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Abstract: Ozone (O3) pollution is of great concern in the Yangtze River Delta (YRD) region of
China, and the regional O3 pollution is closely associated with dominant weather systems. With a
focus on the warm seasons (April-September) from 2014 to 2018, we quantitatively analyze the
characteristics of Os variations over the YRD, the impacts of large-scale and synoptic-scale
circulations on the Os variations and the associated meteorological controlling factors, based on
observed ground-level O3 and meteorological data. Our analysis suggests an increasing trend of the
regional mean O3 concentration in the YRD at 1.81 ppb per year over 2014—2018. Spatially, the
empirical orthogonal function (E©F)-analysis suggests the dominant mode accounting for 65.70%
variation in O3, implying that an increase in O3 is the dominant tendency in the entire YRD.
Meteorology is estimated to increase the regional mean O3 concentration by 3.032-8+ ppb at most

from 2014 to 2018._Especially, compared to solar radiation (SR) and low cloud cover (LCC) of

relatively large impacting on Os variation, relative humidity (RH) plays the most important role in

modulating the inter-annual O3 variation—Relativehumidity—is—found-to-be-the-meost-influential

meteorological factor impaeting-Os-concentration. As the-atmospheric circulations can affect local
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meteorological factors and O3 levels, we identify five dominant synoptic weather patterns (SWPs)
in the warm seasons in the YRD using the t-mode principal component analysisPFF) classification.
The typical weather systems of SWPs include the western Pacific Subtropical High (WPSH) under
SWPI1, a continental high under SWP2, an extratropical cyclone under SWP3, a southern low
pressure and WPSH under SWP4 and the north China anticyclone under SWP5. The annual
variations of theall five SWPs are all favorable to the increase in O3 concentrations over 2014—
2018. However, crucial meteorological factors leading to increases ineausing—inereasing—of O3

concentrations are different under differenteach SWP. These factors are identified as —ineluding
significant decreases inly-deereasing relative humidityRH and increases in-strensthenine SRselar

radiation under SWPs 1, SWP4 and SWHP5, significant decreases ining RH, increases

instrengthening SR and-nereasing air temperature (T2) under SWP2, and significant decreases ining

RH under SWP3. Under SWPs 1, 4 and 5, significant decreases inty-deereasing RH and increases

in: ing SR are predominantly caused by the WPSH weakening and northward extendin,

under SWP1, the southern low pressure weakening and the WPSH weakening under SWP4, and the

north China anticyclone weakening under SWP5. Under SWP2, significant decreases inly

deereasing RH, increases instrengthening SR and inereasing—T2 are mainly—ehiefly

producecauseproduced by a continental high weakening. Under SWP3, significantly decreasing RH

is mainly induced by an extratropical cyclone strengthening. These changes in atmospheric

circulations prevent the water vapor in the southern and northern sea from being transported to the

YRD and result in RH sSignificantly decreasing under each SWP. In addition, strengtheneding

descending motions (behind the strengthening trough and in front of the strengthening ridge) lead

to decreases ining LCC and sSignificantly strengthening SR under SWPI, 2. 4 and 5. The

sSignificantly increases ining T2 would be due to weakening cold flow introduced by a weakening

continental high. Mereever;Most importantly, the the-these-changes in-in the SWP intensity can

make large variations incausing-sienificant meteorological factors and contribute more-variatio n

take—more—contributionses—more-to the Os inter-annual variation than the variation in the SWP

frequency-change.—_ The
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and-strong-solarradiation,which-are favorable to-Os-formation-and-accumulation. Finally, we

reconstruct an EOF mode 1 time series that is-shews highly correlatedier with the original O3 time

series, and the reconstructed time series performs well in defining the change in SWP intensity

according to the unique feature under each of the SWPs.

1. Introduction

As an air pollutant, surface ozone (O3) is harmful to human health and vegetation growth, such

as damaging human lungs (Jerrett et al. 2009; Day et al. 2017) and destroying forest and agricultural

crops (Yue et al. 2017). Aln—reecent—years;—after the redueing—the—emission_controls following

“Thirteenth Five-Year Plan” Comprehensive Work Plan for Energy Saving and Emission Reduction
in China since 2016, concentrations of many pollutants have decreased over the past few years in
China, but not for Os. Furthermore, heavy O3 pollution episodess occur more frequently and more
severely in China than these-in Japan, South Korea, Eurepe-and the United States, and the European
countries —(Lu et al. 2018). Li et al. (2018) proposed that the rapid decrease of fine particulate
matter (PM) in China is a reason for such O; increase asby slowing-down-the-aerosol sinks of hydro-
preoxy radicals are reduced. Yet, the-contribution-ef-meteorological influences onfaetors-te the O3

increase areis unclear and require needs-further investigations.

Surface O3 is mainly formed through complex and nonlinear photochemical reactions of volatile
organic compounds (VOCs) and nitrogen oxides (NOx) exposed to the sunlight: Ozeneformation-is
regimes-depending-on-concentrations-of NOx-and VOCs-(Xie et al. 2014;Jin-and-Holoway2015).
Meteorology caneuld—alse affect O; levels through modulation of photochemical reactions,
advection, convection and turbulent transport, as well as dry and wet depositions (Liu et al. 2013;

Xie et al., 2016a, 2016b). Synoptic weather patterns (SWPs) and the associated meteorological

conditions can impact long-term and daily O3 variations (Hegarty et al.; 2007; Santurtin et al.; 2015;

Page 3 of 37

(W PR XF 1




89
90
91
92
93
94
95
96
97
98

99
100
101
102
103

104

105
106
107
108
109
110
111
112
113
114
115
116

117

Gao et al.; 2020; Shu et al., 2020). Understanding the mechanisms of meteorological influences on

O3 variations and quantifying such influences would help prevideeffeetive-emission-controlling

plansforto understand the formation of O3 pollution.

Previous studies have revealed that Ssevere O3 pollution episodes are usually accompanied

with speeifielocal-meteorological-conditions;—sueh—as-high temperature, strong solar radiation,

drying condition and stagnant weather-ete: (Jacob and Winner 2009; Doherty et al. 2013; Shu et al.

2016; Pu et al. 2017; Zhang et al. 2018), and- Mereever;these local meteorological conditions are
often related to specific synoptic-scale and large-scale atmospheric circulation systems (Fiore et al.

2003; Leibensperger et al. 2008; Barnes and Fiore. 2013; Shu et al. 2016; Wang et al. 2016; Zhao,

and Wang. 2017 3zi#k). For example, O3 pollution in the eastern United States is notably influenced
by the cyclone frequency (Leibensperger et al. 2008), latitude of the polar jet over eastern North
America (Barnes and Fiore. 2013) and the behavior of the quasi-permanent Bermuda High (Fiore
et al. 2003;; Wang et al. 2016). In China, Yang et al. (2014) illustrated that the changes in
meteorological variableparameters, associated with the East Asian summer monsoon, lead to 2—5 %
inter-annual variations in surface O3 concentrations over the central-eastern China. Zhao and Wang
et-al—(2017) found that a significantly strong western Pacific subtropical high (WPSH) could result
in higher relative humidity (RH), more clouds, more rainfall, and less ultraviolet radiation, finally
leading to less O3 formation. Using model simulation, Shu et al. (2016) investigated the synergistical

impact of the the-WPSH and typhoons on O3 fevelpollution in Yangtze River Delta region.

As known, a region is influenced by different weather systems. Weather classification, as a way
to distinguish the different large-scale and synoptic-scale atmospheric circulation systems, is widely
used in exploring connections between weather patterns and O; levels (Han et al. 2020; Gao et al.
2020). Gao et al. (2020) discussed influences of six SWPs on O3 levels_in the YRD, and revealed
differences in O3 pollution levels due to-the minor changes in atmospheric circulations. However,
spatially, it is uncertain that how-the changes in the SWPs could lead to O3 pollution in detail,
especially in the YRD. For the northern China and the PRD region, Liu et al. (2019) quantified the
impact of synoptic circulation patterns on Os variability in the northern China from April to October
during 2013-2017. Yang et al. (2019) quantitatively assessed the impacts of meteorological factors

and the precursor emissions on the long-term trend of ambient O3 over the PRD region. However¥Yet,
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whether variations in SWPs can lead to O increases in recent years over the YRD has not be

sufficiently addressed.

Due to the recent increases in ever-growing-Os level over in-the YRD (Tong-et-al-204+7;-Gao

et al. 2017; Xie et al. 2017), the-studies on eharaeteristcharacterizing ies-ofthe —O; variation in the

region and understanding thethe-underlying mechanisms for the variation are urgently required. To

this end, here-the temporal and spatial variations in surface O3 including —variations-in-space-and

time;as-well-as-5-year trend over;-in the YRD areis quantitatively investigated, and the mechanisms

of meteorological influences on the O; variations are analyzed. Especially, the characteristics of the
corresponding SWPs are discussed in detailed. The remainder of this paper is organized as follows.
Data and methods are introduced in section 2. The inter-annual variation and 5-year trend and spatial

variation characteristics of surface ozone in the YRD -—are illustrated in section 3.1. The impact of

meteorological factors on the O; variation is discussed in section 3.2. The main SWPs and the effects
of their changes on the O3 variation are described in section 3.3. Section 3.4 discusses the
contributions of the changes in SWP intensity and frequency-ehange to the inter-annual variation

and trend of O;. Finally, the conclusion and discussions are shown in section 4.

2. Data and methods

2.1. O; and meteorological datasets

The maximum daily 8-hours average O3 data are available from the National Environmental
Monitoring Center of China, which were acquired from the air quality real-time publishing platform
(http://106.37.208.233:20035). The hourly observation data of meteorological factors including air

temperature (T), RH_and; wind speed (WS) and-sunshine-duration{SD)-in the warm seasons from

April to September over 2014-2018 were acquired from the National Meteorological Center of

China Meteorological Administration (http://eng.nmc.cn). 26 cities are selected as typical cities
representative of the YRD according to the “Urban agglomeration on Yangtze River Delta”

approved by China’s State Council in 2016. There are total 172 stations in 26 cities. In order to

better characterize the Oz pollution levels of each city, the hourly O3 concentration of each city is

calculated as the average value of the O; concentrations measured in several of the national

monitoring sites in that city. In this paper, the term "O3 concentration" refers to the maximum daily

8-hours average O3 concentration unless stated otherwise.
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2.2. Linear trend analyses

Tin-erderto characterize the O3 variation in the warm seasons during 2014-2018 over the
YRD, a linear trend method based on monthly anomalies is used (see Equation 1), which has been
widely used to calculate the trends of time series with seasonal cycles and autocorrelation.—_The O3
monthly anomalies are more precise than O3 monthly means because the impact of-eftheredueing

impaet—of missing data_is reduced. In addition, hourly O; data and fewer yearly Os; data are

inappropriate to use because of due-to-the-eontaining too many temporal variation signals and easily

overfitting. Using this method, Cooper et al. (2020) and Lu et al. (2020) quantified the O; trend in
27 globally distributed remote locations and the whole China. Aln-addition;-anomalies of monthly
average O; concentration are defined as the difference between the individual monthly mean and
the monthly mean of 2014-2018. The parametric linear trend is calculated by using the generalized

least-squares method with auto-regression.

yt=b+kt+(xcos(%)+ﬁsin(%)+Rt (1),

where y, represents the monthly anomaly, t is the monthly index from April to September during
2014-2018, b denotes the intercept, k is the linear trend, @ and B are coefficients for a 6-
month harmonic series (M ranges from 1 to 6) which is used to account for potentially remaining

seasonal signals, and R, represents a normal random error series._In this study, linear trend k is

regarded as the inter-annual O3 variation trend and is discussed in section 3.1.1.

2.3. Meteorological adjustment

The meteorological adjustment, a statistical method, is applied to quantify the impact of
meteorology on O; variation through removing such impact in the original O3 data. It is similar to a
model simulation that keeps the emission levels fixed but allows meteorology to vary. Yet, this
method requires much less computing resources than a model simulation. The method is introduced
in detail as follows.

In the meteorological adjustment, the observed O3 and meteorological data are separated into
long-term, seasonal, and short-term data (Rao and Zurbenko 1994a, b). The Kolmogorov-Zurbenko

(KZ) filter can be expressed as follows.
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R =L +SEO)+W() 2),
where R(t) represents the raw time series data, L(t) the long-term trend on a timescale of years,
S(t) the seasonal variation on a timescale of months, and W (t) the short-term component on a
timescale of days.

In order to remove the high-pass signal, the KZ filter carries out p times of iterations of a
moving average with the window length m, which is defined as
Vi==% Ry )
where R is the original time series, i an index for the time of iteration, j an index for sampling inside
the window, and k& the number of sampling on one side of the window. The window length m = 2k
+1. Yis the input time series after one iteration. Different scales of motions are obtained by changing
the window length and the number of iterations (Milanchus et al. 1998; Eskridge et al. 1997). The
filter periods of less than N days can be calculated with window length m and the number of

iteration p, as follows:

mxp: <N @)

Therefore, the cycles of 33 days can be removed by a KZ-(15, 5) filter with the window length of
15 and 5 iterations. In Ethe-foHowing-equation 5, BL(t) is the O3 and meteorological time series
obtained by KZ(15,5) filter and refers to their baseline variations which are the sum of the long term
L(t) and the seasonal component S(t).-

BL(t) = KZ(15,5) = L() + S(t) = KZ(1833) + S(t) (5)-

The long-term trend is separated from the raw data obtained by KZ (183, 3) with the periods of >
632 days, and then the seasonal and the short-term component W (t) can be defined as

S®) =KZgss) — KZ(1833) (6),

W () = X() — BL(t) = X(t) — KZ(15,5) .

After KZ filtering, the meteorological adjustment is conducted by the multivariate regression
between the O3 concentration and meteorological factors such as T, RH, wind speed and sunshine

duration (Wise and Comrie 2005; Papanastasiou et al. 2012).

Ap (t) = apy + X bpri - Mpy; + €5, (0) (3),
Ay () = aw + X by - My + €w () ),
€(t) = €p,(t) + ew(t) (10),
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Aqq(t) = €(t) + X bgyi - Mpyi + X by - My + ap, + ay an.

the multivariate regression models between baseline and short-term O3 and meteorological factors
are shown in Eequations 8 and 9. The Ap;(t) and Mp;; represent the sum of the long term L(t)
and the seasonal component S(t) of O3 concentration and meteorological factors. The Ay, (t) and
My,; represent the short-term W(t) of O3 concentration and meteorological factors. The a and b
are the fitted parameters, and i is time point (days). €(t) is the residual term. The average
meteorological condition M at the same calendar date during the 5 years is regarded as the base
condition for that date, and the meteorological adjustment is conducted against the base condition.
InBy these steps, Agyq(t) refers to the meteorologically adjusted O; variation with the
homogenized annual variation in meteorological conditions. The difference between raw O; time

series and Agq(t) represents the meteorological impact.

2.4. Classification of SWPs

In order to find the detailed variation characteristics of SWPs, we first extract the predominant
SWPs in the warm seasons over the YRD using a weather classification method. Common objective
classification methods include using predefined type, the leader algorithm, the cluster analysis,
optimization algorithms and eigenvectors (Philipp et al. 2016). The PTT method, a simplified
variant of t-mode principal component analysis using orthogonal rotation, is used to classify SWPs
during 2014-2018. It is one of the methods for weather classification in European Cooperation in
Science and Technology Action 733 (Philipp et al. 2016), which is widely used in atmospheric

sciences (Hou et al. 2019).

2.5. FNL and ERA-Interim meteorological data

The National Center for Environmental Prediction Final Operational Global Analysis (FNL)
data (http://rda.ucar.edu/datasets/ds083.2/) produced by the Global Data Assimilation System are
used in classifying SWPs and analyzing atmospheric circulations. The data have a horizontal
resolution of 2.5°%2.5°, with 144x73 horizontal grids available every 6 hours. From the near surface
layer to 10 hPa, there are 17 pressure levels in the vertical direction. The data of the geopotential

height and wind at 500 hPa and 850 hPa, the vertical wind (£2), T and RH are used in this study. At
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the same time, the lowtetat cloud cover (LFCC), the total cloud liquid water (TCLW) and solar

radiation (SR) from ERA-interim are supplemented in this study, which have the same temporal and

spatial resolutions as the FNL data. Moreover, the western Pacific subtropical high index (WPSHI)

and the eastern Asian summer monsoon index (EASMI) are calculated using the FNL data of the

geopotential height and wind at 850 hPa. The WPSHI is defined following theaceordingto western

Pacific subtropical high intensity index in the National Climate Center of China.; Specific formula

refers to website (https://cmdp.ncc-cma.net/extreme/floods.php?product=floods _diag). The EASMI

is a shear vorticity index. It is defined as the difference of regional mean zonal wind at 850 hPa

between 5 and 15°N, 22.5 and 32.5°N, 90 and 130°E, and 110 and 140°E in Wang and Fan (1999),

recommended by Wang et al. (2008).

The FNL geopotential height field at 850 hPa can capture the synoptic circulation variations
over the YRD well (Shu et al. 2017). In this study, we use the geopotential height at 850 hPa from

April to September during 2014-2018 as the input for the PTT. WPSHI and EASMI are correlated

diseussed-the-correlations-with the Os time series. WBesides—when-we used the Pearson correlation

coefficient to calculate the correlations between two time series-Pearson-correlation-coefficientis

B

2.6. Reconstruction of O; concentration based on SWP

To quantify the inter-annual variability captured by the variations (frequency and intensity) in
the synoptic weather patterns, Yaranl (1992) provided an algorithm to find the contribution of SWP
frequency variation to the inter-annual O; variation. The specific calculation is as follows.
Oz (fre) = Xioy OgcFm (12),
where ﬁ@‘re} is the reconstructed mean O3 concentration influenced by the frequency variation
in SWPs from April to September for year m, O, is the 5-year mean O3 concentration for SWP
k, and Fy,, is the occurrence frequency of SWP k during April-September for year m.

—Hegarty et al. (2007) suggested that changes in the SWP include both frequency change and

intensity change. The intensity of SWPs represents the location and strength of the weather system.
Moreover, they noted that the environmental and climate-related contributions to the inter-annual

variations of O3z could be better separated by considering these two changes. So, Equationl2 is
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modified into the following form.

Osm(fre +int) = ¥f_1 Oz + AO3iem) Fiem (13),

where ﬁ(fre + int) is the reconstructed average O3 concentration influenced by the frequency
and intensity changes of SWPs from April to September for year m; AOsy,, is the modified
difference on the fitting line, which is obtained through a linear fitting of the annual O3 concentration
anomalies (AO3) to the SWP intensity index (SWPII) for SWP & in year m. AOzy,, represents the
part of the annual observed O; oscillation caused by the intensity variation in each SWP. Hegarty et
al. (2007) used the domain averaged sea level pressure to represent the circulation intensity index
(CII). Liu et al. (2019) reconstructed the inter-annual Os level in the northern China using the center

pressure of the lowest pressure system. However, But-we find the intensity variation in each SWP

is different when O; increases. So we select different SWPII under each SWPpattera_—according to
the characteristics of high O3 concentration. Lastly, we select the maximum height in zone-1 (25°N—
40°N, 110°E—130°E), the maximum height in zone-2 (20°N—50°N, 90°E—140°E) and the mean

height in zone-3 (10°N—40°N, 110°E—130°E). Especially, zones1, 2 and 3 were selected in term of

location of dominated weather systems under each SWP. Detailed demonstration is introduced in

section 3.5.

3. Results and discussion
3.1. Spatio-temporal variations of Os in the YRD region
3.1.1. Inter-annual variations of O3

Fig. 1a shows the time series of the anomalies of the monthly mean O3 concentration over the
YRD from April to September during 2014-2018, as well as the corresponding linear fitting curve.
Fig.ure 1b shows the annual variation in the total number of days with O3 concentration exceeding

the national standard during the warm seasons over 2014-2018period. As shown in Fig. la, the

monthly mean O3 concentration in the warm seasons increases over 2014-2018, reaching the
maximum of 37.4437:44 ppb in 2017 and maintaining at a high level in 2018. According to the

generalized least-squares method with auto-regression in section 2.2, obtained fitting function is

Ye = —0.8076 + 0.0521¢ — 0.4824 cos (22 + 0.6646 sin () + R, _._Specifically, 5.21%

(1.81 ppb) of k value as the Os inter-annual variation shows a large increasing trend in the YRDO3
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ar, which is

slightly higher than that in the entire China (5.00% per year, Lu et al. 2020). Meanwhile, the annual

average days with Oz exceeding the standard during the warm seasons also show an increasing trend,

reaching a peak in 2017 and maintaining at a high level in 2018. In all, both means and extremes of

O3 concentration have increased over the YRD.

5 (a) Linear trend :  5.21% (1.81 [ppbiyear]) & (a) Linear trend :  5.21% (1.81 [ppbiyear])
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Fig. 1. (a) Anomalies of monthly average Oz concentration from April to September during
2014-2018. The purple solid line represents the linear fitted curve (y, = —0.8076 + 0.0521t),
and the color number represents the annual (April-September) mean of O3 concentration. (b)

Annual (April-September) variation in the days with O3 exceeding the national standard.

3.1.2. Characteristics of O3z variability based on the EOF analysis

Toln-erderte further discuss the spatio-temporal distribution characteristics of the observed O3
concentration, the EOF approach is used to uncover the relationship between the spatial distribution
and temporal variation. By removing the missing data for 17 days, O3 concentrations in 898 days
are processed. The percentages of variance contribution for the first three patterns are 65.70 %,

13.80 % and 9.10 %, respectively. The significance tests of the EOF eigenvalue confirm that the
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first three patterns are significantly separated. Approximately 88.60 % of the variability in the
original data is contained in these three patterns. In the first EOF pattern (EOF1), the observed O3
over the YRD changes similarly and the center of the variation is located in the middle of the YRD
(Fig. 2a). As shown in Fig. 2b, the time series of EOF1 presents an increasing —deereasing-trend
and shows a high negative correlation with the time series of O3 (R = =0.983). Therefore, to some
extent, the EOF1 time series variation can represent the daily mean Os variation and implies an

increasing trend of regional mean Os concentration during these periods._—Censidering the-negative

Furthermoreln—addition, we investigated the relationships between the time series of EOF1 and

different weather systems, as well as the meteorological factors-have-beeninvestigated. Weather
systems include the WPSH and the East Asian summer monsoon, which are dominant weather
systems affecting the YRD. Both of them show a poor correlation with the EOF1 time series (Rwpsni
= -0.133 and Rgasmi = -0.04). It indicates that the daily Os variation is too complex to be
comprehensively explained through the change in a single weather system. Furthermore, the RH
and SR presents a good correlation with the EOF1 time series (Rri = -0.59 and Rsr = 0.56)-Han-et
e D e e e O b0 Hlowevers L s
still unclear how the change in different weather systems causes the variation in RH_and SR, and
how the variations in RH and SR-—variatien impacts the other meteorological factors and O3
accumulation.

In the second EOF pattern (EOF2), there is obvious east-west contrast. In contrast, the third
EOF (EOF3) pattern presents a notable south-north contrast. At the same time, the increasing trend
of EOF2 time series and the decreasing trend of EOF3 time series indicate that O3 concentrations in
the west and northwest have risen from 2014 to 2018. It implies that a higher rate of O3 increasing

would occur in the northwest. As known, the variance contribution of EOFI1 is 65.70 % that is

greater than EOF2 (13.80 %) and EOF3 (9.10 %). Therefore, increases in the-Os-inereasing in the,

entire —whele-YRD region is the main trend.
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Fig. 2. Three EOF patterns of O3 concentration in the warm seasons from 2014 to 2018,
including the spatial pattern (a, ¢ and e) and time coefficient (b, d and f). The percentage in
panels (a, ¢ and e) is the variance contribution of each EOF mode. The pinkerange dash line

in panels (b, d and f) represents the linear fitted curve.

3.2. Effects of meteorological conditions on O3 concentration over the YRD region
3.2.1. Quantifying the effects of meteorological conditions

With the primary pollutant emissions being cut down, the surface Os increase in the recent years
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in China might be attributable toaffeeted-by a variety of factors, one of which was suggested to be
the slowing down sink of hydroperoxy radicals, related to the variation in PMa s (Li et al. 2019). Yet,
it is uncertain how meteorological conditions influence theis increasing trend in surface Os. Yang et
al. (2019) quantified the meteorological impact on O; variation over the Pearl River Delta region
using the meteorological adjustment. Using Simitarby-te-the methodology similar to that inint Yang

et al. (2019), we investigate the-meteorological influences on the increase in ozone-inerease over

the YRD in the warm seasons during 2014—-2018. Fig. 3a shows the ambient O3 variation from 2014
to 2018: i.e. O3 concentration increases fromerm 2014, reaches the maximum in 2017, and maintains
at a relatively high level in 2018. After the meteorological adjustment, the variableinereasing
magnitude is lower than the original one, implying that if the meteorological conditions remained

unchanged over the 5 years, the variationariableinereasing in—magnitude—of ambient O;

concentration would be lower. The meteorological impact can be examined from the difference
between the black solid and dashed lines in Fig. 3a.-it-is-shewn-that —TWe-foeus-onperiodsfrom
the-middle-of 2014-to-the-middle of 204 8-when-tthe difference is negatively from-the-middle0£2014
to the middle of 2016 and positively farge-from middle of 2016 _to-te-the-meddle-of 2018. In 2017,
the meteorological conditions increase-the O3 concentration by about 1.1626 ppb. However, in 2015,
the meteorological conditions become unfavorable to the O3 accumulation, leading to an O3
reduction of 1.3940 ppb. The meteorological conditions make a difference in ehanged—the-O3
concentration by 3.032:8} ppb_at most between the most favorable year (2017) and the most

unfavorable year (2015), which roughly corresponds to 8.709:62%

max(MEO imapct)-min(MEO impact)

(

) of the annual O3 concentration.
03(5 year average)

In addition, we select the most influential meteorological factors to discuss their impacts on O3

variation, including T2, RH, sunshine-durationSR, LCC and WS-and-wind-speed. As shown in Fig.

3b, RH is the most crucial factor and its variation is similar to the variation in the total

meteorological impact. In addition, SR and LCC also play important roles and have eleselarge

impacts—mpaeting on O3 variation.—H-indieated—that —RH can iimpact s—en—O3 concentration

(R

FRUETR

(R

FRUETR

FFEEE XF 1

CFRHE: XF1

CFRHE XF 1

CFEHE XF 1

inthrengh two ways. One is gas phase H,O reacting with O3 (03,+ Hp0(gas) + hv = 0,,+ 20H).

The other is its influencing on clouds and thereby shielding SR. The East Asian summer monsoon

plays a key role in affecting the local RH, and meanwhile it might bring a certain amount of O3 from
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the areas south of the YRD-area. However, O3 concentration is high negatively related to RH, which

implies that the local chemical reaction might contribute to the O3 accumulation more than the

regional transport. The jmpacts of T2 and W Seentributions efethertwe-factors-are inconsistent with,

the overall-sam meteorological impactseentribution. Han-etal-{2020)-also-found that RH-is-the-mest
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Fig. 3. (a) 5-year trends of ambient Os (solid black line), meteorological adjusted Oz (dashed
black line), and the meteorological impact (pink line) over the YRD during 2014—2018. Periods
with positive and negative meteorological impacts are shaded inwith red and green,
respectively; red and green bars represent the the-O; increasesing and decreases attributable
toing eaused-by-meteorological influenceseonditions in each year. (b) 5-year variations in the
meteorological impact of different meteorological factors (MEOR), including relative
humidity (RH), sunshine-durationsolar radiation (SR), air temperature (T2),-and wind speed

(WSP) and low cloud cover (LCC).
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3.3. Dynamic processes of O3 variation driven by synoptic circulations

As discussed in section 3.2, the local meteorological factors have a large great-impact on the
Os variation. However, to some extent, the variation in local meteorological factors is largely
affected by the synoptic-scale weather circulations (Leibensperger et al. 2008; Fiore et al. 2003;
Wang et al. 2016). For example, in summer the YRD is under a hot-wet environment controlled by
the WPSH. While in winter it is under a cold-dry environment affected by the northwesterly flow
caused by the Siberian High. The different weather systems under their corresponding SWPs have
their unique meteorological characteristics. Moreover, even under one SWP, the location and
intensity changes in a specific weather system can cause the changes in local meteorological factors

correspondingly (Gao et al. 2020).

3.3.1. The main synoptic weather patterns in the warm season over the YRD

Applying the PTT classification method, nine SWPs are identified for the warm seasons in the
YRD. Due to the relatively large variance, the first dominant five types-SWPs are selected, and the
other four SWPtypes are grouped as ‘other-types’.—_As shown in Table 1, SWP1, SWP2 and SWP4
are dominant, accounting for 40.66%, 22.84% and 13.99% of the occurreance frequencys,

respectively. In contrast, SWP3, SWP5 and other types occur in low frequencies, being arerelatively

lower,and-their-occurrence-frequeneies-are-7.65%, 6.99% and 6.01%, respectively. Specifically,
SWP1 is under control ofaffeeted-by the southweeasterly flow introduced by the WPSH. SWP2 is
influenced by the northwesterly flow introduced by a persistent-continental high pressure. SWP4 is
influenced by the southeasterly flow introduced by the WPSH and a cyclone. SWP3 and SWP5 are
affected by a cyclone and an anticyclone. Eer-SWP1 and SWP4 are ;-itis-with high temperature and
humidity inducedaffeeted by the southerly flow. While under But-for- SWPS5, the YRD is with high

temperature and low RH because of the weak—northerly flows are weakened and could not

carrywhieh-brings insufficient water vapor-the YRDP-is-with-high-temperature-and-towRH. SWP2
is with relatively lower temperature. SWP3 is under the control of a cyclone and the strong upward

motion, it is with weak SR and low_erT2. Shi-erderto-avoid-overabundance-similarfigures-with

Figs 48 Specific figures of atmospheric circulation at 850 hPa under the-main five SWPs areweould
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be provided in the supplementary.

TABLE 1. The occurrence days and frequency, typical characteristics, regional mean + the

standard error for T2temperature-(D), relative- humidity (RH)RH, wind-speed-C(WSH)WS and
solar-radiation(SR)SR and positive and negative days under each SWP. The > 0 and > 0.5

represent the value of EOF1 time series more than 0 and 0.5, respectively. The <0 and < 0.5 is

on the contrary.

Type and number Pos (>0 and >0.5)
Typical characteristic of
of days Meteorological factors Neg (<0 and <0.5)
SWPs
(frequency ) (number of days)
T2(°C): 28.38 + 4.94
Southwesterly flow
SWP1 RH (%): 77.98 + 10.44 17594, 11225
introduced by WPSH
372 (41.43%) WS (m/s): 7.30 + 0.54 19475, 12542
SR (W/m?): 1606.20 + 537.77
T2 ('C):26.40 + 537
Northwesterly flow
SWP2 RH (%): 73.97 + 12.85 11097, 7357
introduced by a continuant
209 (23.27%) WS (m/s): 7.28 = 0.51 97186, 5773
high pressure
SR (W/m?): 1615.00 + 563.20
T2 (C):25.41 + 437
SWP3 RH (%): 86.80 + 6.25 1258, 645
an extratropical cyclone
70 (7.80%) WS (m/s): 7.33 + 0.58 5842, 456
SR (W/m?): 959.73 + 478.14
T2(C):29.29 + 424
Southeasterly flow brought
SWP4 RH (%): 78.67 + 8.51 4682, 3058
by WPSH and a southern
128 (14.25%) WS (m/s): 7.11 £+ 0.56 8246, 5830
cyclone system
SR (W/m?): 1505.97 + 538.96
T2(C):28.08 + 4.99
SWP5 4023, 2414
The north China RH (%): 73.97 + 12.03
64 (7.13%) 2340, 1424

anticyclone system

WS (m/s): 7.22 + 0.45
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459
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461

SR (W/md): 1586.78 + 479.65

others

55 (6.12%)

3.3.2. Impacts of SWP change on O; concentration variation

We explore the impacts of SWP change on O3 variation through an analysis combined with

combining the-EOF1-mede. As illustrated in section 3.1.2, the EOF1 mode is the dominant mode,

and it implies the increase of O3 in the entire YRDwhele-area is the main trend. The Regarding

EOF]1 time series_is closely correlated to -it-has-a-high-correlation-coefficient-withthe —regional

mean O3 concentration (R = =0.983). In this study, we primarilymainly focus on why O;

concentration increases in the entire YRD region, rather than on why the increases in O3 differ
spatially inside the YRD. Therefore, we use the EOF1 time series as a proxy to present the regional
O3 concentration. In Table 1, the positive phase (Pos) represents that the EOF1 time series is more
than 0 and it is-ret beneficial to the production and accumulation of Os. On the contrary, the negative
phase (Neg) corresponds means—the-lowhigher O3 concentrations. We extract the information by
comparing PosNeg with NegPes to find the changes inef each SWP pattern. Yin et al. (2019)
explored dominant patterns of summer O; pollution and associated atmospheric circulation changes
in eastern China. Differently from their study, we have-analyzed the daily variation in SWPs, and
thusean identified ebtainthe change in atmospheric circulations in a higher temporal resolutionmere
preeisely.

In the five main SWPs, the EOF1 time series show an deerease-increase trend during their

occurrence days in the warm seasons. It means that the five main SWPspatteras tend to bringeause

high ambient O3 concentration through the-changes in the SWPs, which —In-addition;-the- SWP
ehange-include SWP changes ins both—_frequency and intensity-ehanges. We find that the_—change

in SWP intensityfrequeney-change-in-SWPs-has-less impacts more significantly-en the inter-annual
variation in O3 levels than the change in SWP frequencyintensity-change—in-SWPs, —whieh-is

consistent with the results of Hegarty et al. (2007) and Liu et al. (2019). Thise-ecentribution—of

intensity-change-and-frequeney-change will be further discussed in section 3.4. In the following, we

will concretely discuss the variation characteristics of the five SWPs_—and their impacts onte the
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increase of O3 in the YRD. Especially, we will show atmospheric circulations at 850 hPa and 500

hPa, meteorological factors includinges SR, T2, LCC, TCLW, RH, meridional wind at 850hPa

(V850) and W (vertical velocity) under positive and negative phase of all SWPs, and correlation

coefficients of RH, SR and T2 with EOF1 time series under all SWPs-are-show#.

As shown in the-previous study, SR, T2 and RH are dominated meteorological factors and can

have-extremely-directly impacts-en O3 photochemical formation and loss (Xie et al. 2017; Gao et

al. 2020). Toln-erderto-the explore the importance and difference of their impacteffeets on O3

concentrations under differenteach SWPs, we calculate the correlation coefficients between the

EOF1 time series and these meteorological factorsem under each SWP. As shown in table 2 and 3

when the absolute valueg of the calculated correlation coefficients under a SWP areare greater than

0.4, the corresponding meteorological factorss present significant changes between Poss-phase and
\

Neg phases, Therefore,Consequently. we regard themeeneeive-ofthem as the crucial meteorological

PR FEHE XF 1

PRI FEHE XF1

TR FREET

FRIN: FEHE XF1

FHRREN: FREER

R FHHE XF 1

TR FREET

FRIN: FEHE XF1

SWP1, SWP4 and SWP5. For SWP2, significant decreases in}y—deereasing RH, increases

FHRREN: FREER

BRI FEHE XF 1

R FRUEET

instrengthening SR and-inereasing T are the crucial meteorological factors. For SWP3, significant

Hy-decreases ining RH is the crucial meteorological factor. Hereinafter, we —it-weuld-be-discussed

variations in—hew—te—lead—to crucial meteorological factors—variation induced by change in

atmospheric circulations.

TABLE 2. Correlation coefficient of RH, SR and T2 with EOF1 time series under each SWP.

FRIH: FEHE XF1

FRIM: FEHE XF1

PRI FERHE XF 1

RN FEHE XF 1

R PR XF 1

R FHHE XF 1

R FEHE XF 1

R FEHE XF 1

R FhHE XF 1

Variables SWPI SWP2 SWP3 SWP4 SWP5 <[ e 51
RH 0.59 -0.52 -0.50 0.64 0.59 WK PG XF 1
SR 0.58 0.56 0.33 0.46 0.48 RN FEREE XF 1
T2 0.19 041 26 15 30 HERA: EREER

Fig. 4 shows the atmospheric circulations at 850 hPa and 500 hPa, and-the-bex—plot-of

ng Table 3 shows meteorological factors includinges SR, T2, TCC, TCLW, RH, meridional

wind-at-850hPa(V850) and W-(vertical-veloeity) —intable3-for SWP1 Pos and SWP1_Neg.— As

shown in Figs. 4a and 4b, the YRD is located at the northwest of the WPSH, mainly affected by the

southwesterly winds. Ceompared with V850 of 4.27 m/s under SWP1_neg, weakening V850 of
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2.89 m/s under SWP1 pos bring a less amount of water vapor to YRD region, therefore, RH shows

a-deerease-trend-and-significantly decreases by 15.24%.Cempared-with-the SWP1Pos;therange

hPa, a shallow trough_located at approximate 113°E is replaced by a slowly meving—weak

ridgestraight westerly flow, and the downward motion would strengthen and last longer behind the
shallow trough. The sink motion is favorable for the Ozaccumulation and Oz photochemical reaction
at-the-near-surface-Besides,-the significantly decreases ining water-vaperRH under the downward

motion condition hindermake the-cloud eoverhard-to-formation. LCC and TCLW decreaseed by

0.30 and 0.04, respectively.: SeFurthermore, SR significantly strincreases byenger—_730.04

W/m’selarradiation-hits-the-ground due to the less shelter from-of the clouds and less reflection

above the cloud. Eventually, ;- furthersignificantly decreases ining RH and increases in strengthening

SR —leading to higherairtemperature-and-stronger O3 photochemical reaction.
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Fig. 4. The geopotential height (shaded) and 850-hPa wind with temperature (color vector)
under (a) SWP1_Pos and (b) SWP1_Neg. The geopotential height (shaded) and 500-hPa wind
with temperature (color vector) under (¢) SWP1_Pos and (d) SWP1_Neg. The red values

represent the regionally averaged wind speed at 500 hPa in the zone around black lines.(e)

The boxed area in Figs. 4a-4d encloses the YRD.

Fig. 5 shows the atmospheric circulations —struetares-at 850 hPa and 500 hPa, and Table 3

shows meteorological factors includinges SR, T, TCC, TCLW, RH, V850 and W-in-table 3the box

plotefnermalizing factorsineludes SRASTFCCRH;-V850-and W._—for SWP2_Pos and SWP2_Neg.

As shown in Figs. 5a and 5b, the YRD is affected by a continental high and the Aleutian low,
characterized by northwesterly flow and a bit southwesterly flow. Compared with the SWP2_Pos,
the—northwesterly—flow—introduced—by—the continental high in SWP2_Neg is weakeninger.

Therefore,Se the YRD region isweuld-be influenced by the-warm flows and T2 weuld-significantly
increases by 4.91 ‘C. The correlation between the EOF1 time series and 2-m-airtemperatureT2

under SWP2 (Rswpz=—0.41) is closer than the correlation in the whole period (Rai = —0.24). This

implies that the weakening of the continental high plays an important role in enhancing Os there.

MeanwhileAtthe-same-time, as the Aleutian low moves southward slightly, the southwesterly flow

can hardly bring water vapor to the YRD, which leads to_—RH-significantly decreases in RH by

14.79%-in-this-area. The-ecerrelationbetweenthe EOE time seriesand 2-m-air temperatureunder
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SWPLRp, =—0-A-isecloserthantheeorrelationintheswholeperiod-R y——024—Thisimphes
3 there-At 500 hPa,

a trough located at approximate 120°E125°E is strengthened associated with Aleutian low shifting

southward, leading to the stronger downward motion_in the northwestern YRD behind the

strengthening trough. Just like SWPI, stronger downward motion and significantlyly

decreasinglewer RH enhanceeause strong-SR significantly-inereasing by 790.06 W/m?-and-high-air
temperature. All-these-changesSsignificantly decreasing RH, strengthening SR and increasing T2

are beneficial to the-O3 formation and accumulation.
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Fig. 5. The geopotential height (shaded) and 850-hPa wind with temperature (color vector)
under (a) SWP2_Pos and (b) SWP2_Neg. The geopotential height (shaded) and 500-hPa wind

with temperature (color vector) under (¢) SWP2_Pos and (d) SWP2_Neg. The-red-values
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2-m-air-temperature; RH;-meridional- wind-at-850-hPa-(V850)-and-W-The boxed area in Figs,,

5a-5d encloses the YRD.

Fig. 6 shows the atmospheric circulations at 850 hPa and 500 hPa, and Table 3 showsand

meteorological factors including-inelades SR, T, TCC, TCLW, RH, V850 and W-intable— 3-the bex

plot-ef normalizing factors-inclades-SR-CCRH-V850-and-W-for SWP3_Pos and SWP3_Neg.

As shown in Figs. 6a and 6b, the YRD is controlled by an extratropical cyclone. Compared with the

SWP3_Pos, the low pressure in SWP3_Neg is lower and its location is slightly further eastward
SWP3 Neg. Under this circumstance, the southerly flow at the bottom of the low pressure could

hardly bring-the water vapor to the YRD and thus --RH —weuld-significantly decreases by 11.73%.

At 500 hPa, —the upward motion would be weakening due to the eastern movement of cyclone and

western area controlled by back of a strengthening trough located at about ,120°E. However, but

LCC still is _at a high level under upward motion condition, Furthermore, high LCC and its less

variation lead to low SR. Therefore, the Jtispreving thatrelative JowSR-correlation coefficient-ef

-033 between SR and with- EOF1 time series is relatively low for this SWP3 (1=-0.33). Lastly, only

significantly decreasing RH would be crucial factor forand-result—in high O3 concentration.the
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565  Fig. 6. The geopotential height (shaded) and 850-hPa wind with temperature (color vector)
566  under (a) SWP3_Pos and (b) SWP3_Neg. The geopotential height (shaded) and 500-hPa wind
567  with temperature (color vector) under (¢) SWP3_Pos and (d) SWP3_Neg. The-red—values
568

569

570
571  6a-6d encloses the YRD.

572

573 Fig. 7 shows the atmospheric circulations at 850 hPa and 500 hPa,-ard and Table 3 shows

574  meteorological factors including es-SR, T, LCC, TCLW, RH, V850 and W-in-table— 3the-bexplot

575  efnermalizingfactorsineladesSRITCCRH-V850-and-W-for SWP4_Pos and SWP4 Neg. As

576  shown in Figs. 7a and 7b, the-southeasterly windss prevails in the YRD, which is modulatedeaused
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577 by a southern low pressure and-the WPSH. Compared with the SWP4 Pos, the southern low
578  pressure and southeasterly flow is-weaker-in SWP4_Neg is weaker, and thus it brings less water

579 vapor to the YRD and eauses RH-significantly decreases RHing by 12.26%. At 500 hPa, a shallow

(#tekm: SHHE AEE

580  trough located at about,125°E strengthens associated with weakening of southern cyclone pressure,

581 causing the strong sink motion, less LCC and SR-ef-significantly increases in SRing by 538.53

582 W/m?. Significantly strengthening SR and decreasing RH are important for the-O3 accumulation.
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589  Fig. 7. The geopotential height (shaded) and 850-hPa wind with temperature (color vector)

590  under (a) SWP4_Pos and (b) SWP4_Neg. The geopotential height (shaded) and 500-hPa wind
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7a-7d encloses the YRD.

Fig. 8 shows the atmospheric circulations at 850 hPa and 500 hPa, and Table 3 shows and
meteorological factors includinges SR, T, LCC, TCLW, RH, V850 and W-in-table— 3the-bexplot

ofnermalizing factorsinelades SR TCCRH-V850-and-W-for SWP5_Pos and SWP5_Neg. As

shown in Figs. 8a and 8b, the YRD is controlled by the north China anticyclone, characterized by

the northeasterly and the southwesterly winds. Compared with the SWP5_Pos, the high pressure in
the SWP5 Neg is weaker and the northeasterly flow weuld-aet-in-respond accordinglyse. The

weakened eeld-sea flow makes the-air-warmerand dryer and RH lowersignificantly-deerease by

17.34%. At 500hPa, a trough_located at about [130°E controlling the YRD sveuld—be

strengthenstrengthensed associated the-with Japan low pressure appearance. The downward motions

weuld-become strong correspondingly and result in —SR-significantly increases in SRing by 628.26

W/m?. At-last—Ssignificantly strengthening SR and decreasing RH lead to increases in—the O3

concentration-Fhe-favorablefor-the-Os-accumulation.
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613  Fig. 8. The geopotential height (shaded) and 850-hPa wind with temperature (color vector)
614 under (a) SWP5_Pos and (b) SWP5_Neg. The geopotential height (shaded) and 500 hPa wind
615  with temperature (color vector) under (¢) SWP5_Pos and (d) SWP5_Neg.-The-red-values

616

618

619  Figs.8a-8d encloses the YRD.

620

(R T RS, M

621  TABLE 3. Regional mean + the standard error of meteorological factors in Pos and phase

(R T RS, M

622 and-Neg phases and their difference under each SWP pattern.

SWP hase RH (% SR (W/m? T2 (C) LCC TCLW V850 (m/s W (Pa/s)

Pos 69.70+9.69  1970.97+403.19  29.90+4.76  0.07+0.15  0.06+0.08  2.89+2.24  0.00+0.05

P1 Neg  84.94+6.53  1240.93+460.18  27.45+4.78  0.37+0.27  0.17+0.14  4.27+2.73  0.05+0.05
Diff 1524 730.04 245 -0.30 0.1 -1.38 0.05

Pos  66.49+10.96 1968.41+377.12  28.81+4.32  0.07+0.14  0.06+0.09  -247+3.09  0.02+0.05

P2 Neg  81.29+10.78 1178.34+479.58  23.89+5.90  0.48+0.31  0.19+0.14  -1.37+321  0.03+0.06
Diff -14.79 790.06 491 041 -0.13 -1.10 0.05

Pos 76.89+7.09  1371.42+605.82  27.83+2.45  0.34+0.18  0.21+0.19  0.67+3.43  -0.02+0.04

P3 Neg  88.62+5.14  854.96+395.09  24.77+4.58  0.58+0.24  0.31+0.16 ~ 1.93+3.65  0.09+0.06
Diff 1173 516.45 3.06 -0.24 =0.10 2.60 0.07

Pos 7L.11+7.15  1882.33+388.10  30.62+3.69  0.11+0.16  0.12+0.16  0.57+2.40  0.01+0.04

P4 Neg  83.37+6.76  1343.80+547.50  28.93+4.19  0.35+0.24  0.19+0.19  2.461+3.60  0.04+0.06
Diff 212.26 538.53 1.69 -0.24 20.07 -1.89 0.05

P5 Pos  68.47+14.19 1827.46+447.37  29.60+5.25 074011 0.09+0.14  -1.83+3.42 .01+0.04
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3.4. Indicators for reconstructing inter-annual O; variation affected by synoptic-scale
atmospheric circulation

Due to the similar variations in regional mean O3 concentration and EOF1 time series, we
have reconstructed the inter-annual EOF1 time series to replace the regional mean O3 concentration
by taking-inte-accounting either frequency-variation-only or both frequency and intensity variations
in SWPs, which are EOF1 time series (Fre) and EOF1 time series (Fre + Int), respectively. The
observed and reconstructed inter-annual EOF1 time series in 20142018 over the entire YRDin-the
whele region are shown in Fig. 9. Obviously, the frequency changes in SWPs almost have no impact
on the O3 variability in the entire YRD. Regarding-However, consideringthe intensity change, the

fitting curve would be closer to the EOF1 time series. Toln-orderto obtain the accurate frequency

and intensity change contributions, quantitative evaluation is carried out, we define the contribution

index as the difference between the maximum —value—and the minimum ene—of a certain

reconstructed time series divided by the difference between the maximum-vatte and the minimum

wvalue of inter-annual EOF1 time series: Contribution Index = (The reconstructed maximum-vakse —

the reconstructed minimum-valse)/(the original maximum-vatse — the original minimum-value).

Through the above equation, we deriveget the relative contribution (contribution index) of the

frequency change and the intensive change. Compared with the contribution index of 10.86% for

SWPs frequency change, the value of 48.89% for SWPs intensity change accounts for a larger

proportion. Therefore, the intensity change in SWP is more important to the inter-annual O3

variation than the frequency change

sertes=During the reconstructed process, we drastically found that SWPIIs (SWP intensity indexes)

definition play an important role to reconstructing curve. In As-previous studiesy, Hegarty et al.

(2007) and Liu et al. (2019) reconstructed the inter-annual O3 level in the northeastern United States

and the northern China using the same method as ours. Mereever-Tthey defined the intensity change
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in SWPs using the domain-averaged sea level pressure and the pressure of the lowest-pressure

system. However, As-iHustrated-by Hegarty-etal{2007)-but the correlation under Hegarty’s Pattern
V is poor, which has negative effect on their reconstructed curve.Jtindicates-wesheuld-seleet-the

Therefore.Se wWe select six SWPIIs and judge their rationality through their correlation

coefficients with EOF1 time series under each SWP: the maximum geopotential heightpressure in

zone 1 (25°N—40°N, 110°E-130°E) and zone 2 (20°N-50°N, 90°E-140°E), the minimum
geopotential heightpressure in zone 1 (25°N—40°N, 110°E-130°E) and zone 2 (20°N-50°N, 90°E—
140°E), and the average geopotential heightpressure in zone 1 (25°N—-40°N, 110°E-130°E) and zone

3 (10°N —40°N, 110°E-130°E). As shown in Table 2, for SWP3 and SWP5, the SWPII for the

maximum geopotential heightpressure in zone 1 has a relative high correlation-between-SWP3-and

SWPS. For; SWP1 and SWP4, and-the SWPII for the maximum geopotential heightpressure in zone

2 has a relative high correlation-between-SWPHand SWP4. we found that Fhe-annual EOF1-time

series-anomaliesthe maximum geopotential height show a relatively close-geed correlation with the

annual EOF]1 time series-the-maximumpressure. It is—tis because the maximum geopotential

heightpressure reflects the wind speed affectingg—the water vapor transport under this pattern.
Compared with SWP3 and SWPS5, the syneptie-weather systems areis larger than the classification

region for SWP1 and SWP4. So it showsSe—it-ean—+epresent—_ better correlation coefficientsthe

SWPH-mere-preeisely in thea large zone 2 than in zone 1 under SWP1 and SWP4region. UnderFor

SWP2, when O3 concentration tends to be at a high level, a cold continental high behind the YRD
weuld-tends to weaken. Therefore, we select the average geopotential heightheight in zone 3 to
represent the SWPII-underSWP2. From-Table 42 shows that;—we—ean—know the—it-has—better
reconstructed curve_becomes good when we selected different SWPIIs according to the
characteristics of high Os level under each patternSWP. Abeve-all-the-intensity-change-in- SWP-is
more-important to-the-inter-annual Oxvariation than the frequeney change:
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Fig. 9. The trend of the inter-annual EOF1 time series_in the warm seasons. The pink curve
represents the original inter-annual EOF1 time series_in the warm seasons, the green line
represents the reconstructed EOF1 time series only accounting the frequency variation in

SWPs, and blue line represents the reconstructed ones accounting both the frequency and the

intensity variations in SWPs.
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TABLE 42. Correlation coefficients between EOF1 time series and different SWPIIs under

each SWP.
Type Ziave Z-max Z\-min Z2-min Z5-max Z3 ave
SWP1 -0.47 -0.29 -0.35 -0.33 -0.60 -0.32
SWP2 -0.14 -0.08 0.02 -0.07 -0.09 -0.40
SWP3 0.28 0.61 0.03 0.005 0.43 -0.60
SWP4 -0.14 -0.03 -0.17 -0.22 0.78 -0.38
SWP5 0.52 0.76 0.39 0.56 0.72 0.58

4. Conclusions and discussions

In this study, we discussed the-meteorological influences on the O3 variation in the warm
seasons during 2014-2018 in the YRD, China. Specifically, we analyzed the Os spatio-temporal
distribution characteristics, quantified the contribution of meteorological conditions to the O3
variations, explored how the-changes in SWPs and corresponding meteorological factors lead to O3
increase_in the YRD over 2014—2018, and assessed quantitatively—analyzed-the contributions
impaet-of SWP frequency and intensity toen the inter-annual O3 variation in the region. The main
conclusions are as follows.

The annual meanregional-averaged O3 concentrations during the warm seasons averaged

overfrom2044-to2048-in the YRD are 32.49, 33.03, 35.14, 37.44 and 35.98 ppb, respectively, for

each year from 2014 to 2018, with a significantly increasing rate of 1.81 ppb year! (5.21% year™).

MeanwhileAt-the-same-time, the total number of days on which Os concentration exceedings the
national standard also increases with year in a similar pattern. Through the EOF analysis of O3 in
space and time, three dominant modes were identified. The first mode is the most dominant mode,
accounting for 65.7% of the Os variation, suggestingimplying that increase tendencies in-the O3
inereasing prevail over-in the entire YRD-is—the-main—tendeney. A-highcorrelation—coefficient
between-the EOF-timeseries-and RH-(Ru—0-59)-indieates-that RH-is-the-mest-influential factor
leadingto-the Ovinercase—

We quantified the influence of meteorology on the inter-annual variation and trend of O3 over

the YRD from 20142018, and found that the influence could lead to a regional Oy increase by
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3.032-8% ppb at most. Especially;-compared-to-SR-and LCC-of relatively largeimpaeting-on-03

variation, RH—_plays the mosts-the-mest important role in modulating the inter-annual O3 variation,

followed by SR and LCC. H-indieatedthat RH impacts on O3 concentration through two ways. One

is gas phase H,O reacting with O3 (03 + H,0(gas) + hv = 0, + 20H). The other is its

influencing on clouds and thereby shielding SR. ToMereever—in—order—te explore connections

between the Oz variation and synoptic circulations, we further identified nine types of SWPs were
objectively identified-based on the PTT method, and selected five main types—were-selected to

explore their impact on Op variation.eerrelate—with-the EOF1timeseries: The typical weather

systems of the five SWPs include the WPSH under SWP1, a continental high under SWP2, an

extratropical cyclone under SWP3, a southern low pressure and a WPSH under SWP4 and the north

China anticyclone under SWP5. Combining EOF1 time series variation under each SWP, wWe

found that the variation in all SWPs over 2014—2018 are favorable to O3 increase duringin that

period.

under—SWP1—a——econtinenthigh—weakening—under— SWP2—However, the crucial changes in
meteorological factors attributable to the increases ineausing-the-inereasing-of O3 concentrations are

different under each SWP. For SWPs 1, SWP4 and SWPS, the crucial changes in meteorological

factors include significant decreases infactors—are—significantly—deereasing RH and increases
instrengthening SR, which are predominantly attributable toeaused-by the WPSH weakening and

northward extending under SWP1, the southern low pressure weakening and the WPSH weakening
under SWP4, and the north China anticyclone weakening under SWPS5. These changes in weather
systems prevent the water vapor from being transported to the YRD and result in RH significantly
decreased by 15.24, 12.26 and 17.34%, respectively. Moreover, the significant }y decreases ining
RH and increases inthe-strengthening downward motion (behind the strengthening trough and in
front of the strengthening ridge) lead to less LCC, and thereby SR significantly increases by 730.04,
538.53 and 628.26 W/m?, respectively. UnderFer SWP2, the crucial changes in meteorological
factors are significant fy-decrease inereasing RH by14.79%, and increases in;-strengthening SR by
790.06 W/m? and—inereasing T2_by 4.91 °C . RH-signifieantlydeereases—by—14-79% SR
significantly strengtheninereasess by 790-06- W' and T2 significantly inereases by-4:94—C-These

changes are mainly-ehiefly inducedpredueed by a continent high weakening, which has a similar

Page 32 of 37

[ #sRi: Th%

| #HER: TiR

(R FREET

| ThR

G
&

HE: FREETR

H
R

R FREET

R FREET

AR
TR FRUEET

(R FREET




741
742
743
744
745
746
747
748
749
750
751
752
753
754
755

756

757
758
759
760
761
762
763
764
765
766
767
768

769

influential mechanism between RH, LCC and SR with SWPs 1, 4 and 5.; lin addition, significantly
increases ining T2 would be due to weakening cold flow introduced by a weakening continent high.
UnderFer SWP3,_the —they—are—significantly decreases inereasing RH_—UnderSWP3,RH
significantly—deereasesd-by 11.73% is mainly induced by an intensified extratropical cyclone
thatstrengthening blocks the southerly flow carrying water vapor into the YRD. These change are
critical to O3 formation under each SWP.

As the overall change in SWP intensity and that in SWP frequency contribute to€Cempared

498.89% and P i ; 119-86% to the changes in-ef ozone

—it-isWe-found-that the-change-in SWPs-intensity is more important to the O3 increase over

2014—2018 than that in SWPs frequency. We further reconstructed the EOF1 time series by

considering different SWPIIs due to the unique characteristics of each SWP. The results are better
than those in Hegarty et al. (2007) and Liu et al. (2019) who used the same SWPIIs in all SWPs.
Tlnsummary-this study quantified the inter-annual variation and increasing rate of O; in the
YRD, China, and explored the connection between SWP variations and the Os increase. It provides
an enhanced understanding of response of O3 variation to changes in SWPs from year to year and

thus this understanding may be insightful to planning strategies for O3 pollution control.
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