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The Hindu Kush Himalaya and Tien Shan Mountain regions together are called the Third Pole (TP) of Earth, which encompasses ecologically fragile regions of 12 Asian countries. It is the highest mountain chain with the largest reserve of fresh ice mass on the planet outside the northern and southern polar regions. The TP region is experiencing high rate of glacier melting due to climate change for the past few decades, and is a great concern for water security of South Asia. Since changes in ozone concentrations in the atmosphere affect public health, ecosystem dynamics and climate, it is imperative to monitor its temporal evolution in an ecologically sensitive region such as TP. Here, the spatiotemporal characteristics of total column ozone (TCO) in TP and 20 selected cities in and around TP are investigated using a combined long-term data made from the satellite measurements of Ozone Monitoring Instrument (OMI) and Global Ozone Monitoring Experiment (GOME)-2B for the period 2005–2020. The spatial trends in TCO over TP are mostly negative in summer and autumn (from −0.2 DU/yr to −0.6 DU/yr), but positive in winter (up to +0.2 DU/yr). Among the selected 20 urban regions, the highest annual trend −0.42 ± 0.3 DU/yr and the lowest −0.01 ± 0.2 DU/yr are estimated in Xining and Chittagong, respectively. Analysis using a multiple regression model reveals that the ozone variability in TP is mostly driven by tropopause height with a contribution of 24.92%, Quasi-Biennial Oscillation (23.42%), aerosols (16.12%) and solar flux (15.34%). Our study suggests that the observed negative trend is mainly associated with human activities and climate change in TP, which would likely to enhance the surface temperature and thus, melting of glaciers in the region.
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Highlights

- Highest mean TCO over the northern and lowest over the southern Third Pole.

- South of Third Pole has about 20% less TCO compared to that in the north.

- A decreasing trend in TCO over Third Pole is observed, about −0.45 DU/year.

- TCO variability is mostly driven by tropopause height and atmospheric dynamics.



1. Introduction

Atmospheric ozone (O3) is an active trace gas, produced naturally both in the troposphere and stratosphere. In the troposphere, O3 is a pollutant with detrimental impact on human health and ecosystem. In addition, it is a good oxidant and a greenhouse gas (GHG) with positive feedback to surface temperature (Zeng et al., 2008; Xu et al., 2016). However, it absorbs harmful solar ultraviolet (UV) radiation in the stratosphere and protects life on the earth. Therefore, as an important GHG and UV radiation absorber, O3 has a great role in atmospheric radiation balance and climate change (Forster and Shine, 1997; IPCC, 2013). Due to the impact of human activities, the global total column ozone (TCO) has decreased over the past few decades, particularly in the polar and midlatitude regions (WMO (World Meteorological Organization), 2018). However, because of the implementation of Montreal Protocol and its amendments and adjustments (MPA), the signature of O3 recovery has been found in the high and mid-latitudes (Chipperfield et al., 2015; Nair et al., 2015; Solomon et al., 2016; de Laat et al., 2017; Kuttippurath and Nair, 2017; Kuttippurath et al., 2018; Pazmiño et al., 2018; Weber et al., 2018). Past studies show that the recovery of stratospheric ozone is not uniform in all latitudes (WMO (World Meteorological Organization), 2018), and there are still uncertainities in the direction and magnitude of these trends in the lower latitudes. In the context of global ozone recovery and climate change, whether TCO trends in TP would be similar to those over the other regions in the same latitude band is an interesting topic of further investigation.

The Hindu Kush Himalaya (HKH) and Tien Shan mountains within the region 10°-45° N and 60°-105° E are called the Third Pole (TP) of Earth (Qiu, 2008; Wester et al., 2019). The region is widely known because of its high mountaneous topography, highest plateau and home to the largest reserve of fresh ice mass on the planet outside the poles (Yao et al., 2012). Past studies show that TP receives substantial amount of air pollutants within and from the adjacent boundary regions, including Indo-Gangatic Plain (IGP) (Bonasoni et al., 2012; Cong et al., 2015), east China (Lin, 2012) and other parts of Asia (Wester et al., 2019). These pollutants are deleterious to human health, and minacious to food security, water resources and regional climate by influencing the incoming solar radiation, and alter the albedo of snow and ice surfaces (Kang et al., 2019). Environmental condition in some regions of TP has been continuously deteriorating for the past few decades (Gautam et al., 2003). Therefore, it is essential to continuously monitor O3 in TP for change detection and to take mitigation measures in the context of climate change.

There are only limited number of measurement stations in TP because of its complex topography and inaccessibility. Therefore, it is difficult to obtain continuous and accurate data for O3 from ground-based measurements. On the other hand, satellite measurements provide continuous global measurements. Studies suggest that TCO over Tibetan Plateau (TBP) is very low as compared to the non-TBP regions in the same latitude band (Zou, 1996; Zhou et al., 2006). Factors such as high altitude topography, climate change and anthropogenic activities are mainly responsible for this (Zhang et al., 2014). Tian et al. (2008) suggest that high altitude topography and seasonal variability in the tropopause height are the major factors casusing the low TCO over TP.

There are several studies related to ozone trends in TBP, but not for the complete TP region as analyzed in this study. For instance, Zou (1996) estimated a negative TCO trend (−0.79 ± 0.82 DU/yr) over TBP for the period 1979–1991. Zhou and Zhang (2005) found a significant decline (−3%/dec in February) in Total Ozone Mapping Spectrometer (TOMS) TCO over TBP in spring and summer during the period 1979–2002. Zhou et al. (2013) showed a substantial decrease in TCO (−0.4 DU/yr) over TBP from 1979 to 2010 as analyzed using the TOMS/Solar Backscatter Ultraviolet (SBUV) satellite data in winter and spring. They also reported a strong correlation between TCO and lower stratospheric temperature there. Zhang et al. (2014) pointed out that the TCO in the Total Ozone Low (TOL) region over TP in winter is decreasing at a rate of 1.4 DU/dec, although TCO over TBP started to recover since the mid-1990s, as shown in their analysis. This decreasing trend in ozone at the TOL region would likely to slowdown the recovery of TCO in TBP. Similarly, Zou et al. (2020) observed a substantial decrease (−0.83 DU/yr) and increase (0.02 DU/yr) in the 30° N−35° N region, in the Solar Backscatter Ultraviolet (SBUV) TCO data during the periods 1979–1996 and 1997–2018, respectively.

As the trends estimated in different regions of TP have different values and do not cover the entire TP (most studies are for the TBP areas), we focus on the spatiotemporal variability of TCO in TP for the period 2005–2020 by using a combined Ozone Monitoring Instrument (OMI) and Global Ozone Monitoring Experiment (GOME)-2B data. Furthermore, we also examine the TCO changes in 20 selected cities in and around TP. The cities include Kabul, Peshawar, Kuzdan, Srinagar, Deharadun, Shilong, Silchar, Agartala, Thimphu, Kathmandu, Chittagong, Naypyitaw, Xinning, Lhasa, Kunming, Uramqi, Dushanbe, Almaty, Tashkent and Bishkek from 12 countries, including Afghanistan, Pakistan, India, Bhutan, Nepal, Bangladesh, Myanmar, China, Kazakhstan, Kyrgyzstan, Uzbekistan and Tajikistan and they cover the entire TP and its boundary regions. This study would help to understand the environmental changes in TP in the context of climate change.



2. Materials and methods

The study area covers the entire TP region, i.e., 10°-45° N and 60°-105° E, as illustrated in Figure 1. We use a combined dataset made by using the measurements of OMI from January 2005 to December 2014 and GOME-2B from May 2013 to December 2020. OMI has the advantage of daily global coverage with high spatial resolution and GOME-2B has an additional advantage of a stronger anthropogenic signal due to its relatively early overpass in daytime. OMI on Aura satellite was launched in 2004 (Levelt et al., 2006), which operates under the nadir mode and measures the backscattered radiances in three different channels ranging from 270 to 500 nm with a resolution of 0.42–0.63 nm (Schoeberl et al., 2006). The instrument has a wide field of view of 114° with a cross-track swath of 2,600 km, and daily global coverage with a spatial resolution of 13 km × 24/48 km (along × cross-track) (Eskes et al., 2003; Levelt et al., 2006). As it measures the entire ozone absorption band, TCO is derived by using the differential optical absorption spectroscopy (DOAS) method (Veefkind et al., 2006). The OMI column ozone shows good agreement with other independent measurements, within 5–10% (Kroon et al., 2008).


[image: Figure 1]
FIGURE 1
 Third Pole and the adjacent cities in the region. The annual mean TCO (DU) averaged over the period 2005–2020 is shown. The city name, latitude, longitude, and elevation are given in Table 1.



TABLE 1 The coordinates and elevation of 20 major cities in and around the study area.
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GOME-2B is the continuation of previous missions employed for long-term monitoring of atmospheric trace gases, which started with GOME on the MetOp satellite. GOME-2B was launched on European Space Agency MetOp-A satellite in 2006 (Callies et al., 2003). All MetOp satellites (i.e., MetOp-A, MetOp-B, and MetOp-C) are now in operation in the same orbit, but separated by 48.93 min. GOME-2B is also a nadir-viewing, UV Visible scanning spectrometer with four bands in the 240–790 nm range. It has a ground pixel size of 80 × 40 km2 and a scan-width of 1,920 km, which provide a daily global coverage in the same spectral range as for GOME (Loyola et al., 2011).

Satellite-based TCO observations are available from different missions since the 1970s. The cross-mission sensors provide continuous TCO observations. However, the cross-mission biases are always associated with multiple sensors in common time-space domain depending on satellites, instruments, calibration techniques and retrieval algorithms. Accurate data merging procedure is required to make long-term data for change detection and attribution of trends. Kuttippurath et al. (2013) reported that even a small drift between two different TCO time series could result in apparent changes in ozone recovery trends. Henceforth, cross-mission bias correction is important for making a long-term data.

Here, we merge the OMI (January 2005–December 2014) and GOME-2B (May 2013–December 2020) data using the modified bias correction method described by Bai et al. (2016), where a percentile with respect to a given data value in the observation prior to the overlap period is determined using the nearest or the same value in the overlap period. This percentile is then used to determine the value of TCO from the new instrument. The difference in TCO during the overlap period to the previous measurements is the raw bias associated with the instrument. The raw bias is then used to estimate the cross mission bias and this bias is added to the previous measurements to make a robust long-term dataset. Here, the TCO observations from OMI are then projected to GOME-2B level since GOME-2B is the recently launched satellite with better instrumentation. The advantage of modified bias correction method compared to other statistical bias correction methods is the use of median values to avoid the uncertainties due to outliers. In addition, this method does not depend on the raw observations, but on the distribution mapping of control observations during the overlap period, which is more adaptive and is able to handle observations at different time scales. We applied this procedure to make a long-term continuous data from 2005 to 2020 to analyze the spatial and temporal changes of TCO in TP. The observations during the overlapping period of both satellites (May 2013–December 2014) are shown in Supplementary Figure S1. The GOME-2B measurements show relatively higher ozone than that of OMI over the entire TP, though the spatial distribution of TCO is consistent in both datasets, and the differences are within 5–10 DU. The difference is comparatively larger (10 DU) in the regions north of 30° N (Supplementary Figure S1, bottom).

We have also employed a multi-linear regression (MLR) model to find the trends and contribution of different processes to the ozone changes in TP (e.g., Kuttippurath et al., 2013). The predictors include the Brewer-Dobson Circulation (BDC) represented by Eddy Heat Flux (EHF) at 100 hPa calculated using the ERA5 (the fifth generation of European Centre for Medium-Range Weather Forecasts reanalysis) data, El Niño-Southern Oscillation (ENSO) index and Solar Flux (SF) at 10.7 cm wavelength. In addition, the regression procedure also considers the two orthogonal components of Quasi Biennial Oscillation (QBO), QBOa and QBOb, represented by the zonal winds at 10 hPa and 30 hPa, respectively, Aerosol Optical Depth (AOD) averaged over TP from the Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA-2) reanalysis and the tropopause Pressure (TrP) averaged over TP from the National Centers for Environmental Prediction (NCEP) reanalysis data. Since there are only few ground-based observations of AOD over TP, and MERRA-2 assimilates all available satellite and ground-based measurements to provide a continuous long-term data, we use AOD from MERRA-2 as a predictor to represent the aerosol loading there. The horizontal resolution of ERA5 and MERRA-2 data is 0.25° × 0.25° and 0.5° × 0.625°, respectively, and are taken for the period 2005–2020.

The TCO change in the TP is statistically modeled as
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Here, O3(t) is the ozone change, t is the time period from 2005 to 2020, K is a constant, ε is the residual and C1-C7 are the correlation coefficients of the proxies.



3. Results and discussion


3.1. Spatial and seasonal distribution of TCO

Figure 1 shows the satellite-derived (OMI and GOME) TCO distribution over TP averaged for the period from January 2005 to December 2020. The TCO distribution is inhomogeneous and mostly found to be latitudinal dependent, e.g., low ozone at lower latitudes and high ozone at higher latitudes owing to the atmospheric circulation. For instance, lower ozone values (250–265 DU) are found in the regions south of 30° N (i.e., south TP) and higher ozone values (around 310 DU)in the regions north of 35° N (i.e., north TP). Over the region 30°-35° N (i.e., central TP), TCO is within the range of 270–290 DU. Similar regional variability is also observed in the same latitude band with a difference of about 20 DU from the east to west. Analysis of TCO for different areas of TP is also found in other studies, but mostly on the total ozone low (TOL) over TP (Zou, 1996; Zhou and Zhang, 2005; Zhou et al., 2006, 2013; Tian et al., 2008).

Figure 2 shows the seasonally averaged TCO and TrP in TP for the period 2005–2020. In general, the highest TCO (280–320 DU) is observed in spring and the lowest in autumn (250–290 DU) over TP. The regions beyond 35° N show higher TCO in winter and spring, about 310–320 DU. Higher air temperature and more solar radiation are favorable for the chemical production of ozone in summer compared to winter, but the variation of TCO over TP in summer is dominated by dynamics rather than chemistry (Liu et al., 2010). The change in local tropopause height (i.e., maximum in summer and minimum in winter, as shown in the figure) and the isentropic surfaces associated with enhanced convection contribute to the formation of ozone low and mini holes in summer (Zou, 1996). The connection between TCO and TrP is clearly shown in the figure, as higher TrP regions have lower TCO. In addition, the Asian summer monsoon anticyclone (ASAC) in the upper troposphere (also called the South Asia High) is a crucial component of the monsoon system. The deep convection and isolation effects related to ASAC can strongly influence the behavior of constituents in the upper troposphere and lower stratosphere (UTLS) region (Randel and Park, 2006). TCO in TP decreases with the onset of monsoon in south Asia, but there is no linear and uniform relationship between ozone and monsoon in this region. In summer, TP acts as a convergence zone of air mass and ozone less air reach TP from surrounding regions; even several hundred kilometers away from TP. Also, the convergence zone has become an important pathway to transport the air from troposphere to stratosphere (Zhou et al., 2006). A detailed analysis on the linkage between seasonal variation of tropopause height and convective activity and monsoon system is presented in Tian et al. (2008).
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FIGURE 2
 Seasonal mean TCO (DU) distribution in TP. The seasons are defined as spring: March–April–May (MAM), summer: June–July–August (JJA), autumn: September–October–November (SON), and winter: December–January–February (DJF). The overlaid contours show the climatology of tropopause pressure.


The high ozone concentration in the north TP during winter and spring is generally associated with vertical transport of ozone rich air by BDC (Weber et al., 2011). The upward transport of air by BDC can move ozone poor air into the lower stratosphere and downward transport of air can drive ozone rich air from stratosphere to upper troposphere (e.g., Ningombam et al., 2018). On the other hand, the surface temperature change and northward shift of subtropical westerly jet in the upper troposphere lift the local tropopause, and is a potential factor contributing to lower TCO, particularly at 75°-105° E in the south TP in winter (Bian, 2009; Liu et al., 2010; Zhang et al., 2014). Since the warming rate of the TP regions is higher in winter (Qin et al., 2009; Rangwala et al., 2009), lower TCO is found during the period.

There is a noticeable regional variation in seasonal distribution of TCO in TP. For example, the north TP shows higher TCO (≥310 DU) during winter and spring, and lower TCO (285–300 DU) during summer and autumn. The subtropical westerly jet plays a major role in blocking transport of ozone to north of the jet, which in turn increases the ozone concentration in the north TP. In the south, lower TCO ( ≤ 260 DU) is observed in winter and higher TCO (≥280 DU) in spring, which is mainly due to stratospheric-tropospheric dynamics (Liu et al., 2009). In the central TP, higher TCO (280–300 DU) is observed in winter and spring, and lower TCO (260–270 DU) in autumn. In addition, there is a significant difference in TCO values over the eastern and western TP in all seasons. For instance, the east TP shows 10–15 DU less TCO than that in the west, south of 35° N. The north TP shows higher TCO (310 DU) during winter and spring, and lower TCO (285–290 DU) in summer and autumn, consistent with the relatively stronger BDC in winter and spring.

Also, the variation in geopotential height is linked to the seasonal variation in temperature, which has a localized effect in the vertical movement of air mass over TP. Therefore, it influences the strength of tropospheric teleconnection patterns or climate modes and their impact on TCO distribution in TP. In general, during El Nino events, ENSO (index) and geopotential heights are negatively correlated over TP in winter; suggesting that the rise in tropopause height would lead to a reduction in TCO over TP (Li et al., 2020). However, there is no strong correlation between geopotential height and ENSO (index) and thus, no significant decrease in TCO is observed in other seasons.

Our results are consistent with those of previous analyses for the TBP and Tibet regions. For instance, Zou (1996) found the seasonal variation of 273–315 DU over the region 25.5°-40.5° N and 75°-105° E for the period 1979–1991. Likewise, Zhang et al. (2014) show 270–310 DU in winter and 270–290 DU in summer over the TBP region of 27.5°-37.5° N and 75°-105° E for the period 1980–2008. In a recent study, Zou et al. (2020) find a seasonal variation of 260–290 DU over Tibet within the region 27.5°-37.5° N and 75°-105° E during the period 2004–2019.



3.2. Interannual variability of TCO

The spatial distribution of yearly-averaged TCO in TP during the period 2005–2020 is shown in Supplementary Figure S2. The interannual variability of TCO is mostly governed by the yearly changes in local meteorology, solar activity, teleconnection patterns and other climate modes. For instance, large interannual variability is observed in 2005–2006, 2008–2009, 2014–2016 and 2018–2019 within the region 10°-38° N and 75°-105° E, which coincide with the solar cycles (i.e., the periodic rise and fall in solar activities over a time period of 11 years). The solar radiation makes changes in upper atmosphere, and then changes ozone concentration by photochemical reactions. In addition, absorption of solar radiation by O3 in the stratosphere leads to change in the atmospheric thermal dynamics, and thus, the atmospheric circulation changes the ozone distribution there (Zhou et al., 2006). Again, these interannual changes also coincide with the ENSO events as evidenced by the enhanced TCO during the El Niño events in 2009–2010 (moderate), 2014–2015 (very strong) and 2018–2019 (weak), and reduced TCO during the La Niña events in 2008–2009 (weak), 2010–2011 (strong) and 2014–2015 (weak). The composite analysis of TCO during the El Niño, La Niña and normal years show that TCO in El Niño years is about 5–10 DU higher in the north TP with respect to normal years. Conversely, the change is very small during La Niña years and are about −2 DU (Supplementary Figure S3). Similar results on the effect of ENSO on TCO distribution in TBP can also be found in Han et al. (2001).



3.3. Spatial and temporal trends in TCO

Figure 3 shows the annual and seasonal trends in TCO estimated for the period 2005–2020. The estimated annual trends vary from 0.05 to −0.5 DU/yr. The annual trends show mostly negative values throughout the TP regions. The highest negative trends of about −0.5 DU/yr are found over Qaidam basin in the northeast, Hindu Kush Mountain in the west, and Tianshan Mountain in the north. Smallest negative trends are found in the southeast TP around Chittagong hill in Bangladesh and Garo hill in North-East India. There are large differences in the trends estimated for different seasons, and they vary from −0.6 to 0.2 DU/yr. For instance, positive trends are estimated (0.2 DU/yr) for most regions in TP during winter, although trends are slightly negative (about −0.2 DU/yr) in the east and west TP boundary regions. In spring, the trends are slightly positive in the southeast, whereas other regions show negative trends with the highest value of −0.5 DU/yr in Qaidam basin in the northeast TP. In summer and autumn, the trends are mostly negative, ranging from −0.2 DU/yr to −0.6 DU/yr, and the trends are relatively strong in autumn. These trends, however, are not statistically significant at the 95% confidence Interval in any season (e.g., Supplementary Figure S4 shows the statistical significance values for the estimated trends).
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FIGURE 3
 Annual and seasonal trends in TCO over TP for the period 2005–2020. The seasons are defined as spring: March–April–May (MAM), summer: June–July–August (JJA), autumn: September–October–November (SON), and winter: December–January–February (DJF). The overlaid open circles show the surface temperature (1,000 hPa, from ERA5) trends. Red and blue circles denote positive and negative trends in temperature, respectively. The size of the circle represents the magnitude of the trends.


We have also estimated the annual and seasonal mean (Supplementary Figure S4) and trend (Figure 4) in TCO over 20 urban sites in and around TP. The annual mean distribution of TCO is largest (330 ± 3.1 DU) over Uramqi and smallest (265 ± 2.1 DU) over Naypyitaw. The smallest negative annual trend (−0.01 ± 0.2 DU/yr) is found over Chittagong, but the highest (−0.42 ± 0.3 DU/yr) over Xinning, as listed in Supplementary Table S1. In general, the annual trends are negative over the entire TP though some seasonal trends are positive over some cities. For example, winter trends are positive over most cities, except Dushanbe, Tashkent, Bishkek, Almaty and Uramqi, where they show the highest negative trend in summer and smallest in winter, and the highest seasonal mean in winter and smallest in autumn. Small positive trends are found over Naypyitaw, Chittagong, Agartala, Silchar, Shillong, Thimphu, and Kathmandu in spring and winter, and these cities are near Bay of Bengal. Strong winds, high precipitation, high humidity and moderate air temperatures in this region make smaller annual mean TCO.
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FIGURE 4
 Annual and seasonal trends in TCO at different cities in TP for the period 2005–2020. The cities are arranged in ascending order in latitude and the details about city names and other are given in Supplementary Table S1. The seasons are defined as spring: March–April–May (MAM), summer: June–July–August (JJA), autumn: September–October–November (SON), and winter: December–January–February (DJF). The annually averaged data are represented by the black line (ANN).


In a similar study, Zhou et al. (2013) found a high negative trend with the highest value of −0.40 ± 0.10 DU/yr in January based on the TOMS/SBUV ozone data for the period 1979–2010 in TBP. In another study, Li et al. (2020) observed a negative trend of −0.56±0.21 DU/yr and −0.30 ± 0.11 DU/yr in winter and summer, respectively, for the period 1979–1996 in TBP. In a subsequent study, Zou et al. (2020) showed a negative trend in 1979–1996 and an increasing trend in 1997–2018 at 30° N−35° N, and an increasing trend of 0.37 DU/yr in the region 27.5° N−37.5° N, 75.50° E−105.5° E for the period 2005–2019. Our trend estimates are slightly different from the previous studies because the differences in region, data and period of analyses. For instance, Zou et al. (2020) found a positive trend of 0.021 ± 0.124 DU/yr in the annual averaged TCO in 2005–2019 based on the OMI data over TBP (27.5°-37.5° N and 75.5°-105.5° E). Also, our estimates of the highest and lowest reduction in TCO during winter/spring and autumn, respectively, are also consistent with the results of Zou (1996) and Zhang et al. (2014) for the TBP regions. Studies show that the thermodynamical processes associated with the warming of TP are responsible for about 50% reduction in TCO during winter in TBP (Zhang et al., 2014). In addition, the solar minimum has also affected TCO to be relatively lower in the past decade. We have also analyzed the surface temperature trends and found that the TCO trends are negatively associated with that of temperature (the overlaid circles in Figure 3). This is particularly evident in the seasonal trends in TCO and temperature in winter and spring. We observe a TP-wide cooling and warming in autumn and winter, respectively, up to 0.09°C/yr.



3.4. Multiple linear regression of TCO

We have used a MLR to find the trends in TCO and contribution of different factors to TCO change in TP. To perform the regression, we have tested the multi-collinearity of predictors used and found that they do not have significant multi-collinearity. Additionally, we also performed the analysis of Variance Inflation Factor to make sure that the multi-collinearity among the predictors is not significant. We have used the normalized anomaly of yearly averaged TCO with mean and standard deviation of 0 and 1, respectively, which are widely used in the trend studies, as the variability in TCO has a strong seasonal dependence (Staehelin et al., 2001; Poulain et al., 2016; WMO (World Meteorological Organization), 2018). Figure 5 shows the temporal evolution of TCO and the MLR fit for the period 2005–2020. The yearly (monthly) averaged TCO shows an R2 value of 0.72 (0.5). Azen and Budescu (2003) proposed the dominance analysis to find the relative importance of predictors based on the additional contribution of a predictor in all subsets with the individual contribution. We have used the dominance analysis to determine the importance of each predictor used in the regression. The regression coefficient indicates the positive or negative contribution of each predictor to the TCO changes.
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FIGURE 5
 (Top panel) Regression result based on the normalized TCO over TP for the period 2005–2020. Red line is the annually averaged anomaly of TCO and blue line represents the MLR fit. The numerical values indicate the relative importance of each contributor estimated using the Dominance Analysis. The values in brackets indicate the regression coefficient of each predictor. The light-colored red and blue lines indicate the monthly averaged time series of TCO and MLR fit, respectively. The lime-color shade represents strong La-Niña and light-magenta shade represents strong El Niño events during the period of study. (Bottom panels) The thick lines represent the contribution of each predictor for the period 2005–2020. The thin lines in the background represent the normalized distribution of predictors used. Here, QBOa and QBOb are the indices of Quasi-Biennial Oscillation indices 10 and 30 hPa, respectively, EHF is the Eddy Heat Flux at 100 hPa, SF is the Solar Flux, ENSO is the El-Niño Southern Oscillation Index, TrP is the tropopause Pressure and AOD is the Aerosol Optical Depth.


The trend in TCO is about −0.015 ± 0.16 DU/yr as estimated from the yearly averaged data, which is close to that estimated from the linear regression (−0.0087 ± 0.09 DU/yr). The analyses show that the tropopause height has the strongest effect (25.44%); suggesting that the lower tropopause makes higher TCO. The QBOb has the second highest contribution to the ozone change (23.42%), followed by aerosols (AOD, 16.12%) and solar flux (15.34%). The TCO change during the solar maximum and minimum are clearly shown in figure, e.g., TCO is lower during the solar minimum period. The heat flux explains the effect of BDC from the tropics to mid-latitudes, and there is a statistically significant linear relationship between TCO and EHF at 100 hPa for the tropical and polar regions (Weber et al., 2011). Conversely, the aerosols mostly have a negative relationship with the TCO changes. The value of TCO is lowest (−2DU) in the autumn 2020, which can be due to the combined effect of lowest solar flux and the highest tropopause in that year. Note that stratospheric ozone plays a key role in the height of tropopause by radiative heating, and ozone diagnostics are also subjected to local meteorology and the stratospheric circulation (Seidel and Randel, 2006; Austin and Reichler, 2008).




4. Conclusions

We have examined the spatial and temporal changes in TCO over Third Pole and 20 cites in and around the region. Observed TCO varies with latitude, longitude, altitude and meteorological conditions. Large variation in TCO is found in higher latitudes with the highest ozone there, and significant longitudinal variability is observed at lower latitudes. Relatively high temporal variability is found at the lower latitudes in seasonal to interannual scales than those at the higher latitudes; showcasing the influence of atmospheric circulation in TCO distribution. Most of the TCO variability in the region is driven by the changes in tropopause height and atmospheric dynamics. In general, the seasonal trends are negative in most cities and over TP, except in winter. The highest negative trend of −0.42 ± 0.3 DU/yr and the lowest of −0.01 ± 0.2 DU/yr are found for Xining and Chittagong, respectively, with respect to the yearly averaged data. The negative trends in TCO over the nearby populated regions (cities) suggest the possibility of enhanced solar incidence and changes in surface temperature. Change in the temperature in the high latitude glacier TP region is a concern for the water security of south Asia. Therefore, it is inevitable to continuously monitor and analyze TCO in the region, as performed here, for the assessment of public health and climate change in the region.
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Naypyitaw NAY 19.76 96.07 122
Chittagong CHI 2234 91.81 15

Agartala AGA 2383 9128 16

Silchar SIL 2483 9299 2

Kunming KUN 2488 102.83 1,895
Shillong SHI 2557 91.89 1,507
Thimphu THI 2747 89.63 2,307
Kathmandu, KAT 27.71 8532 1,296
Khuzdar KUZ 27.81 66.65 1,220
Lhasa LAS 2965 9114 3,650
Deharadun DEH 3031 78.03 652
Peshawar PES 3401 7157 340
Srinagar SRI 3408 7479 1,589
Kabul KAB 3455 69.20 1,798
Xinning XIN 3661 101.77 2,044
Dushanbe DUS 3855 6878 767
Tashkent TAS 4129 69.24 424
Bishkek BIS 42388 7458 767
Almaty ALM 4322 7685 787
Uramgi URA 4382 87.61 862
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