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The impact of the annual solar eclipse, starting on 21st June 2020, attributable to surface ozone concentration (O3) has been investigated in this study. To estimate the influence of the solar eclipse on O3 better, the variations of one reaction precursor of ozone production [nitrogen dioxide (NO2)], coupled with the meteorological factors (including Total Solar Irradiance (TSI), Temperature (T), and Relative Humidity (RH)), were analyzed in Yunnan Province, China. The results show observed O3 decreases from the beginning of the eclipse, reaching its minimum value when the eclipse left Yunnan province. During the period of the solar eclipse, the O3 decrease lasted for 20 h with a reduction of more than 40%. The reduction of TSI lasted for 5 h with a maximum at -90%. Simultaneously, the temperature decreased but the relative humidity increased during the reduction in solar radiation. O3 exhibits a significantly positive correlation with temperature and a negative correlation with relative humidity. However, NO2 did not show a clear response with changes lasting for 4 h. O3 and NO2 show a negative correlation. The influence of CO on O3 is minor except for Kunming. Thus, O3 in seriously polluted cities is more sensitive to NO2 and CO during the eclipse, such as in Kunming.
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HIGHLIGHTS

• (1) TSI decreases move from west to east with a reduction of more than 90% during the solar eclipse on June 21st, 2020, and last 3 h in Yunnan.
• (2) O3 decreases more than 40% during solar eclipse, and starts to recover in Yunnan when the solar eclipse leaves Yunnan.
• (3) Both meteorological factors and precursors are important for affecting O3 changes during solar eclipse.
1 INTRODUCTION
A moon shadow is cast in the Earth’s atmosphere and surface when the Moon occurs between the Earth and the Sun. The moon’s shadow moves through the Earth at thousands of kilometers per hour. The region marked by eclipse experiences a phenomenon similar to sunrise and sunset in a short time. The solar radiation in the moon’s shadow sharply decreases and then recovers after the solar eclipse ends. The effects of different eclipse events on Earth are unique due to different paths and occurrence times (Baran et al., 2003). Therefore, the obscuration effects of the eclipse on the atmosphere are most attractive. The previous studies, although very limited due to rarely eclipse events, have shown the obscuration effects of the eclipse on the ionosphere, stratosphere, and surface, involving solar radiation, meteorological parameters, pollutants, and so on (e.g., Amiridis et al., 2007; Gerasopoulos et al., 2007; Kazadzis et al., 2007; Chung et al., 2010; Panda et al., 2015).
Significant reductions in global radiation, surface temperature, relative humidity, and wind speed can be observed during solar eclipses (e.g., Anderson et al., 1972; Founda et al., 2007; Pasachoff, 2009). The temperature in the Ahmedabad, India decreased by 0.5°C during a maximum solar obscuration on 11 August 1999, accompanied by a drop in the wind speed (Krishnan et al., 2004). A decrease of 0.7 m s−1 in wind speed and 3°C in temperature can be seen in southern England during the total solar eclipse on 11 August 1999 (Gray and Harrison 2012). Aplin et al. (2016) reviewed radiation changes during 44 solar eclipses from 1834 to 2006. They found that the radiation decreased to zero during total solar eclipses, whereas radiation was partly reduced during partial and annular eclipses.
The atmospheric photochemistry processes play an important role in ozone generation and elimination. O3 is produced under photodissociation of NO2 at wavelengths shorter than ∼420 nm, etc., like [image: image] and [image: image] (Nishanth et al., 2011). The decreases in solar radiation, coupled with varying meteorological conditions, have significant effects on photochemistry processes during a solar eclipse and thus affect the surface ozone concentration (O3) (Chimonas and Hines, 1971; Reid et al., 1994; Zerefos et al., 2001; Tzanis et al., 2008; Subrahmanyam et al., 2011; Hanna et al., 2016; Hanna, 2018). Chakrabarty et al. (1997) reported that the total ozone column in Ahmedabad dropped sharply before the maximum obscuration of the eclipse on 24 October 1995, followed by a dramatic increase after 10 min of the maximum obscuration. Zerefos et al. (2001) found that the O3 decreased by 10–15 ppbv and changed synchronously with solar radiation variations at Eptapirgio in Thessaloniki during the eclipse of 11 August 1999. They suggested that the reductions of O3 were associated with both photochemical processes and winds. Kolev et al. (2005), using observations from different ground sites in Bulgaria, showed that the effects of the solar eclipse on O3 had a certain delay of about 40 min and lasted for about 2 hours. Tzanis et al. (2007) observed that the effects of the total solar eclipse of 29 March 2006 on O3 lasted almost 2 hours at four stations located in the Athens basin in Greece. The maximum changes of O3 occurred after 1 hour of maximum obscuration at all stations, indicating that radiation decreases were responsible for the reductions of O3. Sharma et al. (2010) reported that O3 gradually dropped and have a certain delayed response to the solar eclipse. The O3 changes lasted for 4 hours. They demonstrated that the O3 variations were related to the photochemical reactions within the planetary boundary layer due to solar radiation changes. Using observations and simulations at Kannur in the southern region of India, Nishanth et al. (2011) found a reduction of 57.5% in O3 induced by the eclipse on 15 January 2010 and suggested that the decrease of 59% in O3 was associated with nitrogen dioxide (NO2) photolysis rate drop. For the same eclipse event, Vyas et al. (2012) reported the same values and a slight depletion in a small range from −9 to −2 ppb on O3 at Udaipur, India on the eclipse day. Overall, the previous studies proposed that the O3 changes were related to photochemical processes with its precursor gases. At the same time, meteorological and boundary layer dynamics parameters also contributed a lot to O3 concentration. Recently, the depletion of O3 from 30% to 65% was observed by Pratap et al. (2021) in India during annular solar eclipses on 21st June 2020, in which the maximum O3 variations of 65% appeared at Jaipur. However, the observed O3 response to the eclipse is still inconclusive and lacks a global perspective.
The variations of O3 have been focused on for several years as an important member of pollutants. The increase in O3 can damage the respiratory and lungs (Wang et al., 2019). There are relationships between O3 and short-term memory loss, immune system dysfunction, and lymphocyte chromosomal abnormalities (e.g., Monks et al., 2015). Thus, O3 change should be focused on due to its hazard.
However, most of the previous studies are focused on North America, Europe, and South Asia, while there are few studies on the effect of the solar eclipse on ozone in China. Surface O3 response to the eclipse is a complex process and varies by using observations due to the dynamic change of the meteorological condition, topography, and pollutant discharge in different regions. The annular solar eclipse on June 21st, 2020, a nearly total eclipse (99.5% of obscuration), is the only and fully visible in China in the past decade. Thus, the solar eclipse event provides a perfect opportunity to explore the O3 variations response to eclipse in China. In this paper, using ground-based observations in Yunnan province, China, we investigate the effects of the solar eclipse on O3, NO2, Total Solar Irradiance (TSI), and meteorological data. The solar eclipse and observations are introduced in Section 2. We show results in Section 3 and discussion in Section 4. In Section 5 we illustrate the conclusions.
2 SOLAR ECLIPSE EVENT AND DATA
2.1 Observations on solar eclipse
The annular solar eclipse, which occurred on 21 June 2020, began in central Africa, passed to South Asia, across China, and was last visible in the Pacific Ocean. The effects of the solar eclipse on the narrow strip were about 21.2 km. This annular solar eclipse began at 04:48 UT (Universal Time) in the eastern part of the Democratic Republic of the Congo and ended at 08:32 UT in the Pacific Ocean. The process lasted 3 h and 45 min, spanning about 14,000 km across the Earth (https://eclipse.gsfc.nasa.gov). This solar eclipse was the only one that can be seen in its whole process and was close to total solar eclipses in China over the last decade. The annular solar eclipse entered from the sacred lake of Tibet, Ma Panyong, passed through the southern part of the Sichuan Basin, across Southern China, traversed Taiwan Strait, and finally left China.
The data in the study is from ground-based observation in Yunnan province. These sites are between 97°31′–106°11′E and 21°8′–29°15′N° in southern China and in the path of the solar eclipse on 21 June 2020. The solar eclipse started and ended slightly differently at different sites. The maximum obscuration of the eclipse was observed everywhere around 15:30:00 CST (Chinese Standard Time, Universal Time + 8 h). The eclipse in Kunming, the capital of Yunnan province, began at 14:02 CST and ended at 17:12 CST. The maximum obscuration of the eclipse in Kunming occurred at 15:45 CST and reached about 86.6%. The solar eclipse in Kunming lasted 3 h and 9 min. Figure 1 gives the full eclipse path in China during the annular solar eclipse on 21 June 2020.
[image: Figure 1]FIGURE 1 | The study area (brown area), focused area (pink area) and observational sites from China National Environmental Monitoring Centre (CNEMC, blue circles) and China Meteorological Data Service Centre (CMDSC, red triangles). Brown lines represent the solar eclipse path.
2.2 Air quality and meteorology data
In this study, the air quality and meteorological datasets were released by the China National Environmental Monitoring Centre (CNEMC) and China Meteorological Data Service Centre (CMDSC), respectively. The meteorological data is hourly observations derived from the ground stations of the China Meteorological Data Network (http://data.cma.cn), mainly including Temperature (T), Relative Humidity (RH), and TSI. In addition, the sites measuring TSI are less, and the TSI data is available in the daytime from 06:00 CST to 18:00 CST. Hourly O3 and NO2 data were measured by 1,605 state-controlled monitoring stations of the China National Environmental Monitoring Centre (http://106.37.208.233:20035). Blue circles and red triangles in Figure 1 represent the spatial distribution of 45 stations of the CNEMC and 103 stations of the CMDSC.
3 RESULTS
3.1 Total solar irradiance variations
Figure 2 gives the variation percentage of TSI in Yunnan. The variation percentage of TSI is calculated by (hourly TSI—hourly TSI means)/hourly TSI means. Here the mean total irradiance between 18th and 20th is obtained to be quiet-time TSI. The percentage of hourly TSI eliminates the influences of diurnal variations. The changes in TSI percentage represent the effects of the solar eclipse on the TSI. The TSI significantly reduced as a response to the solar eclipse (Figure 1). The annular solar eclipse entered western Yunnan and traveled quickly eastward. The eclipse’s effects on irradiance in Yunnan lasted for about 4 h. Before the solar eclipse (13:00 CST, Figure 2A), TSI was stepped distributed and gradually reduced from northwest to southeast, in which O3 in the northwest was a slight increase in the range of 0%–40% and O3 decreases were smaller than 40% in the southeast. When the solar eclipse entered Yunnan around 14:00 CST (Figure 2B), O3 in the central and eastern region decreased slightly, with a decrease from −30% to −60%. At this time, the TSI in the western region decreased significantly, with a decrease from −80% to −100%, which was clearly affected by the solar eclipse. At 15:00 CST (Figure 2C), as the solar eclipse gradually moved eastward, the areas of TSI decline also moved eastward. There is a slight decrease in the northwest region and a sharp decrease in the southeast region. The solar eclipse left Yunnan at 16:00 CST (Figure 2D) and then the TSI began to recover. TSI in the central and northern regions began to increase with increasing latitude, and the range of the increase is from 35% to 90%. However, the southern areas have been decreased in TSI, in which southwest irradiance was from −80% to −20% and southeast irradiance was from −20% to −10%. The solar eclipse would end in Yunnan at about 17:00 CST. There were irradiance increases in the central and eastern regions, with an increase of nearly 150%. Whereas, the irradiance in the western regions decreased from −20% to −80% (Figure 2E). The irradiance changes were similar to that before the solar eclipse. At 18:00 CST (Figure 2F), the solar eclipse completely left Yunnan province. The irradiance enhancement in the southern region and reductions in the western region can be observed.
[image: Figure 2]FIGURE 2 | The variations in percentage of total solar irradiance at the ground station in Yunnan. The differences in percentage of irradiance are calculated by (hourly total irradiance-hourly total irradiance mean)/hourly total irradiance mean. Here the mean total irradiance between 18th and 20th is obtained to be solar irradiance during non-solar eclipse.
Kunming, the capital city of Yunnan province, is in the central and eastern part of Yunnan province (25°2′N, 102°39′E). The solar eclipse started in Kunming at 14:02 CST and ended at 17:12 CST. The maximum obscuration of the eclipse was at 15:45 CST. Before the start of the solar eclipse, the TSI showed a slight decrease of −24%. The irradiance dropped to −36% after the eclipse started. Approaching the maximum obscuration, the TSI has little changed, and its changes were close to 0 compared to the eclipse beginning. After the eclipse’s maximum obscuration, the TSI began to recover, with an increase of 35%. Approaching the eclipse ends, the irradiance increased up to 149%. After the eclipse completely left, the irradiance increased to 36% (Figure 2).
We find that the solar eclipse entered from the west of Yunnan, gradually traveled from west to east, and finally left from the east. While the solar radiation was closely related to the solar eclipse. Before the solar eclipse started, the solar radiation showed a slight change. During the maximum obscuration of the eclipse, the solar radiation changed with the solar eclipse moving and gradually decreased significantly from west to east. A drop of about 100% in reductions of TSI can be observed. After the maximum obscuration of the eclipse, the TSI fluctuated slightly during the recovery period. During the short recovery period, irradiance is recovered to normal., After the solar eclipse completely left Yunnan province, the impacts of the solar eclipse on the TSI had no obvious regularity, and the impact of the TSI on the whole Yunnan province lasted for about 4 h.
3.2 Surface ozone variations
Ozone in the stratosphere is the Earth’s barrier, which can shield the Earth from the damage of the solar ultraviolet ray. However, surface ozone is a pollutant, which induces aggravating respiratory irritation and lung injury. The changes in O3 affect air quality. Figure 3 shows the variation percentage of O3 in Yunnan, which is calculated the same as TSI ((O3-O3 means)/O3 means). Thus, Figure 3 gives the effects of the solar eclipse on O3, which eliminates the effects of diurnal variations. At 13:00 CST on June 21 (Figure 3A), before the solar eclipse in Yunnan, a little change with a range between −10% and 10% in O3 was observed in the northwest, central-eastern, and southern. The variations of O3 in western Yunnan were about -20%. However, O3 was reduced by 50% and 25% in the northeast and southeast Yunnan, respectively. The decreases in O3 may be affected by the local meteorological condition. The increases in O3 of 20%–50% can be observed in Dehong.
[image: Figure 3]FIGURE 3 | Same as Figure 2, but for surface ozone.
When the solar eclipse commenced at 14:00 CST (Figure 3B) in Yunnan, there was obvious depletion of O3 by −10% to −30% in the western and central regions. The maximum depletion was located in Lincang. There is a strong connection between the O3 depletion region and the TSI decrease region. The solar eclipse entered the western region of Yunnan at 14:00 CST. Thus, the changes of O3 in the western were related to the solar eclipse. O3 in the eastern region has no significant changes and was the same as that in quiet time at 13:00 CST.
The solar eclipse ended at 17:00 CST (Figure 3C) in Yunnan. The O3 decreases presented in the whole Yunnan province. The significant decreases from −10% to −40% in O3 occurred in most of the region, while O3 variations in the northwest and the central eastern region were relatively weak. The O3 changes reached the maximum in most of the Yunnan, except for the southwest Yunnan.
During the recovery periods (Figure 3D), the effects of the solar eclipse on O3 began to fade at 21:00 CST in most regions of Yunnan. The decline of O3 in western and southeastern weakened significantly. O3 increased from 10% to 30%. The northwest and central region recovered fully to normal., However, O3 in Xishuangbanna continued to decrease from −30% to −50%. At 04:00 CST on June 22 (Figure 3E), the O3 in the western region continued to rise with a range of 20%–50%. O3 variations in the western and central regions were stable with a range of −15%–10%. The decrease of O3 in Xishuangbanna reached the minimum value. Whereas, O3 in the central and Diqing region began to decrease, which was associated with the meteorological condition and not caused by the eclipse. At this time, the effects of the solar eclipse on O3 in most of the regions have finished, except for the Xishuangbanna region.
The influences of the solar eclipse on O3 recovered completely at 09:00 CST on June 22 (Figure 3F). There were no significant changes in O3, with a range of −15%–15%, in the northeast, central and southeast regions. The increases in O3 ranging from 20% to 50% can be seen in the whole western region, except for Diqing. The O3 in Diqing was the same as that at 04:00 CST. Compared with the O3 before the eclipse (Figure 3A), the changes in O3 at 09:00 CST were similar, which were mainly increases and relatively weak decreases. The effects of the solar eclipse on O3 in Yunnan have vanished.
Compared to the observation of the other 4 days, a maximum depletion of 25 [image: image] in O3 in Xishuangbanna can be observed (Figure 4A). The solar eclipse effects on O3 began at 14:00 CST on 21st and ended at 07:00 CST on the 22nd, which lasted for 18 h. Figure 4B gives that the impacts of the solar eclipse on O3 in Kunming were small. O3 was reduced by 2 [image: image] compared with O3 between 14:00 CST and 17:00 CST on non-eclipse days (20th, 22nd, and 23rd). The O3 changes associated with the solar eclipse only lasted 4 h. The effects of the eclipse (June 21) on the concentration of O3 in Lincang began after 13:00 CST compared with that before and after the eclipse (19th, 20th, 22nd, and 23rd, Figure 4C). The minimum value of O3 reached 38 [image: image]. The O3 was reduced by 5 [image: image], and the result was eliminated diurnal variations and mainly caused by the eclipse. The influences of the eclipse lasted 6 h and recovered to normal at 18:00 CST. The O3 concentration in Dali (Figure 4D) was affected by the solar eclipse, which began at 14:00 CST and ended at 21:00 CST on June 21. The process lasted for 8 h. O3 decreased by 10 [image: image] associated with the eclipse.
[image: Figure 4]FIGURE 4 | The variations of surface ozone concentration at different sites from 19th to 23rd June, 2020. The annular solar eclipse is on 21st June (black lines).
The impacts of the solar eclipse on O3 concentrations in different cities showed a different response. The solar eclipse had a significant impact on these three cities. The concentration changes of O3 in Dali, Xishuangbanna, and Lincang showed a significant decrease during the solar eclipse, then gradually returned to normal., The recovery periods of these three cities were different, with which the recovery period in Xishuangbanna was the longest. The effects of the eclipse on O3 in Kunming were weak and had a short duration.
Therefore, O3 changes were small before the solar eclipse. As the solar eclipse entered Yunnan, the O3 gradually decreased. The decreases in O3 became more and more significant until the solar eclipse left Yunnan. O3 reached its minimum when the eclipse left Yunnan, and the O3 depletion was from −10% to −40%. After the eclipse left Yunnan, O3 began to recover, except for the southwest region. O3 recovered after 8 h of eclipse occurrence, while O3 in the southwest region continued to decrease and reached a minimum value of -60% until 04:00 CST on June 22. The effects of the solar eclipse on O3 recovered completely at 09:00 CST on June 22. The influence of the solar eclipse on O3 in Yunnan lasted for about 20 h. The results of O3 caused by eclipse were similar to the previous study, while the O3 reductions lasted significantly longer and the minimum value of O3 occurred later than that in the previous study.
3.3 Surface NO2 and carbonic oxide (CO) variations
As precursor gases, NO2 and CO were important to the production of O3 (e.g., Nishanth et al., 2011; Vyas et al., 2012). Figure 5 and Figure 6 give the variation percentage of NO2 and CO in Yunnan, respectively. Before the solar eclipse (13:00 CST on June 21, Figure 5A), little changes in NO2 can be observed in most regions, except for Kunming. There were significant decreases of -50% in Kunming. When the solar eclipse entered Yunnan (14:00 CST on June 21, Figure 5B), decreases and increases of NO2 in Yunnan occurred. The NO2 reduced by −10% to −20% in the western region. The minimum value of NO2 changes occurred in Zhaotong, which reached −40%. NO2 increased by 10% compared to that at 13:00 CST in the northwest and central region. At 14:00 CST (Figure 5C), NO2 in the southwest region continued to reduce, especially decrease in 40% in Lincang. NO2 in Baoshan and Dali have been recovered. NO2 in Dali increased by 40%. NO2 in the northeast region continued to decrease and penetrated to the central region. Increases in NO2 can be observed at 16:00 CST (Figure 5D) in most of Yunnan. The NO2 decreases of −40% in Lincang and Zhaotong have been maintained. Therefore, NO2 in most of Yunnan has been recovered at 16:00 CST. The effects of the solar eclipse on NO2 concentration only lasted for 3 h.
[image: Figure 5]FIGURE 5 | Same as Figure 2, but for NO2.
[image: Figure 6]FIGURE 6 | Same as Figure 2, but for CO.
As another precursor gas, the changes of CO were smaller than that of NO2 during the solar eclipse. The changes in CO were minor during the eclipse in Yunnan. CO reduced by −10% to −20% in the whole of Yunnan from 13:00 CST to 14:00 CST (Figures 6A,B), except Honghe maintained its previous state. At 15:00 CST (Figure 6C), CO increased by 10% in the central and northern regions of Yunnan. CO in the southern region decreased by 10%. A CO increase of 10% can be seen in the whole of Yunnan at 16:00 CST (Figure 6D). Thus, a slight CO variation of 10% can be observed.
3.4 The relationship between O3 and precursors and meteorological conditons
To explore the reason causing the O3 variation during the solar eclipse, we selected the four typical Yunnan cities (Same as Figure 4), Lincang, Xishuangbanna, Dali, and Kunming, respectively. The correlation coefficients between O3 and temperature, relative humidity, NO2, CO, and TSI were calculated from 18th to 24th (quiet time) and solar eclipse (21st) as shown in Table 1, in which R represented the correlation coefficients. The sites of TSI observation are far fewer than CNEMC sites, thus we selected two sites of the four sites in Figure 4, where TSI data was available in Xishuangbanna (Figure 7) and Kunming (Figure 8), to show multivariate analysis.
TABLE 1 | The correlation coefficients between surface O3 and temperature, relative humidity, NO2, and CO at different sites in Yunnan during solar eclipse (14:00 CST on 21st to 05:00 CST on 22nd) and quiet time from 18th to 24th June, 2020.
[image: Table 1][image: Figure 7]FIGURE 7 | The relationships between O3 and NO2, temperature, and TSI at Xishuangbanna from 19th to 23rd June, 2020. The circle size and color represent temperature and total solar irradiance. Grey circles means missing TSI at night. Solid circles are affected by solar eclipse from 14:00 CST on 21st to 06:00 CST on 22nd June, 2020.
[image: Figure 8]FIGURE 8 | Same as Figure 7, but for Kunming.
Xishuangbanna is a tropical and sunniest city, and TSI is generally above 350 [image: image] (hollow circles in Figure 7). However, TSI was mostly below 100 [image: image] in Xishuangbanna during the eclipse in the daytime except for one data was nearly 250 [image: image]. In the daytime, cold and high NO2 caused lower O3 in the daytime. On the contrary, warm and low NO2 were related to high O3. In addition, the higher temperature was associated with higher O3 when NO2 was invariant. At night, O3 was controlled by temperature when NO2 was above 14 [image: image]. When NO2 was smaller than 12 [image: image], O3 did not depend on NO2 concentration at night. O3 was positively correlated with temperature and TSI, but negatively correlated with relative humidity, NO2, and CO in Xishuangbanna (Figure 7; Table 1) during quiet time and eclipse. The rainforest of Xishuangbanna can provide better air quality, and reduce air pollution. Thus, CO and NO2 concentrations were smaller than in a metropolis. The correlationship between O3 and NO2 and CO during the eclipse were weak and cannot pass significant tests (p < 0.01). Therefore, the temperature was the most important factor in affecting O3 during the eclipse.
Kunming is a special city during this eclipse, TSI was similar to that during quiet time. Blue circles were less in Figure 8, which means TSI was similar to quiet time and the effects of the eclipse on TSI were minor. In addition, the influences of TSI on O3 were minor. Warm and low NO2 were in the daytime, and cold and high NO2 were in the nighttime. The correlation between O3 and temperature was significantly positive and the correlation coefficient reached 0.98 during the eclipse (Figure 8; Table 1). O3 and NO2 have a negative correlation relationship (R = −0.97), passing the significance test (p < 0.01, Table 1). Therefore, there was higher O3 in the daytime and lower O3 in the nighttime. In the other three cities, CO has no significant effects on O3. However, the O3 in Kunming had a significant negative correlation with CO through a significant test during the solar eclipse and quiet time, in which the correlation coefficient was obviously larger during the eclipse. The increases in CO were observed in Kunming during the beginning and maximum obscuration. CO changes were minor due to the non-reaction of CO compared to NO2. However, for Kunming, CO increases were associated with the chemical reaction of altering CO, etc., like [image: image] (Sharma et al., 2010; Vyas et al., 2012). The reaction weakened and CO increased as solar radiation reduced. Kunming, as the capital city of Yunnan province, has a relatively serious air pollution problem compared to Xishuangbanna, thus NO2 and CO play a vital role in affecting O3 in Kunming during the eclipse.
O3 in Lincang was positively correlated with temperature and the relationship was credible by the significance test (p < 0.01), which was 0.91 (0.97, where the R in parentheses was the correlation coefficient during the solar eclipses, the same as below). The O3 was negatively correlated with the relative humidity and NO2, passing the significance test (p < 0.01). R was −0.88 (−0.97) and −0.5 (−0.8). The correlation coefficient between the O3 and CO did not pass the significance test. During the solar eclipse, temperature, relative humidity, and NO2 in Lincang were more important for O3 changes than that in quiet time, as the correlation coefficients were larger during a solar eclipse than that in quiet time.
O3 in Dali and its temperature have a positive correlation relationship, passing the significance test (p < 0.01). R is 0.86 (0.88). O3 and relative humidity are negatively correlated, passing the significance test (p < 0.01). R is −0.81 (−0.83). CO was invariant during the eclipse, which was unavailable. The correlation coefficients between O3 and NO2 failed in the significance test. The effects of temperature and relative humidity on O3 were fairly weak during the solar eclipse. NO2 and CO did not show significant importance for O3 in Dali.
4 DISCUSSION
As the solar eclipse occurred, reductions in solar irradiance were directly observed in different locations around the world. Founda et al. (2007) reported that solar irradiance was reduced by 89% and 100% over Thessaloniki and Kastelorizo, respectively. Girach et al. (2012) found that solar irradiance decline was most obvious over Thumba, India during the annular solar eclipse on 15 January 2010. During the solar eclipse events on 21 June 2020, due to the moon’s shadow, the solar irradiance decreased by more than -90%, and the whole process lasted for about 5 h in Yunnan (Figure 2).
On the one hand, various meteorological conditions changed response to radiation variations. The temperature in Yunnan reduced during the solar eclipse, which is consistent with previous studies (Eaton et al., 1997; Anderson, 1999; Krishnan et al., 2004; Tzanis et al., 2008; Girach et al., 2012; Burt, 2018). O3 and temperature in many cities in Yunnan are significantly and positively correlated (Table 1). Thus, the temperature is a greatly important factor in affecting the photochemical reaction of O3. As the temperature decreased, O3 also reduced which is consistent with previous studies (Sheehan and Bowman, 2001; Kleeman, 2008). An increasing trend in relative humidity changes is observed at most sites throughout the solar eclipse event (Table 1). Previous studies also reported an increase in relative humidity during solar eclipse events (Tzanis et al., 2008; Namboodiri et al., 2011; Prasad et al., 2019). Temperature and humidity were inversely proportional., The relative humidity would respond as the temperature changed. The radiation is further reduced due to the strong relative humidity and affects the photochemical reaction of O3, thereby reducing O3 which is consistent with previous studies (Kumar et al., 2014; Manju et al., 2018).
On the other hand, as a reaction precursor gas of ozone production, NO2 changes can be observed during the solar eclipse. Sharma et al. (2010) observed NO2 decreases from 2.52 to 0.78 ppb during a solar eclipse. However, Vyas et al. (2012) found that the differences in NO2 increased slightly from −1.8 to 0.9 ppb during the maximum obscuration of the solar eclipse. After the maximum obscuration, there was a certain fluctuation in the range of 0.9–1.6 ppb. Nishanth et al. (2011) found that there are no changes in NOx caused by the solar eclipse. During the solar eclipse on June 21, the effects of the solar eclipse on NO2 in different cities of Yunnan are various. Decreases, increases, and invariance of NO2 have been observed in response to eclipse. NO2 in Kunming gradually increased from −40% to −10% with the solar radiation decreases. NO2 in Dali and Xishuangbanna firstly decreased and then increased. NO2 in Lincang decreased and minimum values can reach −40% during the entire eclipse (Figure 5). O3 in Lincang and Kunming were negatively correlated with the NO2 (Table 1), which means O3 increased and NO2 decreased. Whereas, there was no significant relationship between O3 and NO2 in Dali and Xishuangbanna (Table 1). O3 is produced under photodissociation of NO2 at wavelengths shorter than ∼420 nm, etc., like [image: image] and [image: image] (e.g., Nishanth et al., 2011). During a solar eclipse, the changes in meteorological conditions such as fewer radiations and colder could weaken the photolysis of NO2, resulting in further weakening of the O3 generation process. The consumption of NO2 and production of O3 have been weakened by solar radiation decreases. Thus, NO2 and O3 showed a negative correlation. Meanwhile, the photodissociation of NO2 is not the only reaction to provide the required O for O3 production. Therefore, the correlation coefficient between NO2 and O3 is different in disparate cities. This explains why the effects of NO2 on O3 are minor in Xishuangbanna and Dali.
There are significant decreases in O3 during a solar eclipse (Zerefos et al., 2001; Tzanis et al., 2008; Girach et al., 2012; Jain et al., 2020; Patel and Singh, 2021; Pratap et al., 2021). The significant effects of the solar eclipse were manifested with a certain delay from the maximum obscuration. The delay was associated with the slow destruction process of O3 (Tzanis et al., 2008; Girach et al., 2012). The slow destruction process of O3 during the solar eclipse is a fairly complex process, which is associated with meteorological parameters, such as solar radiation, temperature, relative humidity, and other pollutants, NO2 and CO (Gerasopoulos et al., 2007). The seasons and months in which solar eclipse events occur also play a very important role in these changes in atmospheric parameters (Tzanis et al., 2008).
5 CONCLUSION
In this paper, we examine the effects of the solar eclipse on O3 in Yunnan, China. By analyzing TSI, O3, NO2, CO, temperature, and relative humidity obtained from CNEMC and CMDSC during the solar eclipse on 21 June 2020, we have reached the following conclusions:
(1) TSI decreases more than 90% during the solar eclipse on 21 June 2020. This TSI decreases moving from west to east and last 3 h in Yunnan. The total influences of the solar eclipse on TSI in Yunnan last for about 5 h.
(2) In the early phase of the solar eclipse, O3 reduces by −10%∼−20% in the western region of Yunnan. As the eclipse travels east, the O3 depletion becomes more and more significant and penetrates the whole of Yunnan. The O3 changes reach the minimum value of more than −40% and then O3 starts to recover in Yunnan when the solar eclipse leaves Yunnan. The western and southern regions are more sensitive to eclipse, because these regions show more rapid and significant O3 reductions. The response of O3 to solar eclipse lasted for 8 h in most of Yunnan. However, O3 variations last 20 h in the whole of Yunnan, due to slow recovery in Xishuangbanna.
(3) O3 and temperature were positively correlated and the relationship is closest to other meteorological parameters. Whereas, O3 was linearly negatively correlated with relative humidity.
(4) As the precursors, NO2 is more important than CO to O3 changes during the solar eclipse. Decreases, increases, and invariance of NO2 can be observed. The impacts of the eclipse on NO2 last for 4 h. O3 and NO2 in most cities of Yunnan are a significantly negative correlation.
(5) Among the cities in Yunnan during the solar eclipse, only O3 in Kunming was negatively correlated with CO. The O3 in the seriously polluted city is more sensitive to NO2 and CO during the eclipse.
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