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Abstract: Ozone (Os) pollution has become the major new challenge after the suppression of PMzs
to levels below the standard for the Pearl River Delta (PRD). Os can be transported between nearby
stations due to its longevity, leading stations with a similar concentration in a state of aggregation,
which is an alleged regional issue. Investigations in such regional characteristics were rarely in-
volved ever. In this study, the aggregation (reflected by the global Moran’s I index, GM), its tem-
poral evolution, and the impacts from meteorological conditions and both local (i.e., produced
within the PRD) and non-local (i.e., transported from outside the PRD) contributions were explored
by spatial analysis and statistical modeling based on observation data. The results from 2007 to 2018
showed that the GM was positive overall, implying that the monitoring stations were surrounded
by stations with similar ozone levels, especially during ozone seasons. State of aggregation was
reinforced from 2007 to 2012, and remained stable thereafter. Further investigations revealed that
GM values were independent of meteorological conditions, while closely related to local and non-
local contributions, and its temporal variations were driven only by local contributions. Then, the
correlation (R?) between Os and meteorology was identified. Result demonstrated that the westerly
belonged to temperature (T) and surface solar radiation (SSR) sensitive regions and the correlation
between ozone and the two became intense with time. Relative humidity (RH) showed a negative
correlation with ozone in most areas and periods, whereas correlations with u and v were positive
for northerly winds and negative for southerly winds. Two important key points of such investiga-
tion are that, firstly, we defined the features of ozone pollution by characterizing the temporal var-
iations in spatial discrepancies among all stations, secondly, we highlighted the significance of sub-
regional cooperation within the PRD and regional cooperation with external environmental organ-

izations.

Keywords: ozone; aggregation; meteorological; spatial autocorrelation; Moran’s I; spatiotemporal
evolution; Pearl River Delta

1. Introduction

The Pearl River Delta (PRD), the largest city cluster in South China, has long suffered
from severe air pollution due to rapid urbanization and intensive anthropogenic activi-
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ties. Following the introduction of a series of stringent air pollution control measures, lev-
els of most atmospheric pollutants in the PRD, such as SOz, NOx, CO, PMio, and PM:s,
have gradually decreased in recent years; however, tropospheric ozone (Os) is the excep-
tion and it became the primary pollutant since 2015 and the amount of days exceeding the
standard (160 pg/m?3) is far more than the other two regions [1-3]. After suppressing PM2s
to levels below the standard concentration, the PRD will now focus on ozone control. As
O:s is relatively persistent, it can be transported between adjacent areas, and therefore Os
concentrations at different stations within small areas approach similar levels. Such ag-
gregated distributions can provide insight into the interactions within a small area. How-
ever, such investigations, especially quantification of the aggregated distribution, have
not been discussed in detail in previous studies.

O:s is formed by the photochemical reaction of the precursors NOx and volatile or-
ganic compounds (VOCs) under the action of sunlight [4,5]. The relationships between Os
formation and its precursors are highly nonlinear and have been investigated in detail
based on observations or simulations [6-10]. Generally, Os formation is sensitive to VOCs
in urban areas and to NOx in suburban or rural areas [10-12]. Os formation has become
less VOC-limited due to the substantial reductions in NOx in urban areas, and there have
been several related investigations in the PRD [10,13-16].

Os concentrations are related to meteorological conditions [17,18], local production
[6,19-21], and long-range non-local transport from outside the local area [22-25]. Several
different methods based on simulation models or observations have been used to investi-
gate the influence of these factors [9,24,26,27]. Photochemical reaction rate, precursor
emission rate, and transportation of Os and its precursors are affected by meteorological
conditions directly or indirectly. Due to differences in meteorological conditions and pre-
cursor emission levels at the various stations, the correlations between Os concentrations
and meteorology vary considerably. Previously, we investigated the long-term effects on
Os levels in the PRD of local and non-local Os production, differences in meteorological
conditions, and differences in precursor emission levels [28]. We concluded that meteor-
ological conditions suppressed Os increases over the long-term, and local emissions
showed different impacts in the northeastern and southwestern of PRD, while non-local
sources had similar impacts on the whole area. However, there has been insufficient in-
vestigation into the relationships between Os and meteorological conditions in the per-
spective of space, especially the long-term spatiotemporal evolution.

Meteorological variables, such as solar radiation, can control the photochemical re-
action and affect net Os production directly, while high temperatures are conducive to Os
production by increasing emission of natural sources biogenic volatile organic com-
pounds (BVOCs), hydroxyl radical (OH) concentrations in the atmosphere, and decom-
position of peroxyacetyl nitrate (PAN) [29-31]. High Os concentrations are commonly ac-
companied by high temperatures, high levels of solar radiation, low relative humidity,
and weak winds [32-34]. Areas with similar variations in Os and meteorological condi-
tions are likely to have similar sensitivity to meteorological conditions. This provides a
straightforward approach to infer the relationships between Os and meteorological con-
ditions.

Generally, stations with impacts from local sources are likely to have discrete geo-
graphic distributions because of the heterogeneous local emission levels at the different
stations, compared with the case of non-local impacts that result from Os transport by
large-scale prevailing winds are removed. Such non-local contribution result in more uni-
form Os concentrations at the different stations. Thus, the aggregated distribution of sta-
tions affected by local impacts will be strengthened when non-local sources are added. It
is unclear whether the aggregation is affected by meteorological conditions, although ar-
eas with high precursor levels are more sensitive to meteorological variations [35]. Os con-
centrations can be reinforced or weakened by meteorological conditions depending on the
mechanisms of Os formation and transport into or out of the area of the station. Over the
long term, the temporal evolution of such aggregation of Os, the roles of meteorological
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conditions, local and non-local contribution on the aggregated distribution of stations
were hardly noted.

In this study, we used spatial analysis based on observation data of the PRD to quan-
tify the extent of aggregation of Os. The temporal evolution of Os from 2007 to 2018 and
the driving factors were then identified. Finally, the spatiotemporal evolution of correla-
tions between Os and meteorological conditions was examined. These investigations char-
acterize Os pollution and facilitate its control.

2. Data and Methods
2.1. Os and Meteorological Data Sets

Maximum daily 8-h moving averages (MDAS) were calculated based on hourly Os
monitoring data at 15 monitoring stations across the PRD from 2007 to 2018. Missing data
were imputed based on yearly, monthly, weekly, and hourly averages or were replaced
by the Os data from the nearest monitoring station [36]. Data for 4285 days at the 15 sta-
tions were included and the geographical distribution of the data is shown in Figure 1.
The latitudes/longitudes and the types of functional areas where the stations are located
are shown in Table 1. Meteorological data during the same period, including daily maxi-
mum 2-m temperature (T, °C), daily minimum relative humidity (RH, %), total net surface
solar radiation (SSR, J/m?), and 10-m mean wind speeds (u and v, m/s; the absolute values
of u and v indicate wind speeds, with positive and negative u and v values indicating
westerly/southerly and easterly/northerly wind directions, respectively) were retrieved
from the European Center for Medium-range Weather Forecast (ECMWF) simulations.
Spatial and temporal resolutions were 0.125° x 0.125° and 3 h, respectively. The meteoro-
logical conditions at each Os monitoring station are represented by the simulation data at
the point closest to the station, as indicated by the red stars in Figure 1.

Table 1. Location of fifteen O3 monitoring stations across the Pearl River Delta and their environmental background.

Station Full Name City Longitude (E) Latitude (N) Environmental Background
CW Central/Western Hong Kong 114.15 22.28 Residential/Commercial
Ccz Chengzhong Zhaoqing 112.47 23.05 Residential/Commercial
DH Donghu Jiangmen 113.08 22.59 Urban
HG Haogang Dongguan 113.73 23.03 Residential/Commercial
HJC Huijingcheng Foshan 113.10 23.00 Residential/Commercial
JGW Jinguowan Huizhou 114.38 22.93 Residential
J1Z Jinjuzui Foshan 113.26 22.81 Suburban
LH Luhu Guangzhou 113.28 23.15 Urban
LY Liyuan Shenzhen 114.09 22.55 Urban
TC Tung Chung Hong Kong 113.91 22.27 Residential
TH Tianhu Guangzhou 113.62 23.65 Rural
1] Tangjia Zhuhai 113.58 22.34 Commercial/Industrial
XP Xiapu Huizhou 114.40 23.07 Commercial
YL Yuen Long Hong Kong 114.02 22.44 Residential
ZML Zimaling Zhongshan 113.40 22.50 Residential/Commercial
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Figure 1. Distribution of Os monitoring stations and meteorological data points in the Pearl River
Delta.

2.2. Identification of the Impacts from Local, Non-Local and Meteorological Factors on Os

To better understand the correlations between Os and meteorological variables, time
() data series X(t) were separated into short-term (ST), seasonal (SE), and long-term (LT)
components as expressed in Equation (1) [37,38].

X(t) = LT(t) + SE(t) + ST(t) (1)

The sum of seasonal and long-term trend components is the baseline, and each com-
ponent can be determined using a KZ filter, which repeats the iterations of a moving av-
erage to remove the high-pass signal defined by:

k
1
Y, = E_Z Ay 2

j==k

where k is the number of values included on each side, the window length m =2k +1, i is
the interval time, j is the window variables, and Y is the output time series. Different time
scales can be obtained by changing the window length and the number of iterations [39,40].
A KZ (15, 5) filter with a window length of 15 with five iterations removes cycles of 33 days
referring to the baseline variations (BL).

The long-term trend can be separated from the raw data by KZ (365, 3) with a period
> 632 days, and then the seasonal and short-term component ST(¢) can be derived by

SE(t) = KZs5) — KZ3653) 4)
ST(t) = X(t) —BL(t) = X(t) — KZ(155) ®)

To explore the factors driving the temporal evolution of Oz aggregation and the im-
pacts of meteorological conditions, local and non-local contributions were identified. The
methods were as described in our related studies [28]. Briefly, a multiple linear regression
(MLP) model was used to perform meteorological adjustments. Local and non-local
sources were identified with an empirical orthogonal function (EOF) model and their con-
tributions were estimated with absolute principal component scores (APCS). In our pre-
vious investigations, we treated the first principal as non-local, and local contributions



Atmosphere 2021, 12, 279

50f 16

were determined by subtracting non-local values from the original data. The statistic mod-
els were developed with R language (version 3.5)

2.3. Determination of Relationships between Os and Meteorological Factors

MLP was conducted using stepwise regression between baseline Os values and me-
teorological factors in determining the coefficients of determination [41,42]. We ignored
the short-term component as it was weakly correlated compared with the relations be-
tween baseline Os and meteorological variables [35].

Ap(t) = ap, + Z bgyi - Mpy; +€p;, (t) (6)

where Azt (t) and M. are the baselines of the Os and meteorological factors, respectively.
The parameters a, b, and € are fitted parameters and the residual term. The coefficient of
determination (R?) of MLP reflects the relation between Os and meteorological conditions,
and R? values between Os and single meteorological factors were obtained if Mp;; in Eq.
6 contains one meteorological factor. The negative sign will be added to R? if there exists
a negative correlation between Oz and the single meteorological factor.

2.4. Calculation of Degree of Aggregation Dispersion of Stations with Similar Os Levels

The global Moran’s I index (GM) can be used as a spatial autocorrelation analysis
technology to explore the dispersion or unification of attribute values in a given region.
In this case, it reflects the correlations of Os concentrations at different stations, taking the
spatial weights of all stations into account. GM values range from -1 to 1, with posi-
tive/negative values indicating positive/negative correlations among all Os stations. GM
values approaching 1 or -1 represent strong positive or negative relations, respectively,
and a GM value approaching 0 indicates no obvious association. GM was calculated as
follows.

_ BB owy (i =B (4 — %)

! SUPo 1 X =i wij @
1
S = = (=92 ®)
1 n
%= ;Z % )

where [ is GM, x;j is the observed value of a region, wij is the spatial weight matrix, and S
is variance. We utilized local Moran'l (LM) to explore the correlation of a station with its
adjacent stations in a small area. LM constitutes the normalized Os concentration of a sta-
tion and the adjacent station and their scatter plots in quadrant can discern their correla-
tions. It exposes the heterogeneity shadowed by GM and is often involved in recognizing
pollution hotspots in geography [43-45]. Three stations closest to a site were used to cal-
culate the normalized lagged Os concentration, which represents the average Os level ad-
jacent to a site. The normalized Os value of a site and its lagged value were assigned to a
two-dimensional plot and correlations between the two were visualized according to their
locations in quadrants (Figure 2). “high-high” (H-H) in the first quadrant [(1) in Figure 2]
indicates a site with a high attribute that is encircled by high-attribute sites. Low-high (L-
H) in the second quadrant, low-low (L-L) in the third quadrant, and high-low (H-L) in the
fourth quadrant indicate a low-attribute site encircled by high-attribute sites, a low-attrib-
ute site encircled by low-attribute sites, and a high-attribute site encircled by low-attribute
sites, respectively. GM values varied from -1 to +1, with values closer to 1 indicating more
strongly positive correlations, which are deemed H-H or L-L patterns, values closer to -1
indicating negative correlations among stations, which are deemed H-L or L-H patterns,
and values closer to 0 indicating weaker correlations among stations.
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Figure 2. Scatter plots of local Moran'l in quadrants and the significance of correlation of a station
with adjacent stations.

3. Results
3.1. Aggregation of Stations with Similar Os Concentrations over Different Time Scales

Os is a regional pollution issue with stations showing similar concentrations distrib-
uted close together. The concentration is always affected by meteorological conditions,
local precursor emissions and transport of non-local Os or precursors from outside the
local area. The heterogeneity or consistency of average Os concentrations at multiple sta-
tions may vary with changes in these factors, causing fluctuations in the correlations be-
tween each station and its adjacent stations. In this section, the aggregation on different
time scales, long-term evolution, and driving factors are analyzed to explore the pollution
characteristics.

3.1.1. Global Moran’s I on Different Time Scales

GM variations in annual average Os concentrations are shown in Figure 3 (black line).
The values range from a minimum of 0.25 in 2008 to a maximum of 0.59 in 2012 (p < 0.05
except 2018). The positive GM values indicate that stations with similar Os concentrations
distributed agminated in the PRD. The sharp increase from 2007 to 2012 implies that Os
concentrations converged on similar levels during this period and the almost constant GM
during the period 2013 to 2017 indicates that the overall spatial distribution of annual
average Os values remained stable throughout the area.

To clarify the factors that drive annual GM values, the impacts of meteorological con-
ditions and local and non-local contributions were identified and their annual GM values
are shown in Figure 3. We found that GM values were almost constant regardless of fluc-
tuations in meteorological conditions. This implies that the annual average spatial distri-
bution of Osis independent of fluctuations in meteorological conditions. Our previous
investigation demonstrated that Os concentrations were sensitive to meteorological con-
ditions in the western region of the PRD [28], while Os concentrations were high in the
northeastern region during the period 2013 to 2017 [46]. Meteorological conditions still
have an important influence on Os concentrations, and we discuss the spatiotemporal evo-
lution of the correlation between Oz and meteorological conditions in Section 3.2.

The annual GM (red line, local GM) decreased when non-local contributions were
removed and the annul non-local GM retained the same negative values. Therefore, we
inferred that the overall temporal GM was likely driven by local contributions as local and
annual GM showed similar temporal variations. Negative non-local GM values near 0 im-
ply that Os transported from outside of the area was distributed discretely in the PRD.
GM values would be increased by the impact of non-local contributions as the discrepan-
cies between Os concentrations at different stations were evened out by non-local contri-
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butions. These observations emphasize that Os pollution is a regional issue and was in-
tensified by local contributions from 2007 to 2012. Furthermore, Os concentrations at most
stations in the PRD increased during this period [28], and the increasing GM values imply
that Oslevels increased faster at stations with previously low levels, thereby reducing the
difference compared to high Os stations. Non-local contributions had no effect on tem-
poral GM fluctuations, whereas they enhanced Os concentrations at low-level stations.
Therefore, local and regional cooperation is necessary to restrict Os pollution.

It should be noted that GM dropped to 0.1 (p > 0.05) in 2018, implying that Os con-
centrations were discretely distributed, which may have been related to abnormal
weather in that year. Fluctuations in T and SSR intensified, accompanied by significant
differences in temperature and precipitation compared to previous years, and there were
several typhoons in 2018 [47]. Different stations were affected to varying degrees by me-
teorological conditions, resulting stations in high/low Os levels encompassed by low/high
levels stations, which should be explored further in future studies.

Q|
© | —Unadjusted
— Adjusted
© | —Local
— o
b= Nonlocal
o
o< |
= ©
®
Q9
[< 3]
6°]
; 2
o | ©
o

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Figure 3. Annual Global Moran’l of different components from 2007 to 2018 in PRD. Lines in black, blue, red, and green
are the original, meteorologically adjusted, local and nonlocal data, respectively.

Analysis of the monthly GM values for each year compared with the averages of all
years (Figure 4) revealed that months with high Os levels (marked with digits) were usu-
ally coupled with high GM values, indicating that Os concentrations at most stations
throughout the region became more similar in Os seasons. GM values were low or even
negative in months with low Os concentrations. The polarization of GM values in different
months demonstrates that control of Os during periods of high pollution requires the co-
operation of the whole area, and appropriate measures should be applied to stations with
relatively high Os concentrations when concentrations are low during spring and winter.
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Figure 4. Monthly Global Moran'l variations from 2007 to 2018 in PRD. Colorful solid dots indicate different months in
each year and digits hanging above the solid dots mark the high Os concentration months (7-10). “All” is Os average

throughout all the years.

3.1.2. GM on Different Time Scales

GM reflects the autocorrelation of the Os concentrations of all stations using a single
index. This index indicates only the degree of aggregation or dispersion of Os concentra-
tions in the region. However, heterogeneity between a single station and its adjacent re-
gions within a small district will be shadowed by GM values. Hence, local autocorrelation
analysis was performed to examine these features. As shown in Figure 5a, stations were
distributed mainly in the first and third quadrants, indicating that stations were sur-
rounded by other stations with similar Os levels, consistent with high positive GM values.
CW, TC, TL, and LY with low concentration levels located in or near Hong Kong (HK) are
associated with the L-L pattern because of their relatively low precursor emissions [19].
Furthermore, dilution by the sea breeze and increased precipitation in coastal regions
would also lead to low Os levels in these areas. The remaining stations mostly fell within
the first quadrant, indicating that these stations simultaneously experienced high Os levels
compared with those of sites in or near HK. Os values were highest at TH, and the three
nearest stations, HG, HJC, and LH, had similarly high values. These sites are located in
the north of the PRD and in northerly winds are the most susceptible to non-local Os from
inland. With a southerly wind, Os from the south will settle in areas to the north. Both
situations could facilitate the accumulation of Os in areas north of the PRD. JGW and TJ
were distributed in the fourth quadrant because of the influence of nearby HK, which had
the lowest Os concentrations. Therefore, programs to restrain Os in the PRD should take
into account geographical location and the effects on upwind areas.

Variations in the scatter diagram of LM for the different years are shown in Figure
5b. Hong Kong remained L-L and most other regions stabilized in the first quadrant
throughout the investigation. However, although some stations, such as LH and DH,
switched among different quadrants, they finally settled in the first or second quadrant,
indicating that these stations coexisted with surrounding high Os regions. The pattern of
GM values in 2018 differed significantly from previous years, which is consistent with the
low GM values shown in Figure 3. Os concentrations at TH, HJC, and JJZ were still rela-
tively high and these stations remained in the first quadrant, while Os concentrations in
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other regions were relatively low and switched to the second quadrant. These observa-
tions may have been related to abnormal meteorological events in 2018 and require fur-
ther investigation.

To explore the monthly aggregation in local areas as part of the whole region, we
calculated the lagged Os levels of all stations with the monthly averages from all periods
and the results are shown in Figure 5c. The stations were allocated to the quadrants from
January to April and during December. This was consistent with the monthly GM values,
which were low during the same periods (Figure 4). High Os concentrations occurred from
May to November in the PRD with high monthly GM values (Figure 4) and with monthly
local autocorrelations having H-H and L-L patterns (Figure 5c). These observations show
that the discrepancies of Os concentration from the whole region were shrank in high Os
level months, which implied high/low Os stations were enclosed with high/low stations
around during high pollution periods. Inversely, high/low Os stations were encircled by
low/high stations around during non-high pollution periods relatively. These observa-
tions indicate the need to formulate different Os control measures according to specific
local pollution conditions.
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Figure 5. Local Moran’I variations in different time scales (a-c) in PRD. a, b and c are local Moran'l of the averages through
2007 to 2018, each year and each month respectively. The horizontal and vertical pink lines specified the 0 location of x
and y axises and the y Indicates the normalized ozone concentration.
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3.2. Spatial Distribution of Meteorological Conditions-Os Correlations and Its Temporal
Evolutionary Characteristics

The results outlined in Section 2 indicate that annual GM values were independent
of meteorological conditions. However, Os concentrations have been shown to be mark-
edly influenced by meteorological fluctuations [29,48-52]. This section discusses the cor-
relation between meteorological fluctuations and their spatiotemporal evolution. As
shown in Figure 6a, the R? values between Os values and all of the selected meteorological
variables (MET) were high throughout the period 2007 to 2018 in southwestern regions
and low in northeastern regions, with maximum values of 0.74, 0.72, and 0.67 at YL, CZ,
and ZML, respectively. Such high correlations indicate the consistency of variations in Os
concentrations and meteorological conditions and the southwestern region is likely sensi-
tive to meteorological conditions [32-34]. R? values in the northeastern region were rela-
tively low, with a minimum value of 0.24 at TH (Figure 6a), indicating that Os in these
areas was likely regulated mainly by changes in its precursors or by non-local transporta-
tion.

R? values between Os and single meteorological variables are shown in Figure 6b-f.
The R? of SSR and T (b and c) had similar spatial distributions and governed the overall
picture of MET R?, implying that they were the major factors influencing Os concentra-
tions. R? values were low in coastal regions, but high in western and central-western areas.
This was because precursor emissions of Os were concentrated in the western and central-
western areas [36], and temperature and solar radiation can influence Os production di-
rectly or indirectly. Areas with high precursor emissions are more sensitive to T and SSR
and will probably experience higher Os levels as T and SSR will increase with climate
change and with the alleviation of particulate matter pollution. RH showed slight negative
correlations in most areas, especially in coastal cities (Figure 6d), which was likely associ-
ated with wet deposition of Os precursors. The R? values of u and v (Figure 6e-f) had
similar spatial distributions and magnitudes, and the negative correlations near the ocean
were probably associated with dilution by sea breeze. We speculate that the positive R2
values in the north reflect transport of Os and its precursors from inland.
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Figure 6. Coefficients of determination (R?) between the baseline of Maximum daily 8-h moving averages (MDAS) and
baselines of meteorological variables from 2007 to 2018 (a—f) is R? between Os and all the five meteorological factors (MET),
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total net surface solar radiation (SSR, c), daily maximum 2-m temperature (T, b), daily minimum relative humidity (RH,
d), 10-m mean wind (u, e and v, f) respectively).

The annual geographical distributions and average annual variations in R? between
Os and all meteorological factors are shown in Figures 7 and 8. High correlations were
seen in the southwest in most years, but there were large discrepancies between different
years (Figure 7). In the long term, the variations in R? showed no obvious tendencies for
the whole region, except that R? was relatively low from 2016 to 2018. Examination of the
spatial distribution of R? for each meteorological variable with Os (Figures 51-S5) implied
that the sensitivity of the western area to meteorological conditions was due mainly to
SSR and T and that u and v were responsible for the totally high R? values in the northeast
from 2015. R? values in SSR and T had similar spatial distributions throughout all periods
and were higher during the last 8 years than the first few years. Negative correlations
were seen between Os and RH in most periods, especially in coastal areas. The R? values
of u and v with Os were positive in the north and became more intense with the years,
signifying that ozone was more sensitive to wind in the north, while values were negative
in the south and the last to become positive, signifying that Os in the south was likely
induced by wind.

T ——
0 3060 120 180 240

Figure 7. Interannual temporal and spatial variations of coefficients of determination (R?) between the baseline of MDAS
and baselines of all meteorological variables (SSR, T, RH, u and v) from 2007 to 2018.

Annual MET R? (black dashed line in Figure 8) values showed a slight decrease from
2007 to 2018, accompanied by increases in R? values for SSR and T and reductions in RH,
u, and v. Hence, MET R? was suppressed by RH, u, and v overall. R? values for SSR and T
remained highly consistent in tendency and magnitude due to the high correlation be-
tween SSR and T. The decline in NOx and increase in VOCs were relatively steady over
the last decade [1], so the peaks in 2012 and 2016 were probably related to the marked
fluctuations in SSR and T (Figure S6). The increases in R? values for T and SSR imply that
the PRD, especially the areas with Os concentration sensitive to meteorological conditions,
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will likely suffer more severe Os pollution in the future at present emission levels. On the
whole, u, v, and RH acted as diluters initially based on the negative R?, and this occurred
mainly in the southern parts of the PRD; Oz showed positive correlations with u and v,
and was independent of RH in the last few years. Xue et al. reported that Hong Kong was
experiencing increasing Os transport from the PRD [53]. Therefore, we assume that the
negative correlations of u-R? and v-R? values occurred when dilution by wind was domi-
nant, and Os concentrations in the PRD were relatively low. More Os was transported to
the south from the PRD when Os levels in the PRD were high, leading to positive u and v
R? values in the southern regions of the PRD. These findings imply that efforts to reduce
emissions may be offset by adverse meteorological conditions and indicate that it is nec-
essary to clarify Ostransport by the wind to restrict levels in the PRD.

1.0

0.5

0;0

(0.0281yr)

Cocfficients of determination (RZ)
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Years

Figure 8. Coefficients of determination (R?) between the baseline of daily MDAS8 and baselines of meteorological variables

from 2007 to 2018 (MET is
increased rate of annual R2.

R? between Os and all the five meteorological factors). Annotations in brackets indicate the

4. Conclusions and Discussion

In this study, the aggregation (as reflected by GM) of Os concentrations at all stations
in the PRD and their temporal evolution were analyzed to elucidate regional issues related
to Os pollution. The impacts of meteorology, local and non-local contribution were iden-
tified to determine the driving factors of GM variation. The results show that stations with
similar Os levels aggregated distributed more in PRD. The increases in annual GM from
2007 to 2012 indicate that the differences in Os concentrations among stations decreased
and Os approached to a similar level. Further investigation showed that GM values were
independent of meteorological conditions and were markedly enhanced by non-local con-
tributions and that the temporal variations in GM were driven by local contributions. GM
values were higher in Os seasons and became small in low Os months. Furthermore, sta-
tions near HK had similarly low levels and the remainder had high Os levels, as charac-
terized by LM. Thus, regional Os issues became more prominent, which was mainly due
to local and non-local contributions.

To reduce Os pollution in the PRD, further substantial reductions in emissions are
required. Cooperation between regions within the PRD and with environmental agencies
outside the PRD will be crucial to reduce transport from upwind areas. Ozone concentra-
tion in the westerly of PRD was more sensitive to T and SSR, and the R? between ozone
and meteorological factors increased over the years, so Os concentrations will probably
increase even if emissions are kept constant as the warming climate, and additional efforts
are required to reduce pollution in these areas. Particularly, RH-R? values were negative
in most areas and periods, which is reasonable due to wet deposition in Os and its precur-
sors. The R? values of u and v were positive in northern regions and increased over the
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years, while being negative in southern regions and eventually becoming positive, imply-
ing that Os was more likely to be transported into the area by wind, especially in the north-
ern regions of the PRD. Therefore, it is necessary to characterize the impacts of meteoro-
logical conditions for effective emission reduction, and additional attention and efforts are
needed in the meteorology-sensitive regions.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4433/12/2/279/s1, Figure S1: Annual coefficients of determination (R?) between the baseline of daily
MDAS and SSR. Figure 52: Annual coefficients of determination (R?) between the baseline of daily
MDAS8 and T. Figure S3: Annual coefficients of determination (R?) between the baseline of daily
MDAS and RH. Figure S4: Annual coefficients of determination (R?) between the baseline of daily
MDAS8 and u. Figure S5: Annual coefficients of determination (R?) between the baseline of daily
MDAS and v. Figure S6: Annual variances of each meteorological variable.
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