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Abstract. The Pearl River Delta (PRD) region in southern China has been facing severe ozone (O3)
pollution during the day, as well as anomalous nocturnal O3 increase (NOI) during the night. In this study,
relying on observed surface and vertical Os and the fifth-generation European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis (ERAS) dataset, the spatiotemporal variation of NOI events is
comprehensively analysed and the role of vertical transport in the occurrence of NOI events is quantified
in the PRD region from 2006 to 2019. Results show that the annual average frequency of NOI events is
estimated to be 53 +16 d yr in the PRD region during the 14-year period, with 58 11 pg m= for the
nocturnal O3 peak (NOP) concentration on average. Low-level jets (LLJs) and convective storms (Conv)
are the main meteorological processes that induce NOI events, explaining 61 % and 11 % of NOI events
on average, respectively. Annually, NOI events exhibit an upward trend (4.70 d yr-) before 2011 and a
downward trend (-0.72 d yr') afterward, which is consistent with the annual variation of LLJs (r=0.88,
p<0.01). Although the contribution of Conv to NOI events is relatively small, Conv-induced NOI events
continuously increase at a rate of 0.26 d yr* during this 14-year period owing to the effect of expanding
urbanization. Seasonally, relatively higher frequency of NOI events is observed in spring and autumn,
which is consistent with the seasonal pattern of LLJs and maximum daily average 8-h (MDAS8) Os.
Spatially, NOI events are frequent in the eastern PRD, which matches well with the spatial distribution
of LLJ frequency while partially overlapping with the distribution of MDA8 O3 concentration, suggesting
a more important role for vertical transport than for daytime O3 concentration in NOI events, which is

also supported by the difference in their annual trends between urban and rural areas. The WRF/CMAQ
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model and the observed vertical Os profiles are further applied to illustrate the mechanisms of NOI
formation caused by LLJs and Conv. Results confirm that both LLJs and Conv trigger NOI events by
inducing downdrafts, the difference being that LLJs induce them by shear and Conv by compensating
downdrafts. Through an observational and modeling analysis, this study reveals the long-term (2006-
2019) trends of NOI events in the PRD region and quantifies the contribution of meteorological processes
for the first time, emphasizing the importance of vertical transport as well as daytime O3 concentration
for the occurrence of NOI events.

Keywords: Nocturnal ozone increase; Ozone profile; Low-level jets; Convective storms; Pearl River

Delta; Long-term trend

1 Introduction

As a secondary pollutant, surface ozone(Os) is formed via photochemical reactions involving nitric oxide
(NOy) and volatile organic compounds (VOCs) in the presence of sunlight. Therefore, O3 shows obvious
diurnal variation, with maximum concentrations observed during the day (Kleinman et al., 1994; Zhang
et al., 2004). During the night, Oz concentrations are typically low because Oz production ceases, and
dry deposition and NO titration directly remove O3 from the atmosphere (Jacob, 2000). However, O3
concentrations do not always stay at low levels during the night, and frequent nocturnal O3 increase (NOI)
events have been observed in many countries (Asia, Europe, North America, etc.) and in various
topographies (plains, valleys, mountains, etc.) (Kuang et al., 2011; Kulkarni et al., 2013; Klein et al.,
2019; Udinaetal., 2019; Zhu et al., 2020). Kulkarni et al. (2015) found that NOI events could be observed
at around 3:00 in the morning, with concentrations as high as 118 ug m= in the UK. Yusoff et al. (2019)
also reported that frequent NOI events were observed in some cities of Malaysia, and the annual trend
was found to be increasing based on 11 years of ground-based measurements. High nocturnal Os is likely
to enhance O3 concentrations the next day and increase the probability of O3 pollution events (Kuang et
al., 2011; Sullivan et al., 2017). In addition, numerous studies have proven that high nocturnal surface
O3 concentrations have adverse effects on crops and vegetation, leading to plant water loss, stomatal
sluggishness, and reduction of plant production (Caird et al., 2007; Cirelli et al., 2016; Yue et al., 2017)

and human health (Kurt et al., 2016; Carréet al., 2017).
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Because of the cessation of O3 photochemical production at night, NOI events are likely to be attributed
to meteorological processes (Salmond and McKendry, 2002). It has been widely recognized that low-
level jets (LLJs) are one of the most important meteorological processes that cause NOI events (Salmond
and McKendry, 2002; Kuang et al., 2011; Sullivan et al., 2017). After sunset, radiative surface cooling
and weakened turbulence result in a stratified nocturnal boundary layer (NBL) with an altitude of about
500m (Stull, 1988). A residual layer (RL) exists above it, which contains the residual Oz produced during
the day. When a nighttime LLJ occurs, it is able to break the delamination between the NBL and RL by
shear and bring the O3 from the RL to the surface, resulting in the accumulation of ground-level Oz. An
analysis of aircraft data from California has shown that LLJs are able to promote mixing between the
NBL and RL and transport O3 from the RL to the surface, leading to NOI events (Caputi et al., 2019).
Convective storms (Conv) are another meteorological process that contributes to NOI events (Prtenjak
et al., 2013; Zhu et al., 2020). Dias-Junior et al. (2017) investigated the dynamic variation of O3 during
downdrafts associated with Conv and found that these downdrafts play an important role in transporting
tropospheric Os to the surface at night. Jain et al. (2007) noted that NOI events in India are often
accompanied by thunderstorms and stable boundary layer conditions. Other meteorological processes
that rely heavily on topography, such as sea-land breezes and mountain-valley breezes, also contribute
to NOI events (Salmond and McKendry, 2002; Nair et al., 2002). Seibert et al. (2000) pointed out that
nocturnal O3z concentrations are elevated during foehn events in the eastern Alps.

Therefore, NOI events are not an exception and can occur worldwide as a result of specific
meteorological processes (thunderstorms, foehn, etc.) (Hu et al., 2013; Caputi et al., 2019; Klein et al.,
2019; Udina et al., 2019; Shith et al., 2021). LLJs and Conv are important factors influencing the
generation of NOI events; however, their relative contribution to NOI events has not yet been quantified.
Most of previous studies have focused on the analysis of a single NOI event or NOI events at limited
monitoring sites for short periods. Consequently, it is of great important to investigate the long-term
trends of NOI events at a larger scale and to further quantify the effect of meteorological processes, such
as LLJs and Conv, on NOI events.

China has experienced worsening ground-level O3 pollution in recent years, especially in the Pearl River
Delta (PRD) region (Wang et al., 2017). Liao et al. (2021) investigated ozonesonde profiles recorded in
Hong Kong during 2000-2019 and pointed out that O3 concentrations have increased substantially at a

rate of 0.618 ppbv yr in the lower troposphere, indicating the continued deterioration of Os pollution in
3
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the PRD over the last 20 years. The PRD region is the first urban agglomeration in China to change its
primary pollution from fine particulate matter with an aerodynamic diameter of less than or equal to 2.5
mm (PM2s) to Os. Numerous studies in the PRD region have explored daytime O3 characteristics, such
as long-tern trends (Xue et al., 2014; Li et al., 2022), the nonlinear response to precursor emissions (Lu
etal., 2010; Mao et al., 2022), source apportionment (Shen et al., 2015; Liu et al., 2020), and the relative
contributions of precursor emissions and meteorology (Yang et al., 2019b; Chen et al., 2020). In terms
of nighttime Os, Tong and Leung (2012) analysed diurnal Oz characteristics in different urbanized areas
in Hong Kong and found that nocturnal Oz maxima can be higher than daytime maxima in some highly
urbanized areas, attributable to differences in NO titration in regions with different urbanization. He et
al. (2021) investigated an NOI event at Shaoguan, Guangdong, and revealed that nocturnal mountain-
valley breezes from the Nanling Mountains transported O3 from the RL to the surface. However, studies
regarding the spatio-temporal distribution of nocturnal Oz concentration and its affecting factors remain
unclear in the PRD region. There is an urgent need to comprehensively investigate the characteristics of
NOI events in the PRD region because of its special topography, with the coast to the south and the
mountains to the north, and because it is frequently affected by special meteorological processes (such
as LLJs and Conv) that are conducive to NOI events. Moreover, high daytime O3 concentrations tend to
contribute to NOI events in the PRD region.

In this study, by using in-situ hourly Oz concentration data collected from 16 monitoring sites in the PRD
region during 2006-2019, the long-term trends and spatial distribution of NOI are presented. Moreover,
the relative contributions of LLJs and Conv to NOI events are quantified based on the ERAS5 reanalysis
dataset. Finally, the observed O vertical profile and the Weather Research and Forecasting (WRF) model
coupled with the Community Multiscale Air Quality (CMAQ) model are applied to deeply assess the
impacts of LLJs and Conv on selected typical NOI events. This study provides a comprehensive analysis
of NOI events and their controlling meteorological factors in the PRD region during a 14-year period for

the first time, advancing our knowledge of the meteorological role in NOI events.
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113 2 Data and methods

114 2.1 Observed data

115 Observed hourly O3z concentrations at 16 stations across the PRD region from 2006 to 2019 are provided
116 by the Guangdong-Hong Kong-Macao Pearl River Delta Regional Air Quality Monitoring Network
117 (HKEPD, 2017) (Fig. 1). More detailed information regarding the stations is provided in Table S1.
118  According to the work of Zhu et al. (2020), a nocturnal Oz increase (NOI) event is defined as O3
119  concentrations peaking at night (from 21:00 LT to 06:00 LT the next day), with values increasing by at
120 least 10 ug m3 and remaining for at least 1 h. The associated O3 nighttime peak concentration is identified
121 as the nocturnal O3 peak (NOP).

122 The vertical distribution of O3 concentrations observed at the Dongguan superstation (23.02°N, 113.79°
123 E) during 2019 is also utilized in this study. The Os vertical profile is measured using an Os lidar (Model:
124 LIDAR-G-2000). The detection height of the Os lidar is 3 km, with a vertical spatial resolution of 7.5m
125 and a temporal resolution of 12 min.

126 The observed meteorological variables at 9 sites (Fig. 1) across the PRD region are obtained from the

127 Chinese National Meteorological Centre (CNMC, http://www.cma.gov.cn/, last accessed on 10 February

128 2022), including temperature at 2 m (T2), relative humidity at 2 m (RH), and 10 m wind speed (WS10).

129 More detailed information regarding the meteorological sites is provided in Table S2.
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131 Figure 1: Model domains and location of air quality monitoring stations (dots and triangles represent urban
132 and rural stations, respectively), meteorological stations (red diamonds), and Dongguan superstation (blue
133 star).
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2.2 Simulated meteorological data

To investigate the effects of meteorological processes on NOI events, the ERAS reanalysis dataset

(https://cds.climate.copernicus.eu/cdsapp#!/home, last accessed on 10 February 2022) provided by the

European Centre for Medium-Range Weather Forecasts (ECMWF) is utilized in this study. The
meteorological parameters include wind speed, precipitation, temperature, and vertical wind velocity.
The ERAGS reanalysis dataset, currently spanning from 1979 to the present, is provided on regular
latitude—longitude grids at approximately 0.25°x 0.25<and up to 1 h frequency. Vertically, ERA5
resolves the atmosphere using 137 levels from the surface up to a height equalling 0.01 hPa. The
performance of ERA5 has been evaluated in previous studies and has proven to be reasonable for further
analysis (Olauson, 2018; Hersbach et al., 2020).
Based on the ERADS reanalysis dataset, low-level jets and convective storms are defined in this study.
According to the work of Banta et al. (2002) and Hodges and Pu (2019), low-level jets (LLJs) are defined
when vertical wind speed maxima occur below 800hPa and exhibit a decrease of at least 1.5 m s at
vertical levels both above and below the level of the maxima.
Convective storms (Conv) are defined by the following criterion: the mean K index (KI) value is greater
than 30 °C within 3 hours prior to the NOI event (George, 1960; Johnson, 1982). The Kl is calculated as
follows:

KI = (Tgso — Ts00) + Tdgso — (T700 — Td700) (€8]
where Tgsg, Tr00, and Tsqo are the temperature at 850 hPa, 700 hPa, and 500 hPa, respectively, and

Tdgso and Td;q, are the dew point temperature at 850 hPa and 700 hPa, respectively.

2.3 Model configuration

The Weather Research and Forecasting (WRFv3.9.1) model is applied to provide meteorological inputs
to drive the Community Multiscale Air Quality (CMAQ v5.3.1) model. The meteorological initial
conditions (IC) and boundary conditions (BC) are provided by the National Centers for Environmental
Prediction (NCEP) Final Analyses (FNL) dataset, with a spatial resolution of 1°>=1<and a temporal
resolution of 6 h. The main physics options used for the WRF model are shown in Table 1. Two-nested
domains are used in the WRF simulations, with 38 vertical layers from the surface to 100 hPa. Figure 1

shows the two nested modelling domains, with spatial resolutions of 27 km %27 km and 3 km %<3 km
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for the coarse (D01) and inner (D02) domains, respectively. D01 covers most regions of China and D02
covers the whole PRD region.

The CMAQ model is explored to simulate Oz concentrations in the PRD region. The SAPRCO07 and
AEROG aerosol module are used for gas-phase and particulate matter chemical mechanisms, respectively
(Carter, 2010; Wyat Appel et al., 2018). Chemical IC and BC for D01 are derived from a global chemical
transport model, the Model for Ozone and Related chemical Tracers, version 4 (MOZART4) (Emmons
et al., 2010), and those for D02 are provided by the simulated results from DO1. The anthropogenic
emissions for DO1 are based on the 2016 Multi-resolution Emission Inventory for China (MEIC), which
has a grid resolution of 0.25°x0.25°(Zheng et al., 2018). Those used for D02 are based on the 2017
high-resolution emission inventory of the PRD region with a grid resolution of 3 km %<3 km (Zhong et
al., 2018), which includes the emission sectors of agriculture, biomass burning, combustion, dust,
industrial process, nonroad, solvent, storage, transportation, and waste disposal sources. Biogenic
emissions are calculated by the Model of Emissions of Gases and Aerosols from Nature (MEGAN) v2.1

(Guenther et al., 2006; Wang et al., 2011).

Table 1. Model configurations
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Model Physical process

Parameterization scheme

Reference

Microphysics

Longwave radiation

Shortwave radiation

WRF Surface layer

Planetary boundary layer

Cumulus parameterization

Land surface

Lin

RRTMG

RRTMG

Monin-Obukhov

MY

Grell-3

Noah land-surface model

Lin et al. (1983)

lacono et al. (2008)

lacono et al. (2008)

Monin and Obukhov (1954)

Nakanishi and Niino (2006)

Grell and Dé&vényi (2002)

Chen and Dudhia (2001)

Gas-phase chemistry
CMAQ
Aerosol chemistry

SAPRC 07

AERO6

Carter (2010)

Carlton et al. (2010)

2.4 Process analysis

In this work, in order to interpret the underlying atmospheric mechanisms for NOI events, the Integrated

Process Rates (IPR) analysis tool embedded in the CMAQ model is used to identify and quantify the

7
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contribution of different physical and chemical processes to Os. The processes include horizontal
transport (HTRA), vertical transport (VTRA), gas-phase chemistry (CHEM), dry deposition (DDEP),
and cloud processes (CLDS). Horizontal transport is the sum of horizontal advection and diffusion, and
vertical transport is the sum of vertical advection and diffusion. More details regarding the IPR analysis
tool can be found in previous works (Liu et al., 2010; Wang et al., 2010).

Using the CMAQ-IPR model, a NOI event induced by LLJs that occurred at the Nancheng Yuanling
(NCYL) site in Dongguan on 13-14 September 2017 is selected as a typical case for further analysis. The
simulations are conducted during 6-14 September. The first 2 days are used as model spin-up to eliminate

the impact of IC (Jiménez et al., 2007).
2.5 Model evaluation

The WRF/CMAQ simulation results are evaluated by comparing with the available ground-based
observation. Statistical metrics including mean value (Obs and Sim), mean bias (MB), normalized mean
bias (NMB), normalized mean error (NME), root mean square error (RMSE), correlation coefficient (r),

and index of agreement (IoA), are calculated as follows to evaluate model performance.

MB = Obs — Stm (@Y)
" (Sim; — Obs;)
NMB =251 "7 w100 )
i=10bs;
s
NME = M % 100 3)
i=10bs;
1 .
RMSE = EZ 1(Szmi — 0bs;)? “4)
i=

e Y (Sim; — Slm)(Obsi — Obs) )

/z;;l(sl'mi — Stm)? ¥, (Obs; — 0bs)*
Y, (Sim; — Obs;)?
¥ (|Sim; — Obs| + |0bs; — 0bs|)*

IoA=1-

(6)

The evaluation protocols of the U.S. Environmental Protection Agency (EPA, 2017) are used to evaluate
the performance of the meteorological parameters, which are listed as follows: MB < 0.5 <C and 10A >
0.8 for T2; MB < +5 % and oA > 0.6 for RH; and MB < #0.5 m/s, RMSE < 2.0 m/s, and loA > 0.6 for
WS10. The evaluation protocols of the Ministry of Environmental Protection of China (MEP, 2015) are

used to evaluate the performance of O3 as follows: —15 % < NMB < 15 %, NME < 35 %, and r > 0.4.
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206 3 Results and discussion

207 3.1 General characteristics of NOI events

208 The annual average frequency of NOI events is estimated to be 53 =16 d yr? in the PRD region from
209 2006 to 2019, with an annual average concentration of 58 =11 ug m for NOP. LLJs are the primary
210 factor causing NOI events, responsible for about 61 %, followed by Conv at 11 % (Fig. 2). The
211 combination of LLJs and Conv contributes to 16 % of NOI events. The remaining 12 % of NOI events
212  that cannot be explained by LLJs and Conv may be related to other meteorological processes, such as

213 mountain-valley breezes and sea-land breezes (Sousa et al., 2011; He et al., 2021).

214 OLLJs OLLJs&Conv @Conv OOther

215 Figure 2: The relative contribution of different meteorological processes to NOI events.

216 3.2 Long-term trends of NOI events

217  Asdepicted in Fig. 3a, the annual frequency of NOI events increases from 38 =18 d yr in 2006 to as
218  highas 67 £18d yr'in 2011 at a rate of 4.70 d yr? (p<0.01) and gradually decreases at a rate of -0.72
219 d yr! (p<0.05) after 2012. A similar annual trend is observed between the frequency of total downdrafts
220 (sum of LLJs, LLJs + Conv, and Conv) and NOI events (Fig. 3b). The frequency of total downdrafts
221 increases at a rate of 4.02 d yr! (p<0.01) before 2012 and decreases at a rate of -0.53 d yr? (p<0.05)
222 afterward, which is significantly positively correlated with NOI events, with a Pearson correlation
223  coefficient (r) of 0.96 (p<0.01). Among the total downdrafts, LLJs exhibit a similar pattern with NOI
224 events (r=0.89, p<0.01), further suggesting that LLJs are the predominant driver. Conv presents a
225  continuously increasing trend over the whole 14-year period, with a rate of 0.26 d yr (p<0.01), and the
226  frequency of LLJs + Conv does not show obvious variation.

227  Although the proportion of NOI events caused by Conv alone is relatively small compared with that

228  caused by LLJs (Fig. 2), it is noteworthy that the frequency of Conv-induced NOI events gradually
9
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increases during the 14-year period (Fig. 3b). This is related mostly to the rapid urbanization in the PRD
in recent years. During 1987-2017, the urban area of the PRD region grew at an average rate of 8.82 %
yrt (Yang et al., 2019a) and reached its maximum rate (6.66 %) of urban expansion intensity after 2010
(Zhang et al., 2021). These expanding urban areas increase surface roughness and further increase the
frequency and intensity of convection in the form of enhanced mechanical turbulence (Li et al., 2021),
resulting in the enhanced frequency of Conv-induced NOI events. The role of Conv in the occurrence of
NOI events is expected to amplify as the trend toward urbanization continues in China in the future (Seto
etal., 2012; Marelle et al., 2020).

Unlike the annual trend of NOI frequency, the nocturnal Oz peak (NOP) value shows an upward trend
during the period 2006-2019, with a slower growth rate of 0.54 pg m= yr! (p<0.05) before 2015 and a
faster growth rate of 4.76 pg m= yr? (p<0.01) thereafter (Fig. 3c). The maximum daily average 8-h
(MDAB8) O3 mixing ratio exhibits a similar pattern to NOP, with an increase rate of 0.39 pg m= yr?
(p<0.05) before 2015 and 9.21 pg m3 yr! (p<0.01) afterward (Fig. 3d). NOP is significantly positively
correlated with MDA8 Os, with r up to 0.88 (p<0.01). This implies that daytime O3 concentration levels
potentially affect NOP concentrations. Previous studies have pointed out that weakened NO titration
caused by the effective control of anthropogenic NO, emissions, coupled with the rapid increase in VOCs
emissions in the PRD region (Zhong et al., 2018), caused the increasing O3 concentrations in the past 14
years (Maet al., 2016; Liao et al., 2021; Li et al., 2022). Moreover, some studies have reported increasing
atmospheric oxidizing capacity in the PRD region in recent years, which is considered to be an important
contributor to accelerated Oz growth during 2016-2019 (Gong et al., 2018; Han et al., 2019). The
weakened NO titration not only increases the daytime Oz concentration, but also allows more
unconsumed Os to enter the RL after sunset, leading to more downward transport of O3 during NOI
events. This has also been shown by Tong and Leung (2012), who emphasized that significant variation
in NO titration levels and the diurnal accumulation of tropospheric O3 can seriously affect nighttime Os

concentrations.
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Figure 3: Annual trends of (a) NOI event frequency, (b) frequency of total downdrafts (black), LLJs (orange),
LLJs + Conv (green), and Conv (red) that can induce NOI events, (c) NOP concentrations, and (d) MDA8 O3
concentrations in the PRD region during 2006-2019. The units of k (Sen’s Slope) are d* yr? in (a) - (b) and
ng m23yrtin (c) - (d). Linear trends significant at the 95% confidence level are illustrated with dashed lines.

3.3 Seasonal variations of NOI events

NOI events exhibit obvious seasonal variation (Fig. 4a), with relatively higher frequency observed in
spring (18 %4 d yr?) and autumn (20 =5 d yr) and lower frequency in summer (14 £3 d yr*) and winter
(16 £3 d yr). LLJs are the dominant inducer of NOI events in spring, autumn, and winter (Fig. 4b),
while in summer, the dominant factors are LLJs + Conv and Conv because convective activity is more
intense during summer (Chen et al., 2014). Given that LLJs can enhance turbulence below and create
favorable formation conditions for Conv (Trier et al., 2017; Du and Chen, 2019), most Conv events occur
preferentially on days when LLJs exist in the PRD region (Chen et al., 2014), which makes LLJs + Conv
the primary contributor in summer.

In terms of NOP (Fig. 4c), relatively higher concentration is observed in spring and autumn, with values
of 59 + 12 pg m™ and 66 =10 pg m3, respectively, while the concentration is the lowest (44 +7 pug m3)
in summer. The MDA8 O3 has a similar seasonal variation to NOP except in winter (Fig. 4d); it is high
in the spring (111 + 15 ug m®) and autumn (120 +13 pg m?) and low in the summer (88 = 15 pg m3).
In winter, surface MDAS O; has the lowest concentration (86 + 12 pg m) while NOP stays at relatively
high levels (56 £10 ug m). This is because the higher O concentrations aloft in the winter allow more
O3 to be transported downward during the NOI period, resulting in a higher NOP concentration in winter,
which shown by the seasonal observed vertical O3 profile monitored at the Dongguan superstation (Fig.

5). As illustrated in Fig. 5, higher O3 concentrations are observed at the height of 200 to 750 m in the
1
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winter compared to summer, and a similar result was also observed in Hong Kong (Liao et al., 2021).

This is owing mainly to the typical Asian monsoon circulation, because it can bring clean marine air into

the PRD region in summer, which dilutes polluted air masses inland, and delivers pollutant-laden air

from mainland China in winter, creating higher Oz concentrations over the PRD (Wang et al., 2009).
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Figure 4: Seasonal variation of (a) NOI event frequency, (b) frequency of total downdrafts (black), LLJs
(orange), LLJs + Conv (green), and Conv (red) that can induce NOI events, (c) NOP concentrations, and (d)
MDAB8 O3 concentrations in the PRD region during the period 2006-2019.
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Figure 5: Seasonally averaged vertical distribution of Os concentrations at the Dongguan superstation from
the surface to a height of 3000 m during 2019. Spring (Spr.): March-May; Summer (Sum.): June-August;
Autumn (Aut.): September-November; Winter (Win.): December-February.
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289 3.4 Diurnal variation of NOI events

290 Distinct diurnal variation is observed for NOI events (Fig. 6a) with an increasing trend from 21:00 to
291  3:00 and a decreasing trend afterward. It is estimated that about 60 % of events occur during the middle
292 of the night (11:00-3:00). The LLJs that can induce NOI events show a similar diurnal variation to the
293  frequency of NOI events, occurring frequently at midnight. However, the frequency of total LLJs differs
294 from the frequency of LLJs that can induce NOI events, increasing continuously from 21:00 to 0:00 and
295 remaining stable after 0:00. This suggests that LLJs are not the only factor that determines whether a
296 NOI event can develop. The other decisive factor is related to Oz concentrations in the RL. During 21:00-
297 3:00, O3 produced during the day enters the RL and remains at a relatively high level. During this period,
298  the occurrence of LLJs tends to increase the probability of NOI events. After 3:00, the O3 concentrations
299 in the RL decrease due to horizontal and vertical transport during 21:00-3:00, which reduces the amount
300  of Oz that can be transported downward. Hance, even though the frequency of LLJs is relatively high
301 after 3:00, the lower O3 in the RL results in less O3 being transported downward to form a NOI event,
302  which ultimately decreases the frequency of NOI events. As illustrated in Fig. 6c, the trends of NOP
303  concentrations from 21:00 to 6:00 also reflect the fact that Os concentrations in the RL are higher during
304  21:00-0:00 and lower during 0:00-6:00. Therefore, the development of a NOI event is influenced by the

305 combination of a downdraft induced by meteorological processes, and daytime Oz concentrations.
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307 Figure 6: Diurnal variation of (a) NOI event frequency, (b) frequency of total LLJs (black) and the LLJs that
308 can induce NOI events (blue), (c) NOP concentrations during 21:00-06:00 (LTC).

13



https://doi.org/10.5194/acp-2022-360 Atmospheric
Preprint. Discussion started: 14 June 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics
Discussions

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329
330
331
332

3.5 Spatial distribution of NOI events

As most NOI events are caused by LLJs, LLJs are taken as an example to study the role of meteorological
processes in the spatial distribution of NOI events. The spatial distribution of the average annual
frequency of NOI events and LLJs in the PRD from 2006 to 2019 is shown in Fig. 7a, and the spatial
distribution of MDAB8 O3 concentrations obtained by Kriging's interpolation method is shown in Fig. 7b.
Obvious geographical variation is observed for NOI events, with a higher frequency in the eastern PRD
region, coupled with a higher frequency of LLJs, although the MDAB8 O3 concentrations are relatively
lower in these regions. In the central PRD region, despite the highest MDA8 O3 concentrations, the
frequency of NOI events was the lowest.

To further elaborate the effect of meteorological processes and daytime Oz concentrations on NOI events,
the difference between annual trends in urban and rural areas is compared in Fig. 8. This shows that the
frequency of NOI events exhibits an increasing trend in both urban and rural areas during 2006-2011,
with a faster rate of increase in urban areas (0.49) than in rural areas (0.11). The increase in NOI events
in urban and rural areas during 2006-2011 is associated with the increase in both LLJ frequency and
MDAB8 O3 concentration. In 2012-2019, NOI events remain stable in urban areas (0.02) because of the
decrease in the frequency of LLJs in urban areas, even though MDA8 Og increases (0.26). In rural areas,
the frequency of NOI events decreases (-0.17) during 2012-2019 because of the decrease in the frequency
of LLJs coupled with the stabilization of MDA8 O3, leading to fewer NOI events. This emphasizes the

more important role of vertical transport induced by meteorological processes in the formation of NOI

events.
-3
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Figure 7: Spatial distribution of annual average (a) NOI event frequency (points) and LLJs frequency
(contours), (b) MDA8 Os concentrations. The dots and triangles represent urban and rural stations,

respectively.
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MDAB8 Oz for urban and rural areas in the PRD region for the period of (a) 2006-2011 and (b) 2012-2019.

3.6 Causative analysis of NOI events: Convective storms trigger

In order to elaborate the underlying atmospheric mechanisms for Conv-induced NOI events, a distinct
O3 increase associated with Conv observed at the Nancheng Yuanling (NCYL) site in Dongguan on 3-4
September 2019 is taken as a typical example for deeper discussion. The vertical O profile data observed
at the Dongguan superstation are used to represent the vertical Oz distribution at the NCYL site since the
distance between these two stations is only 3 km.

As shown in Fig. 9a, the KI remains above 36 °C from 14:00 to 23:00, indicating a high possibility of
convection. Meanwhile, the vertical velocity results show a continuous and strong updraft at 1-3 km
altitude during the afternoon (Fig. 9b), which confirms the occurrence of convection. Subsequently, a
convective precipitation event occurs during 16:00-20:00. The effect of rainfall on O3 removal is
relatively small after sunset, because wet deposition of O3 occurs through the removal of the precursors
HNOs and H,0, by water vapor under solar radiation, which is indirect and rather peripheral, and the
effect of heterogeneous processes on O3 removal is weak (Jacob, 2000; Awang et al., 2015; Zhu et al.,
2020). Therefore, the unconsumed O3 is allowed to enter the RL and remains stable. As illustrated in Fig.
9c, higher O3 concentrations are found in the RL after 18:00, reaching around 200 ug m=. At 21:00, a
strong updraft suddenly appears above 1.5 km, which subsequently causes a strong compensating
downdraft below 1 km at around 23:00. The downdraft breaks the stable nocturnal boundary layer and
transports the Oz from the RL to the surface (Fig. 9c). Hence, the NOI event occurs at 23:00, with O3

concentrations increasing from 45 pg m at 22:00 to 59 ug m at 23:00.
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356 Figure 9: An NOI event occurred at NCYL site in Dongguan on 3-4 September 2019. (a) Hourly variations of
357 K1 (brown line), Oz concentrations (blue line), and hourly precipitation amount (blue bar), (b) vertical wind
358 velocity, with positive and negative values related to updrafts and downdrafts, (c) vertical profile of O3
359 concentrations as measured by Os lidar.

360 3.7 Causative analysis of NOI events: LLJ trigger

361 Another typical NOI event induced by LLJs occurred at the NCYL site in Dongguan on 13-14 September
362 2017 and is simulated by the CMAQ-IPR model due to the lack of observed vertical profiles of wind
363  speed and Os concentrations. Model performance is first evaluated. Comparisons of simulated
364  meteorological parameters with hourly observations for the 9 sites in the PRD region during 8-14
365  September 2017 are shown in Fig. S1, with statistical indices reported in Table S3. The results show that
366  WSI10 is reasonably well simulated, as the MB, RMSE, and I0A of the regional average meet the criteria.
367  The simulated RH and T2 of the regional average are slightly overestimated (MB=-6.1 %) and

368  underestimated (MB=1.4 °C), respectively, while they perform well at the Dongguan site, where both
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the MB (RH=-1.0 %, T2=0.5 °C) and loA (both are 1.0) meet the criteria. The MB of the simulated WS10
in Dongguan site is slightly underestimated (MB=0.7 m s%), but the RMSE and l0A meet the criteria.
Comparisons of simulated Oz with hourly observations during 8-14 September 2017 are shown in Fig.
S1, with statistical indices reported in Table S4. The simulated O3 shows a good performance in the PRD
region, with NMB (-4.8 %), NME (17.7 %) and r (1.0) all meeting the criteria, while it is slightly
underestimated at the NCYL site in Dongguan but still meets the criteria (NMB=-12.7 %, NME=29.8 %,
r=0.8). Therefore, the simulation results of the meteorological parameters and O3 are reasonable and
reliable for further analysis.

Figure 10a shows the time series of simulated Oz concentrations and the contributions of different
processes to surface Oz concentrations at the NCYL site in Dongguan during 13-14 September 2017.
During the night on 13 September, O3 concentrations increase from 45 pug m= at 21:00, peak at 85 pug m-
8 ataround 22:00, and fall to 15 pg m at 00:00. Prior to 21:00, the magnitude of the negative contribution
of chemical processes to Os is greater than the positive contribution of vertical transport, resulting in net
O3 depletion. This suggests that gas-phase chemistry processes such as NO titration are the main pathway
for O3 loss at night. At 21:00, the vertical and horizontal transport contribution increase abruptly by 48
ug m2 and 27 pug m3, respectively, while the chemical depletion remains constant. At this point, the net
05 concentration turns from loss to production (51 pug m3). In terms of vertical distribution (Fig. 10b), a
positive contribution of both vertical and horizontal transport can be found at the surface, while vertical
transport become negative in the upper layers and horizontal transport remains positive, indicating the
occurrence of a downdraft. In addition, the wind profile shows a typical LLJ characteristic (Fig. 10b),
with a maximum wind speed of about 12 m s at the height of 1 km and a wind speed difference of more
than 3 m s above and below. Figure 11 further presents the process of vertical transport during an NOI
event. Compared to normal days, the nocturnal boundary layer during the NOI event is more unstable
and turbulent, with significant upward and downward transport. At around 1 km, there is a straight stream
over the NCYL site during the NOI event (Fig. 11b). This suggests that LLJs break the stable structure
between the nocturnal boundary layer and the RL and enhance the strength of turbulence (Caputi et al.,
2019). The LLJ-induced turbulence promotes mixing between the upper and lower layers and
continuously transports Oz from the upper layer to the surface, causing an unusual surge in Oz at the
surface and leading to a NOI event. As a result, the LLJ process contributes as much as 40 ug m= Os

from the upper layer to the surface during this NOI event.
17

Atmospheric
Chemistry
and Physics

Discussions



https://doi.org/10.5194/acp-2022-360 Atmospheric ¢
Preprint. Discussion started: 14 June 2022 Chemistry = EG U
© Author(s) 2022. CC BY 4.0 License. and Physics &

Discussions

12:00 15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00
Wind Speed(m s'l)
0

-15 -10 5 5 10 15 20
1500 f-(b)
~
E 1000 f
=
20
Y
= s00f
0
-150 -100 -50 0 50 100 150 200

3
O,(ngm™)
N VTRA I HTRA CHEM B CLDS [ DDEP
—0—0,; —0—NET —0—Wind Speed

399
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3.8 Comparison and Prospects

Zhu et al. (2020) identified a NOI event frequency of 16-19 d yr* during summer from 2014 to 2015 in
Beijing, China, with nocturnal O; maxima ranging from 45 to 85 ug m=, which is comparable to our
result of NOI frequency (14 %3 d yr?) and slightly higher than our NOP concentration (44 + 7 ug m)
in summer. Sousa et al. (2011) analyzed nocturnal Oz maxima events (maxima higher than the average
nocturnal O3 concentration of 10 ug m™) during 2005-2007 in northern Portugal and found that the
frequencies of nocturnal Oz maxima were between 40% and 50% in urban areas and 15% in rural areas,
which is higher than our NOI frequency (53 d yr?, 14.5%). Other studies focusing on short-term
nocturnal Oz maxima cases found that NOP concentrations were 30-50 pg m™ in the Lower Fraser Valley,
British Columbia Canada (Salmond and McKendry, 2002), 20-60 ug m™ in Senegal (Grant et al., 2008),
and 40-80 ug m= in north America (Kuang et al., 2011; Hu et al., 2013; Sullivan et al., 2017), values that
are comparable to our results (58 =11 pg m).

Our study emphasizes the importance of meteorological processes as well as daytime O3 concentration
in the occurrence of NOI events, implying that higher NOP may occur during a severe daytime Os
pollution period under the effect of meteorological processes. The occurrence of NOI events is likely to
improve the next day's chemical budget and increase the probability of O3 pollution events, which makes
O3 prevention more complex and challenging (Ravishankara, 2009; Sullivan et al., 2017). However, the
relationship between NOI events and the following daytime Os pollution remains unclear and
controversial. Klein et al. (2019) found lower O3 pollution levels on the day following NOI events, while
Kuang et al. (2011) and Sullivan et al. (2017) found a higher increasing rate of O3 and poorer air quality
on the following day. Deeper analyses are needed in the future to explore the relationship between

daytime and nighttime O3 pollution under the effect of vertical transport.

4 Conclusion

In this study, based on in-situ Oz concentrations, observed O3 vertical profiles, ERA5 reanalysis datasets,
and the WRF-CMAQ model, the spatial and temporal characteristics of NOI events are comprehensively
presented and the role of vertical transport in NOI events is further quantified in the PRD region from

2006 to 2019.
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The annual average frequency of NOI events is estimated to be 53 16 d yr* from 2006 to 2019, with
an annual average of 58 +11 pg m3 for the nocturnal Os peak (NOP). Low-level jets (LLJs) and
convective storms (Conv) are identified as the two main factors causing NOI events, with 61 % and 11 %
of NOI events induced by LLJs and Conv, respectively. A high correlation between NOI events and LLJs
frequency rather than Conv in the annual trend (r=0.89, p<0.01) supports the high contribution of LLJs.
Although the contribution of Conv to NOI events is relatively small, Conv-induced NOI events
continuously increased at a rate of 0.26 d yr* during this 14-year period owing to the effect of expanding
urbanization. Moreover, the good agreement between NOP and maximum daily average 8-h (MDA8) Os
in annual (r=0.88, p<0.01) and seasonal trends (r=0.80, p<0.01) and a higher NOI frequency (60%)
during the first half of the night imply that daytime Os concentrations are also an important factor
influencing the formation of NOI events. In addition, a more important role of vertical transport induced
by meteorological processes in the formation of NOI events has been demonstrated by a good consistent
spatial distribution between NOI events and LLJs frequency rather than MDAS8 O3, and by the difference
in annual trends between urban and rural areas.

Two typical NOI events caused by LLJs and Conv, respectively, further demonstrate that downdrafts
from enhanced turbulence are the direct cause of NOI events, as these can carry Os from the RL to the
surface. The difference is that LLJs induce downdrafts by a fast-moving air mass enhancing shear below,
whereas Conv induce downdraft by compensating downdrafts.

This study emphasizes the role of vertical transport induced by meteorological processes and daytime Os
concentration in the formation of NOI events and highlights a more important contribution of vertical
transport in linking daytime and nighttime O3 pollution. This study not only provides a new perspective
and advanced understanding to reconceptualize the role of meteorology in daytime and nighttime O3

pollution, but also provides a reference for other regions facing ground-level Os pollution.

Data availability. In-situ hourly O3 concentrations at 16 stations across the PRD region from 2006 to

2019 can be downloaded from http://113.108.142.147:20047; the observed hourly meteorological data

at the 9 sites across the PRD region can be downloaded from http://www.cma.gov.cn/; the ERA5

reanalysis dataset can be downloaded from https://cds.climate.copernicus.eu/cdsapp#!/home; and the

vertical O3 profile data available upon request.
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