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Abstract

:

Ground-based zenith scattered light differential optical absorption spectroscopy (DOAS) measurements were performed in summer and autumn (27 May–30 November) 2020 at Golmud (94°54′ E, 36°25′ N; 2807.6 m altitude) to investigate the abundances and temporal variations of ozone (O3) and its depleting substances over the northern Tibetan Plateau (TP). The differential slant column densities (dSCDs) of O3, nitrogen dioxide (NO2), bromine monoxide (BrO), and chlorine dioxide (OClO) were simultaneously retrieved from scattered solar spectra in the zenith direction during the twilight period. The O3 vertical column densities (VCDs) were derived by applying the Langley plot method, for which we investigated the sensitivities to the chosen wavelength, the a-priori O3 profile and the aerosol extinction profile used in O3 air mass factor (AMF) simulation as well as the selected solar zenith angle (SZA) range. The mean O3 VCDs from June to November 2020 are 7.21 × 1018 molec·cm−2 and 7.18 × 1018 molec·cm−2 at sunrise and sunset, respectively. The derived monthly variations of the O3 VCDs, ranging from a minimum of 6.9 × 1018 molec·cm−2 in October to 7.5 × 1018 molec·cm−2 in November, well matched the OMI satellite product, with a correlation coefficient R = 0.98. The NO2 VCDs at SZA = 90°, calculated by a modified Langley plot method, were systematically larger at sunset than at sunrise as expected with a pm/am ratio of ~1.56. The maximum of the monthly NO2 VCDs, averaged between sunrise and sunset, was 3.40 × 1015 molec·cm−2 in July. The overall trends of the NO2 VCDs were gradually decreasing with the time and similarly observed by the ground-based zenith DOAS and OMI. The average level of the BrO dSCD90°–80° (i.e., dSCD between 90° and 80° SZA) was 2.06 × 1014 molec·cm−2 during the period of June–November 2020. The monthly BrO dSCD90°–80° presented peaks in August and July for sunrise and sunset, respectively, and slowly increased after October. During the whole campaign period, the OClO abundance was lower than the detection limit of the instrument. This was to be expected because during that season the stratospheric temperatures were above the formation temperature of polar stratospheric clouds. Nevertheless, this finding is still of importance, because it indicates that the OClO analysis works well and is ready to be used during periods when enhanced OClO abundances can be expected. As a whole, ground-based zenith DOAS observations can serve as an effective way to measure the columns of O3 and its depleting substances over the TP. The aforementioned results are helpful in investigating stratospheric O3 chemistry over the third pole of the world.
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1. Introduction


About 90% of atmospheric ozone (O3) is contained in the ozone layer at around 25 km height, which absorbs the solar ultraviolet radiation (UV) and heats the stratosphere [1]. Following the discovery of the Antarctic ozone hole in 1985 [2] and the report of an indication of an ozone recovery in recent research, ozone and its depleting substances have been a focus of the scientific community (e.g., Solomon et al., 2016) [3]. Although the achievement in stratospheric ozone research is notable, measurements of ozone and related trace gases are still critical to better understand the mechanisms of stratospheric ozone chemistry (and the effects on stratospheric ozone chemistry caused by climate change). Stratospheric ozone depleting reactions involve the hydrogen catalytic cycle, nitrogen catalytic cycle, and halogen catalytic cycles [4,5,6,7,8,9,10,11]. Therefore, nitrogen dioxide (NO2), bromine monoxide (BrO) and chlorine dioxide (OClO), as three key species of stratospheric ozone chemistry, have been widely measured to investigate the characteristics of temporal and spatial variation in stratospheric ozone chemistry [12].



The Tibetan Plateau (TP), as the ‘third pole’ of the world, not only influences the atmospheric circulation in East Asia through thermal and dynamic processes [13], but also modifies the ozone abundance and distribution [14,15,16]. Stratospheric ozone over the TP links with the temperatures at 200 hPa over the Earth’s three poles (i.e., the North Pole, South Pole, and TP) [17,18]. Besides the Antarctic ozone hole and the Arctic ozone depletion, the so-called summer ‘ozone valley’ over the Tibetan Plateau has attracted widespread attention since its discovery in 1995 [19]. Many studies focus on the verification of the ‘ozone valley’ over the Tibetan Plateau, its formation mechanism and influences in the past decades [20,21,22,23,24,25,26,27]. Although dynamic processes are the main factors resulting in the TP “ozone valley”, the effect of chemical processes on its occurrence, development and duration cannot be neglected [14,28,29]. Furthermore, high anthropogenic emission areas surround the TP, where surface pollutants can be transported to the global stratosphere from the TP region during the Asian summer monsoon [30]. Additionally, natural sources of nitrogen oxides, like lightning in the middle and upper troposphere over the TP, can increase the O3 concentration by photochemical reactions [27]. Therefore, it is important to study the abundances and temporal variations of O3 and related trace gases (such as NO2, BrO, and OClO) in summer over the TP.



The columns of trace gases in the atmosphere are usually observed in two main ways, i.e., ground-based and satellite remote sensing. Differential optical absorption spectroscopy (DOAS), a widely used remote sensing technique, is based on the analysis of distinctive spectral absorption structures of atmospheric trace gases [31]. Ground-based zenith sky DOAS, a kind of passive DOAS, observes scattered sun light at an elevation angle of 90° [32,33,34,35,36]. It was firstly applied to measurements of stratospheric O3, NO2, and related trace gases, contributing a lot to the understanding of catalytic cycles of stratospheric O3 depletion [36,37,38,39,40,41,42]. For zenith DOAS measurement during twilight periods, the effect of tropospheric absorptions can be largely removed by using a noon measurement of the same day as a Fraunhofer reference (http://iup.uni-bremen.de/doas/maxdoas_instrument.htm, accessed date: 26 March 2021). A typical monitoring network through ground-based zenith sky DOAS is the Système d’Analyse par Observation Zénithale (SAOZ) certified by the Network for the Detection of Atmospheric Composition Change (NDACC), providing columns of O3 and NO2 [43,44]. Compared with the Dobson or Brewer instrument, one advantage of ground-based zenith sky DOAS is that it can measure several species, such as O3, NO2, BrO, and OClO simultaneously. To the best of our knowledge, ground-based zenith sky DOAS has not been applied to column measurements of trace gases in the stratosphere over the TP, although individual DOAS research has focused on the tropospheric background mixing ratios of different trace gases [45]. The abundances and temporal variations of stratospheric O3 depleting substances (such as NO2, BrO, and OClO) are still not well known over the TP.



We performed ground-based multi-axis differential optical absorption spectroscopy (MAX-DOAS) measurements at Golmud in the northern TP during the summer and autumn of 2020. The primary objective of this study is to retrieve the stratospheric differential slant column densities (dSCDs) of O3, NO2, BrO, and OClO from the zenith spectra of the MAX-DOAS measurements during the twilight period, analyze the sensitivity of the O3 vertical column densities (VCDs) to the parameters used for the O3 air mass factor (AMF) simulations, and investigate the abundances and temporal variations of O3 VCDs, NO2 VCDs and BrO dSCDs. Section 2 describes the observation site and instrument, the methods of spectral analysis and Langley plot, and the OMI products. The results of the O3, NO2, BrO, and OclO dSCDs (or VCDs) are shown in Section 3. We present a discussion of the results in Section 4. Conclusions are given in Section 5.




2. Materials and Methods


2.1. Site and Instrument


The zenith scattered light measurements were conducted from 27 May to 30 November 2020 at the Golmud meteorological station (94°54′ E, 36°25′ N; 2807.6 m above sea level), a site in the northern Tibetan Plateau (Figure 1a). This station is located at the north suburb of Golmud central city in the west of the Qinghai Province, China. It is on the southern margin of the Qaidam basin, where the natural landscape is an arid desert with a sparse vegetation cover. The Hoh Xil nature reserve is about 120 km away to Golmud’s south, and the Qarhan salt lake is about 70 km north of Golmud. The site is dominated by a continental plateau climate, characterized by low humidity, rather frequent winds and long sunny periods [46,47]. Measurements of the basic surface meteorological parameters as well as meteorological balloon soundings twice a day are performed on an operational basis. The annual averages of temperature, relative humidity and wind speed are about 5.8 °C, 32%, and 2.4 m·s−1, respectively. The prevailing wind direction is westerly.



As part of a comprehensive observation experiment on the exchange of atmospheric constituents between the stratosphere and troposphere, the Tube MAX-DOAS system (Figure 1b), set up on the roof of a four-storied building, was used to record spectra of scattered sunlight at 12 elevation angles (1°, 2°, 3°, 4°, 5°, 6°, 8°, 10°, 15°, 30°, 45°, and 90°). The instrument, developed by the Max Planck Institute for Chemistry (MPIC), Mainz, Germany, was automatically run and the zenith spectra during the twilight period were used for this study. The integration time of one individual spectrum was ~1 min. The spectrograph covered the wavelength range of roughly 300–466 nm with a spectral resolution of ~0.6 nm, operating at a detector temperature of 15 °C with fluctuations of less than 0.1 °C. The spectra of dark current and electronic offset were also collected at night for correcting each measured spectrum. A laptop was used to control the measurements. A more detailed description about the MPIC Tube MAX-DOAS instrument can be found in previous studies [48,49,50].




2.2. Spectral Retrieval


The differential slant column densities (dSCDs) of atmospheric trace gases can be retrieved from the measured scattered solar spectra in the zenith direction using the DOAS method [31]. The derived dSCDs of ozone (O3), nitrogen dioxide (NO2), bromine monoxide (BrO), and chlorine dioxide (OClO) represent the differences in their column densities (i.e., integrated concentrations along the light path) between the measurement spectrum and the Fraunhofer reference spectrum. In this study, a fixed zenith spectrum (at 27.6° solar zenith angle (SZA)) at 13:35 Beijing time (BJ, UTC + 8 h) on August 30, 2020 was used as Fraunhofer reference spectrum. On the basis of a non-linear least squares fitting method, the spectral analysis of the measured spectra was implemented by the QDOAS software, developed by the Royal Belgian Institute for Space Aeronomy (BIRA-IASB) [51]. The fitting parameters for the spectral analyses of O3, NO2, BrO, and OClO dSCDs are listed in Table A1, Table A2, Table A3 and Table A4. It should be noted that each measured spectrum was corrected for dark current and electronic offset and the Fraunhofer reference spectrum was spectrally calibrated by using a highly resolved solar spectrum [52]. Figure 2 shows examples of the spectral retrievals for O3, NO2, BrO, and OClO, derived from a measured spectrum at the elevation angle of 90° at 7:27 BJ on 21 July 2020. Although for most measurements the absorption structures of these trace gases can be well extracted from measured spectra, we still rejected the retrieved dSCDs once the root mean square (RMS) of spectral fitting residual was larger than a prescribed threshold. In the post processing of the dSCD data, the RMS thresholds were estimated by the balance between the quality of spectral fitting and the remaining data amount. When the RMS thresholds for O3, NO2, BrO, and OClO were set as 4 × 10−3, 9 × 10−4, 9 × 10−4, and 9 × 10−4, the percentages of remaining data were 72%, 69%, 72%, and 66%, respectively, on the condition of SZA ≥ 75°.




2.3. Langley Plot Method


The dSCD, derived from the spectral analysis, can be expressed by the following equation.


dSCD = SCDmeas − SCDref



(1)




where SCDmeas indicates the slant column density (SCD) of the measured spectrum and SCDref is the SCD of the Fraunhofer reference spectrum. The SCD represents the integrated concentration of the target species along the effective atmospheric light path, which depends on the solar zenith angle (SZA) for scattered sunlight measurements of stratospheric trace gases. Therefore, the SCD is usually converted to the vertical column density (VCD) through an air mass factor (AMF).


AMF = SCD/VCD



(2)







Then the dSCD can be written as:


dSCD = VCD × AMFsim − SCDref



(3)







This equation describes the so-called Langley plot method [44], which applies a linear fit between the retrieved dSCDs and the simulated AMFs (AMFsim) for sunrise and sunset on each day. In consequence, the unknown VCD and SCDref are determined by the slope and intercept of the fitted regression line, respectively. It should be noted that this method is suitable to species, such as O3, whose concentrations change very slowly with time. However, because of the rapid change in the photolysis of NO2, BrO, and OClO during the twilight, the conditions for the Langley plot method are not fulfilled for these trace gases. Therefore, the Langley plot method is not directly applied to convert the SCDs of NO2, BrO, and OClO into VCDs in this study.



In this article, the O3 AMFs are calculated by a full 3-D spherical Monte Carlo atmospheric radiative transfer inversion model (McArtim) [53]. McArtim, developed at the University of Heidelberg and MPIC, simulates individual photon trajectories based on the backward Monte Carlo method [53,54]. The various events of photon interactions at various altitudes are defined by probability distributions. McArtim can thus provide a very exact representation of the true atmospheric radiative transfer [48]. In practice, several input parameters, such as the height profiles of the target species, meteorological quantities, aerosol extinction and aerosol optical properties, are needed as input for the AMF simulations. Based on previous studies at the same or nearby stations, the single scattering albedo and asymmetry factor of aerosols as well as the surface albedo are set as 0.93, 0.60, and 0.20, respectively [46,55]. The chosen values don’t significantly change the retrieval products compared to other parameters. Therefore, we focus on the sensitivities with respect to the a-priori profiles. More details about the input parameters for the AMF simulations will be investigated in the sensitivity studies in Section 3.2.1. Figure 3 shows an example of the Langley plot method using O3 dSCDs measured on 30 August 2020. According to the linear equation in Figure 3, the O3 VCDs is 6.80 × 1018 molec·cm−2 (6.95 × 1018 molec·cm−2) for sunrise (sunset) on 30 August 2020.




2.4. OMI Product


The Ozone Monitoring Instrument (OMI) aboard NASA’s Aura satellite, launched in July 2004, orbits the earth in a polar Sun-synchronous pattern with a local afternoon equator crossing time of 13:45 [56]. It achieves complete global coverage in one day, measuring spectra in a wavelength range of 264–504 nm with a spectral resolution between 0.42 nm and 0.63 nm in a nadir-viewing mode. OMI enables the analysis of the O3 column density in the spectral range from 331.1 nm to 336.1 nm. The OMI level-3 global gridded total O3 column data (OMDOAO3e v003) are provided on a daily basis at a latitude–longitude grid of 0.25° × 0.25°. The OMDOAO3e product has been used to study long-term trends in the O3 total columns during 2004–2015 over the TP [57]. In this study, we compare the O3 VCDs retrieved from ground-based scattered solar spectra in the zenith direction with the OMI OMDOAO3e product obtained from the NASA Goddard Earth Sciences Data and Information Services Center (GES-DISC). More information on this product is available at http://disc.sci.gsfc.nasa.gov/Aura/OMI/omdoao3_v003.shtml (accessed date: 26 January 2021).





3. Results


3.1. Overview on the Variations of the dSCDs with SZA


According to the prescribed thresholds, the filtered dSCDs of O3, NO2, BrO, and OClO at sunrise and sunset are shown as a function of SZA during the effective observation period (27 May–30 November 2020) in Figure 4. The nonlinear dependence of the dSCDs on the SZAs was fitted by third-order polynomials. The variations of dSCDs with SZA are nearly symmetrical between sunrise and sunset for each species (but with different absolute values for NO2). For O3, the dSCDs increase with increasing SZA, reaching ~5 × 1019 molec·cm−2 at ~87° SZA, because of the longer optical path at larger SZA. The differences of the O3 dSCDs between sunrise and sunset are small for all SZAs, typically about 1 × 1016 molec·cm−2 at 82° SZA. The medians of the O3 fit error (see [31]) during the effective observation period are 9.72 × 1016 molec·cm−2 and 9.63 × 1016 molec·cm−2 at sunrise and sunset, respectively (Figure A1). For NO2, the dSCDs also increase with increasing SZAs, up to about 2.9 × 1016 molec·cm−2 (4.5 × 1016 molec·cm−2) at 88° SZA during the sunrise (sunset). The NO2 dSCDs at sunset are systematically larger than the sunrise values as expected. The difference of the NO2 dSCDs between sunrise and sunset also increases with increasing SZA, ranging from about 3.3 × 1015 molec·cm−2 to 1.5 × 1016 molec·cm−2 between 75° and 88° SZA. The medians of the NO2 fit error during the effective observation period are 3.41 × 1014 molec·cm−2 and 3.35 × 1014 molec·cm−2 at sunrise and sunset, respectively (Figure A1). For BrO, both the sunrise and sunset dSCDs increase with increasing SZAs for the SZA range of 75°–89°, and the dependencies between 80° and 90° SZA are nearly linear. There are no obvious differences in the level of BrO dSCDs between sunrise and sunset, whose averages are 1.86 × 1014 molec·cm−2 and 1.81 × 1014 molec·cm−2 for sunrise and sunset, respectively. The medians of the BrO fit error during the effective observation period are 4.35 × 1013 molec·cm−2 and 4.27 × 1013 molec·cm−2 at sunrise and sunset, respectively (Figure A1). The time series of the fit absolute errors and relative errors of O3, NO2, BrO, and OClO dSCDs at sunrise and sunset are also shown in Figure A1. For OClO, the sunrise and sunset dSCDs almost show a constant level of ~−1 × 1013 molec·cm−2, which is smaller than the typical OClO fit errors of about 1.4 × 1013 molec·cm−2. We estimate the OClO detection limit to be twice the fit error, i.e., 2.8 × 1013 molec·cm−2. The OClO, as a kind of O3 depleting substances, is important in the stratospheric atmospheric chemistry. In spite of the low values, we show the OClO results in this study for two reasons: (1) The parameters and the procedure of the OClO spectral retrieval can provide a reference for OClO DOAS spectral retrieval over the TP in future, especially also during winter. Under such conditions, the polar vortex might occasionally reach to the measurement location. The possibly seasonal enhancements of OClO dSCDs might be observed at larger SZA over the TP in future. (2) Although we can’t obtain significant temporal variations of OClO dSCDs due to the OClO abundance lower than the detection limit of the instrument, the result (or conclusion) is important, because it shows that the DOAS spectral analysis works well and the expected result (i.e., very low OClO abundance in summer and autumn over the TP) is obtained.




3.2. O3 Vertical Column Densities (VCDs)


3.2.1. O3 VCD Sensitivities to AMF Simulation Parameters


By applying the Langley plot method, the O3 VCDs during sunrise and sunset are derived. However, the resulting O3 VCDs depend on the calculated AMFs, which themselves depend on several input parameters, such as simulation wavelength, SZA range, and a priori vertical profiles of O3, aerosol extinction, temperature, pressure, and relative humidity (Table 1). It should be noted that the influences of the single scattering albedo and asymmetry factor of the aerosols as well as the surface albedo are not the focus of this study because they don’t significantly influence the retrieval results in summer and autumn at Golmud. We investigated the sensitivities of the O3 VCDs to these parameters on 30 August 2020, which is the same day used for selecting the fixed Fraunhofer reference spectrum. Figure 5 shows the sensitivity of the derived O3 VCDs on the SZA range and the wavelength at which the AMFs were simulated (case 1 in Table 1). The O3 VCD gradually tends to level off from a SZA range of >75° to >30°. For a given SZA range, the O3 VCDs are larger for smaller wavelengths in the range of 320–340 nm. For the selection of the SZA range and simulation wavelength, we follow two primary principles: (a) we want to give largest weight to high SZAs, because for these SZAs the measurement sensitivity is highest. Therefore, we chose the SZA range of >75°; (b) for the simulation wavelength we chose the 320 nm, because the spectral fit is most sensitive to small wavelengths with the strongest ozone absorptions. For this wavelength choice, the best agreement with the O3 VCD from satellite observation (OMDOAO3e) is also found.



The influences of the O3 profiles from different data sources on the derived O3 VCDs are shown in Figure 6 (case 2 in Table 1). The heights of the O3 concentration peaks are very similar for measurements from radiosonde, ECMWF Reanalysis version 5 (ERA5), and the Microwave Limb Sounder (MLS) satellite, but the peak concentration from the radiosonde is ~5% higher than for the other two datasets. The O3 profile of ERA5 below 15 km is smoother than those from the radiosonde and MLS measurements. The sunrise O3 VCDs range from 6.66 × 1018 molec·cm−2 (ERA5) to 6.88 × 1018 molec·cm−2 (radiosonde), and the sunset O3 VCDs range from 6.83 × 1018 molec·cm−2 (ERA5) to 6.93 × 1018 molec·cm−2 (MLS). The relative deviations of the O3 VCDs between ERA5 and OMDOAO3e are about 2.1% and 0.4% for sunrise and sunset on 30 August 2020, respectively. Owing to the high temporal resolution and open access of the ERA5 dataset, we prefer to use monthly ERA5 O3 profiles in our study.



Figure 7 shows the vertical aerosol extinction profiles as well as the O3 VCDs derived from the Langley plot method for the different aerosol scenarios (case 3 in Table 1). On the whole, the aerosol extinction in the troposphere measured by the Lidar decreases with height for both sunrise and sunset, but there was a cloud layer around 3.80 km at sunset on 30 August 2020. The climatic extinction profile in the stratosphere over the TP can be extracted from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (Calipso) [58]. Therefore, the extinction profile observed by the Calipso satellite instrument in July 2020 is taken as the stratospheric extinction profile in this study. Through comparing the O3 VCDs for the aerosol scenarios of TR and no_TR_ST, we find that the O3 VCDs are lower in the former scenario, i.e., containing the tropospheric extinction profile. However, when comparing the O3 VCDs for the aerosol scenarios of ST and no_TR_ST, the O3 VCDs are higher in the former scenario, i.e., including the stratospheric extinction profile. Although there are orders of magnitude difference in the absolute values of the aerosol extinction between the troposphere and stratosphere, the sensitivities of the O3 VCDs to tropospheric and stratospheric aerosol profiles are almost equivalent (but of opposite sign). This is probably related to the influences of two factors, i.e., the longer light path in the stratosphere for zenith DOAS measurement during twilight periods and the higher abundance of aerosol in the troposphere. These two aspects have an almost similar influence on the O3 VCDs for our measurements. However, this might be different for other measurement stations. According to the O3 VCDs for the aerosol scenario of TR at sunrise and sunset, it is also found that there are no significant deviations caused by the appearance of the cloud. Thus, finally, we select the aerosol extinction profile scenario of TR_ST including both tropospheric and stratospheric aerosol profiles for the O3 AMF simulations.



The sensitivities of O3 VCDs to the profiles of temperature (T), pressure (P), and relative humidity (RH) used for the O3 AMF simulation are presented in Figure 8 (case 4 in Table 1). The differences in the daily and monthly profiles of temperature and pressure are small, but there are significant differences between daily and monthly values of the relative humidity below 15 km. However, the O3 VCD remains almost unchanged, even if we use the monthly averaged profiles of temperature, pressure, relative humidity from the operational meteorological soundings. Therefore, it is reasonable to select the observed monthly T-P-RH profile for the O3 AMF simulations.




3.2.2. Variation of the O3 VCD and Comparison with the OMI Product


Based on the Langley plot method with the optimal parameters for the O3 AMF simulations (case 5 in Table 1), we obtained the O3 VCDs at sunrise and sunset of each day in summer and autumn 2020 (Figure 9a). The ratios of the O3 VCDs at sunset to those at sunrise are nearly equal to 1 for each day, indicating that the differences of stratospheric O3 between sunrise and sunset are very small. Their daily averages from ground-based zenith DOAS measurement are consistent with the O3 VCDs from the OMI OMDOAO3e product extracted within the grid cell covering the Golmud site. The regression analysis between the two datasets yields a correlation coefficient R = 0.71 (Figure 9c). The correlation coefficient is substantially smaller than unity, probably because the variability of the O3 VCDs during the observed period is rather small. The agreement can be further confirmed by the comparison of the monthly O3 VCDs with a correlation coefficient R = 0.98 (Figure 9b,c). The differences in correlation coefficient for daily and monthly O3 VCDs between the two datasets have at least two reasons: (1) There are suddenly high values for the OMI daily O3 VCDs; (2) The day-to-day variability has a smaller effect on the correlation of the monthly mean O3 VCDs. The monthly O3 VCDs in May 2020 are not shown because of very limited data during this month. The mean O3 VCDs from June to November 2020 are 7.21 × 1018 molec·cm−2 and 7.18 × 1018 molec·cm−2 at sunrise and sunset, respectively. The standard deviations of the monthly O3 VCDs between sunrise and sunset are close to each other. In addition, there are similar trends for the monthly O3 VCDs between the ground-based and satellite observations, ranging from a minimum of 6.9 × 1018 molec·cm−2 in October to 7.5 × 1018 molec·cm−2 in November. This seasonal variation is consistent with previous studies investigating the multi-year-average of the O3 VCDs over the TP, caused by complex dynamical and chemical factors [15,59]. The differences of the monthly O3 VCDs derived by the two methods are within 1%, but the standard deviations of the O3 VCDs from OMI are systematically larger than the results from the ground-based zenith DOAS. The consistency of the two datasets is similar or better than typical comparisons of the total ozone between ground-based remote sensing measurements (Dobson, Brewer, SAOZ) and satellite products at Arosa [60]. In summary, the O3 VCDs retrieved from ground-based zenith DOAS measurements agree well with the OMI satellite product, clearly presenting the monthly variation of O3 VCDs around the period of the O3 summer low in the northern TP.





3.3. NO2 Vertical Column Densities (VCDs)


Because of the rapid photolysis of NO2 and its reservoir species during twilight as well as the fact that the measurements were limited to SZA < 90°, a modified method was used to calculate the NO2 VCDs at SZA = 90° using the following formula.


VCDSZA = 90° = (dSCDSZA = 90° + SCDref)/AMFSZA = 90°



(4)




where dSCDSZA = 90°, i.e., the NO2 dSCD for a SZA of 90°, is derived by the extrapolation through a third-order polynomial fit of the dSCDs as function of the SZA at each sunrise and sunset between SZA of 75° and 90°. First, the SCDref is determined by the Langley plot method for each day, simultaneously taking into account the measured NO2 dSCDs at sunrise and sunset in the SZA range of 60–80°. This SZA range was chosen due to the weaker photochemical effects for these SZAs. Only results of NO2 SCDref were kept when the square of correlation coefficient R between the dSCDs and AMFs (R2) was larger than 0.8. The remaining data were further skipped when the slope of the Langley plot was out of range of the slope’s mean ± standard deviation. Finally, 33% of the total days met the screening principle during the effective observation period. From the remaining results, we calculated the average of the NO2 SCDref during our observation period as 3.70 × 1015 molec·cm−2. This value was then used in equation (4). The NO2 AMFs for each sunrise and sunset period were extracted from the look-up table (LUT) of the Network for the Detection of Atmospheric Composition Change (NDACC) [61]. Therein, besides the default parameters, the wavelength for the simulation of the atmospheric radiative transfer and the surface albedo were set as 428 nm and 0.20, respectively.



According to the aforementioned method, we obtained the NO2 VCDs at 90° SZA from 27 May to 30 November 2020 (Figure 10a). As expected, the NO2 VCDs at sunset are systematically higher than those at sunrise, with an average ratio of ~1.56, which is related to the photolysis of N2O5 [6]. We also show the total NO2 VCDs from the OMI-L3 cloud-screened product (OMNO2d V3, screened for cloud fractions below 30%) at the grid cell of the Golmud site by the black squares in Figure 10a. More details about the OMNO2d product can be found in our previous study [62]. There are some low outliers in the OMI product in summer from a statistical perspective. It is not clear that the outliers of the OMI product are caused by the influence of clouds, the complex terrain over the TP, or other factors. The overall temporal trends of the NO2 VCDs obtained from the ground-based zenith DOAS and the OMI satellite observations are in agreement. They gradually decrease with time during the effective observation period. Figure 10b shows the correlations of the daily NO2 VCDs between the two datasets. The correlation coefficient RSunset (=0.53) between the ground-based measurements at sunset and the OMI satellite observations is larger than that at sunrise (RSunrise = 0.24). The deviations between the two data sets are probably related to the differences in the spatial and temporal representativeness of the NO2 VCDs separately obtained by the two methods, and the accuracy of the zenith DOAS and OMI satellite retrieval products over the TP. Furthermore, we calculated the monthly means and standard deviations of the NO2 VCDs from June to November (Figure 10c). According to the larger standard deviations (uncertainties) of the OMI satellite products, the precision of the OMI satellite products is lower than the ground-based zenith DOAS observation. However, a similar overall monthly variation is found in both datasets (Figure 10c). With respect to the monthly NO2 VCDs averaged between sunrise and sunset, the maximum (3.40 × 1015 molec·cm−2) is found in July. The strong monthly variation of the NO2 VCDs is consistent with results from multi-year (1997–2016) monthly averaged stratospheric NO2 VCDs at Kiruna, Sweden, but the maximum is smaller than those observed in Kiruna [63]. For the daily NO2 VCDs, the correlation is smaller than for the monthly NO2 VCDs (RSunrise = 0.86 and RSunset = 0.97, see Figure 10d). The monthly NO2 VCDs observed by OMI are systematically larger (smaller) than those at sunrise (sunset) measured by ground-based zenith DOAS from June to September. For the measurements over the TP, the NO2 VCDs during the satellite overpass are better represented by the sunset observations.




3.4. Temporal Variation of the BrO dSCDs


To analyze the temporal variation of stratospheric BrO, we calculated the difference in the BrO slant column densities between 90° and 80° SZA, abbreviated as dSCD90°–80°. This choice was made primarily in order to optimize the signal-to-noise ratio of the differential BrO absorption and maximize the sensitivity of the observation to the stratospheric part of the BrO profile [12]. The calculation procedure of BrO dSCD90°–80° is as following:


dSCD90°–80° = SCD90°–SCD80°

=(dSCD90° + SCDref)–(dSCD80° + SCDref)

=dSCD90°–dSCD80°



(5)







Firstly, the filtered BrO dSCDs retrieved from the measured spectra at elevation angles of 30°, 45°, and 90° are plotted as a function of the SZA, separately for sunrise and sunset on each day. Here we also consider the elevation angles of 30° and 45° (in addition to the zenith direction) in order to increase the number of data points, because for the BrO analysis the fit error is larger than for the analyses of O3 and NO2. The consideration of these additional non-zenith directions is justified by the fact that no systematic difference of the BrO dSCDs from those for zenith direction is found indicating a negligible amount of BrO in the troposphere. Then, once the largest valid SZA is larger than 87°, a linear curve is fitted to the BrO dSCDs in the SZA range from 80° to 90°; Finally, the BrO dSCD90° and dSCD80° are obtained from the fitted linear curve.



According to the aforementioned method, the time series of the daily and monthly BrO dSCD90°–80° for sunrise and sunset as well as the mean value between sunrise and sunset are shown in Figure 11 (Figure A2 shows the same results, but only the retrieved BrO dSCDs for 90° elevation angle were used to obtain the BrO dSCD90°–80°). On the monthly scale, the standard deviations of the BrO dSCD90°–80° are also shown, which represent the overall statistical uncertainties of the BrO dSCD90°–80°. The peak values of the monthly BrO dSCD90°–80° appeared in August and July for sunrise and sunset, respectively. The monthly means of the BrO dSCD90°–80° for sunrise and sunset are in the range of 1.82~2.33 × 1014 molec·cm−2, with the average of 2.06 × 1014 molec·cm−2 during the period from June to November 2020. The biggest difference of the monthly BrO dSCD90°–80° between sunrise and sunset was found to be 6.14 × 1013 molec·cm−2 in July. The level of the BrO dSCD90°–80° at Golmud is found to be higher than those observed at other mid-latitude stations like Bremen (53° N) in summer and autumn of 1994–1995, but the monthly variations for the latter were found to be more significant from June to November [40]. Compared to the modeled results at a similar latitude in Huelva, Spain (37° N) in the summer and autumn of 1998–1999, the BrO dSCD90°–80° in this study are still higher, but they show a similar monthly variation [12]. According to the previous studies, the day-to-day variability in the BrO column at a given location is largely a result of changes in the total inorganic bromine (Bry) column, but the seasonal and latitudinal variations of BrO are basically due to the combined effects of variations in the Bry column due to transport and variations of the bromine partitioning due to chemistry [12].





4. Discussion


During the effective observation period, the retrieved dSCDs of O3, NO2, and BrO increased with increasing SZAs as expected due to the longer optical path at larger SZA [37,64]. The OClO abundance in summer and autumn over the TP was lower than the detection limit of the measurements, and it might be interesting to investigate the possibility of detecting enhanced OClO dSCDs at higher SZAs in the future.



We first investigated the sensitivities of the O3 VCDs to O3 AMF simulation parameters over the TP, by applying the Langley plot method. The strong wavelength dependence of the O3 VCDs is related to the nonlinearities caused by the strong ozone absorption at short wavelengths, especially for high SZAs. We found no significant deviations of the derived O3 VCDs when monthly O3 profiles were used, probably because the O3 profiles in the stratosphere are rather stable during the observation period. Additionally, the influence of different aerosol profiles on the O3 AMFs was investigated. For different tropospheric and stratospheric aerosol profiles rather small differences of the derived O3 VCDs were found. Even the appearance of tropospheric clouds has a negligible effect. The profiles of temperature, pressure, and relative humidity have only a negligible effect on the O3 AMF calculation, probably due to no significant variations in these profiles above the height of the thermodynamic tropopause. On the basis of the final selected optimal AMF simulation parameters, O3 VCDs from ground-based zenith DOAS were obtained by the Langley plot method, and good agreement with OMI satellite O3 VCD product is found indicating that the total O3 columns measured by zenith DOAS can be used for the validation of satellite products [65]. The monthly variation of O3 VCDs in summer and autumn over the TP was found to be consistent with the seasonal characteristics of the O3 VCDs in mid latitudes of the Northern hemisphere, reflecting the balance of dynamical transport and photochemical processes [66].



The NO2 VCDs at 90° SZA for sunrise and sunset were calculated by a modified Langley plot method. Similar to studies of stratospheric NO2 at Kiruna (67.8° N) in the Arctic and other locations (e.g., Reykjavik (64° N), Eureka (80° N)) [38,63,67], the NO2 VCDs at sunset were systematically larger than those at sunrise, owing to the photolysis of dinitrogen pentoxide (N2O5, a reservoir species of NO2) under sunlight conditions [6]. The monthly NO2 VCDs gradually decreased from June to November, and good agreement with the OMI satellite product is found. But the maximum and decreasing rate of the monthly NO2 VCDs were different from the results at other locations, e.g., Kiruna. These differences are probably caused by the differences of the complex dynamic and chemical processes over the TP. In order to better understand these differences more research should be carried out, e.g., through the combination of measurements and models in the future. In addition, the occurrence of several outliers in the OMI NO2 product in summer is probably caused by the influence of clouds over the TP, indicating that more ground-based observations over the TP are needed to better validate satellite products in future.



BrO dSCDs90°–80° were obtained to characterize the temporal variation of stratospheric BrO. Compared with the BrO abundance observed at other high- and mid-latitude stations before 2000, the average level of the BrO dSCD90°–80° in this study (with minor fluctuations from June to November) was found to be higher [12,40]. The monthly BrO dSCD90°–80° showed peaks in summer and slowly increased after October, similar to the simulated results at the same latitude site of Huelva, Spain [12]. The anti-correlation (i.e., negative correlation) of the monthly variations between BrO and NO2 was found not to be significant, in contrast to other stations in mid to high latitudes, and especially polar regions [40,63]. This implies that the BrO variations in summer and autumn over the TP were not dominated by reactions between NO2 and BrO through the reservoir species BrONO2. Dynamical variations and transport processes are probably important factors for the monthly variation in BrO over the TP.



In this study, the temporal variations of O3 and its depleting substances (NO2 and BrO) over the TP were analyzed. The interpretation of their relationships is complex due to the combined effects of dynamical and chemical processes [16,38]. However, the interrelations among the four species for the specific conditions of the TP should be further investigated by combining measurements with atmospheric model simulations, which could probably derive meaningful conclusions about ozone depletion as well as the stratospheric atmospheric chemistry during the “ozone valley” over the TP.




5. Conclusions


Ground-based zenith scattered light DOAS measurements were conducted in summer and autumn (27 May–30 November) 2020 at Golmud, a site in the northern Tibetan Plateau (TP). Differential slant column densities (dSCDs) of O3, NO2, BrO, and OClO were simultaneously retrieved from scattered solar spectra in the zenith direction during the twilight period by the DOAS technique. For O3 and NO2, vertical column densities (VCDs) were also derived. The O3 VCD was determined by applying the Langley plot method during each twilight period. We analyzed the sensitivities of O3 VCDs to different parameters of the O3 air mass factor (AMF) simulation and determined optimum settings for these parameters. The NO2 VCDs at 90° SZA for each sunrise and sunset were calculated by a modified Langley plot method. For BrO, time series of dSCD90°–80° for each sunrise and sunset were obtained, as in previous studies. For OClO, the derived dSCDs were close to zero and well below the detection limit. This was expected because during that season the stratospheric temperatures were above the formation temperature of polar stratospheric clouds. Nevertheless, this finding is still of importance, because it indicates the maturity of the OClO analysis to be applied to measurements in periods when enhanced OClO abundances can be expected. Based on the retrieved trace gas dSCDs and VCDs, we investigated the corresponding abundances and temporal variations. The VCDs of O3 and NO2 were also compared to OMI satellite observations. The main findings are summarized below.



	
O3 VCDs, derived by the Langley plot method, are sensitive to the wavelength, the a priori O3 profile, and the aerosol extinction profile used in the AMF simulation model as well as the SZA range covered by O3 dSCDs. In contrast, the O3 VCDs are almost insensitive to the chosen profiles of temperature, pressure, and relative humidity.



	
The derived O3 VCDs matched well with the OMI satellite product, with a correlation coefficient R = 0.98 for the monthly O3 VCDs. One possible reason, for the differences between the two data sets, was the difference in the spatial and temporal representativeness of the O3 VCDs obtained by the zenith DOAS and the OMI satellite. The differences in O3 VCDs between sunrise and sunset are very small. The mean O3 VCDs from June to November 2020 are 7.21 × 1018 molec·cm−2 and 7.18 × 1018 molec·cm−2 at sunrise and sunset, respectively. The derived O3 VCDs show a considerable monthly variation in summer and autumn over the northern TP, ranging from a minimum of 6.9 × 1018 molec·cm−2 in October to 7.5 × 1018 molec·cm−2 in November.



	
As expected, the NO2 VCDs for 90° SZA at sunset were systematically larger than those at sunrise with an average ratio of ~1.56, owing to the N2O5 photolysis under sunlight conditions. During the observation period the NO2 VCDs gradually decreased with time. Although the temporal trends of the NO2 VCDs obtained from the ground-based zenith DOAS and OMI satellite observations agree well, there are significant differences in the correlation coefficients of the NO2 VCDs at sunrise and at sunset between ground-based measurement and OMI satellite observation, with RSunrise = 0.86 and RSunset = 0.97 for monthly NO2 VCDs, respectively. This indicates that for the measurements in the TP, the NO2 VCDs during the satellite overpass are better represented by the sunset observations. The correlations between the two data sets are partly connected with the accuracy of NO2 VCDs retrieved from the ground-based zenith DOAS and OMI satellite observations.



	
The average level of BrO dSCD90°–80° at Golmud was 2.06 × 1014 molec·cm−2 during the period of June–November 2020 with the highest values in August and July for sunrise and sunset, respectively. Our results did not show a pronounced anti-correlation of the monthly variations between BrO and NO2, implying the importance of dynamical transport processes, rather than photochemical reactions between NO2 and BrO over the TP.






In conclusion, ground-based zenith DOAS observations can serve as an effective way to measure the columns of O3 and its depleting substances over the TP, which are important to understand the influence of the chemical composition on the TP summer ‘ozone valley’. Ground-based zenith DOAS observations are also important for the validation of satellite products as well as for the investigation of the long-term evolution of stratospheric O3 chemistry.
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Table A1. Fit settings for the O3 spectral analyses.






Table A1. Fit settings for the O3 spectral analyses.





	Parameters
	Setting





	fitting interval (nm)
	320–340



	Fraunhofer reference spectrum
	Fixed



	DOAS polynomial
	degree: 5



	intensity offset
	degree: 2



	shift and stretch
	spectrum



	Ring spectra
	original and wavelength-dependent Ring spectra



	NO2 cross section
	Vandaele et al., (1998), 220 K, 294 K, Io correction (1017 molec·cm−2)



	O3 cross section
	Serdyuchenko et al., (2014), 223 K, 243 K, Io correction (1020 molec·cm−2)
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Table A2. Fit settings for the NO2 spectral analyses.






Table A2. Fit settings for the NO2 spectral analyses.





	Parameters
	Setting





	fitting interval (nm)
	399–440



	Fraunhofer reference spectrum
	fixed



	DOAS polynomial
	degree: 5



	intensity offset
	degree: 2



	shift and stretch
	spectrum



	gap (nm)
	416.5–417.5



	Ring spectra
	original and wavelength-dependent Ring spectra



	NO2 cross section
	Vandaele et al., (1998), 220 K, 294 K, Io correction (1017 molec·cm−2)



	H2O cross section
	Polyansky et al., (2018), 293K



	O3 cross section
	Serdyuchenko et al., (2014), 223 K, Io correction (1020 molec·cm−2)



	O4 cross section
	Thalman and Volkamer (2013), 293 K
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Table A3. Fit settings for the BrO spectral analyses.






Table A3. Fit settings for the BrO spectral analyses.





	Parameters
	Setting





	fitting interval (nm)
	346–358



	Fraunhofer reference spectrum
	fixed



	DOAS polynomial
	degree: 3



	intensity offset
	constant



	shift and stretch
	spectrum



	Ring spectra
	original and wavelength-dependent Ring spectra



	NO2 cross section
	Vandaele et al., (1998), 220 K, 294 K, Io correction (1017 molec·cm−2)



	O3 cross section
	Serdyuchenko et al., (2014), 223 K, 243 K, Io correction (1020 molec·cm−2)



	O4 cross section
	Thalman and Volkamer (2013), 293 K



	BrO cross section
	Wilmouth et al., (1999), 228 K
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Table A4. Fit settings for the OClO spectral analyses.






Table A4. Fit settings for the OClO spectral analyses.





	Parameters
	Setting





	fitting interval (nm)
	346–390



	Fraunhofer reference spectrum
	fixed



	DOAS polynomial
	degree: 5



	intensity offset
	degree: 2



	shift and stretch
	spectrum



	gap (nm)
	377.04–377.32, 380.34–380.52, 384.82–385.25



	Ring spectra
	original and wavelength-dependent Ring spectra



	NO2 cross section
	Vandaele et al., (1998), 220 K, 294 K, Io correction (1017 molec·cm−2)



	O3 cross section
	Serdyuchenko et al., (2014), 223 K, 243 K, Io correction (1020 molec·cm−2)



	O4 cross section
	Thalman and Volkamer (2013), 293 K



	OClO cross section
	Kromminga et al., (2003), 213 K
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Figure A1. Time series of the fit absolute errors and relative errors of (a) O3, (c) NO2, (e) BrO, and (g) OClO dSCDs at sunrise. (b,d,f,h) are the same as (a,c,e,g) respectively, but for sunset. The black squares and the blue triangles denote the fit absolute error, while the blue circles and the green stars denote the relative error. 






Figure A1. Time series of the fit absolute errors and relative errors of (a) O3, (c) NO2, (e) BrO, and (g) OClO dSCDs at sunrise. (b,d,f,h) are the same as (a,c,e,g) respectively, but for sunset. The black squares and the blue triangles denote the fit absolute error, while the blue circles and the green stars denote the relative error.
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Figure A2. Same as the Figure 11, but the BrO dSCDs between 90° and 80° SZA are derived from a linear fit of BrO dSCDs for only 90° elevation angle. 






Figure A2. Same as the Figure 11, but the BrO dSCDs between 90° and 80° SZA are derived from a linear fit of BrO dSCDs for only 90° elevation angle.
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Figure 1. (a) Geographical location of the Golmud meteorological station in the northern Tibetan Plateau. The observatory is marked by a black dot; (b) image of the Tube MAX-DOAS instrument. 
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Figure 2. Examples of the spectral fits for (a) O3, (b) NO2, (c) BrO, and (d) OClO. Black and red symbols and lines indicate the measured and fitted spectral absorption structures, respectively. The derived O3, NO2, BrO, and OClO dSCDs are 2.87 × 1019 molec·cm−2, 1.11 × 1016 molec·cm−2, 2.10 × 1014 molec·cm−2, and 2.00 × 1013 molec·cm−2, respectively. The root mean squares (RMSs) of the fit residuals between the measured and fitted spectra are 2.34 × 10−3, 5.28 × 10−4, 4.47 × 10−4, and 5.60 × 10−4, respectively. 
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Figure 3. Example of the Langley plot method for O3 in the SZA range of 75°–90° during sunrise and sunset on 30 August 2020. The black and red lines represent the linear fit between the O3 dSCDs and AMFs for sunrise and sunset, respectively. The linear equations are also given. 
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Figure 4. Variations of the retrieved (a,b) O3, (c,d) NO2, (e,f) BrO, and (g,h) OClO dSCDs with SZA for sunrise (left column) and sunset (right column) during the effective observation period. Third-order polynomials are fitted to the retrieved dSCDs (red curves). 
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Figure 5. O3 VCDs derived from the Langley plot method for different SZA ranges and simulation wavelengths during ante meridiem (AM) and post meridiem (PM), corresponding to the sunrise and sunset. The value of 6.8 × 1018 molec·cm−2 given in the figure represents the O3 VCD derived from OMI (OMDOAO3e) on the selected day (30 August 2020). 
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Figure 6. (a) Vertical profiles of the O3 concentration from different data sources as well as (b) O3 VCDs derived from the Langley plot method. The black, red, and blue curves denote the O3 profiles derived from radiosonde soundings on 30 August 2020, from ERA5 reanalysis data and from MLS satellite observations in August 2020, respectively. Note that the default McArtim O3 concentrations are used when there are missing values for the data sources of Radiosonde and ERA5 at specific heights (Radiosonde: >30 km; ERA5: >45 km). The black curve with squares and the red curve with dots denote the O3 VCDs during sunrise and sunset, respectively. 
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Figure 7. (a) Vertical aerosol extinction profiles as well as (b) O3 VCDs derived from the Langley plot method. The black and red curves denote profiles for the height range from 0.5 to 5 km, measured by the 355 nm Lidar at sunrise and sunset on 30 August 2020. The blue curve denotes the extinction profile at 532 nm in the stratosphere (multiplied by a factor of 1000) observed by the Calipso satellite instrument in July 2020. The black curve with squares and the red curve with dots denote the O3 VCDs during sunrise and sunset, respectively, for the different aerosol scenarios: TR_ST (combination of LidarSunrise and Calipso), TR (LidarSunrise for sunrise and LidarSunset for sunset, without the stratospheric extinction profile), ST (Calipso, without the tropospheric extinction profile), and no_TR_ST (without tropospheric and stratospheric extinction profiles). Note that the extinction at the lowest layer, where the Lidar observations are insensitive (0 to 0.5 km), is set as a constant value (the same as the lowest valid value measured by the Lidar). The default aerosol extinction at the other heights is set to 0. 
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Figure 8. (a) Vertical profiles of temperature (T), pressure (P), and relative humidity (RH) as well as (b) O3 VCDs derived from the Langley plot method. The black, red, and blue lines denote the T, P, and RH profiles derived from the operational meteorological soundings during the sunrise on 30 August 2020, respectively. The black, red, and blue dotted lines denote the corresponding T, P, and RH profiles for sunset. The yellow, purple, and green lines represent the monthly averaged T, P, and RH profiles for August 2020, using the daily sunrise and sunset T-P-RH profiles. The black curve with squares and the red curve with dots denote the O3 VCDs during sunrise and sunset, respectively, for the daily (30 August 2020) and monthly (August 2020) T-P-RH profiles. The pressure in the figure is multiplied by a factor of 0.1. To avoid the curve coverage, the temperature and pressure for sunset and month are shifted 5 and 10 units to the right, respectively. 
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Figure 9. Temporal variation of the O3 VCDs as well as their correlation between ground-based zenith DOAS and OMI satellite observations. (a) Time series of the daily O3 VCDs; the ratios of the O3 VCDs at sunset to those at sunrise are shown by the grey curve with stars. (b) The monthly variation of the O3 VCDs; the error bars represent the standard deviations of the monthly mean O3 VCDs. (c) Correlation of the daily (black squares) and monthly (blue dots) averaged O3 VCDs of the DOAS measurement at sunrise and sunset and the OMI satellite product (OMDOAO3e); the black and blue lines indicate the linear fit between both data sets. The black curve with squares denotes the OMI satellite product (OMDOAO3e). The red, blue, and pink curves with symbols denote the O3 VCDs measured by the ground-based DOAS at sunrise and sunset as well as the average of sunrise and sunset, respectively. R and the formula in the figure indicate the correlation coefficient and the equation of the linear regression, respectively. 
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Figure 10. Temporal variation of the NO2 VCDs at 90° SZA as well as the correlation between the ground-based zenith DOAS and OMI satellite observations. (a) Time series of the daily NO2 VCDs; and the ratios of the NO2 VCDs at sunset to those at sunrise (shown as grey stars). (b) Correlation of the daily NO2 VCDs between the DOAS measurement at sunrise and sunset and the OMI satellite observations; the red and blue lines indicate the linear fits between both data sets, respectively. (c) The variation of the monthly NO2 VCDs calculated from the daily results; the error bars represent the standard deviations of the monthly mean NO2 VCDs. (d) Same as (b), but for the monthly averaged NO2 VCDs. The black squares denote the OMI satellite product (OMNO2d). The red, blue, and pink symbols denote the NO2 VCDs measured by the ground-based DOAS at sunrise and sunset as well as the average of sunrise and sunset. R and the formula in the figure indicate the correlation coefficient and the equation of the linear regression, respectively. 
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Figure 11. Temporal variation of the BrO dSCDs between 90° and 80° SZA. (a) Time series of the daily BrO dSCDs for sunrise (black curve with squares) and sunset (red curve with dots) as well as the mean value between sunrise and sunset (blue curve with triangles); (b) The monthly variation of the BrO dSCDs calculated from the daily BrO dSCDs. The error bars represent the standard deviations of the monthly mean BrO dSCDs. 
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Table 1. Parameters used for the O3 AMF simulations 1.
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	Case No.
	Case
	Simulation Wavelength (nm)
	SZA Range
	O3 Profile
	Aerosol Scenarios
	Profiles of Temperature (T), Pressure (P), and Relative Humidity (RH)





	1
	Different

_Wavelength_SZA
	320, 330, 340
	SZA > 75°, SZA > 65°, SZA > 55°, SZA > 45°, SZA > 35°, SZA > 30°
	Radiosonde on 30 August 2020
	TR_ST (TR: tropospheric aerosol extinction profiles from Lidar; ST: stratospheric aerosol extinction profiles from Calipso)
	Daily TPH (T, P, and RH profiles from the operational meteorological soundings at sunrise and sunset on 30 August 2020)



	2
	Different

_O3 profile
	320
	SZA > 75°
	
	(1)

	
Radiosonde on 30 August 2020




	(2)

	
Monthly ERA5




	(3)

	
Monthly MLS






	TR_ST
	Daily T-P-RH



	3
	Different

_Aerosol
	320
	SZA > 75°
	Radiosonde on 30 August 2020
	
	(1)

	
TR_ST




	(2)

	
TR




	(3)

	
ST




	(4)

	
no_TR_ST (without aerosol extinction profiles)






	Daily T-P-RH



	4
	Different

_T-P-RH profile
	320
	SZA > 75°
	Radiosonde on 30 August 2020
	TR_ST
	
	(1)

	
Daily T-P-RH




	(2)

	
Monthly T-P-RH (monthly averaged T, P, and RH profiles from the operational meteorological sounding observation)









	5
	Optimal
	320
	SZA > 75°
	Monthly ERA5
	TR_ST
	Monthly T-P-RH







1 Note: The single scattering albedo and asymmetry factor of the aerosols as well as the surface albedo are set as 0.93, 0.60, and 0.20, respectively [46,55].
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