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Abstract

:

With the spread of the COVID-19 pandemic and the implementation of closure measures in 2020, population mobility and human activities have decreased, which has seriously impacted atmospheric quality. Huaibei City is an important coal and chemical production base in East China, which faces increasing environmental problems. The impact of anthropogenic activities on air quality in this area was investigated by comparing the COVID-19 lockdown in 2020 with the normal situation in 2021. Tropospheric NO2, HCHO and SO2 column densities were observed by ground-based multiple axis differential optical absorption spectroscopy (MAX-DOAS). In situ measurements for PM2.5, NO2, SO2 and O3 were also taken. The observation period was divided into four phases, the pre-lockdown period, phase 1 lockdown, phase 2 lockdown and the post-lockdown period. Ground-based MAX-DOAS results showed that tropospheric NO2, HCHO and SO2 column densities increased by 41, 14 and 14%, respectively, during phase 1 in 2021 vs. 2020. In situ results showed that NO2 and SO2 increased by 59 and 11%, respectively, during phase 1 in 2021 vs. 2020, but PM2.5 and O3 decreased by 15 and 17%, respectively. In the phase 2 period, due to the partial lifting of control measures, the concentration of pollutants did not significantly change. The weekly MAX-DOAS results showed that there was no obvious weekend effect of pollutants in the Huaibei area, and NO2, HCHO and SO2 had obvious diurnal variation characteristics. In addition, the relationship between the column densities and wind speed and direction in 2020 and 2021 was studied. The results showed that, in the absence of traffic control in 2021, elevated sources in the Eastern part of the city emitted large amounts of NO2. The observed ratios of HCHO to NO2 suggested that tropospheric ozone production involved NOX-limited scenarios. The correlation analysis between HCHO and different gases showed that HCHO mainly originated from primary emission sources related to SO2.
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1. Introduction


Nitrogen dioxide (NO2), formaldehyde (HCHO) and sulfur dioxide (SO2) are important atmospheric constituents that play crucial roles in tropospheric chemistry. NO2 is involved in the formation cycle of tropospheric ozone [1,2]. NO2 and SO2 can generate nitrate and sulfate particles by reacting with OH radicals. HCHO mainly comes from the oxidation of volatile organic compounds (VOCS) and industrial emissions. Primary emissions of HCHO are an important indicator of air quality in industrial areas [3,4]. HCHO has a short atmospheric lifetime and can be used to measure the local VOC content. NO2, SO2 and HCHO are important precursors to urban aerosols. Traffic, heating and industrial emissions significantly increase the background concentration of these gases in the urban boundary and near ground layers [5,6,7,8]. Recent studies have found that aerosol particles in large cities in China mainly come from secondary formation reactions [2]. It is important to obtain spatiotemporal distribution data of air pollutants through long-term observations to understand their sources and atmospheric photochemical reaction processes. As China’s urban traffic and industrial emissions have serious impacts on air quality, emission reduction plans were implemented to control pollution during the Shanghai World Expo (2010), the Asian-Pacific Economic Cooperation Conference in Beijing (APEC, 2014) and the G20 Summit in Hangzhou (2016) [9,10,11]. The air quality improved significantly during these events; however, it returned to previous levels soon after the end of these lockdown measures.



At the end of 2019, a novel coronavirus was reported in Wuhan, China, and the resulting disease was termed COVID-19. During the COVID-19 epidemic, the Chinese government enacted large-scale lockdown measures to stop the spread of the virus by reducing population mobility. The impact of city lockdowns on regional emissions and air quality has been studied in different regions of the world [12,13,14,15,16,17]. These studies show that pollutants, such as NO2 and aerosols, in the atmosphere were significantly reduced during the lockdown period in 2020 compared to 2019, while the reduction in SO2 was less pronounced and the concentration of O3 increased significantly [18,19]. Multiple axis differential optical absorption spectroscopy (MAX-DOAS) has been widely used in air pollution monitoring and satellite data validation due to its simple structure and ability to simultaneously measure multiple pollutants [20,21,22,23].



Located in the Southern part of the North China Plain, Huaibei city is an important production base for coal and chemical products in East China. Huaibei is an industrial city with about 2 million inhabitants. Long-term MAX-DOAS observations in Huaibei have been important to understand the impact of traffic and industrial emissions on the urban atmosphere. In this study, we used the ground-based MAX-DOAS instrument installed in a suburban area of Huaibei to evaluate the sources of pollutants (i.e., NO2, SO2 and HCHO) and their relationships with lockdown measures and meteorological conditions from 1 December 2019 to 9 May 2020 and 1 December 2020 to 9 May 2021(Figure S1). The observation period was divided into four stages: pre-lockdown (1 December to 23 January), phase 1 (24 January to 26 February), phase 2 (27 February to 31 March) and post-lockdown (1 April to 9 May). Although there was no lockdown during the observation period in 2021, the years were also divided into four similar stages for comparison. The variations of near-surface pollutants, including PM2.5, NO2, SO2 and O3, were also analyzed.




2. Experiments and Methods


2.1. Instruments and Observation Positions


A MAX-DOAS instrument developed by Airyx Gmbh (Eppelheim, Germany) [24,25], shown in Figure 1a, is installed on the top of the Huaibei Normal University of Physics and Electronic Information Building (33.58° N, 116.48° E, 30 m above sea level; Figure 1c). Figure 1b shows a structural diagram of the MAX-DOAS system. The system comprises a telescope unit controlled by a two-dimensional stepping motor, two spectrometers (Avaspec-ULS2048L-USB2, UV: 300–405 nm, and VIS: 407–540 nm), and a controlling computer unit. The scattered sunlight is collected by the telescope installed outdoors and then transmitted to a spectrometer through an optical fiber. The spectrometer is placed in a temperature-controlled box at 20 °C to reduce the impact of ambient temperature changes on the spectrometer. The instrumental function of the spectrometer is approximated as a Gaussian function with a full width at a half maximum (FWHM) of 0.5 nm. The instrument was pointed south and automatically recorded the spectra of scattered sunlight in a sequence at eleven elevation angles (1, 2, 3, 4, 5, 6, 8, 10, 15, 30 and 90°). One elevation sequence scan took about 11 min, and the integration time was automatically adjusted based on the light intensity. The dark current correction was used in the QDOAS software retrieval process.




2.2. Spectral Inversion and Tropospheric Column Density Measurement


The ground-based MAX-DOAS is an optical remote-sensing technology that can record scattered sunlight at different elevation angles. Trace gases can be quantitatively measured based on the Beer–Lambert law. The spectra obtained from the MAX-DOAS observations were analyzed with QDOAS software [26], and the zenith direction spectrum of the cycle was selected as the Fraunhofer reference spectrum (FRS) to calculate the differential slant column density (dSCD) and vertical column density (VCD) [27]. The trace gas cross-sections, wavelength ranges and additional properties of the DOAS analysis are provided in Table 1. The ring structure was calculated by QDOAS software through high-precision solar spectra and instrument functions. Figure 2 shows typical DOAS fit examples. In order to reduce stronger absorptions of stratospheric species and improve the signal-to-noise ratio, the spectra with solar zenith angles (SZA) larger than 75° were removed (Table S1). The spectra with large root-mean-square (RMS) values of the residuals (3 × 10−3 for NO2 and HCHO and 5 × 10−3 for SO2) were also removed (Figure S2). In total, 23.3, 23.2 and 25.4% of measurements were filtered by a given criterion for NO2, HCHO and SO2, respectively.



The geometric approximation was used to convert the dSCDs to tropospheric VCDs [30]. The dSCDs were derived from the DOAS spectral analysis with the reference spectrum at the same observation cycle. The VCD is defined as the integrated concentration of trace gas concentrations through the atmosphere along a vertical path and is calculated from the dSCD using the differential air mass factor (dAMF) [33], as follows:


  V C D =   S C  D  α ≠   90  ∘    − S C  D  α =   90  ∘      A M  F  α ≠   90  ∘    − A M  F  α =   90  ∘      =   d S C  D α    d A M  F α     



(1)




where α represents the elevation angle for the measurement spectrum. The AMF is used to describe the absorption path of a gas in the atmosphere.


  A M  F α  = 1 / sin α  



(2)







The tropospheric VCD can be obtained from the following equation:


  V C D =   d S C  D α    ( 1 / sin α ) − 1    



(3)







This method is often used to obtain the VCD. Numerous studies have shown that the geometric light paths at 30° are good approximations (Figure S3) in the boundary layer [34,35]. The 30 and 90° elevation angles were used to calculate the VCD in this study.




2.3. Ancillary Data


The in-situ measurements for the pollutants NO2, SO2, O3 and PM2.5 were downloaded from https://www.aqistudy.cn/ (last accessed on 10 April 2022). In situ data were collected using the continuous emission monitoring system (CEMS) produced by Thermo Fisher Scientific, which was installed in the urban area to monitor the near-ground air quality. The daily mean concentrations of the atmospheric pollutants were used from December 2019 to May 2021 in this study. The data of the wind speed and direction in Huaibei were downloaded from the Copernicus Data Hub (available online at https://ads.atmosphere.copernicus.eu/; last accessed on 15 August 2022). Near-surface temperature data were obtained from the China Meteorological Data Service Centre (CMDC, available online at http://data.cma.cn/en; last accessed on 16 March 2023).





3. Results


3.1. MAX-DOAS Observation Results


The observation period was from December 2019 to May 2021. The period from December 2019 to May 2020 was divided into four phases according to traffic control and compared with the corresponding period in 2021. Figure 3 shows the time-series data of the daily mean VCDs for NO2, HCHO and SO2 during the observation period in 2020 and 2021. Furthermore, the observation results for NO2, HCHO and SO2 showed obvious seasonal and monthly variation trends. Table 2 gives the monthly mean values during the observation period for the three gases. Since there were only nine measurement days in May, the monthly mean value for May was not calculated. The daily mean concentrations of NO2, HCHO and SO2 in winter in 2020 were higher than in spring, and the daily averaged values in winter were 1.06 × 1016 molecules/cm2 for NO2, 2.10 × 1016 molecules/cm2 for HCHO, and 4.68 × 1016 molecules/cm2 for SO2, which were 1.2, 1.8 and 2.1 times greater than those in spring, respectively. The maximum monthly mean values of the three gases occurred in December, while the minimum monthly mean values of NO2 occurred in February and the minimum monthly mean values of HCHO and SO2 occurred in April.



In order to control the spread of COVID-19, urban traffic control measures were implemented in 2020. The MAX-DOAS observation period was divided into four stages according to the control time. There were no pandemics or traffic control measures in the Huaibei area in 2021. To study the impact of traffic control measures and the pandemic on trace gases, the results of the same period in 2020 and 2021 were compared (Table S2). Figure 4 shows the box diagram results of the three trace gases during different stages of the lockdown. In the pre-lockdown period of 2021, the concentrations of NO2, HCHO and SO2 increased by 6, 20 and 32% compared to the same period in 2020. Due to the uncertainty of the epidemic and the closure measures, factories in Huaibei increased production during this period, resulting in more primary emissions. It is evident from Figure 4 that the impact of the lockdown measures on the NO2 concentration was greater than that on the HCHO and SO2 concentrations. Compared to the same period in 2020, the NO2, HCHO and SO2 VCDs increased by 41, 14 and 14%, respectively, in phase 1 of 2021. The changes in all three gases were small during phase 2, when traffic control measures were relaxed. The main reason for this may be due to the fact that urban traffic emits a large amount of NO2, while SO2 mainly comes from industrial emissions and HCHO comes from atmospheric photochemical reactions as well as industrial emissions.




3.2. Weekly Circles and Diurnal Variations


To further investigate the effects of human activities on urban atmospheric trace gas concentrations, the weekly (Figure 5) and diurnal variations of the three gases were analyzed based on MAX-DOAS observations. The reduction in pollutant concentrations over the weekend due to reduced human activities is termed the weekend effect. The study period includes lockdown (phases 1 and 2) in 2020, with normal day measurements for the same period in 2021 as a comparison. The weekly concentrations of the three gases are similar in both years, and the results of 2021 are generally higher than those of the same period in 2020. NO2 and HCHO reached the maximum daily average VCDs on Friday and Thursday, respectively. The weekly variation during the lockdown periods is more subdued compared to the normal days. Due to the decrease in weekend traffic flow, NO2 has a more significant weekend effect compared to the other two gases.



Atmospheric trace gas levels in urban areas are closely related to anthropogenic emissions. The differences between the diurnal variation curves may be caused by the complex interplay between emissions, chemistry and transport. Diurnal variations are critical for understanding the atmospheric chemistry of trace gas species. Figure 6 shows the diurnal variations of the trace gases during the normal days compared to the lockdown period. The diurnal cycle for NO2, HCHO and SO2 remained essentially the same during the lockdown period compared to during normal days. NO2 showed a slight decrease in concentration from morning to noon and then increased in the afternoon. Both HCHO and SO2 showed an overall trend of first decreasing and then increasing. The HCHO remained at a high concentration until 11:00 am, dropped sharply from 11:00 to 14:00, and then rose in the afternoon. SO2 had a similar diurnal variation trend compared to HCHO, but it decreased significantly from 8:00 to 9:00 in the morning. During the lockdown period, the diurnal trend remained the same, but the overall concentrations were lower than those on normal days.




3.3. Wind Dependence of the Pollutants


The MAX-DOAS station is located in the Northern suburb of Huaibei. Several plastics factories, building material factories, and chemical plants operate in the east and south-west industrial areas. There is an elevated source in the south-east region of the observation station, which has a larger vehicle flux. The industrial activities and vehicle operations lead to significant emissions of NO2, HCHO and SO2. In the urban center, traffic and anthropogenic emission sources lead to large concentrations of NO2 and VOCs. In addition, an industrial area located 10 km north of the city potentially contributes to the observed pollutants, depending on meteorological conditions. Figure 7 shows the relationship between the NO2, HCHO and SO2 VCDs and the wind direction and speed from24 January to 31 March, 2020 and 2021. The trace gas VCDs and wind field data were derived from MAX-DOAS and reanalysis data, respectively. The MAX-DOAS data were averaged hourly for comparison. It can be seen that in 2020 the wind rose (Figure 7) was much more evenly distributed, with easterly and westerly being the most dominant wind directions. In 2021, northly winds were most frequent. The results show that high NO2 values were observed in the north-east wind zone in 2021. This could be due to the fact that a large amount of NO2 was produced by the Eastern elevated source and transported over urban areas by the north-east wind. In 2020, high HCHO and SO2 values were observed in the same wind zone, potentially due to the transport of pollutants from industrial areas in the north and south-west of the city to the urban area. Higher HCHO and SO2 values were observed in 2021, potentially caused by urban emissions and atmospheric photochemical reactions.




3.4. In Situ Measurements


Time-series data of in situ instrumental measurements of NO2, SO2, PM2.5 and O3 concentrations for 2020 and 2021 are given in Figure 8. SO2 data will be missing after 15 March 2021. The average concentrations of NO2, SO2, PM2.5 and O3 in phase 1 during lockdown in 2020 were 15, 7, 69 and 67 µg/m3, respectively. Compared with 2020, the average concentrations of NO2 and SO2 in phase 1 in 2021 increased by 59 and 11%, respectively, and PM2.5 and O3 decreased by 15 and 17%, respectively. In 2021, the near-surface concentrations of NO2 and SO2 increased due to traffic and industrial emissions. The decrease in PM2.5 and O3 may be related to primary aerosol emissions and atmospheric photochemical reactions.




3.5. HCHO/NO2 and Source of HCHO


O3 is widely involved in atmospheric photochemical reactions, and the concentration of near-surface O3 has become the focus of urban atmospheric environment research. Precursors, such as nitrogen oxides (NOX), and VOCs emitted by industrial activities, generate O3 through complex photochemical reactions under ultraviolet radiation. A variety of other hydrocarbons determine the concentration of HCHO. Thus, HCHO is used as an indicator of VOCs. The ratio of HCHO to NO2 is used to study the influence of NOX and VOCS on the formation of O3. Ratios less than 1 and greater than 2 indicate that O3 production is limited by VOCS and NOX, respectively, while ratios between 1 and 2 indicate that O3 is simultaneously affected by both gases. Different from the results reported by Nanjing and Shanghai [12,13], O3 generation during the winter (gray area) in Huaibei is mainly influenced by NOX, and O3 generation in March is influenced by both NOX and VOCs (Figure 9).



Determining the sources of pollution is crucial for monitoring air pollution. O3 is mainly produced through atmospheric photochemical reactions, so O3 concentrations can be used as an indicator of atmospheric photochemical reaction intensity. Research has shown that HCHO is mainly generated from atmospheric photochemical reactions in the Huairou area of Beijing [10]. To further determine whether the pollution sources of HCHO in Huaibei were due to primary or secondary formations from other VOCs, the correlation of HCHO with primary pollutants (NO2 and SO2) or secondary pollutants (O3) was analyzed (Figure 10). The daily averaged values of different gases for all the observation periods in 2020 and 2021 were selected for the study period. It can be seen from Figure 10 that the correlation coefficients R2 of HCHO and SO2 in 2020 and 2021 are 0.86 and 0.89, respectively. In contrast, the correlation coefficient between NO2 and HCHO is less than 0.1, and between O3 and HCHO is less than 0.3. Therefore, HCHO in Huaibei mainly comes from primary industrial emissions related to SO2, and the proportion of HCHO generated by atmospheric photochemical reactions is low. Temperature changes in spring can affect the natural source emissions of HCHO. Figure 11 shows the temperature changes during the observation periods of the two years. It can be seen that the temperature in the spring did not significantly change in two years. The influence of natural sources on the differences in HCHO concentrations was therefore excluded. In addition, during the cold period in 2021, more heating was needed, probably also contributing to changes in NO2 and SO2.





4. Discussion


Ground-based MAX-DOAS observations showed that the seasonal and monthly variation characteristics in Huaibei remained unchanged in 2020 and 2021. The concentration of trace gases in winter was significantly higher than in spring, and the monthly mean values of HCHO and SO2 decreased from December to April of the following year. During the observation period in December 2021, NO2, HCHO and SO2 had the highest monthly mean values, which were 1.57, 2.82 and 6.69 × 1016 molecules/cm2, respectively. Compared with 2020, the NO2 concentration increased by 41% during the second stage in 2021, and the changes in HCHO and SO2 concentrations were not obvious, indicating that the lockdown measures during the epidemic significantly impacted NO2 emissions.



The weekly circle and diurnal variation results of the pollutant column densities from 24 January to 31 March were analyzed. The weekly circle results showed that the results in 2021 were generally higher than those in 2020, with NO2 reaching a weekly maximum on Fridays and both HCHO and SO2 reaching a weekly maximum on Thursdays. NO2, HCHO and SO2 did not show a significant weekend effect. The diurnal variation results show that the results in 2021 are higher than those in 2020 and show obvious diurnal variation characteristics. Among the trace gases, NO2 had a slight decrease from morning to noon and increased in the afternoon due to the combined effects of light intensity reduction and emissions. HCHO remained at a high concentration until 11:00 am, decreased sharply from 11:00 to 14:00, and then increased in the afternoon. The trend of SO2 was similar to that of HCHO, but it drastically decreased from 8:00 to 9:00 in the morning. High values of HCHO and SO2 were observed in the morning, indicating the existence of nighttime factory emissions.



The wind rose diagrams indicate that the northerly wind prevailed during the lockdown period. The relationship between the pollutant concentration and wind speed and direction was analyzed. The results show that a large amount of NO2 was emitted by elevated sources in the Eastern part of the city and transported to the urban area by the north-east wind. The high HCHO and SO2 values in 2020 were mainly caused by emissions from the industrial zone to the north and south-west of the city. The increase in the number of high-value HCHO and SO2 points in 2021 was mainly caused by an increase in urban emission sources during normal periods. Both HCHO and SO2 had high values under the same wind field in 2020 and 2021.



The results of the HCHO/NO2 ratio show that the O3 content in the Huaibei area is mainly affected by NOX in winter and jointly affected by NOX and VOCs in spring. The high correlation between HCHO and SO2 shows that the HCHO concentration in Huaibei is mainly affected by primary industrial emissions related to SO2; however, the contribution of atmospheric photochemical reactions to HCHO generation is unclear.




5. Conclusions


We studied the tropospheric NO2, HCHO and SO2 VCDs in the Huaibei region based on ground-based MAX-DOAS observations from December 2019 to May 2020 and from December 2020 to May 2021. Anthropogenic activities were reduced during the lockdown period in 2020. The variation in pollution patterns and the impact of lockdown measures on pollutant emissions during the epidemic were analyzed. Compared to the lockdown phase 1 period in 2020, NO2 emissions increased by 41% in 2021 as the lockdown measures were lifted, while a smaller increase was observed for HCHO and SO2 (14 and 14%, respectively). The results show that after the city lockdown measures were implemented in Huaibei in 2020, traffic emissions decreased but local industrial production did not significantly change. The observed ratio of HCHO to NO2 showed that tropospheric ozone production was predominantly NOX-limited in winter. However, further investigations should be carried out in combination with the vertical distribution of pollutants and compared with satellite data.
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Figure 1. MAX-DOAS observation site at Huaibei Normal University. (a) Physical diagram of the system (b) Schematic diagram of the setup (c) The location of MAX-DOAS instrument at Huaibei. 
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Figure 2. Examples of typical DOAS fits for NO2 (a), HCHO (c) and SO2 (e) at 30° elevation angle. Residuals for NO2 (b), HCHO (d) and SO2 (f) are given in the corresponding subfigures. The red and black curves indicate the fitted absorption structures and the derived absorption structures from the measured spectra, respectively. 
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Figure 3. Time series diagram of (a) NO2, (b) HCHO and (c) SO2 VCDS obtained by MAX-DOAS at a 30° elevation viewing angle over Huaibei. The observation period is divided into four sections. 
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Figure 4. Box diagram of (a) NO2, (b) HCHO and (c) SO2 VCD obtained by the MAX-DOAS instrument during observation. The low (upper) error bars and boxes are the 10th (90th) and 25th (75th) percentiles of the data grouped in each interval, respectively. 
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Figure 5. Weekly cycles of (a) NO2, (b) HCHO and (c) SO2 VCDs observed over Huaibei during the lockdown period and normal days. 
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Figure 6. Averaged diurnal variations of (a) NO2, (b) HCHO and (c) SO2 VCDs observed over Huaibei during the lockdown period and normal days. 
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Figure 7. Wind roses in (a) 2020 and (b) 2021. Dependence of (c,d) NO2, (e,f) HCHO and (g,h) SO2 VCDs on wind directions and wind speeds in 2020 and 2021. 
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Figure 8. Time series diagram of (a) NO2, (b) SO2, (c) PM2.5 and (d) O3 concentrations obtained by using in situ instruments (the shaded area represents the standard deviation of the daily averaged values of different gases). 
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Figure 9. Daily average HCHO/NO2 ratio at Huaibei in 2020 and 2021. 
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Figure 10. Scatter plots and linear regressions of daily average HCHO VCD measured by MAX-DOAS against NO2, SO2 VCD measured by MAX-DOAS and O3 measured by an in situ instrument in (a) 2020 and (b) 2021. 
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Figure 11. The variation of temperature (°C) from the weather station at Huaibei in 2020 and 2021. 
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Table 1. Parameter settings used for spectral analysis using QDOAS.
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Parameters

	
Sources

	
Species




	
NO2

	
HCHO

	
SO2






	
Fitting interval

	

	
338–370

	
324.6–359

	
307.5–330




	
NO2

	
294 K, [28]

	
x

	
x

	
x




	
O3

	
223 K, [29]

	
x

	
x

	
x




	
O3

	
243 K, [29]

	
x

	
x

	
x




	
O4

	
293 K, [30]

	
x

	
x

	




	
SO2

	
293 K, [31]

	

	

	
x




	
HCHO

	
293 K, [31]

	
x

	
x

	
x




	
BrO

	
223 K, [32]

	
x

	

	
x




	
Ring

	
Calculated with QDOAS

	
x

	
x

	
x




	
Polynomial degree

	

	
5

	
5

	
5




	
Intensity offset

	

	
constant

	
constant

	
constant
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Table 2. Monthly mean values of NO2, HCHO and SO2 during the observation period (units: 1016 molecules/cm2).
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Winter

	
Spring




	

	

	
Mon. 12

	
Mon. 1

	
Mon. 2

	
Mon. 3

	
Mon. 4






	
NO2

	
2019.12.1–2020.5.10

	
1.32

	
1.23

	
0.62

	
0.99

	
0.97




	
HCHO

	
2.79

	
1.85

	
1.67

	
1.24

	
1.10




	
SO2

	
6.56

	
3.85

	
3.64

	
2.65

	
2.15




	
NO2

	
2020.12.1–2021.5.10

	
1.57

	
1.29

	
0.84

	
0.98

	
0.91




	
HCHO

	
2.82

	
2.69

	
1.98

	
1.24

	
1.02




	
SO2

	
6.69

	
6.54

	
4.65

	
2.40

	
1.64
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