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C MDA8 O3 concentrations in Hangzhou during G20 exceeded national air quality standard.
C Emission control measures during G20 reduced MDA8 O3 level in Hangzhou by 11.7%.
C Emission controls in industry and transportation sectors are most effective for controlling O3.
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a b s t r a c t

The effect of emission control measures on ozone (O3) concentrations in Hangzhou during G20 (The
Group of Twenty Finance Ministers and Central Bank Governors) meeting during 24 August to 6
September of 2016 was evaluated using the nested version of a global chemical transport model. During
G20, observed concentrations of PM10, PM2.5, SO2, NO2, and CO were all below national air quality
standards, whereas those of MDA8 O3 were above national standard (with an averaged value of
160.2 mg m�3) but had a decreasing trend. Model sensitivity studies show that, MDA8 O3 concentrations
in Hangzhou during G20 were reduced by 11.3 mg m�3 (6.8%), 14.8 mg m�3 (8.9%), and 19.5 mg m�3 (11.7%)
with emission control measures in the core area, Zhejiang province, and the Yangtze River Delta (YRD)
region, respectively, indicating that control measures were the most effective when carried out jointly in
YRD. Considering the ratios of NOx to VOCs during G20, Hangzhou and most areas of Zhejiang province
were in transitional regime; reductions in either NOx or VOCs could reduce O3 concentrations. We also
quantified how sensitive O3 concentrations respond to emission reductions in sectors of industry, power,
residential and transportation in the whole of YRD during G20. The removal of emissions in industry and
transportation sectors would lead to the largest reductions of 17.6 mg m�3 (10.5%) and 12.3 mg m�3 (7.4%)
in MDA8 O3 concentrations in Hangzhou during G20, respectively. This study has important implications
for the control of high O3 levels in eastern China.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Air quality in China has drawn a lot of attention because of the
high concentrations of PM2.5 and ozone (O3) resulted from its rapid
economic development. The Chinese government launched the ‘Air
Pollution Prevention and Control Action Plan’ to reduce anthropo-
genic emissions to improve air quality in 2013. According to the
‘Environmental and Ecological Status Bulletins in China’ (http://
gjing, 210044, China.
www.mee.gov.cn/hjzl/), from 2013 to 2017, mean concentrations
of PM2.5, PM10, SO2, NO2 and CO in 74 major cities decreased by
34.7%, 32.2%, 57.5%, 9.1% and 32.0%, respectively, but the 90th
percentile concentration of the maximum daily 8-h average of O3
concentration (MDA8 O3) averaged over these cities increased by
20.1%. Under the background of increasingly serious O3 pollution in
China, G20 meeting offers a good opportunity to study whether O3
concentrations can be controlled effectively in summer in the
polluted eastern China.

In recent years, several significant events were held in China
successfully, such as the Beijing Olympic Games in 2008, the
Shanghai World Expo in 2010, the Asia-Pacific Economic
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Cooperation (APEC) conference in 2014, the Victory Day Parade (V-
Day Parade) in 2015, and the Group of Twenty Finance Ministers
and Central Bank Governors (G20) summit in 2016. For purpose of
ensuring good air quality during these important events, air quality
control measures were implemented before and during the events,
whichwere proved to be very effective bymeasured concentrations
of air pollutants. A number of studies were carried out to quantify
the effectiveness of the control measures during these events. For
example, Gao et al. (2011) reported by using the Weather Research
and Forecasting model coupled to Chemistry (WRF-Chem) that
PM2.5 concentrations in Beijing decreased by about 30%, as a result
of the reductions in anthropogenic emissions by about 50%, 35%,
and 10% in Beijing, Hebei province, and other nearby regions,
respectively, during the Beijing Olympic Games in 8e24 August
2008.Wang et al. (2010) used the fifth-generation NCAR/Penn State
Mesoscale Model and Community Multi-scale Air Quality (MM5-
CMAQ) model to simulate the reductions of pollutants during the
Beijing Olympic Games and showed that, with emissions of SO2,
NOx, PM10, and NMVOCs reduced by 41%, 47%, 55%, and 57%,
respectively, PM2.5 concentrations during the Olympic Games were
reduced by about 60% compared to concentrations in June of 2008.
Huang et al. (2017) quantified the effects of local emission re-
ductions during the 2014 Nanjing Youth Olympic Games (NYOG) by
using the Weather Research and Forecast and Community Multi-
scale Air Quality (WRF-CMAQ) model. Under an unfavorable
weather condition during NYOG (1e31 August, 2014), simulated
mean concentrations of SO2, NO2, PM10, PM2.5, and CO decreased by
24.6%, 12.1%, 15.1%, 8.1%, and 7.2% when emissions of these species
were reduced by 25.0%, 15.0%, 42.8%, 32.6%, and 20.0%, respectively.
Liang et al. (2017) estimated the effectiveness of emission re-
ductions during 2014 APEC meeting (3e12 November, 2014) and
2015 Victory Day Parade (20 August to 3 September, 2015) by using
a generalized linear regression model (GLM). They found that the
meteorological conditions and pollution control strategies
contributed, respectively, 30% and 28% to the reductions of PM2.5
concentrations during APEC and 38% and 25% to those during the
Victory Parade.

Although the above-mentioned emission reductions were very
effective in reducing PM2.5 concentrations during those events,
previous studies revealed that O3 concentrations increased or
remained unchanged during some events. For instance, Tang et al.
(2017) examined the sensitivity of O3 to emission reductions dur-
ing the Beijing Olympic Games by using the MM5-CMAQ model.
They found that the average O3 concentration increased by 8 ppbv
in urban Beijing where NOx decreased by about 15 ppbv during the
Olympics, indicating the impact of titration effect. Xu et al. (2016)
also reported on the basis of observations that emission
Fig. 1. The areas implemented control measures during G20 meeting. YRD consists of Zheji
The core area (CRA), the strictly controlled area (SCA), the controlled area in Zhejiang (CAZJ)
the right panel. The red star in the right two panels indicates the location of Hangzhou. (For i
Web version of this article.)
reductions during Beijing Olympics had a small impact on O3
concentrations; averaged concentration of O3 in Beijing and its
surroundings was reduced by about 1% with a 33% decrease in NOx
concentration, suggesting that O3 productionwas VOC-limited. Guo
et al. (2016) used the WRF-Chem model to evaluate the effect of
district-joint emission controls on air quality during 2014 APEC
meeting. Emission reductions from sectors of industry, residential,
and transportation in urban Beijing and Huairou were 50%, 40% and
40%, respectively, which led to decreases in concentrations of PM2.5,
PM10, NO2, and CO by 22%, 24%, 10% and 22%, respectively, whereas
mean O3 concentration increased by 24% due to the reductions in
NO2. Li et al. (2017c) reported similar results; the emission control
during APEC increased O3 concentration by 58.2% because the de-
gree of NOx reduction exceeded that of VOCs.

The Group of twenty (G20) was formally established in 1999,
which comprises 19 countries plus the European Union. The G20
summit provided the opportunity for G20 members to explore
approaches to the economic cooperation for the world economy.
G20 took place in Hangzhou (119.8�E, 30.4�N), the capital city of
Zhejiang province in the Yangtze River Delta region (YRD), during
4e5 September, 2016. In order to ensure the ‘blue sky’ during the
conference, the government of Zhejiang province carried out a
series of district-joint air quality control measures which took
Hangzhou as the core city and radiated to other cities in Zhejiang
and neighbor provinces. The areas that implemented the air
pollution control measures included the core area (CRA), the
strictly controlled area (SCA), the controlled area in Zhejiang (CAZJ)
and the controlled area in Yangtze River Delta except Zhejiang
(CAYRD-ZJ) (Fig. 1). Most stringent control measures were carried
out in CRA, followed by the other three areas. The measures aimed
to reduce emissions from industry, transportation, residential and
power sectors (Yu et al., 2018). With the emission control measures,
concentrations of all routine pollutants except for O3 (PM2.5, PM10,
SO2, NO2, and CO) during G20 met the National air quality
standards.

There were several studies about the effectiveness of emission
control measures during G20. Su et al. (2017) used lidar data to
analyze the difference in concentrations of aerosols and O3 be-
tween G20 and post-G20 period, and found that aerosol extinction
coefficient during G20 was 50% lower than that in post-G20 period
in the lower lidar layer, while O3 concentration during G20 was 37%
higher than that in post-G20 period. Mao and Hu (2017) reported
that, compared with September 2015 and August 2016, the
monthly average Air Quality Index (AQI) during G20 were lower by
35 and 25 in the core area and lower by 20 and 25 in the strictly
controlled area. Li et al. (2017b) usedWRF-CMAQmodel to evaluate
the effect of emission controls on PM2.5 and O3 and concluded that
ang province, Jiangsu province, Anhui province and Shanghai (left and middle panels).
and the controlled area in Yangtze River Delta except Zhejiang (CAYRD-ZJ) are shown in
nterpretation of the references to color in this figure legend, the reader is referred to the
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simulated concentrations of PM2.5 and O3 decreased by 56% and
25%, respectively, as a result of reductions in emissions from power
plants and industry by 40% in Shanghai, Jiangsu and Anhui prov-
inces and by 50% in Zhejiang province during August 24 to
September 6. However, previous studies about G20 did not examine
the effectiveness of local and joint emission control measures for O3
as well as the sensitivity of O3 concentrations to emission re-
ductions in different sectors. We present results of such a study
here by using a global 3-D model of atmospheric chemistry driven
by meteorological input from the Goddard Earth Observing System
(GEOS-Chem).

The descriptions of the GEOS-Chem model, emissions, obser-
vations, and numerical experiments are presented in Section 2.
Section 3 presents the analyses of observed meteorological condi-
tions and concentrations of pollutants, model evaluation, as well as
the simulated changes in O3 with reductions in emissions. Section 4
summarizes the main conclusions.
2. Method

2.1. The GEOS-Chem model

The simulation of air quality during G20 is carried out by using
the GEOS-Chemmodel version11-01 (http://wiki.seas.harvard.edu/
geos-chem/index.php/GEOS-Chem_v11-01), which is a global 3-D
chemical transport model (CTM) driven by meteorological fields
from the Modern-Era Retrospective Analysis for Research and Ap-
plications, version 2 (MERRA-2) provided by the Global Modelling
and Assimilation Office (GMAO). The model includes fully coupled
O3-NOx-hydrocarbon chemistry (Bey et al., 2001; Park et al., 2004)
and aerosols including sulfate (Park et al., 2004), nitrate (Pye et al.,
2009), ammonium, black carbon and organic carbon (Park et al.,
2003), mineral dust (Fairlie et al., 2007), and sea salt (Alexander
et al., 2005). Photolysis rates are calculated by Fast-JX scheme
(Bian and Prather, 2002). Heterogeneous reactions of aerosols, such
as the irreversible absorption of NO3 and NO2 on wet aerosols
(Jacob, 2000), hydrolysis of N2O5 (Evans and Jacob, 2005), and the
uptake of HO2 by aerosols (Thornton et al., 2008) are included. Wet
deposition in the GEOS-Chem model, including scavenging in
convective updrafts, rainout, and wash out, follows the scheme
described by Liu et al. (2001) and applies only to soluble aerosols
Fig. 2. Anthropogenic emissions of (a) NOx and (b) NMVOCs in YRD in
and gases. Dry deposition is computed based on the resistance-in-
series scheme of Wesely (1989). The nested domain for Asia (70�-
150�E, 10�S-55�N) has a horizontal resolution of 0.5� latitude by
0.625� longitude and 47 vertical layers up to 0.01 hPa. Tracer con-
centrations at the lateral boundaries are provided by a global GEOS-
Chem simulation at 2� latitude by 2.5� longitude horizontal reso-
lution. The GEOS-Chem model has been used extensively for
studying air quality in China, including haze pollution (Huang et al.,
2014; Zhang et al., 2015, 2016; Yang et al., 2016; Li et al., 2016a; Qiu
et al., 2017; Cai et al., 2017), O3 air quality (Fu et al., 2009; Yang et al.,
2014; Zhu and Liao, 2016; Ni et al., 2018a), and the effectiveness of
emission controls during the Olympics (Wang et al., 2009) and
APEC meeting (Gu and Liao, 2016).
2.2. Emissions

Muti-resolution Emission Inventory for China (MEIC) for year
2016 is used in our simulations. The inventory has a resolution of
0.25� � 0.25� and is downloaded from www.meicmodel.org/
dataset-meic.html. Fig. 2 shows the spatial distributions of NOx
and anthropogenic non-methane volatile organic carbons
(NMVOCs) for August of 2016. In YRD, regions with high emissions
are Shanghai, southern Jiangsu, central Anhui and northeastern
Zhejiang.

Table 1 shows anthropogenic emissions of O3 precursors, aero-
sols and aerosol precursors in regions of CRA, SCA, CAZJ and
CAYRD-ZJ during 24 August to 6 September of 2016 from the MEIC
inventory. Emissions of CO, NOx, and NMVOCs were the highest
among all species, which were 622.5� 103 kg, 136.4� 103 kg, and
78.9� 103 kgC in YRD (YRD ¼ CRA þ SCA þ CAZJ þ CAYRD-ZJ),
respectively. Emissions of NOx were mainly from industry (52.3�
103 kg) and transportation (50.8� 103 kg) sectors, accounting for
38.4% and 37.2% of total NOx emissions in YRD during G20,
respectively. Sectors of industry, transportation, residential, and
power contributed 68.3%, 0.2%, 10.5% and 21.0%, respectively, to
total NMVOCs emissions in YRD during G20.

The percentages of emission reductions for different species and
in different sectors for periods of 24e27 August and 28 August-6
September are taken from Environmental Quality Guarantee
Scheme during G20 in 2016 (Yu et al., 2018) (Table 1). The industry
sector had the largest percentage reductions in emissions during
August, 2016. The black star indicates the location of Hangzhou.

http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_v11-01
http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_v11-01
http://www.meicmodel.org/dataset-meic.html
http://www.meicmodel.org/dataset-meic.html


Table 1
Total anthropogenic emissions of O3 precursors, aerosols and aerosol precursors in the regions of CRA, Zhejiang province, and YRD for emission-controlled period of 24 August
to 6 September (units: 103 kgC for NMVOCs and 103 kg for other species). Emissions are taken from MEIC for 2016, and emission reductions in percentages are taken from
Environmental Quality Guarantee Scheme during G20 in 2016 (Yu et al., 2018).

Period 24e27 August 28 August - 6 September

Sector Industry Power Residential Transport Industry Power Residential Transport Total

Emissions in CRA NOx 1.37 0.54 0.02 0.98 3.53 1.15 0.04 2.50 10.13
NMVOCs 2.43 0.003 0.17 0.66 5.03 0.01 0.35 1.28 9.93
CO 5.33 0.42 0.58 5.64 13.65 0.90 1.45 14.36 42.34
SO2 0.76 0.16 0.02 0.05 1.94 0.35 0.06 0.13 3.47
BC 0.04 0 0.01 0.03 0.1 0 0.02 0.08 0.28
OC 0.03 0 0.02 0.01 0.08 0 0.04 0.03 0.21
Reductions 100% 50% 50% 0% 100% 50% 50% 50% e

Emissions in SCA NOx 1.64 1.35 0.03 1.46 4.24 2.89 0.07 3.72 15.40
NMVOCs 2.83 0.01 0.24 0.91 5.86 0.01 0.49 1.78 12.13
CO 6.80 1.63 1.36 7.86 17.42 3.48 3.41 20.00 61.95
SO2 0.91 0.4 0.04 0.08 2.33 0.85 0.09 0.19 4.89
BC 0.05 0 0.02 0.05 0.12 0 0.04 0.12 0.40
OC 0.04 0 0.05 0.02 0.1 0 0.12 0.05 0.38
Reductions 50% 30% 30% 0% 50% 30% 30% 50% e

Emissions in CAZJ NOx 0.87 0.5 0.02 0.9 2.26 1.09 0.06 2.3 8.00
NMVOCs 1.56 0.003 0.19 0.58 3.23 0.01 0.38 1.12 7.07
CO 3.34 1.08 1.05 4.96 8.54 2.36 2.62 12.62 36.58
SO2 0.48 0.13 0.03 0.05 1.23 0.28 0.07 0.12 2.39
BC 0.02 0 0.01 0.03 0.06 0 0.03 0.07 0.22
OC 0.02 0 0.04 0.01 0.05 0 0.09 0.03 0.24
Reductions 50% 30% 30% 0% 50% 30% 30% 0% e

Emissions in CAYRD-ZJ NOx 10.58 7.5 0.41 10.96 27.81 16.61 1.03 27.94 102.84
NMVOCs 10.63 0.04 2.14 3.38 22.29 0.08 4.3 6.86 49.72
CO 65.17 8.94 31.04 30.98 169.12 19.82 77.59 78.98 481.63
SO2 5.46 2.13 0.3 0.44 14.18 4.7 0.74 1.12 29.07
BC 0.38 0 0.3 0.4 1.01 0 0.76 1.02 3.87
OC 0.34 0 1.11 0.14 0.9 0 2.79 0.37 5.65
Reductions 40% 30% 0% 0% 40% 30% 0% 0% e
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G20. Emissions of NOx (NMVOCs) in CRA, Zhejiang province, and
YRD were reduced by 69.3% (84.3%), 45.3% (56.3%), and 27.7%
(37.5%), respectively, during G20.
2.3. Observations

The observed hourly concentrations of air pollutants are ob-
tained from China’s Ministry of Ecology and Environment and can
be downloaded from beijingair.sinaapp.com. There are 11 obser-
vational sites in Hangzhou (Table 2), 10 of which are urban sites and
one is a rural site. Daily mean values of PM2.5, PM10, SO2, CO, NO2,
and MDA8 O3 concentrations are calculated and used for model
evaluation. The observed hourly meteorological parameters (tem-
perature, relative humidity, wind, precipitation) are from Man-
toushan monitoring station which is a national reference climate
station.
Table 2
Locations of observational sites in Hangzhou.

Sites Longitude (�E) Latitude (�N)

Binjianga 120.22 30.21
Xixia 120.06 30.27
Qiandao Lakeb 119.03 29.64
Xiashaa 120.38 30.31
Wolong Bridgea 120.13 30.25
Zhejiang Agricultural Universitya 120.19 30.27
Zhaohui Wuqua 120.16 30.29
Hemu Primary Schoola 120.12 30.31
Linping Towna 120.30 30.42
Chengxiang Towna 120.27 30.18
Yunxia 120.09 30.18

a Urban sites.
b Rural sites.
2.4. Numerical experiments

The simulations of air pollutants are carried out for the time
period of 10 August to 20 September, which are further classified as
the periods of before G20 (PREG20, 10e23 August), during G20 (24
August to 6 September), and after G20 (POSTG20, 7e20
September). To compare the effects of local and joint emission
controls, four numerical experiments are conducted (Table 3):

(1) BASE: Baseline simulation without emission control mea-
sures from 10 August to 20 September;

(2) CTRL_CRA: Same as BASE simulation but with emission
control in CRA during G20;

(3) CTRL_ZJ: Same as BASE simulation but with emission control
over Zhejiang province during G20;

(4) CTRL_YRD: Same as BASE simulation but with emission
control in YRD during G20;

Four more numerical experiments are conducted to quantify the
sensitivity of O3 concentrations to emission reductions in different
sectors from 24 August to 6 September (Table 3):

(5) CTRL_noIND: Same as BASE simulation but no emissions
from industry sector in YRD;

(6) CTRL_noPOW: Same as BASE simulation but no emissions
from power sector in YRD;

(7) CTRL_noRES: Same as BASE simulation but no emissions
from residential sector in YRD;

(8) CTRL_noTRA: Same as BASE simulation but no emissions
from transportation sector in YRD.

All the simulations are driven by the assimilated MERRA-2
meteorological fields and there is a three-month spin-up before
August 24 of 2016.

https://beijingair.sinaapp.com


Table 3
Summary of numerical experiments.

Simulation Simulated time period Sectors with emission control Area with emission control

BASE 10 August-20 September Without control Without control
CTRL_CRA 24 August-6 September Industry, Power, Residential, Transport CRAa

CTRL_ZJ 24 August-6 September Industry, Power, Residential, Transport Zhejiang provinceb

CTRL_YRDd 24 August-6 September Industry, Power, Residential, Transport YRDc

CTRL_noIND 24 August-6 September Industry YRD
CTRL_noPOW 24 August-6 September Power YRD
CTRL_noRES 24 August-6 September Residential YRD
CTRL_noTRA 24 August-6 September Transport YRD

a Red area in the right panel of Fig. 1.
b Red plus orange plus light yellow areas in the right panel of Fig. 1.
c All colored areas under emission control in the right panel of Fig. 1.
d Control measures in CTRL_YRD simulation were actually conducted during G20 meeting.
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3. Results

3.1. Observed meteorological parameters and concentrations of
pollutants

Fig. 3 shows the variations of temperature, precipitation, rela-
tive humidity, wind speed and wind direction in Hangzhou from 10
August to 20 September in 2016. During G20 (24 August to 6
September), mean temperature was 27.4 �C, which was 12.7% lower
than that in PREG20 (31.4 �C) and 15.6% higher than the value in
POSTG20 (23.7 �C). Averaged relative humidity during G20 was
60.4%, which was the lowest value among the three periods (it was
71.7% in PREG20 and 79.2% in POSTG20). The accumulated pre-
cipitation reached 49.5, 16.9, and 153.6 mm in PREG20, G20, and
POSTG20, respectively. Daily wind speeds in the whole period (10
August-20 September) were generally low and most of them were
lower than 4 m s�1. The mean wind speed during G20 was
2.6 m s�1, which was higher than that in PREG20 (2.1 m s�1). The
Fig. 3. (a) Time series of observed daily precipitation (red bars), relative humidity (blue line
from 10 August to 20 September of 2016. (b) Time series of observed daily wind. The val
references to color in this figure legend, the reader is referred to the Web version of this a
period of G20 had high temperature, low relative humidity, and low
wind speed, which were favorable for O3 formation as reported by
Gong and Liao (2019) on the basis of the analysis of all observed O3
pollution events in eastern China during 2014e2017.

Fig. 4 shows the observed daily surface concentrations of pol-
lutants (PM2.5, PM10, SO2, NO2, CO, MDA8 O3) in Hangzhou from 10
August to 20 September of 2016. During G20, concentrations of all
pollutants, except for O3, were kept below national air quality
standards. Relative to PREG20, regional mean concentrations of
PM2.5, PM10, SO2, NO2, CO, and MDA8 O3 in Hangzhou (YRD)
changed by þ3.3 (þ8.9) mg m�3, þ4.0 (þ16.7) mg m�3, þ0.6 (þ3.4)
mg m�3, -4.6 (þ6.8) mg m�3, þ0.06 (þ0.08) mg m�3, and þ11.6
(þ36.6) mg m�3, respectively (Fig. S1). Therefore, concentrations of
all species increased over the YRD and the magnitudes of increases
were larger than those of increases in Hangzhou. Concentration of
NO2 in Hangzhou showed decrease relative to PREG20. These
changes indicate the effectiveness of control measures in Hang-
zhou. The overall increases in concentrations in YRD during G20
with triangles), temperature (black line with dots) at Mantoushan station in Hangzhou
ues are wind speeds and the colors show wind directions. (For interpretation of the
rticle.)



Fig. 4. Observed daily surface concentrations (red lines) of PM2.5, PM10, SO2, NO2, CO and MDA8 O3 averaged over 11 sites in Hangzhou (Table 2) during 10 August to 20 September,
2016. The numbers indicate mean (blue) and maximum (red) concentrations of pollutants before, during and after G20 meeting. Units are mg m�3 for CO and mg m�3 for others. The
blue dashed line in each panel represents national standard for the pollutant (75 mg m�3 for PM2.5, 150 mg m�3 for PM10, 150 mg m�3 for SO2, 80 mg m�3 for NO2, 4 mg m�3 for CO, and
160 mg m�3 for MDA8 O3). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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relative to PREG20 were caused by meteorological conditions. As
shown in Fig. S2, southeasterlies in PREG20 brought fresh air mass
to YRD, while northerlies during G20 carried pollutants to YRD
from polluted areas such as the North China Plain (NCP) and Henan
province (Ni et al., 2018b; Zhang et al., 2020).The observed con-
centrations of all pollutants increased in the beginning of POSTG20.
Therefore, the scientific question is whether the control measures
reduced O3 concentrations during the meeting or not.
3.2. Evaluation of model performance

3.2.1. Evaluation of MERRA-2 meteorological parameters
Fig. 5 shows the comparisons of MERRA-2 meteorological pa-

rameters with observations at the location of Hangzhou (119.8�E,
30.4�N) for sea-level pressure (SLP), relative humidity (RH), 2-m
temperature (T2M), 10-m wind speed (WS) and 10-m wind direc-
tion from 10 August to 20 September of 2016. The observed pa-
rameters are averaged every 3 h to be consistent with the 3-h time
resolution of MERRA-2. During 10 August to 20 September, MERRA-
2 meteorological fields agree closely with measurements, with

normalized mean biases (NMB ¼
Pn

i¼1
ðMi� OiÞPn

i¼1
Oi

� 100%; Mi and Oi

are the MERRA-2 (simulated) value and observed value of a
meteorological parameter (pollutant concentration) at time (or
site) i, respectively, and n is total number of samples) of
4.0%,�0.2%,�3.3%, 5.0% and�52.0% for SLP, RH, T2M, WS, andWD,
respectively. During G20, the correlations between MERRA-2 and
observed meteorological parameters were in the range of
0.54e0.99, indicating that theMERRA-2meteorological parameters
in Hangzhou agreed reasonably well with observations.
3.2.2. Evaluation of simulated MDA8 O3 from the CTRL_YRD
simulation

Fig. 6a shows the comparison of simulated and observed MDA8
O3 concentrations in Hangzhou from 10 August to 20 September.
Simulated magnitude and variation in MDA8 O3 concentrations
agree closely with observations in Hangzhou. In the periods of
PREG20 (simulated by BASE), G20 (simulated by CTRL_YRD), and
POSTG20 (simulated by BASE), MDA8 O3 concentrations have NMBs
of 12.3%, �8.0%, and 31.1%, respectively. The correlation coefficients
of MDA8 O3 concentrations between BASE and observations are
0.70, 0.81, and 0.80 in these three time periods, respectively. Fig. 6b
and c compare the spatial distributions of MDA8 O3 concentrations
in YRD simulated by CTRL_YRD with observations for 25 August
(the second day of G20 period) and 6 September (the final day of
G20). On 25 August, observed and simulated MDA8 O3 concentra-
tions were high (exceeding 150 mg m�3) over a large area that
covered provinces of Anhui, Jiangsu, and northern Zhejiang. The
model captures fairly well the high MDA8 O3 concentrations on 25
August (with r of 0.43 and NMB of �8.9%) and the low concentra-
tions on 6 September (with r of 0.66 and NMB of 25.7%) considering
all the observational sites in YRD.

The model performance shown here is similar to that of GEOS-
Chemmodel reported in studies of Gu and Liao (2016) and Zhu et al.
(2019). The correlation coefficients between observed and simu-
lated pollutants (CO, NO2, SO2, and PM2.5) were in the range of
0.44e0.83 during APEC (Gu and Liao, 2016). The correlation co-
efficients (NMBs) between observed and simulated concentrations
were 0.52 (�22.2%), 0.65 (þ7.1%), 0.71 (�37.6%) for PM2.5 and 0.91
(þ25.0%), 0.86 (þ31.9%), 0.85 (þ20.7%) for MDA8 O3 in Shanghai,
Jiangyin, and Wenzhou, respectively, in July of 2016 (Zhu et al.,
2019).



Fig. 5. Comparisons of MERRA-2 (black) and observed (red) sea-level pressure (SLP), relative humidity (RH), 2-m temperature (T2M), 10-m wind speed (WS) and 10-m wind
direction (WD), at Mantoushan station in Hangzhou, from 10 August to 20 September of 2016. For each time period, the black, red, and blue numbers are the average of MERRA-2
variable, the average of observed value, and correlation coefficients (R) between measurements and MERRA-2 data, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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3.3. Impact of district-joint control on O3 concentrations during
G20

Three numerical experiments (CTRL_CRA, CTRL_ZJ and
CTRL_YRD) are conducted to quantify the impacts of control mea-
sures on O3 during G20 as described in Section 2.4. Fig. 7a-c
(Fig. 7d-f) show, relative to the BASE simulation, the absolute
(percentage) changes in MDA8 O3 concentrations resulting from
emission controls in core area (CRA, red area in the right panel of
Fig.1), in thewhole of Zhejiang Province) (red plus orange plus light
yellow areas in the right panel of Fig.1), and in thewhole of YRD (all
colored areas in the right panel of Fig. 1), respectively, and con-
centrations are averaged over 24 August to 6 September. The largest
reductions in MDA8 O3 concentrations are simulated in northern
Zhejiang province. Compared to the BASE simulation, highest re-
ductions in MDA8 O3 concentrations are simulated to be,
15.6 mg m�3 (8.0%), 21.9 mg m�3 (11.7%), and 26.0 mg m�3 (14.0%) in
simulations of CTRL_CRA, CTRL_ZJ, and CTRL_YRD, respectively. It
should be noted that the location of highest reduction in MDA8 O3
is simulated to be south of the core area, as a result of the high
MDA8 O3 concentrations in that location simulated by BASE
because of high emissions of biogenic VOCs (Li et al., 2016b) and the
prevailing northerlies at 850 hPa during G20 (Fig. S3a). At Hang-
zhou, averaged over 24 August to 6 September, while MDA8 O3
concentration was 160.2 mg m�3 from observations, simulated
values are 166.9, 155.6, 152.1, and 147.4 mg m�3 in the BASE,
CTRL_CRA, CTRL_ZJ, and CTRL_YRD simulations (Fig. 7d), respec-
tively. Control measures in CRA, Zhejiang province, and YRD are



Fig. 6. (a) Comparison of daily MDA8 O3 concentrations (mg m�3) from simulations (BASE: black line with squares; CTRL_YRD: green line with diamonds) with observations (red line
with dots) in Hangzhou from 10 August to 20 September of 2016. Blue dashed line represents national standard for O3. For each period of PREG20, G20, and POSTG20, mean
concentration (mg m�3; red, black, and green number for observations, BASE and CTRL_YRD simulations, respectively) of MDA8 O3 as well as the correlation coefficient between
simulated and observed MDA8 O3 concentrations (blue) are indicated. Spatial distributions of simulated (shades) by CTRL_YRD and observed (dots) concentrations of MDA8 O3 (mg
m�3) in YRD are shown for (b) 25 August and (c) 6 September. The star indicates the location of Hangzhou. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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simulated to lead to, respectively, 6.8%, 8.9%, and 11.7% of re-
ductions in averaged MDA8 O3 in Hangzhou during G20 relative to
the BASE simulation. These results suggest that the emission con-
trol measures reduced O3 concentrations in Hangzhou effectively
although O3 concentrations with emission controls still exceeded
the national standard of 160 mg m�3 during G20. The reductions in
O3 concentrations with emission controls in YRD are higher than
those with controls in core areas or in the whole of Zhejiang
province, indicating the effectiveness of district-joint emission
control measures. These model results also suggest that, in reality,
regions to carry out emission control can be decided on the basis of
the targetedmagnitude of reduction in O3, since emission control in
the core area alone improved O3 pollution in Hangzhou.
3.4. VOCs-NOx-O3 sensitivity during G20

As the most important precursors of O3, NOx (NO þ NO2) and
VOCs play crucial roles in the formation of tropospheric O3, and
controlling them properly can reduce O3 concentration effectively
(Rabl and Eyre, 1998; Atkinson, 2000; Shao et al., 2009; Wei et al.,
2014). O3 formation is a highly nonlinear process. The O3-pre-
cursors relationship can be classified into the NOx-limited, VOC-
limited, and transitional regimes quantified by VOCs/NOx ratios
(Sillman, 1999; Sillman and He, 2002; Ran et al., 2009;
Prabamroong et al., 2012; Strong et al., 2013; Zou et al., 2015; Jia
et al., 2016; Li et al., 2017). In the VOC-limited (NOx-limited)
regime, O3 decreases with decreasing VOCs (NOx) and increases
with decreasing NOx (VOCs). In transition regime, O3 is sensitive to
both NOx and VOCs (Milford et al., 1989; Seinfeld and Pandis, 2006).
We used the typical VOCs/NOx ratios which were applied by
empirical kinetic modeling approach (EKMA) to classify sensitivity
regimes during G20 to indicate the possible O3 response to changes
in VOCs or NOx concentrations. O3 formation can be VOC-limited if
the ratios are less than 4 and can be NOx-limited if the ratios are
larger than 15. The VOCs/NOx ratios of 4e15 indicate a transitional
regime (Lou et al., 2010; Edson et al., 2017; Li et al., 2017a), with
which O3 concentrations will increase with increasing NOx and
VOCs and vice versa (Sillman, 1999).

Fig. 9 shows the simulated distribution of the ratios of VOCs/NOx
in YRD from the GEOS-Chem model averaged over 24 August to 6
September. Following Lou et al. (2010), VOCs considered include
ethane, propane, alkanes with more than 4 carbon atoms, propene,
ketones, Methyl ethyl ketone, isoprene, other aldehydes, aldehydes
with more than 3 carbon atoms, methyl ketone, methacrolein, and
formaldehyde. VOCs/NOx ratios are simulated to be 9.9 in the core
area, 17.7 in southern Zhejiang province, and 3.8 in southern
Jiangsu province. Correspondingly, central and northern Anhui and
southern Jiangsu were VOC-limited, western and southwestern
Zhejiang were NOx-limited, and northern, central (core area), and
southeastern Zhejiang were in the transitional regime. The regimes
we identified agrees with the results of previous studies using
models and observations (Jin and Holloway, 2015; Li et al., 2017a;
Wang et al., 2019). Therefore, reductions in either NOx or VOCs
reduced O3 concentrations effectively in Hangzhou during G20.

It should be noted that the VOCs/NOx ratio can only be consid-
ered as an indicator to analyze the possible ozone response to



Fig. 7. (a)e(c) Absolute differences (mg m�3) and (d)e(f) percentage changes (%) in
MDA8 O3 concentrations in CTRL_CRA, CTRL_ZJ, and CTRL_YRD simulations (from top
to bottom) relative to the BASE simulation. (g) Comparisons of daily MDA8 O3 con-
centrations (mg m�3) from the BASE (black line), CTRL_CRA (blue line), CTRL_ZJ (cyan
line) and CTRL_YRD (green line) simulations with observations (red line) in Hangzhou
from 10 August to 20 September of 2016. The colored numbers are the averaged MDA8
O3 concentrations (mg m�3) during G20 from measurements and simulations. The red
star in (a)e(f) indicates the location of Hangzhou. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Simulated distribution of the ratios of VOCs/NOx averaged over 24 August to 6
September. The red star indicates the location of Hangzhou. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)
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changes in VOCs or NOx concentrations because this rule does not
account for the impact of VOCs reactivity, biogenic response,
geographic variations (Sillman, 1999). The typical values for
differentiating the two regimes can also be different according to
regions and time periods in previous studies (Milford et al., 1994;
Hanna et al., 1996; Zou et al., 2015).

3.5. Impact of emission reductions by sectors on O3

According to the measurements during G20, mean concentra-
tion of MDA8 O3 in Hangzhou (160.2 mg m�3) was above the na-
tional air quality standard (Fig. 4). Extra emission reductions should
be carried out to keep O3 concentrations below national standard. It
will be helpful to examine the sensitivities of O3 concentrations in
Hangzhou to emissions in different sectors (industry, power,
transportation, and residential sectors) during G20. Four numerical
experiments are conducted as described in Section 2.4.

Fig. 9 shows, relative to the BASE simulation, the changes in
mean MDA8 O3 concentrations in Hangzhou during G20 when
emissions of a specific sector are set to zero in YRD. The emissions
from industry sector play a dominant role in O3 formation in YRD.
The removal of emissions of all anthropogenic chemical species
(NOx, VOCs, CO, BC, OC, NH3, SO2) from industry sector would
reduce MDA8 O3 concentrations in the whole of YRD especially in
Zhejiang province during G20 (Fig. 9a), with the highest reductions
of 23.1 mg m�3 in MDA8 O3 concentrations. Simulated distribution
of reductions in MDA8 O3 concentrations is similar to that of
simulated MDA8 O3 in the BASE simulation (Fig. S3b). The emis-
sions of both NOx and VOCs from industry sector are high in
southern Jiangsu province, Shanghai, and northern Zhejiang prov-
ince (Figs. S4a and S4e). The largest reductions in MDA8 O3 in
central Zhejiang in Fig. 9a is a result of the transitional regime in
this region (Fig. 8). Concentrations of MDA8 O3 in Hangzhou during
G20 would decrease by 17.6 mg m�3 (10.5%) due to cutting off
emissions from industry sector in YRD.

In power sector, emissions of NOx are dominant and those of
VOCs are practically zero. The highest NOx emissions are located
over Southern Jiangsu and Shanghai (Figs. S4b and S4f). The
removal of emissions from power sector would have an adverse
effect of increasing MDA8 O3 concentrations by 0e6 mg m�3 in
Southern Jiangsu and Shanghai (Fig. 9b) where VOCs/NOx ratios
exhibit a VOC-limited regime. In Hangzhou, the removal of emis-
sions from power sector in YRD is simulated to reduce MDA8 O3
concentrations during G20 by 5.1 mg m�3 (3.1%).

In transportation sector, emissions of NOx are much higher than
those of VOCs (Figs. S2e and S2g), and emissions are generally high
in southern Jiangsu, Shanghai, and Hangzhou. The removal of
emissions from transportation sector would reduce concentrations
of MDA8 O3 in the whole of YRD, especially in central and southern
Zhejiang province where highest reductions of about 16.0 mg m�3

are simulated. Over southern Jiangsu and Shanghai where O3 for-
mation is VOC-limited, the reductions in MDA8 O3 are small (less
than 3 mg m�3). Without emissions from transportation sector,
concentrations of MDA8 O3 in Hangzhou during G20 would be
reduced by 12.3 mg m�3 (7.4%) relative to the BASE simulation.

Among the sectors considered here, residential sector has the
lowest emissions of NOx and the second lowest emissions of VOCs
(Figs. S2d and S2h). Emissions of VOCs are larger than those of NOx,
so the removal of emissions from residential sector would reduce
MDA8 O3 concentrations in the whole of YRD. Reductions in MDA8
O3 concentrations of 3e6 mg m�3 are simulated in northern Zhe-
jiang, southern Jiangsu, and southern Anhui provinces. No emis-
sions from residential sector would reduce concentrations of MDA8
O3 in Hangzhou by 3.2 mg m�3 (1.9%) during G20.

In summary, to further reduce O3 in Hangzhou, reductions in
emissions from industry and transportation sectors can be themost
effective. Reductions in industry sector over the strictly controlled



Fig. 9. Simulated mean changes in MDA8 O3 concentrations (mg m�3) during G20 in
simulations (a) without emissions from industry sector (CTRL_noIND), (b) without
emissions from power sector (CTRL_noPOW), (c) without emissions from trans-
portation sector (CTRL_noTRA), and (d) without emissions from residential sector
(CTRL_noRES) in YRD relative to BASE simulation. The red star in (a)e(d) indicates the
location of Hangzhou. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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area (Fig. 1) would be especially helpful for keeping the MDA8 O3
concentrations in Hangzhou during G20 below the national stan-
dard considering the transitional regime in that region. It should be
noted that the simulations with 100% emission reductions in each
sector represent an ideal assumption to evaluate the impact of
emission reductions by sectors on O3. The percentage of emission
reductions conducted in core area in Hangzhou of different sectors
were in the range of 50%e100% during G20 (Table 1), so the actual
impacts of the emission reductions conducted for the four sectors
would be less than those obtained from the sensitivity studies.
4. Conclusion

Summertime O3 concentrations have been increasing over
eastern China since 2013. Here we take G20 meeting as an example
to investigate whether and how the emission control measures can
reduce O3 concentrations under the typical weather condition
during late summer to early fall. The emissions, concentrations, and
meteorological conditions are examined from 10 August to 20
September in 2016, covering the periods of PREG20, G20, and
POSTG20. The nested-grid version of the GEOS-Chemmodel is used
to assess the effectiveness of emission control measures carried out
during G20.

During G20 meeting, observed concentrations of all air pollut-
ants were below national air quality standards except for O3. With
the emission control measures, mean MDA8 O3 concentration was
160.2 mg m�3 during G20. Analyses of meteorological parameters
show that the period of G20 had high temperature (27.4 �C), low
relative humidity (60.4%), low wind speed (2.6 m s�1) and insuffi-
cient precipitation (16.9 mm), all of which were favorable for O3
formation.
Model evaluation shows that the GEOS-Chem model can cap-

ture well the daily variations of MDA8 O3 in Hangzhou, with cor-
relation coefficients (NMBs) of 0.71 (12.3%), 0.81 (�8.0%), and 0.80
(31.1%) in PREG20, G20, and POSTG20, respectively. Model simu-
lations show that, during G20, the control measures in the core
control area, Zhejiang province, and the whole of YRD lead to re-
ductions in MDA8 O3 in Hangzhou by 6.8%, 8.9%, and 11.7%,
respectively, indicating that it is essential to carry out district-joint
control measures during G20. Ratios of VOCs/NOx in YRD during
G20 indicate that the core area and most of Zhejiang province were
in transitional zone (4�VOCs/NOx � 15); reductions in either NOx
or VOCs can reduce concentrations of O3 effectively.

Sensitivities of MDA8 O3 concentrations to emission reductions
in different sectors, including industry, power, transportation, and
residential sectors, are also examined. Removal of emissions of all
chemical species from these sectors are simulated to reduce the
MDA8 O3 concentrations in Hangzhou during G20 by 17.6 mg m�3

(10.5%), 5.1 mg m�3 (3.1%), 12.3 mg m�3 (7.4%), and 3.2 mg m�3 (1.9%),
respectively. Therefore, the control of emissions from industry and
transportation sectors in YRD can be themost effective to reduce O3

in the YRD. Considering the location and the NOx/VOCs ratios,
further reductions in industry sector in the strictly controlled area
would be especially helpful to keep concentrations of O3 in Hang-
zhou below the national standard during G20.

On the basis of our results, we argue that O3 pollution can be
controlled in summer by emission reductions under the back-
ground of seriously increasingly O3 pollution in China. The effec-
tiveness of emission control measures in Hangzhou depend on the
local transitional regime of VOCs/NOx ratios in summer, which may
not be the situation in other places of eastern China. Our model
results may also have uncertainties in emissions inventories and
the assumed reduction rates. This work highlights the necessity of
district-joint control and the sensitivities of O3 to reductions in
different sectors provide suggestions for O3 control in YRD in the
future.
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