only 29.3% of cities met the
established air quality standards, whilst 70.7% of 338 monitored prefecture-level cities
failed to meet the new strict air quality standards.

To resolve this dilemma, the Chinese government has adopted aggressive short-
term regulations to achieve stringent pollutant reduction targets more effectively,
especially before large-scale events in host regions. During large-scale international
events such as the Beijing 2008 Olympic Games, the Expo 2010 Shanghai China and
the APEC China 2014, the host cities (Beijing and Shanghai) implemented a series of
short-term environmental regulations, including motor vehicle use restrictions, to
ensure better air quality. Indirectly, these regulations could stimulate green innov-
ation so that companies might pursue sustainable growth and create a better environ-
ment (Dangelico & Pujari,2010; Kallmuenzer, Hora, & Peters, 2018).

Both policymakers and scholars have engaged in heated debate on whether short-
term regulations such as motor vehicle use restrictions are necessary and whether
such short-term regulations can continue to improve the environment. Various
approaches have been proposed to investigate whether changes in subsequent envir-
onmental outcomes can be attributed to short-term environmental policies. Results
have been reported for different short-term environmental regulations (He et al.,
2016; Lu et al., 2018; Qi, 2014).

Most short-term regulations in China only involve the host city (i.e. they are single-
city policies), although some short-term regulations do involve multiple cities. The G20
Hangzhou summit was held in September 2016 in Hangzhou, China. The local govern-
ment issued an implementation plan for the prevention and control of air pollution in
Zhejiang province (referred to in this study as the ‘G20 Hangzhou summit plan’ or the
‘plan’) on 1 July 2016 to ensure better air quality during the G20 summit. The G20
Hangzhou summit plan proposed a series of regulations to ensure air quality across the
province of Zhejiang. Specifically, it stipulated 16 rectification tasks and proposed the
closure of certain companies causing high levels of air pollution across all 11 prefec-
ture-level cities, including Hangzhou. Some of the measures were more stringent for
Hangzhou. Evaluating the policy effects of these short-term regulations involving mul-
tiple cities represents a new research direction and one that is worthy of investigation.

The air quality indicators for Hangzhou and some other cities in Zhejiang wit-
nessed a sudden jump after the implementation of the G20 Hangzhou summit plan.
This situation can be represented as a random experiment under realistic constraints
between variables. The local randomness of a regression discontinuity design validates
the model, which naturally excludes the influence of other unobserved variables and
solves the endogeneity problems associated with ordinary least squares (OLS). A
regression discontinuity design was applied to measure policy effects accurately. This
approach was used to measure, for the first time, the short- and long-term policy
effects of the G20 Hangzhou summit plan on multiple cities. The results might be
important to evaluate whether these kinds of stringent short-term environmental reg-
ulations could be extended for longer periods.

The rest of the paper is organised as follows. Section 2 presents a literature review
of policy effect measurement. Section 3 describes the theoretical basis of a regression
discontinuity design. Section 3 also describes the data used in this study. Section 4

2994 J. ZENG ET AL.



presents the results of the regression discontinuity design estimation for the short-
and long-term policy effects of the G20 Hangzhou summit plan. Section 5 concludes
and offers some closing remarks.

2. Literature review

There is strong evidence that evaluating the policy effects of environmental regula-
tions is crucial to adjust and set future measures (Zhang, Chen, & Wen, 2012).
Scholars have endeavoured to evaluate the policy effects of long- and short-term
regulation policies worldwide. Because air condition improvement is typically a goal
of society and government, most of the literature focuses on how environmental reg-
ulations alleviate regional air pollution.

Normally, air quality regulations directly affect air quality, but the strength of local
supervision is also directly related to this effect (Henderson, 1996). Beijing was the
first city in China to adopt short-term environmental regulations during the
2008 Olympic Games. Many studies have evaluated the policy effects of short-term
regulations, reaching a range of conclusions. Chen, Jin, Kumar, and Shi (2013),
Chen, Ebenstein, Greenstone, and Li (2013), and Zhang (2016) applied a difference-
in-difference model and the synthetic control method, respectively. They confirmed
that a series of regulation measures during the Beijing 2008 Olympic Games led to a
significant but temporary improvement in air quality in Beijing. Cao, Wang, and
Zhong (2014) used a regression discontinuity design and found that both the ‘single
and even number limit’ policy during the Beijing 2008 Olympic Games and the later
‘tail number limit’ policy had modest effects on air quality improvement when endo-
geneity was removed.

Regarding other environmental regulations in different cities in China, Li et al.
(2012) concluded that air quality improved during the 2010 Asian Games in
Guangzhou. The total effect of this air quality improvement was due to the combined
influence of good meteorological conditions (cold air) and government regulations on
emissions reductions. Li and Cao (2017) observed that central heating measures at
the beginning of the period directly and significantly increased the concentration of a
variety of pollutants, whereas central heating measures at the end of the period did
not lead to significant discontinuous changes in northern China.

Internationally, studies have shown that not all environmental regulations are
effective. When such regulations only apply to new cars, Kathuria (2002) showed that
a ban on leaded petrol and commercial vehicles does not improve air quality. Citing
other objective factors and a short period of traffic control measures, Davis (2008)
found that air quality does not improve. Traffic control measures aggravate air pollu-
tion because of stronger negative crowding out effects during the unregulated period.
By investigating air quality changes in a given region, Firdaus and Ahmad (2011)
found that environmental regulations cannot effectively reduce the current situation
of regional air pollution.

There is scant literature on the air quality effects of the regulations brought in
prior to the G20 Hangzhou summit. Research on these regulations has predominantly
used descriptive analysis, time-series analysis of pollutant concentration and

ECONOMIC RESEARCH-EKONOMSKA ISTRAŽIVANJA 2995



meteorological analysis. Zhao, Luo, Zhen, and Liu (2017) concluded that the concen-
tration of nitrogen dioxide in Hangzhou during the G20 summit decreased because
of the decrease in motor vehicle emissions, whilst the concentration of other air qual-
ity indicators increased due to adverse meteorological factors rather than the G20-
motivated measures. The literature provides inconsistent conclusions on whether the
environmental regulations brought in for multiple cities prior to the G20 summit
improved air quality. Further exploration of the policy effects of these environmental
regulations is necessary to provide robust, statistically significant evidence that can
aid future decision making.

Given the measurement approach in the literature, a regression discontinuity
design is a widely employed quasi-experimental research method to study the treat-
ment effect in social, behavioural and related sciences (Thistlethwaite & Campbell,
1960; Imbens & Lemieux, 2008; Lee & Lemieux, 2010; Gagliardi & Percoco, 2017;
Chen et al., 2018). Many studies have applied regression discontinuity designs to
evaluate the policy effects of environmental regulations (Xi & Liang, 2015; Sun,
2017). Regression discontinuity designs effectively overcome the endogeneity prob-
lems that plague OLS analysis. Units are assigned to treatments based on whether the
observed covariate is above or below a known threshold. The conditional probability
of receiving treatment (conditional on this covariate) jumps discontinuously at the
threshold (Calonico, Cattaneo, & Titiunik, 2015). The main assumption with this
method is that, near the threshold, only policy variables change significantly, whilst
other factors change continuously. Thus, regression discontinuity designs have the
characteristics of a ‘local random experiment’ and remove endogeneity. They there-
fore offer an effective, robust approach for evaluating the effects of regulations.

The environmental regulations were introduced for multiple cities prior to the G20
Hangzhou summit. Highly polluting enterprises were closed immediately to improve
air quality with maximum efficiency. We assume that the air quality in Zhejiang
province, especially in Hangzhou, suddenly improved after implementation of this
G20 Hangzhou summit plan. The assumption coincides with the basic idea of regres-
sion discontinuity designs. Therefore, we applied a regression discontinuity design to
identify the short- and long-term policy effects of the G20 Hangzhou summit plan on
air quality improvement in 11 prefecture-level cities across Zhejiang. By distinguish-
ing the effects of processing variables from other continuously changing variables, we
aimed to identify the local average treatment effect (LATE) near the threshold. We
thus sought to measure both the short- and long-term policy effects of the regulations
implemented for the G20 Hangzhou summit.

3. Regression discontinuity design and data illustration

The regression discontinuity method was introduced by Thistlethwaite and Campbell
(1960). It began to be widely applied to economic research in the late 1990s. By ena-
bling causal inference between variables, regression discontinuity offers a good alter-
native to randomised controlled trials, which are traditionally the optimal solution for
endogeneity (Imbens, 2010). However, ethical concerns and high administrative costs
mean that randomised controlled trials are seldom used in social policy contexts.

2996 J. ZENG ET AL.



Hence, economists often resort to quasi-experimental designs for impact evaluations
(Qin, Zhuang, & Yang, 2017). Of the other common methods, such as difference-in-
difference and matching techniques, regression discontinuity designs are deemed the
close relations of randomised controlled trials with the greatest internal validity of the
alternative quasi-experimental estimators (Lee & Lemieux, 2010; Qin et al., 2017).

3.1. Regression discontinuity designs

There are two types of regression discontinuity designs. The first one is based on
sharp regression discontinuity. In sharp regression discontinuity design, the probabil-
ity that an individual receives a treatment jumps from 0 to 1 at the cutoff (i.e. at the
threshold x¼ c). The second type is based on fuzzy regression discontinuity. In this
type of design, at the threshold x¼ c, the probability that an individual receives a
treatment increases discontinuously from a to b (where 0< a< b< 1). The implemen-
tation of the G20 Hangzhou summit plan was the treatment variable in this study.
On the date of implementation (1 July 2016), the regulations were implemented sim-
ultaneously in each of the prefecture-level cities in Zhejiang province, and the treat-
ment variable changed significantly. After the implementation, the treatment variable
stayed constant. This situation suggests that sharp regression discontinuity fits
our study.

To check the assumption of sharp regression discontinuity for variables other than
the implementation of the environmental regulations, we first tested whether the
other control factors (influencing factors) underwent continuous changes in
the short- and long-term periods. If some other influencing factors also jumped, the
effects measured with a regression discontinuity design would capture the combined
effect of the G20-motivated environmental regulations and these other influencing
factors. Otherwise, the sudden change in the air quality in 11 prefecture-level cities in
Zhejiang could be considered to be due to the implementation of these environmental
regulations. Second, we conducted the robustness test with changes in both band-
width and fitting method to provide solid conclusions. The modelling for the regres-
sion discontinuity design is presented in Figure 1.

Consistent with the literature, our study used the sharp regression discontinuity
framework to estimate the local average treatment effect (LATE) of environmental
regulations brought in for the G20 summit on air quality. The air quality index

Figure 1. Modelling of regression discontinuity design. Source: The figure is created by authors.
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(AQI) and the concentration of six pollutants (PM2.5, PM10, CO, SO2, NO2 and
O3) are the accepted core indices to measure changes in a region’s air quality. The
AQI and the concentrations of various pollutants were used as explained variables.
The treatment variable (i.e. the G20 Hangzhou summit plan) was used as the
explanatory variable. Meteorological conditions are considered to affect air quality
significantly. Thus, to measure policy effects accurately, meteorological variables were
included as control variables. Before further quantitative measurement, a dummy
variable, Dt, to represent the G20-motivated policies was defined:

Dt ¼ 0, if policy is not implemented
1, if policy is implemented

�
(1)

Following the steps for modelling using regression discontinuity designs, we first
applied OLS to estimate whether the regulation policy and meteorological variables
affected pollutant concentrations. The formula is presented in Equation 2:

yt ¼ aþ bDt þ dXt þ et (2)

Here, yt is the weekly air quality index (AQI) or concentration of pollutants in
each city in Zhejiang in week t. The week including 1 January 2016 was taken as the
first week (t¼ 1) in our study. The term Dt refers to the treatment variable of the
environmental regulations brought in for the G20 Hangzhou summit. The term Xt is
a set of meteorological control variables, including weekly average temperature,
weekly average humidity, weekly average air pressure and weekly average wind speed.
Finally, et is the random error term.

In this OLS regression equation, the coefficient b reflects the policy effects of the
G20-motivated environmental plan on air quality regulations. After controlling for
other control variables, the consistent estimation of coefficient b requires independ-
ence between Xt, the non-observable element et and the policy variable Dt. However,
the requirements usually encounter difficulties because the concentration of pollutants
tends to increase vertical diffusion on hot, sunny days, whereas the concentration of
pollutants tends to decrease vertical diffusion on cold, rainy days. The OLS cannot
escape the dilemma of violating independence assumptions and missing key variables.
The dilemma usually causes biased regression results and endogeneity problems.

Regression discontinuity assumes that the sample data are randomly distributed
around the threshold and that the unobserved characteristics of these samples have
non-significant differences. Thus, the regression discontinuity model can solve the
issues of missing variables and endogeneity, ultimately yielding more accurate esti-
mates. In our study, the regression discontinuity model is given by Equation 3:

yt ¼ aþ bDt þ f ðt � cÞ þ Dtf ðt � cÞ þ dXt þ et (3)

Here, yt, Dt, Xt and et are the same AQI, treatment variable, meteorological con-
trol variables and random error term as in Equation 2. In addition, f(t – c) is a
non-parametric function of the tth week in a prefecture-level city in Zhejiang.
Also, c equals to 25 in the long-term period from January 2014 to December 2018
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because the implementation date of the G20 Hangzhou summit plan (1 July 2016)
was the 25th week of the sample period. A similar value of c can be obtained for the
short-term period from July 2015 to June 2017. The interactive item Dtf(t – c) is
included because the regression slope coefficients vary on both sides of the thresh-
old. To obtain an accurate measurement, the standard deviation was corrected for
heteroscedasticity.

In Equation 3, b measures the policy effect of the G20 Hangzhou summit plan for
air quality improvement. As mentioned in the modelling process of a regression dis-
continuity design (Figure 1), the sample data should satisfy both the continuity
assumption and the local randomisation assumption for further empirical analysis.

The continuity assumption means that, besides the sudden change due to the envir-
onmental regulations brought in for the G20 summit, the consistent estimation of b
requires other control variables to change continuously before and after the imple-
mentation of the regulations. The local randomisation assumption means that the
sample data around the threshold are required to act approximately like a completely
randomised experiment.

There are numerous data-driven local-polynomial and partitioning-based inference
procedures for regression discontinuity designs. Inference in regression discontinuity
designs is typically made using only observations near the threshold, where the discon-
tinuous change in the probability of treatment assignment occurs. Because of its local
nature, regression discontinuity uses average treatment effect estimators that are usually
constructed using local-polynomial non-parametric regression. Statistical inference is
based on large sample approximations. The results can help provide a reference for
similar actions in the future and show how to improve air quality in the long run.

3.2. Data illustration and descriptive analysis

The data on air quality and meteorological conditions were collected for the short-
and long-term periods. The short-term period refers to the 2-year period from July
2015 to June 2017, which includes a 1-year period after policy implementation; the
long-term period refers to the 5-year period from January 2014 to December 2018,
which includes 2.5-year period after policy implementation. As discussed, the study
used seven indicators (AQI, PM2.5, PM10, CO, SO2, NO2 and O3), as well as
meteorological control variables, to explain air quality in 11 prefecture-level cities in
Zhejiang province. The 11 prefecture-level cities are Hangzhou, Ningbo, Jiaxing,
Shaoxing, Wenzhou, Quzhou, Huzhou, Taizhou, Zhoushan, Jinhua and Lishui.

The indicators are weekly air quality index (AQI), fine particles (PM2.5), inhalable
particles (PM10), sulphur dioxide (SO2), carbon monoxide (CO), nitrogen dioxide
(NO2) and Ozone (O3). These indicators reflect seven air pollutant concentrations in
11 prefecture-level cities in Zhejiang province. The AQI index is a dimensionless
index of overall air quality. It ranges from 0 to 500. Higher values of AQI denote
worse air quality. The unit of CO is mg/m3, and the unit of all other indices is lg/
m3. The historical data of the air quality indicators were collected from the online
platform of the Chinese Air Quality Monitoring and Analysis platform (https://www.
aqistudy.cn/historydata/).
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Research in environmental science has confirmed that weather conditions signifi-
cantly affect the diffusion of pollutants. Favourable weather conditions are significant in
the diffusion of pollutants and in improving air quality. Therefore, our study also
included meteorological elements as control variables. The detailed meteorological con-
trol variables are daily average temperature (�C), daily average humidity (%), daily aver-
age precipitation (mm), daily average wind speed (m/s) and daily average air pressure
(hPa). These variables were chosen based on research by Li and Cao (2017). The
meteorological data were collected from Weather Underground (https://www.wunder-
ground.com/). The raw data were reported in daily values. However, air quality tends to
fluctuate because of other unstable conditions. Therefore, we adjusted and recalculated
the weekly data on the air quality variables and meteorological variables to avoid season-
ality. The detailed air quality indicators and control indicators are presented in Table 1.

The basic institutional background of the regression discontinuity application in
this study is that Zhejiang province formally implemented its environmental plan on
1 July 2016. The treatment variable (policy dummy variable) jumped on 1 July 2016.
Thus, 1 July 2016 was the threshold of dummy regulation variable Dt. The value of
the regulation dummy variable depending on the segmented period is presented in
Table 2. Depending on the regulation implementation breakpoint, the dummy vari-
able took the value 0 before 1 July 2016 and 1 after 1 July 2016. This definition is
consistent with the variable definition of Dt in Equation 1.

Hangzhou was the host city of the G20 summit and is the capital of Zhejiang
province. Therefore, the regulation strength in Hangzhou was stronger than in other
prefecture-level cities in Zhejiang. Observing the air condition fluctuation across dif-
ferent cities in Zhejiang reveals that the changing trends were similar. Table 3
presents the descriptive statistics of various quality indicators (AQI and pollutants) in
Hangzhou during a 2-year period (July 2015 to June 2017) and a 5-year period

Table 1. Selected indicators and study period.
Variable category Indicator Unit Period

Air quality indicators AQI Dimensionless December 2013
to December 2018PM2.5 ug/m3

PM10 ug/m3

SO2 ug/m3

CO mg/m3

NO2 ug/m3

O3 ug/m3

Meteorological indicators Daily average temperature �C
Daily average humidity %
Daily average precipitation %
Daily average rainfall mm
Daily average air pressure hPa
Daily average wind speed m/s

Source: The table is created by authors.

Table 2. Regulation time for short- and long-term periods.
Sub-sample T1 Sub-sample T2

Short-term period July 2015 to June 2016 July 2016 to July 2017
Long-term period January 2014 June 2016 July 2016 to December 2018
Dividing rule The regulation plan for prevention and control of air pollution

in Zhejiang province (the plan)

Source: The table is created by authors.
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(January 2014 to December 2018). These data offer an example to illustrate the air
quality in different cities in Zhejiang before and after the G20-motivated environmen-
tal plan was implemented.

Besides the average levels of various air quality indicators in each period, the
relative growth rates of each air quality indicator in Hangzhou in light of the regu-
lations are provided. The data in Table 3 show that the air quality index (AQI)
and most of the pollutant concentrations (PM2.5, PM10, SO2, CO and NO2) in
Hangzhou decreased after the implementation of the regulations. Specifically, the
levels of SO2, PM2.5, PM10, AQI and NO2 decreased by 40.75%, 31.61%, 26.42%,
10.42% and 10.17%, respectively. The average temperature and rainfall increased by
13.83% and decreased by 6.97%, respectively. According to the literature, rising
temperatures and falling rainfall levels tend to increase the concentration of vari-
ous pollutants. The results (decreasing levels of pollutants) indicate that the air
quality in Hangzhou improved after the implementation of the environmen-
tal plan.

The descriptive statistics of related indicators for the other 10 prefecture-level cities
(Ningbo, Jiaxing, Shaoxing, Wenzhou, Quzhou, Huzhou, Taizhou, Zhoushan, Jinhua
and Lishui) in Zhejiang province were similarly obtained. All descriptive statistics
show that the air quality index (AQI) and most of the pollutant concentrations
decreased after the implementation of the environmental plan on 1 July 2016. These
results intuitively confirm that air quality improved after the implementation of the
G20-motivated environmental regulations in Zhejiang province.

4. Empirical results of policy effects

4.1. Long-term policy effects

4.1.1. Results of OLS
We first present the estimation results of OLS regression analysis. Table 4 displays
the OLS results for the 11 prefecture-level cities in Zhejiang province over the long-
term period. The OLS regression method confirms the effect of the G20 Hangzhou

Table 3. Mean levels of air quality indicators during long-term period in Hangzhou.

Indicator Unit

5-year period（201401-201812）

Mean

Mean level of Regulation policy period

Growth
rate

Before 20160701 After 20160701
942 days 914 days

AQI ug/m3 87.34 92.06 82.47 �10.42%
PM2.5 ug/m3 51.38 60.86 41.62 �31.61%
PM10 ug/m3 81.27 93.42 68.74 �26.42%
SO2 ug/m3 14.08 17.62 10.44 �40.75%
CO mg/m3 0.91 0.91 0.90 �1.10%
NO2 ug/m3 45.59 47.99 43.11 �10.17%
O3 ug/m3 95.84 94.02 97.71 3.92%
Average temperature �C 18.00 16.85 19.18 13.83%
Average humidity % 68.74 67.63 69.89 3.34%
Average wind speed m/s 10.00 9.53 10.49 10.07%
Average air pressure hPa 1016.43 1016.94 1015.91 �0.10%
Average rainfall mm 3.18 3.30 3.07 �6.97%

Source: The table is created by authors, all the numbers are estimated by descriptive statistics approach.
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summit environmental plan on air quality indicators (AQI and concentrations of
various pollutants), controlling for the influence of meteorological factors.

After implementing the aforementioned plan, some heavily polluting companies
were closed, and many others were forced to close during the emergency period. The
estimated coefficients are mostly negative for the air quality indicators for all cities.
This result indicates that without considering meteorological factors, the regulation
plan had different effects in different prefecture-level cities. It also had overall control-
ling effects on AQI and air pollutant concentrations across Zhejiang province. Unlike
for NO2 and O3, the weekly average AQI and pollutant concentrations of PM2.5,
PM10 and SO2 all decreased significantly in Hangzhou after the implementation of the
environmental plan (significance level of 10%). The effects of the regulations decreased
the AQI and all pollutant concentrations in Ningbo, Wenzhou and Taizhou.

However, air quality was affected by meteorological factors. As mentioned, OLS
estimation using the approach shown in Table 4 may lead to biased results and endo-
geneity. Therefore, we applied a regression discontinuity design to measure the policy
effects of the plan on air quality. The potential problems (e.g. estimation bias) associ-
ated with endogeneity justify the use of quasi-experimental estimation methods such
as regression discontinuity designs.

4.1.2. Long-term policy effects using a regression discontinuity approach
In the regression discontinuity framework, several key assumptions are necessary to
draw causal inference between the treatment variable and the outcome variable
(Nichols, 2007). Therefore, ensuring the validity of our results by testing whether
each assumption holds is essential (Qin et al., 2017). The first assumption of regres-
sion discontinuity designs is that the outcome and treatment variables both jump dis-
continuously at the cutoff of the assignment variable.

First, we conducted the continuity test of grouping variables. Regression discontinu-
ity can overcome the issues of missing variables because it is based on the assumption
that the sample points near the threshold are randomly distributed. However, if the
grouping rules are known in advance, and the grouping variables can be fully con-
trolled, researchers can choose to enter the treatment group or control group freely.
This situation leads to regression discontinuity failure because of endogenous grouping
near the threshold. In other words, the assumption is that the grouping variable t has a
density function f(t) and that the function is discontinuous at the threshold t¼ c. If the
left limit of the function is not equal to the right limit, the local randomisation hypoth-
esis will no longer be satisfied, and the regression discontinuity design strategy will fail.

As per the modelling steps illustrated in Figure 1, it is necessary to test the
endogenous grouping issue before using a regression discontinuity design. McCrary
(2008) proposed a non-parametric density function (given in Equation 4) to test the
continuity assumption H0:

H0 : h � ln lim
x#c

f ðtÞ� ln lim
x"c

f ðtÞ � ln fþ� ln f� ¼ 0 (4)

We tested the continuity of grouped variables for 11 prefecture-level cities in
Zhejiang province. Table 5 shows the estimated parameters for the 11 cities based on
the sample data for the period January 2014 to December 2018.
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The data in Table 5 confirm the original hypothesis that the density function is con-
tinuous at c for all cities. The sample points near the breakpoint are randomly distrib-
uted rather than having endogenous grouping. Thus, regression discontinuity is
effective. Therefore, regression discontinuity is valid, and the study can be carried out
using a regression discontinuity design to measure the policy effects of G20 Hangzhou
summit environmental plan for 11 prefecture-level cities in Zhejiang, China.

Second, we conducted the continuity test of control variables. We ensured that the
outcome and treatment variables were both continuous functions of the control varia-
bles in the absence of the policy treatment. The meteorological variables (average
temperature, average humidity, average air pressure, average wind speed and average
rainfall) were included in the model as control variables. To determine whether the
hypothesis was valid, the meteorological variables for the period January 2014 to
December 2018 were estimated by regression discontinuity design. The results are
shown in Table 6. To determine whether the meteorological control variables experi-
enced continuous changes during the whole implementation period, we included
meteorological variables as dependent variables and conducted the regression discon-
tinuity estimation as described by Equation 3.

To verify this assumption, we tested whether there were other extraneous disconti-
nuities in the outcome and treatment variables away from the presumed breakpoint

Table 6. Meteorological control variables for 11 cities (January 2014 to December 2018).
Indicators
Cities

Average
temperature

Average
humidity

Average
pressure

Average
wind speed

Average
rainfall

Hangzhou 0.024 (0.047) �0.012 (0.095) �2.721 (2.301) 1.338 (1.180) �2.720� (1.556)
Ningbo 0.095� (0.045) �0.075 (0.070) �2.423 (2.055) 0.026 (0.178) 1.692 (1.127)
Jiaxing 0.106� (0.053) �0.034 (0.034) �2.347 (1.953) 3.266 (3.611) �8.583� (3.816)
Shaoxing �0.087 (0.070) 0.113�� (0.054) �2.311 (1.950) �2.361 (1.561) �10.692��� (2.467)
Wenzhou 0.015 (0.039) �0.042 (0.038) �2.225 (2.086) 5.746�� (1.661) �4.067 (3.530)
Quzhou 0.043 (0.049) 0.036 (0.042) �1.012 (1.861) 1.003 (1.369) �3.556 (4.104)
Huzhou 0.119� (0.056) �0.060 (0.066) �2.515 (1.967) 1.307 (1.989) �8.254� (3.846)
Taizhou �0.127 (0.105) 0.087 (0.051) �2.259 (2.036) 4.016� (1.696) �6.380�� (3.068)
Zhoushan 0.124� (0.064) �0.087 (0.064) �1.926 (2.056) 0.615 (1.291) �14.450��� (4.862)
Jinhua 0.110� (0.061) �0.076 (0.107) �2.585 (2.021) 1.583 (2.493) �17.078� (8.735)
Lishui 0.056 (0.055) �0.061 (0.138) �2.209 (2.083) 3.328 (2.115) �9.441�� (4.487)

Note: The symbols �, �� and ��� denote significance at the 10%, 5%, and 1% levels, respectively. The fitting
method is local linear fitting, and the bandwidth is the optimal bandwidth of minimised MSE.
Source: The table is created by authors, all the coefficients are estimated by Statistical R software.

Table 5. Continuity test of grouped variables for 11 cities in Zhejiang (January 2014 to
December 2018).
Indicators Cities ĥ Standard error

Hangzhou 0.103 0.472
Ningbo 0.130 0.554
Jiaxing 0.106 0.053
Shaoxing 0.130 0.553
Wenzhou 0.130 0.553
Quzhou 0.130 0.554
Huzhou 0.130 0.553
Taizhou 0.130 0.553
Zhoushan 0.130 0.553
Jinhua 0.130 0.553
Lishui 0.130 0.553

Source: The table is created by authors, all the coefficients are estimated by Statistical R software.

3004 J. ZENG ET AL.



(1 July 2016). We therefore ran the same regression discontinuity for some other
hypothetical breakpoints at the boundary of July 2016. Except for the rainfall indica-
tor, all meteorological variables were non-significant. The outcome and treatment var-
iables in Table 6 are generally continuous at the alternative points, which
diagnostically verifies the continuity assumption.

Figures 2–5 show the scatter and threshold diagrams of the air quality indices for
Hangzhou, Ningbo, Wenzhou and Zhoushan before and after the implementation of
the G20 Hangzhou summit environmental plan. The upward trend visible in these
figures reflects a decreasing value of the AQI. Thus, the air quality improved in the
long run. In the long-term period, there was a sudden decrease in the AQI at the cut-
off of the dummy variable. Therefore, the plan had an instant significant effect,
improving air quality in these prefecture-level cities. Consistent with the descriptive
statistics in Table 3, the implementation of the plan led to a significant discontinuous

Figure 2. Long-term AQI change in Hangzhou. Source: The figure is created by authors.

Figure 3. Long-term AQI change in Ningbo. Source: The figure is created by authors.
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decline in AQI, PM10 and CO. This decline was especially notable for values near
the cutoff. Similar figures can be observed for the other seven prefecture-level cities.
Thus, there is a causal relationship between the regulation policy dummy variable
and the improvement of air quality in the 11 prefecture-level cities.

We filtered the trends during the policy implementation period and controlled for
the effects of the meteorological factors. After performing this step, we performed the
accurate regression discontinuity design estimation of the effects of the G20
Hangzhou Summit environmental plan in terms of the discontinuous change of AQI
and other pollutant concentrations in 11 prefecture-level cities in Zhejiang. The
assumptions of both continuity and local randomisation were satisfied. Table 7 shows
the regression discontinuity results of the long-term policy effect of the plan on air
quality. The results show a policy effect 2.5 years after the implementation of the
plan. The results show that the implementation of the plan directly resulted in a
long-term decrease of AQI by 40.17, 31.24, 25.73 and 23.89 for Hangzhou, Shaoxing,
Huzhou and Ningbo, respectively (significance level of 1%).

Figure 4. Long-term AQI change in Wenzhou. Source: The figure is created by authors.

Figure 5. Long-term AQI change in Zhoushan. Source: The figure is created by authors.
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The G20 summit was held in Hangzhou. Therefore, the implementation of the
environmental plan was stricter in Hangzhou than in other cities. The estimation
results show that the policy effects of the environmental regulations were stronger in
Hangzhou than in other prefecture-level cities. Specifically, in Hangzhou, the plan
caused significant decreases of 40.17, 14.15 lg/m3, 16.17 lg/m3, 1.53 lg/m3 and
50.81 lg/m3 for AQI, PM2.5, PM10, SO2 and O3, respectively.

Geographically, Shaoxing is the closest city to Hangzhou in Zhejiang province. The
regulation implementation strength in Shaoxing was similar to the strength in
Hangzhou. Unsurprisingly, Shaoxing ranked second in air quality improvement due
to the regulation policy. Specifically, in Shaoxing, the plan caused a significant
decrease of 31.24, 9.54 lg/m3, 13.43 lg/m3, 2.83lg/m3 and 47.39 lg/m3 for AQI,
PM2.5, PM10, SO2 and O3, respectively.

The results for the other cities are similar. Almost all cities experienced significant
decreases in AQI, PM2.5, PM10 and O3 over the study period. According to the
descriptive analysis of the meteorological variables in Table 3, the average tempera-
ture increased, and the average rainfall decreased. Normally, higher temperatures and
lower rainfall levels tend to increase particulate matter and lead to poorer air quality.
The decrease in AQI, PM2.5, PM10 and O3 indicates that the environmental regula-
tions had a significant policy effect on air quality improvement.

Third, we conducted the robustness test. The regression discontinuity design is a
causal identification method that is extremely sensitive to initial conditions. If the
modelling significance depends heavily on specific initial conditions, the regression
results are questionable. Robustness testing is employed to ensure the accuracy of the
estimation of regression discontinuity designs (Thistlethwaite & Campbell, 1960;
Imbens & Lemieux, 2008; Lee & Lemieux, 2010; Xi & Liang, 2015; Calonico et al.,
2015). Considering the characteristics of a regression discontinuity design, the robust-
ness test is carried out by adjusting the bandwidth and the fitting method. The results
of the regression discontinuity design are compared under different bandwidths and
different kernel function conditions to validate robustness. If the direction, size and
significant degree of the estimation under different bandwidths and different fitting
methods are similar and change only imperceptibly, the robustness of the regression
discontinuity design may be accepted; otherwise, the results should be questioned.

1. Fitting method selection

This sub-section provides further robustness checks in addition to the traditional
validity tests for regression discontinuity estimation. First, although controlling for
the baseline covariates is unnecessary to obtain consistent estimates of the treatment
effect if the initial condition holds, we nevertheless performed these calculations to
check the robustness of our results.

To test the robustness of the results, we used local linear regression, a non-parametric
method, to conduct the regression discontinuity estimation. Local linear regression is
obtained using weighted least squares estimation over a limited interval (c – h, cþ h).
The weight is calculated by the kernel density function, and the weights of the points
nearer the threshold c are larger.
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The triangle kernel is accepted as optimal for non-parametric estimates at the boundary
(Qin et al., 2017). However, it would be reassuring if the results were robust to the vari-
ation of kernel functions. The triangular kernel function was used to estimate the weights
in our estimation results (Table 7). Rectangular kernel and triangular kernel functions are
two widely used kernel functions in regression discontinuity estimation. Table 8 reports
the results using the rectangular kernel in the non-parametric regressions.

As shown in Table 8, the estimates are all statistically significant and almost identical
to those in Table 7. By comparing the changing direction and significance of the esti-
mated results with different fitting methods of the triangle kernel and rectangular ker-
nel, the estimation results of the policy effects on AQI, PM2.5, PM10 and O3 are
observed to be significant and similar for most cities. According to the results of the
regression discontinuity design with rectangular kernel, the environmental regulations
had a significant decreasing effect on AQI, PM2.5 and PM10 in Hangzhou, Jiaxing,
Shaoxing, Jinhua and Lishui (at a significance level of 10%). These results, mean that
the air quality improved after the policy was implemented. The results validate the
robustness of the regression discontinuity design results with different fitting methods.

2. Bandwidth selection

Furthermore, we selected different bandwidths to validate whether the estimation
of regression discontinuity under different bandwidths was stable. Keeping local linear
fitting (triangular kernel) as the estimation method, the estimates in Table 7 were
obtained with the original bandwidth minimisation of the optimal bandwidth given
by mean squared error. To test the robustness, we employed 1.2 times the optimal
bandwidth. The results are reported in Table 9.

Intuitively, larger bandwidths mean smaller variances. However, because of the
inclusion of points far from the threshold, the deviation may become larger. By com-
paring the impact direction, size and significance of the estimated results under differ-
ent bandwidths, the estimated policy effects on AQI were observed to be significant
and stable, with small fluctuations for all 11 cities in Zhejiang. The results show that
the implementation of the environmental regulation policy directly resulted in a
decrease of AQI by 38.224, 28.078, 19.516, 33.255, 20.184, 30.001, 22.865, 19.221 and
21.139 in Hangzhou, Ningbo, Jiaxing, Shaoxing, Wenzhou, Huzhou, Taizhou, Jinhua
and Lishui (significance level of 5%). The policy effects on other pollutant concentra-
tions were similar. The results validate the robustness of the regression discontinuity
design results at different bandwidths. In conclusion, the results of the regression dis-
continuity design are robust. Furthermore, the implementation of the environmental
plan for the G20 summit in Hangzhou improved the air quality in Zhejiang province.

4.2. Short-term policy effects

From a short-term perspective, we performed the regression discontinuity estimation
using the sample data for the period July 2015 to June 2017. The sample data passed
the continuity test. Table 10 shows the short-term policy effects of the air quality
improvement plan for 11 prefecture-level cities in Zhejiang.
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We conducted robustness testing, confirming that the results in Table 10 are
robust. The short-term policy effects can be summarised in terms of the following
two aspects. First, the plan directly resulted in significant short-term decreases of
AQI by 43.794, 24.205, 19.007, 25.979, 23.203, 16.734 and 19.546 over a 1-year period
in Hangzhou, Wenzhou, Quzhou, Huzhou, Taizhou, Zhoushan and Lishui. Second, in
Hangzhou, the short-term policy effect was stronger than the long-term effect, espe-
cially for the decreasing strengths of AQI, PM2.5 and PM10. In Hangzhou, the plan
caused significant short-term decreases of 43.79, 16.94, 15.88, 1.60 and 57.54 in AQI,
PM2.5, PM10, SO2 and O3, respectively. The plan also caused long-term decreases of
40.17, 14.15, 16.17, 1.53 and 50.81 in AQI, PM2.5, PM10, SO2 and O3, respectively.
The short-term effect was slightly stronger than the long-term effect in Hangzhou. In
Wenzhou, Quzhou and Taizhou, the identified short-term policy effects in air quality
improvement were significant, whereas the long-term policy effects were non-
significant.

5. Conclusion and policy implications

On 1 July 2016, the Chinese government issued a plan for the prevention and control
of air pollution in 11 prefecture-level cities in Zhejiang province to ensure better air
quality during the G20 summit in Hangzhou. Policies have been evaluated for single
cities, yet studies evaluating policy effects in multiple cities are scarce. This multi-city
approach therefore offers a new research direction and one that is worthy of investi-
gation. We applied a regression discontinuity design to measure the short-term and
long-term policy effects of the aforementioned environmental plan on air quality
improvement between July 2015 and June 2017 (short-term) and between January
2014 and December 2018 (long-term) in 11 prefecture-level cities in Zhejiang, China.
We also evaluated whether these kinds of regulations could be extended for lon-
ger periods.

5.1. Conclusions

In this study, we used a dummy variable to indicate whether specific environmental
policies to improve air quality for the G20 summit in Hangzhou had been imple-
mented. Using this policy dummy variable as the treatment variable and the meteoro-
logical indicators of temperature, humidity, pressure, wind speed and rainfall as
control variables, we ensured that the regulation policy threshold resembled a fully
randomised experiment. The sample data satisfied the continuity and local random-
isation tests for regression discontinuity designs. The local randomness of regression
discontinuity designs validates the model, which naturally excludes the influence of
other unobserved variables and solves the endogeneity problems associated with the
OLS method. After accounting for the trends before and after the implementation of
specific environmental regulations and controlling for meteorological factors, we
applied a regression discontinuity design to measure the short- and long-term effects
of these regulations in terms of changes in the air quality index (AQI) and pollutant
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concentrations (PM2.5, PM10, CO, SO2 and NO2) 1 year and 2.5 years after the pol-
icy variable breakpoint on 1 July 2016.

First, we observed significant short- and long-term effects of the environmental
plan on air quality improvement, with the AQI decreasing in Zhejiang. Specifically,
the plan directly resulted in significant short-term decreases of AQI by 43.794,
24.205, 19.007, 25.979, 23.203, 16.734 and 19.546 units after 1 year in Hangzhou,
Wenzhou, Quzhou, Huzhou, Taizhou, Zhoushan and Lishui. The plan also directly
resulted in significant long-term decreases of AQI by 40.17, 31.24, 25.73 and 23.89
units after 2.5 years in Hangzhou, Shaoxing, Huzhou and Ningbo.

Second, the short-term policy effect was stronger than the long-term effect, espe-
cially for the decreasing strengths of AQI, PM2.5 and PM10 in Hangzhou. The plan
caused significant short-term decreases of 43.79, 16.94, 15.88, 1.60 and 57.54, respect-
ively, for AQI, PM2.5, PM10, SO2 and O3 in Hangzhou. It also caused long-term
decreases of 40.17, 14.15, 16.17, 1.53 and 50.81, respectively, for AQI, PM2.5, PM10,
SO2 and O3 in Hangzhou. The short-term effect was slightly stronger than the long-
term effect in Hangzhou. In Wenzhou, Quzhou and Taizhou the short-term policy
effects, in terms of air quality improvement, were significant, whereas the long-term
policy effects were non-significant.

Third, Hangzhou hosted the G20 summit. Understandably, therefore, the results
show that both the short- and long-term policy effects of the environmental plan
were stronger in Hangzhou than in other prefecture-level cities. In the long run, the
estimated average temperature increased, and the average rainfall decreased.
Normally, higher temperatures and greater rainfall levels tend to increase particulate
matter and worsen air quality. The decrease in AQI, PM2.5, PM10 and O3 shows
that the environmental regulations had a significant policy effect in terms of air qual-
ity improvement in Hangzhou. Shaoxing, which is the closest city to Hangzhou, had
the second biggest air quality improvement in the long term as a result of the regula-
tions. Specifically, in Shaoxing, the plan caused a significant decrease of 31.24, 9.54,
13.43, 2.83 and 47.39 for AQI, PM2.5, PM10, SO2 and O3, respectively, in the subse-
quent 2.5-year period.

5.2. Policy implications

The short-term policy effects of the plan implemented for the G20 summit were
stronger than the long-term policy effects in terms of air quality improvement in
Zhejiang. To guarantee sustainable air quality improvement, the government should
extend some of the short-term regulations to the long term. More attention should be
paid to these aspects in long-term governance. Measures taken in short-term environ-
mental policies are often the most effective methods of environmental governance.

Notably, both the short- and long-term policy effects of the plan were stronger in
Hangzhou than in other prefecture-level cities. Furthermore, the long-term policy
effect in Hangzhou is only slightly weaker than the short-term policy effect. The suc-
cessful experience of the environmental regulations brought in for the G20 summit in
Hangzhou can be used as a reference for other major cities. Thus, stringent policies
restricting industrial exhaust gas, coal-fired flue gas, vehicle and ship exhaust gas,
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other exhaust gas, and dust and ash gas, together with policies to close heavily pollut-
ing factories, could be extended to other cities to improve air quality.
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