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Cover Letter

Dear Editor,

We are truly grateful to the reviewers' critical comments and comprehensive suggestions on our
manuscript. Based on these comments and suggestions, we have made significant modifications on
the original manuscript. The whole manuscript has been carefully checked and a lot of
paragraphs have been added or rewritten to better the structure. The sections of abstract,
discussion, and conclusions are all rewritten. All changes made in the text are marked with red
color in the revised manuscript. The point-to-point responses to the reviewers’ comments are listed
as below. We hope the revised manuscript is now suitable for publication in Atmospheric Chemistry

and Physics. Thank you for your consideration.

Best wishes

Sincerely yours

Prof. Kun Luo (corresponding author)

State Key Laboratory of Clean Energy Utilization,

Zhejiang University, Hangzhou 310027, P. R. China

E-mail: zjulk@zju.edu.cn; Tel/Fax: 86-571-87951764
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Replies to reviewers’ comments point by point

Referee #1

1. While this is an interesting case study, the motivation of the paper is not clear to me. Specifically,
the authors did not say whether [a] they want to study how surface ozone responded to the tropical
cyclone during their study period or [b] if they are interested in understanding whether emergency
control measures put in place for the G20 meeting helped reduce ozone levels or not? If their objective
is [a], this study lacks novelty because it is now well understood that clear-sky stagnant conditions
favor photochemical ozone formation and cloudy-skies suppress it. Thus, ozone variations reported
and modeled before, during, and after the cyclone are expected and there is no new knowledge gained
here. If their objective is [b], the model experimental design is not appropriate. The authors did not
modify their emission input to reflect emission control measures in their model simulations and no
sensitivity experiment was performed to understand what would have happened in the absence of
emergency emission control measures?

Reply: Thank you for this valuable comment. Accordingly, we have highlighted the motivation of the
present study by rewriting the introduction with two additional paragraphs. The main objective of the
present study is to understand the unique response of ozone increase to emission control measures
during the 2016 G20 Summit in Hangzhou, while other pollutants had been significantly reduced (Li
et al. 2019; Wu et al. 2019; Ji et al. 2018; Zheng et al. 2019). The title of the manuscript is also
changed as “Spatial-temporal Variations and Process Analysis of O3 Pollution in Hangzhou during
the G20 Summit” to reflect this motivation. For this purpose, a regional air quality model, within the
framework of the Model Inter-Comparison Study for ASIA phase III (Li et al., 2019), is used to
investigate the spatial-temporal variations of ozone pollution in Hangzhou during the G20 Summit.
Process analysis is conducted to understand the chemical and physical factors that contribute to the
local O3 abundance. It is worth noting that the base emission input has been modified to reflect

emission control measures in our model simulations. Sensitivity experiments are not performed as
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previous surface observations (Li et al. 2019; Wu et al. 2019; Ji et al. 2018; Zheng et al. 2019) have
suggested that the control measures took no immediate effect on local ozone formation, but
significantly reduced other pollutants. The added two paragraphs are attached as below.

“Hangzhou, the capital of Zhejiang Province, is located in the center of the Yangtze River Delta
which is one of the most developed areas in China. Resultant from local emissions (Wu et al. 2014,
Hu et al. 2015) and transboundary transport of aerosol and trace gases transport (Liu et al. 2015; Ni
et al. 2018; Zhang et al. 2018), air pollution in Hangzhou has become serious in the recent years. In
2016, Hangzhou city would host the 2016 G20 (Group of Twenty Finance Ministers and Central Bank
Governors) summit during September 4-6. To improve air quality for this event, 14-day temporarily
strict air pollution alleviation measures had been taken to reduce air pollutant emissions in Hangzhou
and surrounding areas from August 24 to September 6, 2016. The emission control scheme includes
a coal-fired power plant capacity 50% reduction since August 24, followed by an “odd-even” on-road
vehicle restriction since August 28, and further emergent VOC reduction from industrial sectors since
September 1 to 6 (Jiet al. 2018; Li et al. 2019; Wu et al. 2019). These short-term measures provide a
valuable opportunity to investigate the response of air quality to the emission reduction, understand
the formation mechanisms of air pollution, and explore effective policies for long-term air pollution
control in the local or regional scale.

The effects of emission control on air pollutants during this G20 Summit have been investigated
by several studies using field observations and numerical models. It is demonstrated that almost all
major air pollutants including SO», NOx (Li et al. 2019; Wu et al. 2019), fine particles (Ji et al. 2018;
Lietal. 2019; Yu et al. 2018; Wu et al. 2019), and VOCs (Zheng et al. 2019) have been significantly
reduced during the 14-day control period, except O3. Su et al. (2017) monitored the vertical profiles
of ozone concentration in the lower troposphere of Hangzhou during the control period by using an
ozone lidar. It was found that the ozone concentrations peaked near the top of the planetary boundary
layer, and the temporary measures took no immediate effect on ozone pollution. Wu et al. (2019)

investigated the variation of air pollution in Hangzhou and its surrounding areas during the G20
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summit by using monitoring data from five sites, and reported that the air quality had been greatly
improved by the implementation of the emission control. However, the average O3 concentration was
increased by 19% compared to the same periods of the five preceding years. This unique response of
ozone pollution to control measures is not well understood, and of great research interest for better
control of ozone pollution in the future.

To this end, a regional air quality model, within the framework of the Model Inter-Comparison
Study for ASIA phase III (Li et al., 2019), is used to investigate the spatial-temporal characteristics
of ozone pollution in Hangzhou during the G20 Summit in the present work. Process analysis is
conducted to understand the chemical and physical factors that contribute to Oz abundance. It is found
that the serious ozone pollution happened, mainly resultant from the local photochemical reactions

which are not under good control by the emission reduction measures.”

2. There was no analysis of whether or not the observations at 96 sites violated the ozone standard
during the G20 meeting?

Reply: Following the reviewer’s suggestion, the observations at 96 sites are analyzed. Fig. 3¢ shows
that during the 14-day emission control period of G20 summit, 52% of the observed ozone samples
from the 96 sites are above the China’s national level-II standard (160pg/m®). This result confirms
that regional ozone pollution appears in the YRD region during the study period. Relevant statement
has been added into the revised manuscript (Line 309-312), and attached as below.

“This phenomenon is consistent with the satellite-derived tropospheric Os distribution in the area
(Suetal. 2017), and is also supported by the observed ozone data from the 96 sites in the YRD region
as shown in Fig. 3c. During the 14-day emission control period of G20 summit, 52% of the observed
ozone samples from the 96 sites are above the China’s national level-II standard (160pg/m?),

suggesting that regional ozone pollution appears in the YRD region during the study period.”
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3. The choice of Hangzhou as the analysis site is also not clear. Authors say that they selected the site
based on evaluation but no evaluation metric was presented to justify their decision to focus on
Hangzhou. Why not use all the observations from 96 sites in your analysis to get a regional picture?
Reply: We have added two paragraphs (lines 84-122 see reply to the first comment) in the introduction
to indicate why Hangzhou is chosen as the focus. Basically, the main objective of the present study
is to understand the unique response of ozone increase to emission control measures while other
pollutants had been significantly reduced (Li et al. 2019; Wu et al. 2019; Ji et al. 2018; Zheng et al.
2019) during the 2016 G20 Summit which was held in Hangzhou. Observations from 96 sites are also
analyzed to give a regional picture (Fig. 3¢), together with the model results, as attached below.
“This phenomenon is consistent with the satellite-derived tropospheric Os distribution in the area
(Suetal. 2017), and is also supported by the observed ozone data from the 96 sites in the YRD region
as shown in Fig. 3c. During the 14-day emission control period of G20 summit, 52% of the observed
ozone samples from the 96 sites are above the China’s national level-II standard (160ug/m?),

suggesting that regional ozone pollution appears in the YRD region during the study period.”

In addition to these major concerns, below are some other specific concerns that the

authors might find useful in their revision.

1) Section 2:3: Can you be a little more specific about the IPR here? Did you save the tendency
terms before and after the call to each process is made in the code? For example, did you save
ozone concentrations before and after the call the chemistry solver and used the difference in the
process analysis?

Reply: Yes, you are right. The IPR analysis is integrated into the WRF-Chem model and all the

tendency terms are saved before and after the call to each process. The difference is then used for

quantitative analysis of each process. For more details, please refer to the study of Jfffries and

Tonnesen (Atmospheric Environment, 1994, 28(18): 2991-3003) and the user guide of WRF-Chem.
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Following the reviewer’s suggestion, we have added relevant description on the IPR analysis in lines
174-183. The description is also attached as below.

“To understand the underlying mechanism of Oz formation, individual physical and chemical
processes of O3 formation are investigated by using the integrated process rate (IPR) analysis in the
WRF-Chem model (Jfffries and Tonnesen, 1994). The IPR analysis differentiates changes in pollutant
concentrations from individual atmospheric process which quantitatively elucidates the contributions
of each process, mainly including advection, diffusion, emission, deposition, clouds process, aerosol
and gaseous chemistry. The IPR analysis has been widely applied and demonstrated to be an effective
tool for investigating the relative importance of individual processes and interpreting O3
concentrations (Goncalves et al., 2009; Tang et al., 2017; Shu et al., 2016). In the present work, we
consider gas chemistry, vertical diffusion, horizontal and vertical advections as the main atmospheric
processes for O3 formation. Other processes, such as cloud process and horizontal diffusion, play

minor roles and are thus not considered.”

2) Table S1: For some reason, the equations did not appear correctly in the Table. Please correct.

Reply: Revised as suggested.

3) Section 2.4: Are the observations from air quality monitoring network quality controlled or did
you apply any quality control procedure to the measurements before using those for evaluation?
Reply: The quality of all the observations from air quality monitoring network has been controlled by

the data provider.

4) Line 255: Change “supply raw material” to “transport ozone precursors”

Reply: Revised as suggested.

5) Figure 8 shows that horizontal advection contributes much larger to the ozone increase on most



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

of the days but in the abstract the authors say “vertical diffusion and chemical production” are the

main drivers. I did not understand how the authors concluded this in the abstract.
Reply: Sorry for the confusion. Although horizontal advection contributes much larger to the ozone
increase on most of the days, the contribution of vertical advection is also larger. The effects of these
two processes have been cancelled out during several circulations. As a result, photochemical
production and vertical diffusion from the upper-air background ozone are the main drivers for the
local ozone. To be clear, we have modified the relevant statements in the abstract and conclusions, as
attached below.

“Interesting horizontal and vertical advection circulations of O3 are observed during several short
periods, and the effects of these processes are nearly cancelled out. As a result, the ozone pollution is
mainly attributed to the local photochemical reactions which are not obviously influenced by the
emission reduction measures. The ratio of reduction of Volatile Organic Compounds (VOCs) to that
of NOx is a critical parameter that needs to be carefully considered for future alleviation of ozone
formation. In addition, the vertical diffusion from the upper-air background O3 also plays an important
role in shaping the surface ozone concentration.”

“Horizontal and vertical advection circulations are captured in Hangzhou, with horizontal
advection the source and vertical advection the sink of the surface Oz in Hangzhou. Consequently,
the serious ozone pollution is mainly resultant from the local photochemical reactions which are not
under good control by the emission reduction measures. As the surface O3 formation in Hangzhou is
dominant by the VOCs-limited regime, the significant reduction of NOx compared to that of VOCs is
unfavorable to chemical generation of O3. The ratio of reduction of VOCs to that of NOx based on the
03-NOx-VOCs sensitivity analysis is a critical parameter for reduction of ozone formation from
photochemical reactions. In addition, it is found that the vertical diffusion from the upper-air notable
background O3 also plays an important role in shaping the surface ozone concentration when the

photochemical reactions are weak. ”
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Referee #2

1. The authors mentioned emergency emission control measures. Were emissions perturbated to
represent these measures? How did emission control measures contribute to the ozone episode?
Reply: Yes, emissions are perturbated to represent these measures. We have added two paragraphs
(please refer to the reply to the first comment of Referee #1) to introduce the background of
emergency emission control measures and the effects on pollutant emissions during the G20 summit.
Previous studies have demonstrated that almost all major air pollutants including SO2, NOx (Li et al.
2019; Wu et al. 2019), fine particles (Ji et al. 2018; Li et al. 2019; Yu et al. 2018; Wu et al. 2019),
and VOCs (Zheng et al. 2019) have been significantly reduced during the 14-day control period,
except O;. It was found that the temporary measures took no immediate effect on ozone pollution (Su
etal. 2017), or even the average O3 concentration was increased by 19% compared to the same periods
of the five preceding years (Wu et al. 2019). This unique response of ozone pollution to control
measures is not well understood, and of great research interest for better control of ozone pollution in
the future, which motives the present work. To obtain the quantitative effect of emission control
measures on the ozone episode, scenario simulations and sensitivity analysis are required, which is
beyond the scope of the current work. However, the modification of the emission inventory to reflect
the control measures has been emphasized in the revised manuscript (line 169-171), as attached below.
“However, it is worth noting that these base inventories have been modified in the simulation to
reflect the realistic emissions according to the control measures taken in the period presented in the

introduction.”

2. The authors claimed that this study revealed notable background O3 concentrations, but it is very
confusing how this conclusion was drawn. How much does it contribute to Os levels in the YRD?

Reply: Thank you for pointing out this issue. The background O3 means the Os that vertically
distributes within the planetary boundary layer. High ozone concentrations, temporarily during most

day time of the emission control period and spatially from the surface to the top of the planetary
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boundary layer, are observed in Hangzhou and even the whole YRD region. This can be seen from
Figs. 5, 7, and 8 in the revised manuscript. The background O; essentially influences the surface O3
concentration through vertical diffusion. Its quantitative contribution to the surface Os level in

Hangzhou is different from day to day, as demonstrated in Figs 8 and 9.

3. It is not convincing that current categorization of process analysis can provide any useful
information. Concluding photochemistry dominated O3 generation does not provide any indications
for O3 pollution control. Which precursor or process are important? More in-depth analyses are
needed.

Reply: The IPR analysis differentiates changes in pollutant concentrations from individual
atmospheric process which quantitatively elucidates the contributions of each process, mainly
including advection, diffusion, emission, deposition, clouds process, acrosol and gaseous chemistry.
It has been widely applied and demonstrated to be an effective tool for investigating the relative
importance of individual processes and interpreting O3 concentrations (Goncalves et al., 2009; Tang
et al., 2017; Shu et al., 2016). In the present work, to understand the underlying mechanism of O3
formation, individual physical and chemical processes of Oz formation are investigated by using the
IPR. The gas chemistry, vertical diffusion, horizontal and vertical advections are considered as the
main atmospheric processes for Oz formation. Other processes, such as cloud process and horizontal
diffusion, play minor roles and are thus not considered.

Through the IPR analysis, interesting horizontal and vertical advection circulations of O3 are
observed during several short periods, and the effects of these processes are nearly cancelled out. As
a result, the ozone pollution is mainly attributed to the local photochemical reactions which are not
obviously influenced by the emission reduction measures. In addition, the vertical diffusion from the

upper-air background O3 also plays an important role in shaping the surface ozone concentration.



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

Following the reviewer’s suggestion, the discussion section has been rewritten and some more
in-depth discussions on the precursors of ozone formation have been added into the revised
manuscript, as attached below.

“Chemical generation of O3z is the net effect of photochemical generation and titration
consumption. VOC oxidation (Jenkin et al., 1997; Sillman, 1999) in photochemical reactions provides
critical oxidants (i.e., ROz) that efficiently convert NO to NO, resulting in further accumulation of
O3 (Wang et al., 2017). The chemical generation of O3 is controlled by NOx and VOCs depending on
which substance is lack in the reactions. As a consequence, there are two sensitivity regimes of O3
production, namely, the NOx-limited and VOC-limited regimes. Previous studies have shown that the
sensitivity pattern of surface O; formation in Hangzhou is dominant by the VOCs-limited regime
(Yan et al. 2016; Li et al., 2017; Su et al., 2017). In this regime, if the regional reduction of VOCs is
much higher than that of NOy, the Oz concentration can be reduced, otherwise if the regional reduction
of VOCs is much less than that of NOx, the inhibitory effect of NOx on O3 generation will be
weakened, and the O3 concentration will increase remarkably (Wang et al. 2015). According to the
studies of Su et al. (2017), Zheng et al. (2019), and Wu et al. (2019), it can be deduced that NOx has
been significantly reduced by about 60%, at least two times of the reduction of VOCs in Hangzhou.
The influence of stringent emission control measures on VOCs is not as immediate and effect as that
on NOx, which is associated with the fact that there was a large amount of biogenic VOC emission in
Hangzhou and surrounding regions (Liu et al. 2018; Wu et al. 2020). In fact, the average temperature
during the study period is as high as around 31°C (Fig. 4c), which facilitates the biogenic VOC
emissions and photochemical reactions. As a result, the photochemical generation of O3 was not under
control and high concentration of ozone appeared. However, it is worth noting that after the emergent
VOCs control measures had been implemented in the area during the third stage, the net generation
rate of O3 gradually reduces since September 2, 2016, leading to a period of relatively low ozone
concentration together with other meteorological effects. These discussions implicate that to alleviate

ozone pollution, the ratio of reduction of VOCs to that of NOx is the key parameter based on the Os-
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NOx-VOC:s sensitivity analysis. As the biogenic VOCs are important sources of the total VOCs in the
YRD region, it is necessary to balance the reduction of NOx to make the ratio within effective regime

in the future.”

Minor comments:
1) Fig. 1a does not show domain 1.

Reply: Domain 1 has been marked in Fig. 1a.

2) Line 119: it is confusing if assimilation of meteorological variables were used or not, how
Reply: Assimilation of meteorological variables are not used in this study. To avoid confusion,

“assimilated” has been corrected as “mapped” in Line 145.

3) Line 143: In June, July, and August, biomass burning emissions are important in east China, why
do you ignore it?

Reply: Biomass burning emissions have already been included in the emission inventory we used
(2016 Multiresolution ~ Emission Inventory for China (MEIC, 0.25° x 0.25%

http://www.meicmodel.org/)). Thus, their effect has been considered.
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control of ozone pollution in the future.
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(https://madis.noaa.gov). Following the study of Zhang et al. (2014), commonly used mean bias (MB)s

Meteorological - AssimilationDatatngest-System—1b) in this study. These observational data are

downloaded from http://www.pm25.in. and Os as well as its precursor NO» are evaluated, in terms of

statistical measures, namely the mean fractional bias (MFB), the mean fractional error (MFE), and

the correlation coefficient (R), following the recommendation of the US Environmental Protection

Agency (US EPA, 2007). Additionally, the meteorological parameters are evaluated based on the

observational data, including temperature at 2 m (T2), relative humidity at 2 m (RH2), 10 m wind

speed (WS10) and direction (WD10), from the Meteorological Assimilation Data Ingest System

Table 1. Discrete statistical indicators used in the model evaluation

Metrics Definition Range
2 N
Mean Fractional Bias (MFB) MFB = ﬁz = x 100% -200% to 200%
2 N
Mean Fractional Error (MFE) N Z x100% 0 to 200%
i S+
N
> (5,-5)0,-0)
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i=1

r= 0tol
\/Z(S -5) 2(0 -0y

1

Mean Bias (MB) MB = FZ(S,' _0,-) -00 to +o0
i
1 N
Gross Error (GE) GE = ﬁZlSi _Oil 0 to +o0
=
Root Mean Square Error (RMSE) RMSE = /—Z(S -0, ) 0 to +oo
i=1

N is the number of samples. S; and O; are values of simulations and observations at time or location i, respectively.
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region, the site of Hangzhou waswill be, focused on for further analysis;-and-WRE-Chem-simulations

-..The time series of hourly

simulated and observed air pollutants (Og, Fig. 3a4a; NO,, Fig. 3b4b) and meteorological factors (T2,

Fig. 3e4c; RH2, Fig. 3d4d; WS10, Fig. 3e4e; and WD10, Fig. 3H4f) at Hangzhou, are presented in

Fig. 3—Ad4. It is found that all modeled data wereare, statistically significantly correlated with the

observed data at the 95% level.

Eorexample,theThe MFB and MFE for both O3 and NOp, swwere-nearthe benchmarksin-partienlarof

Os-levels (MEB/MEE:4%/21%),-and-wereare, well below the benchmarks (MFB/MFE: 15%/35%;

US EPA:, 2007)-—

For-evaluation—of-) and the observed diurnal variations are well reproduced. For meteorological«~——[ Formatted: Indent: First line: 0 ch

parameters,

C,GE = 2.0°C), 10 m wind speed MB < 0.5 m/s, RMSE < 2.0 m/s) and 10 m wind direction

)
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(MB =< +10°, GE =< 30°). McNally (2009) suggested a relaxed benchmark for 2 m temperature

A_AAA

(MB =, +1.0°C). In this study, the 10 m wind speed and wind direction (Fig. 3e, {) results wereare

well within the prepesed-tHmits:benchmarks, The GE of 2 m air temperature (1.9°C; Fig. 3c) also

satisfiedsatisfies the criteriarhewever;, but the MB wasis slightly higher (—1.6°C,and-a-shehthy-hish

temperature-bias-was) which has also been poted in a previous study (Zhang et al., 2014). Overall;

favorable-performanece-was-netedforThese comparisons further demonstrate that the present model

is able to correctly predict, the simutationtime series of both, meteorological parameters and air

pollutants of O3 and NO, jin eemparison-with-ebservationsHangzhou,
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are well captured by the model. This gives us high confidence and lays a solid foundation for further

exploring the pollution characteristics and influencing factors of ozone in Hangzhou during the G20

summit.
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3.2. Spatial-temporal variations of O3 pollution

To discuss spatial-temporal characteristics of O3 pollution in Hangzhou, the whole emission+—{ Formatted: First line: 0 ch

control period can be divided into three stages according to the reduction intensity of the measures.
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September 1-6 2016 is the third stage (S3) with the emergent VOCs control further implemented.

Figs. 4(a) and 4(b) in the above section also present the temporal evolution of Os and its precursor

NO> in Hangzhou city during the emission control period of G20 summit. It is evident that the NO,

has been significantly reduced by the emission control measures and the concentration is well below

the national level-II standard of 200 pg/m>. However, the concentration of O3 keeps high levels for

the whole 14 days, with 7 days of MDAS are above and 4 days are close to the national level-II

standard (GB-3095-2012) of 160ug/m?. This serious O3 pollution indicates that the emission control
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three stages with a peak value at the time around 16:00 and a valley value at the time around

8:00 of each day. However, the variation magnitude in Stage 2 is obviously lower than those of other

stages, which will be further discussed later.

Fig. 5 also clearly shows this diurnal variation of O3 in the ground level. However, nocturnal Os-

rich mass is observed during certain periods in the upper air (approximately 1 km), such as August

25, August 31, and September 3., which makes an n-shaped distribution pattern of the Os in the upper

air. This kind of spatial distribution of ozone will promote vertical exchange of O3 in the area. In
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general, high concentrations of O3 appear vertically until the top of the planetary boundary layer (PBL

approximately <2 km), suggesting the ozone pollution is not a local but a regional phenomenon in

the whole low-level (from surface to close to the PBL height) region.
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684  reactions dominate the ozone formation and accumulation. This phenomenon is consistent with the

685  satellite-derived tropospheric O3 distribution in the area (Su et al. 2017), and is also supported by the

(86  observed ozone data from the 96 sites in the YRD region as shown in Fig. 3¢. During the 14-day

h87  emission control period of G20 summit, 52% of the observed ozone samples from the 96 sites are

688  above the China’s national level-II standard (160ug/m®), suggesting that regional ozone pollution

689  appears in the YRD region during the study period. As the cyclone approached on 27 August, a large

690  belt of O3 mass appeared in the upwind direction and moved toward Hangzhou under a prevailing

691  north wind field (Fig. 7b). Regional pollutant transport may play an important role under this

692  condition. However, because of the rain and cooling effects from the cyclone, the ozone concentration

693  is relatively low in the whole YRD region.

694  3.53. Process analysis of O3 formation /[Formatted: Font color: Auto
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Fig. 10. Simulated hourly downward short wave flux at ground surface in Hangzhou (W m) during August 24 to
September 6, 2016.

which the strongest northwest cold winds (Fig. 4e) occurred and made the net advections of O3

negligible. Similar to Fig. 8, dynamic O3 circulations are observed for the periods of August 24-26,

August 31 to September 2, and September 5-6. Particularly, the circular direction is reverse during

September 5-6 and the net gas chemistry is to consume ozone due to weak solar radiation in the days

as shown in Fig. 10.
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China-(N+-etal5;The chemical generation of O3 is controlled by NOx and VOCs depending on which

substance is lack in the reactions. As a consequence, there are two sensitivity regimes of O3

production, namely, the NOx-limited and VOC-limited regimes. Previous studies have shown that the

sensitivity pattern of surface O3 formation in Hangzhou is dominant by the VOCs-limited regime

(Yan et al. 2016; Li et al., 2017: Su et al., 2017). In this regime, if the regional reduction of VOCs is

much higher than that of NOy, the O3 concentration can be reduced, otherwise if the regional reduction

of VOCs is much less than that of NOy, the inhibitory effect of NOx on O3z generation will be

weakened, and the O3 concentration will increase remarkably (Wang et al. 2015). According to the

studies of Su et al. (2017), Zheng et al. (2019)., and Wu et al. (2019), it can be deduced that NOy has

been significantly reduced by about 60%, at least two times of the reduction of VOCs in Hangzhou.

The influence of stringent emission control measures on VOCs is not as immediate and effect as that

on NOy, which is associated with the fact that there was a large amount of biogenic VOC emission in

Hangzhou and surrounding regions (Liu et al. 2018: Wu et al. 2020). In fact, the average temperature

during the study period is as high as around 31°C (Fig. 4c¢), which facilitates the biogenic VOC

emissions and photochemical reactions. As a result, the photochemical generation of O3 was not under

control and high concentration of 0zone appeared. However, it is worth noting that after the emergent

VOCs control measures had been implemented in the area during the third stage, the net generation

rate of O3 gradually reduces since September 2, 2016, leading to a period of relatively low ozone

concentration together with other meteorological effects. These discussions implicate that to alleviate

ozone pollution, the ratio of reduction of VOCs to that of NOy is the key parameter based on the Os-

NO«-VOCs sensitivity analysis. As the biogenic VOCs are important sources of the total VOCs in the
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