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Abstract. The outbreak of the 2019 novel coronavirus (COVID-19) has brought tremendous impact and influence16

on human health and social economy around the world. The lockdown implemented in China, starting on 2317

January 2020, led to large reductions in human activities and the associated emissions. Sharp declines in primary18

pollution provided a unique chance to examine the relationships between anthropogenic emissions and air quality.19

Here, we report measurements of air pollutants and meteorological parameters at different heights on a tall tower in20

the Pearl River Delta, China, to investigate the response of the vertical scales of pollutants to reductions in human21

activities. Compared to the pre-lockdown period (starting from 16 December 2019), the observations showed that22

https://doi.org/10.5194/acp-2021-579
Preprint. Discussion started: 30 August 2021
c© Author(s) 2021. CC BY 4.0 License.



2

surface layer NOx, PM2.5 and mean values of the daily maximum 8 h average O3 (MDA8O3) had significant23

reductions of 76.8%, 49.4%, and 18.6% respectively, but the average O3 increased (9.7%) during lockdown period.24

The vertical profiles of NOx and O3 changed during the lockdown period, but not those of PM2.5. The correlation25

between PM2.5 and O3 was statistically significant, but not that between PM2.5 and NOx for data collected at four26

different heights during the lockdown period. The significance of these correlations was the opposite during the27

pre-lockdown period, indicating that the main composition of PM2.5 has changed dramatically since the lockdown,28

which is transited from primary aerosol dominating or nitrate dominating (affected by NOx) before lockdown to29

secondary organic aerosol dominant dominating (affected by O3) during the lockdown. We find weaker diurnal30

variation of O3 during the lockdown period is similar to the case at background regions. O3 concentrations were not31

sensitive to NOx concentrations during lockdown, which implies that O3 levels during the lockdown are more32

representative of the regional background, for which anthropogenic emissions are low and photochemical33

formation is not a significant ozone source. This evidence suggests that significant reductions of anthropogenic34

emissions are effective in simultaneous mitigation of PM2.5 and O3 levels.35

Keywords: COVID-19 induced Lockdown, PM2.5, NOx, O3, Tower Observation36

37

1. Introduction38

The coronavirus disease 2019 (COVID-19) pandemic has completely changed the world and caused great39

losses of life globally. At present, over 200 countries and regions have been affected by the pandemic, and the40

numbers of infections and deaths caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and its41

variants are still rising (Wang et al., 2020). Many countries have chosen to implement lockdowns to bring the42

pandemic under control; that is, to cut off the spread of SARS-CoV-2 by reducing gatherings and maintaining43

social distancing among individuals. These measures have generally reduced human activity, decreasing or44
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completely halting manufacturing work and the movement of people. Although the lockdowns have had devastating45

socioeconomic impacts, recent studies have shown them to be beneficial for the environment (Chakraborty and46

Maity, 2020).47

The reduction in human activities due to the pandemic has greatly decreased the emission of primary48

pollutants. This, in turn, has caused significant impacts on regional air quality (Xing et al., 2020; Salma et al., 2020;49

Wang et al., 2021; Kim et al., 2021) and even climate (Gettelman et al., 2021), albeit differing from region to50

region. In South East Asia, the lockdown has led to a notable decrease in the aerosol optical depth over the region51

and in pollution outflow over the oceanic areas, while a significant decrease (27%–30%) in tropospheric nitrogen52

dioxide (NO2) levels has been observed over territories not affected by seasonal biomass burning (Kanniah et al.,53

2020). Srivastava (2020) noted that the aerosol optical depth had been reduced by up to 50% over the54

Indo-Gangetic Plain during the lockdown period. In Italy, urban road traffic decreased by 48%–60% on average55

during the country’s periods of implemented lockdowns, which greatly decreased the concentrations of NO2 and56

particulate matter with aerodynamic diameter less than 10 μm (PM10) and less than 2.5 μm (PM2.5) (Gualtieri et al.,57

2020). Rodríguez-Urrego& Rodríguez-Urrego (2020) found that the average PM2.5 concentration of the 50 most58

polluted capital cities in the world had decreased by 12% on average. By analysing the emissions data of 28 cities59

in the USA during its first round of lockdowns (15 March 2020 to 25 April 2020), it was found that 2 out of 3 cities60

showed greatly reduced NO2 and carbon monoxide (CO) concentrations (with decreases up to 49% and 37%,61

respectively) compared with the 2017–2019 historical baseline and pre-lockdown levels. These decreases in NO262

and CO concentrations also increased in proportion to the local population density. However, the PM2.5 and PM1063

concentrations only decreased significantly in north-eastern USA, California, and Nevada, which also recorded the64

largest decreases in NO2 concentrations (Rodríguez-Urrego& Rodríguez-Urrego, 2020).65

China was the first country in the world to report SARS-CoV-2 infections to the World Health Organization.66
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The atmospheric environment of China was also significantly affected by the lockdown measures taken during the67

pandemic, with some studies showing the atmospheric NO2 concentrations to have been greatly reduced. These68

reductions first occurred in Wuhan before spreading to the rest of China (Wang and Su, 2020). The Pearl River69

Delta (PRD) is one of the most important economic zones in China and is also one of the most rapidly urbanising70

regions in the world. The intensity of human activity in this region is also amongst the highest worldwide (Li et al.,71

2021). The PRD was once severely affected by air pollution, which manifested as increasingly frequent haze72

weather and rising PM concentrations. Because of the optimisation of industrial structures and implementation of73

increasingly stringent pollution control measures, the air quality over the PRD had already been improved74

significantly over the past decade (Zhang et al., 2015). Nonetheless, because the PRD contains immense75

transportation networks and a dense distribution of factories, it has been difficult to stamp out pollutant emissions76

completely. Therefore, the nitric oxide (NOx), PM2.5, and ozone (O3) concentrations in the PRD often spike because77

of unfavourable weather conditions (Li et al., 2020). The pandemic lockdowns have greatly reduced the intensity of78

human activities in the PRD in a very short time, which has created a rare opportunity for the study of air pollution79

mechanisms in the area.80

Ever since the advent of the COVID-19 pandemic, numerous scholars have used this unique window of81

opportunity to gain important insights into the mechanisms of air pollution. However, most of these studies were82

based on ground-level data or space-based measurements of atmospheric column concentrations. By contrast, there83

are no reports about the vertical distribution of air pollutants during the COVID-19 pandemic period. The vertical84

distribution of air pollutants is a crucial piece of the puzzle for understanding how air pollution events are formed.85

Meteorological towers are by far the most useful platforms for studies about the vertical distribution of near-surface86

pollutants. Unlike tethered balloons or drones, meteorological platforms can be used to obtain continuous and87

stable measurements over a long period of time. Numerous such studies have previously been performed using the88
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325-m-tall meteorological tower in Beijing (Meng et al., 2008; Sun et al., 2010; Sun et al., 2013) and the 300-m-tall89

tower in Boulder, USA (Brown et al., 2013).90

The PRD has one meteorological tower, the Shenzhen Meteorological Gradient Tower (SZMGT). The91

monitoring equipment on this tower can be used to measure several air quality factors, including PM2.5, NOx, and92

O3 concentrations. Li et al. (2020) had analysed the vertical distribution of pollutants in the PRD during the peak93

pollution season, based on air quality data and meteorological data obtained at the SZMGT from December 2017.94

This provided useful insights about the vertical structure of air pollutant distribution in the PRD. Shenzhen is a very95

developed city with active human activities (Li et al., 2015) and is facing the problem of air quality (Yang et al.,96

2020). As the beginning of the COVID-19 pandemic coincided with the peak pollution season of the PRD, data on97

the vertical distribution of pollutants recorded by the SZMGT during this period are invaluable for revealing how a98

decrease in human activity may affect pollutant concentrations.99

100

2. Data and Methods101

The observational data, from 16 December 2019 to 15 February 2020, used in this study were from a102

meteorological observation base on the east side of the Pearl River estuary; namely, the Shiyan Meteorological103

Observation Base (hereinafter Shiyan Base), managed by the Shenzhen National Climate Observatory (Fig. 1a).104

The base, which lies approximately 10 km from the coastline, is in the woodland area surrounding a reservoir.105

Because the reservoir is an important source of drinking water for the population of Shenzhen, the environment106

within 1 km around the SZMGT is protected by law and is rarely disturbed by human activity, ensuring that the107

underlying surface will remain natural for a long time.108

The entire area of Shenzhen is located within the subtropical monsoon climate zone. The dominant wind109

direction in summer is south, and the airflow brings clean air from the sea to the base. In winter, the dominant wind110
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direction changes to a northerly one, and the airflow carries pollutants from the inland of the PRD to the base (Li et111

al., 2020). The peak of the COVID-19 pandemic occurred mainly in winter, a period when the meteorological112

conditions are generally unfavourable to the atmospheric environment of Shenzhen.113
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Fig. 1. Location of the Shiyan Meteorological Observation Base and Shenzhen meteorological gradient tower115

(SZMGT): (a) Location of the Shiyan Meteorological Observation Base; (b) Arial view of the meteorological tower;116

(c) Layout of the air quality and meteorological observation on the tower.117

118

The SZMGT, which is 365 m tall (Fig. 1b), has 13 layers of meteorological observation platforms, starting119

from 10 m up to 350 m (Fig. 1c). Four of those layers (i.e. at 60–70, 110–120, 210–220, and 325–335 m,120

respectively) are atmospheric environmental observation platforms (Fig. 1c). The distance from the SZMGT to the121

nearest built-up area is approximately 1 km. At 800 m north-east of the Shiyan Base, there is a busy highway from122

which pollutants emitted by the vehicles passing through could influence the observational data on the tower. There123

is also an airport located approximately 10 km west of the base which serves an estimated 356,000 flights in a124
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normal year. Thus, the airplanes taking off and landing at the airport also potentially influence the pollutant125

concentration data recorded by the SZMGT (Li et al., 2020). An additional atmospheric environmental observation126

station lies at the bottom of the SZMGT. Because this station is located on the ground, the height of its sampling127

port is lower than that of the surrounding forest top.128

The meteorological data used in the current study were collected at all 13 platform heights, as shown in Fig. 1c.129

The environmental data were collected at the heights of 110–120, 210–220, and 325–335 m. The data at the height130

of 60–70 m was not included in the analysis owing to the occurrence of equipment failure during the pandemic.131

Data from the atmospheric environmental observation station at the bottom of the SZMGT were also used in the132

current study.133

The following are the equipment used at the SZMGT for sensing wind, temperature and humidity, and134

visibility, respectively: the Vaisala WMT700 Ultrasonic Wind Sensor, Vaisala HMP155 Humidity and Temperature135

Probe, and Vaisala PWD Present Weather Visibility Sensor. PM2.5 concentration data are collected by Thermo136

ScientificTM 5030i Sharp Particulate Monitoring equipment, NOx by the Thermo Scientific™ 42i Gas Analyzer, and137

O3 by the Thermo ScientificTM 49i Gas Analyzer. The data from the various instruments were downloaded at a138

frequency of once every 5 minutes. Arithmetic averaging of the data was performed for all the elements, except for139

the wind direction, to obtain hourly average data. The daily average data by arithmetic averaging were obtained140

using the hourly average data over 24 hours. For determination of the wind direction, representative values were141

obtained by calculating the highest wind frequency by the hour and by the day.142

143

3. Results and Discussion144

3.1 Change of Pollutants Concentrations and Meteorological Elements145

Fig. 2 shows the daily mean concentrations of PM2.5, O3, and NOx observed at Shiyan Base in Shenzhen from146
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16 December 2019 to 15 February 2020, as well as the daily mean relative humidity (RH), daily mean temperature,147

daily mean wind speed, and daily dominant wind direction of this period. Two key dates have been marked with148

blue dotted lines on the PM2.5, O3, and NOx graphs: 15 January 2020 and 23 January 2020. The first case of149

COVID-19 in Shenzhen was reported by local news outlets on 15 January 2020. The Shenzhen government reacted150

very quickly to this news, despite the low number of patients with COVID-19 in the area at the time. The news was151

immediately published on the official Shenzhen government website and social restriction measures were152

implemented. On the advice of medical experts, a lockdown was imposed on Wuhan on January 23rd. The153

Guangdong province, where Shenzhen is located, also activated its top-level emergency response on this day, and154

all residents in Shenzhen and her neighbouring cities were instructed not to leave their homes unless necessary.155

Therefore, after news about the COVID-19 pandemic first appeared on January 15th, the intensity of human156

activity in Shenzhen (both manufacturing and traffic) began to decrease. By January 23rd, Shenzhen was virtually157

shut down because of the strengthening of activity restrictions. Other than the most vitally important logistics158

chains, very little traffic remained on the streets. Owing to a lack of data, it has not been possible to quantitatively159

estimate the degree to which human activity decreased in Shenzhen during this period. Nonetheless, air traffic at160

the airport west of Shiyan Base could provide some indication of the scale. In news reports, it was mentioned that161

the number of passengers at the airport had decreased by as much as 79.49% in February 2020. Since February162

usually coincides with the Spring Festival (Chinese New Year), this decrease in passenger volume is enough to163

describe the magnitude by which human activity decreased in this region.164

As shown in Figs. 2a and 2c, the daily mean concentrations of PM2.5 and NOx closely tracked the165

lockdown-mediated change in human activity. Since there were no cases of COVID-19 in Shenzhen before 15166

January 2020, the local government did not impose any restrictions during the period between December 16th, 2019167

and January 15th, 2020 and the pollutant concentrations remained high. After the first report of COVID-19 on168
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January 15th, many residents began to reduce the frequency of their outdoor activities owing to awareness of the169

pandemic. Since these reductions in human activity were voluntary and not universal, the pollutant concentrations170

only decreased slowly. However, the widespread implementation of high-level restrictions on January 23rd led to171

drastic and sustained reductions in pollutant concentrations. The daily mean concentrations of PM2.5 and NOx172

generally remained low after January 23rd, and their ranges of variation also became significantly narrower.173

Although all three measured pollutants were reduced by the lockdown, the change in NOx was the most substantial.174

This is because NOx is primarily derived from traffic emissions, and since the decrease in human activity also175

decreased traffic emissions, the concentration of NOx in the atmosphere decreased instantaneously upon the176

cessation of vehicular traffic. Meanwhile, although the daily mean concentration of O3 did not change significantly177

after January 23rd (Fig. 2b), the daily range of variation in its concentration (i.e. the difference between the178

minimum and maximum O3 concentrations in a day) did decrease significantly after this date.179

The variations in daily mean temperature, daily mean RH, daily mean wind speed, and daily dominant wind180

direction during the study period are shown in Figs. 2d and 2e. As evident in Fig. 2d, the RH and temperature181

correlated strongly with each other, indicating that the dry air in the PRD comes predominantly from cold air182

masses. During the study period, cold fronts occurred on 26–27 December 2019, 12 January 2020, and 27–30183

January 2020. Whenever a cold air mass passes over the Shiyan Base, the daily mean temperature and RH will184

decrease in step with each other. As evident in Fig. 2e, the daily mean wind speeds of the study period were usually185

below 2 m/s. Additionally, the daily dominant wind direction was in the northerly direction for approximately 75%186

of the time. The weather that was observed during the study period is common during the winters in Shenzhen,187

indicating that no meteorological abnormalities had coincided with the study period. When we compared the188

variations in each meteorological factor against the pollutant concentrations, only the RH and O3 concentration189

were found to be significantly (negatively) correlated with each other. The daily mean concentrations of PM2.5 and190
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NOx were not significantly correlated with any meteorological factor during the study period.191
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Fig. 2. Daily variations in pollutant concentrations and related meteorological factors in the surface layer during the194

period of 16 December 2019 to 15 February 2020: (a) PM2.5 concentrations, (b) O3 concentrations, and (c) NOx195

concentrations observed at different heights; (d) Air temperature and relative humidity observed at Shiyan196

Meteorological Observation Base; (e) Wind speed and wind direction observed by the auto weather station at197

Shiyan Meteorological Observation Base. ppbv means parts per billion by volume.198

199

Taking 23 January 2020 as a date boundary, Fig. 3 compares the average concentrations of the 3 pollutants200

before and during the lockdown. Fig. 3 clearly illustrates the decrease of PM2.5 and NOx, during the lockdown. The201

decrease of NOx is much more drastic than that of PM2.5. The change of O3 is more complex than that of PM2.5 or202
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NOx. The daily average O3 concentration had slightly increased during the lockdown, which is consistent with the203

findings of other studies (Gualtieri et al., 2020). While the mean values of the daily maximum 8 h average O3204

(MDA8O3) had significantly decreased during the lockdown. The definition of MDA8O3 is as follows: in a natural205

day, take 0:00, 1:00,..., 16:00 local standard time (LST) as the starting point respectively, calculate the average206

concentration of O3 for 8 consecutive hours for each starting point, and one can obtain totally 17 8-hour-average O3207

concentrations. The maximum value of all the 8-hour-average concentrations is MDA8O3, which is generally used208

to assess the severity of O3 pollution. The truth that daily O3 concentration and MDA8O3 had different changes209

means there might be quite different chemical environments related to O3 before and during the lockdown.210

211
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Fig. 3. Comparison of the average values of the PM2.5 (in µg/m3), O3 (in ppbv), MDA8O3 (in ppbv) and NOx (in213

µg/m3) concentrations of the whole surface layer before and during the lockdown214

215

Table 1 furtherly compares the average values of the meteorological factors and pollutant concentrations216

during and before the lockdown and those in the December of 2017 (Li et al., 2020). In the pre-lockdown period,217

the air quality in the area where the SZMGT is located had already been significantly improved compared with218

December 2017, which is reflected in the decrease of the average concentrations of the three pollutants.219

Table 1 also provides the information on the changes of meteorological factors. In December 2017, the relative220
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humidity was lower than that in the period of the current study, which was more favorable to the photochemical221

reactions generating PM2.5 and O3. On the other hand, the wind speed in December 2017 was much higher than that222

in the period of the current study, which was favorable to disperse the pollutants. Thus, it is difficult to compare the223

comprehensive impacts of the meteorological conditions on the pollutant’s concentrations in December 2017 with224

those in pre-lockdown or during-lockdown period.225

226

Table 1. Comparison of pollutants and meteorological elements during lockdown, before lockdown and December227

2017228

Time period December

2017

Before 23

Jan. 2020

After 23

Jan. 2020

Change of

pre-lockdown

compared with

December 2017

Change during

lockdown

compared with

before lockdown

PM2.5 (µg/m3) 47.0 38.5 19.5 -18.1% -49.4%

O3 (ppbv) 42.0 26.8 29.4 -36.2% +9.7%

MDA8O3(ppbv) 59.6 51.4 42.1 -13.8% -18.6%

NOx (µg/m3) 54.2 50.9 11.8 -6.1% -76.8%

Air temperature (℃) 17.1 18.9 16.5 10.5% -12.7%

Relative humidity (%) 58.5 75.3 77.0 +28.7% +2.3%

Wind speed (m/s) 2.2 1.6 1.8 -27.3% +12.5%

Wind direction NNE NNE NNE — —

* NNE means north-north-east. All pollutant concentrations in the table are average values for the whole surface229

layer recorded by the tower.230

231

While, at least one of the possible reasons leading to the decrease of pollutants concentrations in the232

pre-lockdown period compared with December 2017 is quite clear, which is the strengthening of pollution emission233

control in Shenzhen in the past 2 years. For example, according to local news reports, in 2019 more than 1000234

heavy-duty diesel trucks in Shenzhen were replaced by electric trucks. In the past, the emissions of these diesel235
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trucks were an important source of pollution in Shenzhen.236
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Fig. 4. Average vertical air temperature profiles recorded by the Shenzhen Meteorological Gradient Tower before239

and after 23 January 2020.240

241

The changes in the meteorological factors during the lockdown compared with pre-lockdown period may242

largely be attributed to the intense cold air front that developed on 27–30 January 2020, which decreased the mean243

temperature of the lockdown period. By contrast, the RH changed very little after the lockdown was implemented.244

The meteorological factors that were most closely related to pollutant dispersal in the Shenzhen region were the245

wind speed and wind direction. Although the average wind speed increased during the lockdown, it was still weaker246

than that in December 2017 and never exceeded 2.0 m/s, thereby limiting any improvement in pollutant dispersion.247

The dominant wind direction in the pre-lockdown and lockdown periods was north-north-east, indicating that the248

winds in Shenzhen came mainly from the inland regions of China. In a normal year, these winds would carry a249

large amount of air pollution from the inland parts of the PRD and thus cause a spike in pollutant concentrations (Li250

et al., 2020). Therefore, it can be concluded that the meteorological conditions of the Shenzhen region were largely251

identical before and during the lockdown. Although an intense cold spell occurred after January 23rd and the252
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average wind speed had increased slightly, it can be learnt from the experience that these changes would not be253

nearly enough to cause the dramatic decreases in average PM2.5 and NOx concentrations recorded. Figure 4254

furtherly provides the average vertical air temperature profiles recorded by SZMGT before and after 23 January255

2020, from which it can be found that there is no significant difference in the stratification of air temperature before256

and after the outbreak of the pandemic. The data illustrated in Table 1 and Fig. 4 show that the drastic change of the257

pollutant concentration in the study period is almost impossible to be caused by the change of meteorological258

factors.259

3.2 Diurnal Variations at Different Heights260

Figure 5 shows the diurnal variations in PM2.5, NOx, and O3 concentrations on the surface (2 m) and at three261

different heights of the SZMGT (120, 220, and 335 m) before and during the lockdown. The PM2.5 time series262

curves in Fig. 5a are characterised by two trends: a bimodal distribution for the ground level (2 m) and 120 m263

curves, and a unimodal distribution for the 220 m and 335 m curves. The peaks of the bimodal curves occurred at264

09:00LST and 20:00 LST, which correspond roughly to the morning and evening rush hours. The difference265

between the PM2.5 curves at 0 m/120 m and that of 220 m/335 m probably reflects the uplift process of the mixing266

layer top in this area. During night and early morning, the height of the mixing layer top is between 120m and267

220m, so the curves of the upper and lower layers are quite different. After the noon time, with the rise of the268

mixing layer top, the curves of all layers become to be similar. Although the PM2.5 concentrations at 2 and 120 m269

followed the same qualitative trend, the values on the ground were generally lower than those at 120 m. This may270

have been caused by the presence of dense forests near the ground observation point (Shiyan Base), which may271

have obstructed the dispersal of particulate matter and thus reduced the apparent PM2.5 concentration. The peaks of272

the unimodal 220 and 335 m curves occurred at 17:00–19:00 LST. Therefore, the diurnal variations in PM2.5273

concentration were different at lower and higher heights. This is consistent with the findings of Li et al. (2020),274
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whose study implied that high- and low-height PM2.5 may have different sources. High-height PM2.5 is formed275

predominantly by chemical reactions, whereas low-height PM2.5 may be derived from multiple sources276

(predominantly surface-level primary emissions).277

278

Fig. 5. Diurnal variations in the pollutants observed at different heights of the meteorological tower: PM2.5279

concentrations before lockdown (a) and during lockdown (b); O3 concentrations before lockdown (c) and during280

lockdown (d); NOx concentrations before lockdown (e) and during lockdown (f).281

282
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The diurnal variations in PM2.5 concentration at 2, 120, 220, and 335 m during the COVID-19 lockdown are283

shown in Fig. 5b. It was obvious that the PM2.5 concentration had decreased significantly at all heights after284

January 23rd. The 120 m curve still had the highest PM2.5 concentration and it still retained the bimodal structure of285

its pre-lockdown counterpart. The PM2.5 concentrations at 220 and 335 m were still unimodal, and the peak still286

occurred at a similar time. The biggest lockdown-mediated change in PM2.5 concentration occurred at 2 m, where287

the curve lost its peak in the morning and changed from a bimodal to a unimodal graph. It is likely that the morning288

peak of the pre-lockdown curve was caused by direct emissions from nearby human activities. These emissions289

were therefore greatly reduced by the lockdown-mediated decrease in human activity and were more easily blocked290

by the dense forest around the ground observation point.291

With regard to O3, it was evident that the diurnal variation in its concentration was unimodal and peaked at292

approximately 15:00–16:00 LST (when photochemical O3 formation is most active) both before and during the293

lockdown (Figs. 5c and 5d, respectively). These diurnal variations were also qualitatively invariant with altitude;294

that is, only the average concentration varied from one altitude to the other. However, the shape of the O3 curve did295

become significantly flatter during the lockdown, indicating that the range of the diurnal variations became much296

narrower during the lockdown. The flattening of the peaks and valleys of the O3 curve implies that the chemical297

reactions that generate O3 during day-time and consume O3 during night-time became to be mush inactive during298

the lockdown. Under this condition, the O3 concentration seemed to be determined primarily by background O3299

concentration (Xu et al., 2020). While, it should be noted that a flatter O3 curve means the decrease of MDA8O3,300

which implies that the prevention of O3 and PM2.5 pollution can be realized at the same time theoretically.301

In the case of NOx, the diurnal variations in its concentration were bimodal before the lockdown (Fig. 5e). The302

2 and 120 m curves showed a peak at 09:00 LST, which coincided with the timing of the morning rush hour. The303

second peak, which begins at 18:00 LST and continues until 21:00 LST, was likely caused by the evening rush hour304
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and the night-time decrease in the altitude of the mixed layer. The first peak in both the 220 and 335 m curves305

lagged the first peak of the curves of lower altitude by 1 hour. However, the second peak occurred at roughly the306

same time in both sets of curves. Although the mean NOx concentrations had decreased significantly during the307

lockdown, their diurnal variations were still bimodal (Fig. 5f). However, inter-altitude differences in NOx308

concentration did become much smaller during the lockdown and the timing of the NOx peaks at each altitude also309

became much closer to each other. During the lockdown, the first peak was delayed by 1 hour while the second310

peak occurred at 17:00–19:00 LST. The NOx concentrations also changed in another significant way; that is, they311

were lower at 2 and 120 m than at 220 and 335 m. Since NOx is a primary pollutant, its significantly lower312

concentrations at the low altitudes implies that near-ground chemical reactions consume it more rapidly than the313

high-altitude chemical reactions do.314

315

Fig. 6. Diurnal variations in the during-lockdown/pre-lockdown ratios of the pollutants observed at different316

heights of the meteorological tower: (a) PM2.5; (b) O3 and (c) NOx.317

318

In order to furtherly analyze the change of the pollutants during the lockdown, the concentration ratios of the319

pollutants before and during the lockdown are calculated, and the diurnal variation of the ratios is illustrated in Fig.320

6. The diurnal variation curves of different pollutants had different characteristics. For NOx, the curves at different321
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heights were relatively consistent, which were relatively flat and maintained around 0.3, indicating that NOx322

decreased significantly and evenly in the boundary layer. The curves for PM2.5 were different. The ratio curves were323

relatively flat and maintained at about 0.5 all day at heights above 110 m, but there were relatively large324

fluctuations on the ground. The ratio on the ground increased significantly between 7:00 and 18:00 LST instead of325

keeping flat. Especially during 8:00 to 10:00 LST in the morning, the ratio value reached around 0.7, which showed326

that the decrease of ground level PM2.5 concentration (~ -30%) during the morning “rush-hours” of lockdown was327

not as drastic as that of the average data of the whole boundary layer (~ -50%), though it was still difficult for the328

PM2.5 generated on the ground to affect the air mass above 100 m. The fluctuation of ratio diurnal curves of O3 was329

much more obvious than those of the other two pollutants. The ratios were generally greater than 1.0 in night and330

less than 1.0 in daytime, which showed that during lockdown, the concentration of O3 increased in night and331

decreased in daytime. Especially at the height of 110-120 m, the fluctuation of the curve was more drastic, and the332

maximum ratio in night could reach 1.7. A possible reason leading to this phenomenon is that in the area where the333

SZMGT is located, the key height of night chemical reactions may be around 110-120 m. Under normal conditions,334

the night chemical reactions consuming O3 in this layer may be more active than other heights. Therefore, when all335

emissions were weakened, the O3 consumed by night chemical reaction was greatly reduced, and the O3336

concentration in this layer increases significantly. While this conjecture need further researches to confirm in the337

future.338

3.3 Vertical Distribution of Pollutants339

The changes in the vertical distribution of the 3 pollutants and total oxidants, Ox (= O3 + NO2), measured at340

120, 220, and 335 m of the SZMGT before and during the lockdown are shown in Fig. 7. In terms of the all-day341

averages (Figs. 7a–7d), it was obvious that the PM2.5, NOx concentrations were lower at all altitudes during the342

lockdown. By contrast, the O3 concentrations did not decrease significantly, but their vertical gradations did343
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become less pronounced. Therefore, the O3 concentrations became more uniform in the vertical direction during the344

lockdown. The Ox concentrations, both on daytime and nighttime average (Figs. 7h–7i), also were generally lower345

during the lockdown than that before the lockdown, indicating that the oxidation capacity for the whole boundary346

layer weakened during the lockdown. We also checked the nitrate radical production rate during the nighttime,347

which is an indicator of nighttime oxidation reactions, and showed a large decline with an average of ~70%,348

suggests the weaken NO3 oxidation capacity. The decrease in nighttime oxidation is mainly attributed to cliff fall of349

NOx. Overall, our vertical observation showed that the atmospheric oxidation processes, including photochemistry350

and nighttime chemistry were largely reduced due to the lockdown.351

As shown in Fig. 7a, the PM2.5 concentrations initially decreased with increasing altitude, before increasing352

slightly with further increases in the altitude. This trend occurred both before and during the lockdown period. The353

PM2.5 concentration was the highest at the lowest observation point studied (i.e. 120 m), whereas the concentration354

at 335 m was between those recorded at 120 and 220 m. This observation is rather interesting, as it is contrary to355

the expectation that the PM2.5 concentration should decrease monotonically with increasing altitude (Sun et al.356

2010). However, this can be explained if we consider the results of previous studies about the possible sources of357

PM2.5 at each altitude. At the lowest height (120 m), PM2.5 may have come from photochemical reactions and358

primary pollution sources on the ground. At the middle level and above, PM2.5 is formed mainly by photochemical359

reactions (Li et al. 2020). Therefore, the efficiency of PM2.5 generation at these heights may be affected by the360

oxidative potential of the atmosphere. Based on the observations on the SZMGT, the O3 concentration generally361

increases with increasing height, and the Ox is also higher at 335 m than at 220 m. Hence, it is likely that the362

oxidation capacity of the atmosphere is higher at the highest level, increasing the efficiency of PM2.5 formation at363

this altitude. Although volatile organic compound (VOC) concentrations were not measured on the SZMGT,364

measurements in the nearby region of Taiwan have shown that these compounds also tend to increase with365
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increasing altitude, up to a peak of 300–400 m, thus providing an ample supply of reactants for photochemical366

reactions at high altitudes (Vo et al., 2019). At the middle level (220 m), the PM2.5 concentration is not significantly367

affected by primary pollutant sources on the ground, and the PM2.5-forming photochemical reactions are also less368

efficient here than in the higher levels. Consequently, the PM2.5 concentrations are lower in the middle level than in369

the high level.370

371

Fig. 7. Vertical distribution of three pollutants and Ox (= NO2 + O3) observed at the Shenzhen Meteorological372

Gradient Tower. Panel (a-d) show whole-day data; panel (d-h) show day-time data; and panel (i-l) show night-time373

data.374
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As mentioned above, the O3 concentrations increased monotonically with increasing altitude (Fig. 7b). Even375

during the lockdown, the average concentration of O3 stayed high without showing any significant change.376

Completely different from the change of O3, vehicular exhaust-gas emissions had plummeted to a very low level377

during the lockdown, which is clearly evidenced in Fig. 7c. This figure shows that the NOx concentrations had378

decreased considerably at near-ground altitudes, especially at 120 m, where the concentration had decreased by379

over 75% compared with pre-lockdown levels. The persistence of high O3 concentrations during the lockdown380

period proves the importance of VOCs for the air quality of this region once again. Actually, given the significant381

decrease in NOx concentrations (as much as -78.2% in the current study), the concentrations of VOCs did not seem382

to have a same change as NOx did. In recent studies, Qi et al (2021) reported that the decrease of VOCs in PRD383

during the lockdown is much less than that of NOx, and Liu et al (2021) reported that formaldehyde (HCHO)384

abundance in the PRD area even slightly increased during the lockdown based on TROPOspheric Monitoring385

Instrument (TROPOMI) satellite observation, which indicate that VOCs were likely to play an even more important386

role in photochemical reactions during the lockdown period.387

Figs. 7e–h and 7i–l displays the vertical distributions of pollutants and Ox during the day and night,388

respectively. The day-time and night-time distributions of PM2.5, NOx and Ox were not significantly different. By389

contrast, the vertical distribution of O3 varied significantly between day and night. At all altitudes, the day-time O3390

concentrations were generally lower during the lockdown, whereas the night-time concentrations were higher. This391

paradoxical trend can be explained by the weakening of atmospheric chemical activity during the lockdown. Since392

the decrease in human activity during the lockdown also decreased primary pollutant emissions, the availability of393

precursors for photochemical O3 generation was significantly lower, resulting in decreased day-time O3394

concentrations. During the night, the dark chemical reactions that consume O3 also became less active during the395

lockdown, which resulted in significantly higher night-time O3 concentrations at the near-surface atmosphere.396
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These changes are consistent with the diurnal variations in O3 (Fig. 5d).397

3.4 Correlations at Different Altitudes398

Fig. 8 depicts scatter plots and fit lines of O3 versus PM2.5 at each level of the SZMGT, before and during the399

lockdown.400

401

Fig. 8. Scatter plots of the PM2.5 and O3 concentrations at different heights of the meteorological tower before and402

during the lockdown: (a) and (b) are for ground level; (c) and (d) are for low level; (e) and (f) are for middle level;403

(g) and (h) are for high level. The fit lines of the plots were produced following the instruction of Cantrell (2008).404

405

Prior to the lockdown, the correlation between the O3 and PM2.5 concentrations were weak, with none of the406

correlation coefficients (R) passing the significance test. When performing the correlation significance test for two407
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variables, namely x and y, which means two different pollutants, the Pearson correlation coefficient R was408

calculated. Compare R to the appropriate critical value corresponding to the N-2 value in a standard table, where N409

is size of the sample set of (x, y) pairs. If the absolute value of R is greater than the critical value, the correlation410

between the two variables is significant. During the lockdown, the correlation between PM2.5 and O3 became411

significantly stronger, with the R values for the 0, 120, 220, and 335 m scatter plots all being significant at the 0.1412

level. It may be inferred that prior to the lockdown, PM2.5 and O3 did not have related sources. However, during the413

lockdown, both were likely to have a similar source. In the PRD region, VOCs contribute significantly to the414

formation of fine particles (Liu et al., 2008; Zheng et al., 2009), especially secondary organic aerosols (Huang et al.,415

2006; Chang et al., 2019; Zhang et al., 2019). Although the advent of the COVID-19 pandemic did result in416

reductions in the concentrations of NOx, SO2, and other primary pollutants, the VOCs emissions might not change417

as dramatically as NOx (Liu et al., 2021), which provided important precursors for both O3 and the secondary418

organic aerosols during the lockdown, and strengthened the correlation between the PM2.5 and O3 concentrations.419

Li et al. (2020) analysed the correlation coefficients of O3 and PM2.5 at different heights of SZMGT in420

December 2017, and the conclusions were different from this study. In December 2017, the correlation coefficient421

of O3 and PM2.5 increased significantly with the increase of height. They pointed out that this is because PM2.5 is422

also mainly generated by photochemical reaction at high altitudes, so it has a strong correlation with O3. At lower423

heights, a considerable part of PM2.5 is primary source and had nothing to do with photochemical reactions, so it424

had much weaker correlation with O3. While in this study, the correlation between PM2.5 and O3 was weak at all425

heights in the pre-lockdown period. The reason leading to this is mainly because that Shenzhen had conducted a426

large number of pollution emission control strategies in the past two years, resulting in a significant decrease in the427

primary pollutants. As shown in Table 1, the average concentration of PM2.5 in the whole surface layer during the428

pre-lockdown period had decreased by 18.1% compared with December 2017, while the average concentration of429
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O3 had decreased by 36.2%. The decrease of O3 concentration in the surface layer was twice that of PM2.5, while430

the primary aerosol like black carbon is not reduced, indicating that there were much fewer products of431

photochemical reaction and secondary aerosol formation, so that the correlation coefficient between O3 and PM2.5432

concentration was no longer high even in the higher heights. However, during the lockdown, the average433

concentration of PM2.5 decreased again because the primary emission was drastically compressed. In this process,434

PM2.5 formed from the primary emission became to be insignificant, and the photochemical oxidation of VOCs435

became to be important sources of particulate matter again. Therefore, the correlation coefficients between O3 and436

PM2.5 became to be higher than those before the lockdown.437

438

Fig. 9. Scatter plots of the PM2.5 and NOx concentrations at different heights of the meteorological tower before ad439

during the lockdown: (a) and (b) are for ground level; (c) and (d) are low level; (e) and (f) are for middle level; (g)440
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and (h) are for high level.441

Fig. 9 compares the correlation between the PM2.5 and NOx concentrations before and during the lockdown.442

The trend of the correlation between PM2.5 and O3 was the exact opposite of that between PM2.5 and O3; that is, it443

was strong before the lockdown (R = ~0.5 at all altitudes) but much weaker after (R = ~0.2 at all altitudes).444

Therefore, there may be significant differences between PM2.5 sources before and during the lockdown. Owing to a445

lack of data, it was not possible to perform a composition analysis to determine why PM2.5 was closely correlated446

with NOx emissions prior to the lockdown but not during it. One possible explanation is that the primary emission447

of PM2.5 in the PRD is a large part before the lockdown, since NOx can be treated as an indicator of anthropogenic448

emission, and primary emission of PM2.5 decreased significantly during the lockdown. The other possible449

explanation is that the nitrate content of PM2.5 in the PRD decreased significantly during the lockdown, given that it450

has been previously found that nitrate accounts for a large percentage of PM2.5 before the year of 2020 (Yang et al.,451

2020).452

Fig. 10 displays the correlation between the O3 and NOx concentrations before and during the lockdown. Prior453

to the pandemic, O3 and NOx were negatively correlated with each other owing to NOx titration. The relationship454

between the O3 and NOx concentrations could be fitted with an exponential function. During the lockdown, the455

(negative) correlation between O3 and NOx weakened significantly, which means that at very low NOx456

concentrations, variations in the concentration of this pollutant seemed to virtually have no obvious effect on the O3457

concentrations.458

The comparison of scatter plots before and during the lockdown showed that PM2.5 was poorly correlated to O3459

but closely correlated to NOx before the lockdown, indicating that a large proportion of PM2.5 might come from460

primary emissions or nitrate aerosol. While after the implementation of the lockdown, PM2.5 became to be closely461

correlated to O3, but not to NOx, and O3 formation cannot attribute to the local photochemistry, indicating that462
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PM2.5 during the lockdown might primarily be secondary pollutants (especially organic aerosols) generated from463

photochemical reactions.464

465

Fig. 10. Scatter plots of the O3 and NOx concentrations at different heights of the meteorological tower before and466

during the lockdown: (a) and (b) are for ground level; (c) and (d) are r low level; (e) and (f) re for middle level; (g)467

and (h) are for high level.468

469

4 Conclusions and Implications470

In this study, changes in the NOx, O3, and PM2.5 concentrations over the PRD, mediated by the local471

COVID-19 pandemic lockdown measures, were investigated through the analysis of their vertical distribution472

before and during the lockdown, using data from the Shiyan Base and SZMGT. The conclusions of this study are as473

follows:474
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(1) The advent of the COVID-19 pandemic forced a dramatic decrease in human activity. This greatly reduced475

the emission of primary pollutants like NOx, thus changing the chemical environment of the near-surface476

atmosphere. The concentration of PM2.5 was also reduced significantly because of the decrease in precursor477

availability.478

(2) The reduction in primary pollutant emissions during the COVID-19 pandemic lockdown significantly479

decreased MDA8O3, while did not decrease the daily average concentration of O3. The diurnal curves of O3480

concentration were changed by the lockdown, with the day-time concentrations being lower and the night-time481

ones being higher than the pre-pandemic concentrations at all levels of the SZMGT.482

(3) The correlation between PM2.5 and O3 concentrations was insignificant before the lockdown but became483

significantly stronger after, to the point where the correlation coefficients between PM2.5 and O3 were significant at484

the 0.05 level, regardless of altitude. This indicates a strong correlation between PM2.5 and O3. By contrast, the485

correlation between PM2.5 and NOx was much weaker during the lockdown. Hence, the composition of PM2.5 may486

have changed from being predominantly from primary emissions or nitrate aerosol before the lockdown to being487

predominantly a secondary organic aerosol thereafter. However, the validation of this hypothesis will require488

further investigations.489

(4) Prior to the COVID-19 pandemic, the O3 and NOx concentrations were significantly negatively correlated490

with each other. This correlation virtually disappeared after the beginning of the pandemic. It may be concluded491

that at very low NOx concentrations, variations in its concentration have almost no effect on the O3 concentration.492

Overall, the advent of COVID-19 has devastated economies and societies around the world. However, the493

dramatic reduction in human activity resulting from the lockdown measures has provided a unique opportunity for494

researchers to study the response of the atmospheric environment to human activities. The data indicate that the495

atmospheric chemical environment of the PRD has changed during the pandemic, leading the drastic change of496
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pollutants concentrations. These results have a clear indication for pollution prevention policy. In the past, quite a497

few environmental policy studies doubted whether it was necessary to further reduce mobile emissions, because in498

some areas, decreasing NOx led to an increase of O3 concentration. While this study shows that the continuous499

reduction of NOx emission can still reduce the peak value and MDA8O3, although it will not further reduce the500

daily average value of O3.501
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