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Using the Microwave Limb Sounding measurements and the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis product, we have investigated the response of carbon monoxide (CO) mixing ratio within the Asian Summer Monsoon Anticyclone (ASMA) region to the Quasi-Biennial Oscillation (QBO) and the potential dynamical mechanisms behind it. The results showed that the mixing ratio of CO within the ASMA is significantly higher at both 100 hPa and 147 hPa in the east phase of QBO (EQBO) years than in the west phase of QBO (WQBO) years, especially in the eastern part of the ASMA. The CO difference between EQBO and WQBO years is consistent with the interannual variation of the location and strength of the ASMA. Specifically, during the EQBO years, the area of the ASMA reduces to the southeast in the upper troposphere, while the westerly jet on the north side of the anticyclone and the southerly winds on the west side of the anticyclone both strengthen. These variations are associated with tropospheric circulation anomalies. The ascending motions over the Tibetan Plateau (TP) are enhanced during the EQBO years, which are correlated with the relatively high CO at 100 hPa. Consistently, an anomalous cyclonic circulation is found at 500 hPa over the TP when the QBO is on its east phase, which promotes the convergence of air mass and carries CO from the surface to the Upper Troposphere and Lower Stratosphere (UTLS).
Keywords: QBO, Asian Summer Monsoon Anticyclone, Upper Troposphere and Lower Stratosphere, CO, vertical velocity
INTRODUCTION
The Asian Summer Monsoon Anticyclone (ASMA) is the dominant circulation system in the northern hemisphere, which extends from Asia to the Middle East in boreal summer (June–September) (Mason and Anderson, 1963; Hokins and Rodwell, 1995; Randel et al., 2001; Randel and Park, 2006). Convective activities associated with the monsoon circulation mostly originate in the South Asian subcontinent, Southeast Asia, and the southern slope of Himalaya. Deep convection can transport air parcels and pollutants from the atmospheric boundary layer (ABL) to the tropopause layer covered by the ASMA (Hoskins and Rodwell, 1995; Highwood and Hoskins, 1998; Bergman et al., 2012; Fan et al., 2017). In the Upper Troposphere and Lower Stratosphere (UTLS) region, the ASMA behaves as a strong horizontal transport barrier, which consists of a westerly jet in the north and an easterly jet in the south (Dunkerton, 1995; Highwood and Hoskins, 1998; Randel and Park, 2006). In other words, the combination of the near-elliptical streamline and the low wind speed in the core (north of the Arabian Sea) of the ASMA region forms a strong restrictive circle, which prevents air mass in the interior of the ASMA with higher concentrations of pollutants from mixing with air mass outside the ASMA. As a result, relatively high concentrations of water vapor (Ronsenlof et al., 1997), methane, nitrogen oxides (Park et al., 2004), and carbon monoxide (CO) (Li et al., 2005) and relatively low concentrations of ozone (Randel et al., 2001) are trapped within the ASMA.
The ASMA shows an interannual variation in its location and intensity (Wei et al., 2012). During stronger monsoon years, the mixing ratio of tropospheric tracers within the ASMA typically increases as the ASMA region expands and the ascending motions to the east of 85°E are enhanced (Yuan et al., 2019). On the other hand, the ASMA structure is influenced by persistent convection (Hoskins and Rodwell, 1995). Convective activities commonly occur over the area of 60°–120° E and 15°–30° N and are closely related to spatial distributions of chemical compositions within the ASMA (Park et al., 2007). Previous studies have pointed out that the tropical deep convection can be modulated by upper-level circulations such as the stratosphere Quasi-Biennial Oscillation (QBO) (Collimore et al., 2003; Son et al., 2016; Lim et al., 2019).
The QBO is a significant interannual variability signal in the tropical stratosphere (Gray and Chipperfield, 1990; Baldwin et al., 2001; Tian et al., 2006; Tian et al., 2011). Some studies found that westerly (easterly) shear anomalies at 30 hPa can generate abnormal tropopause heights in the equatorial region (e.g., Plumb and Bell, 1982; Reid and Gage, 1985; Gray et al., 1992; Ribera et al., 2008; Shi et al., 2009) and the variations in the tropopause can subsequently affect the development of convective activities by changing the atmospheric static stability and convective available potential energy (CAPE) in the UTLS (Emanuel, 1994; Liu, 2014). The spatial distribution of deep convective motions is also significantly affected by the QBO (Gray et al., 1992; Liu, 2014). Moreover, the QBO affects the rate of air transportation across the tropopause from the upper troposphere to the lower stratosphere (Hamilton and Fan, 2000). It is found that air temperature (e.g., Reed, 1965) and chemical compositions (nitrogen oxides and methane (Hamilton and Fan, 2000)) in the troposphere are related to the stratospheric QBO signal. Thus, it is worth investigating the modulation of QBO on the spatial distributions of tropospheric tracers in the ASMA region.
CO is a primary pollutant from the surface, and CO emission has distinct seasonal and regional variations due to biomass burning processes and human activities (Park et al., 2009; Pan et al., 2016). CO has an insoluble gas composition with a long lifetime (∼2 months). For this reason, CO is often chosen as a tropospheric tracer in studying the chemical transport from the troposphere to the lower stratosphere (Park et al., 2007; Park et al., 2009; Pommrich et al., 2014; Yuan et al., 2019).
This study focused on the modulation of QBO on the distribution of CO in the UTLS during the Asian Summer Monsoon (ASM) season. The National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis product and the Microwave Limb Sounding (MLS) satellite observations of CO for the period of 2005–2017 are used. This article is organized as follows. First, we describe the responses of CO distribution and the ASMA structure to the QBO signal. Then, we explore the dynamical mechanisms of the QBO signal we described before.
DATA AND METHODS
Microwave Limb Sounding Database
The MLS instrument onboard the Aura spacecraft, one of the NASA Earth Observing System (EOS) platforms, has been measuring atmospheric parameters since August 2004 (Waters et al., 2006). MLS data have been used to quantify the impact of chemical compositions on climate and study pollution in the upper troposphere (e.g., Park et al., 2007; Park et al., 2009; Pan et al., 2016; Ploeger et al., 2017; Luo et al., 2018). In this study, CO volume mixing ratio (mol/mol) from MLS Version 4.2 Level 2 retrievals is used to investigate its distribution anomalies in the ASMA region caused by the QBO. Linear interpolation was performed for MLS CO data to produce monthly average data from 80° S to 80° N. The gridded data have a resolution of 2.5° (latitude) × 2.5° (longitude).
National Center for Environmental Prediction/National Center for Atmospheric Research Reanalysis
Geopotential height (GPH, gpm), zonal wind (U, m/s), meridional wind (V, m/s), and vertical velocity (ω, Pa/s) for the period of 2005–2017 were extracted from the NCEP reanalysis monthly dataset and used in this study. The NCEP reanalysis product has a horizontal resolution of 2.5° (latitude) × 2.5° (longitude) and 17 layers in the vertical direction from 1000 hPa to 10 hPa. In order to study the relationship between CO in the ASMA region and QBO phases, the NCEP/NCAR reanalysis data are vertically interpolated to the MLS CO data levels (215, 147, 100, and 68.1 hPa).
METHODS
Several methods have been proposed in previous studies to identify the phases of QBO. Liu et al. (2015) used 50–70 hPa wind shear anomaly as the QBO index, where the west (east) phase of QBO is defined when the wind shear anomaly is greater (less) than 1.5 (-1.5) m/(s ∙ 20 hPa). In the study by Liu et al. (2019), the QBO index was set to be 30 hPa mean zonal wind in the equatorial region (5° S−5° N), and the westerly (easterly) events of QBO were defined as greater (less) than 5 (−5) m/s. In the present study, the east phase of QBO is identified when the summer mean zonal wind speed anomaly is greater than 5 m/s at 30 hPa in the equatorial region (5° S−5° N). According to the above method, five west phase years (2006, 2008, 2013, 2015, and 2016) and six east phase years (2005, 2007, 2009, 2012, 2014, and 2017) are identified. We investigate CO distribution within the ASMA during different phases of the QBO. We also use composite analysis to explore the dynamical mechanism by analyzing the differences of U, V, ω, and GPH in the UTLS.
RESULTS
The mean summertime (JJA) CO mixing ratio distributions at different levels in the UTLS for the period 2005–2017 are shown in Figure 1. Relatively high CO centers at individual levels are consistent with the location of the ASMA. Note that selected GPHs (black contours) are often used to represent the position of the ASMA (Randel et al., 2001; Randel and Park, 2006; Pan et al., 2016). CO distribution at 215 hPa (Figure 1D) is different from that at upper levels. Specifically, the center of a relatively high CO mixing ratio at 215 hPa is located at the eastern part of the anticyclone (southern slope of Himalaya and South East Asia).
[image: Figure 1]FIGURE 1 | June–August (JJA) mean of 2005–2017 CO mixing ratio (color shadings, units: ppbv) at (A) 68.1, (B) 100, (C) 147, and (D) 215 hPa from MLS and horizontal winds (vectors, units: m/s) from the NCEP/NCAR reanalysis. Black contours represent GPH from NCAR/NCEP reanalysis: (A) 19,020, 19,030, and 19,040 gpm; (B) 16,700, 16,720, and 16,740 gpm; (C) 14,400, 14,420, and 14,440 gpm; and (D) 11,990, 12,000, and 12,010 gpm.
Previous studies have indicated that the QBO modulates the interannual variations of long-lived tropospheric tracers by influencing the stratosphere-troposphere exchange and convection in the tropics (Reed, 1965; Plumb and Bell, 1982; Hamilton and Fan, 2000). The mean summertime CO mixing ratio difference between the EQBO years and the WQBO years is further studied (Figure 2). It is found that there exist positive CO anomalies (∼2 ppbv) at 68.1 hPa (Figure 2A) over the area of 15°–35° N, 30°–150° E, which indicates that relatively high CO can be found within the ASMA when the QBO is on the east phase. Although it is not significant at 68 hPa, there are significant areas at 100 and 147 hPa. In Figure 2B, enhanced CO in the southeast of the ASMA is found during the EQBO years at 100 hPa. The CO mixing ratio is about 6 ppbv higher during the EQBO years, located over the region of 70°–120° E, 20°–30° N (“significant area,” denoted by the box shown in Figure 2B). Compared with the climatology mean CO mixing ratio of 72 ppbv in the “significant area,” it is estimated that the QBO phases can cause a 7% difference in CO distribution at 100 hPa within the ASMA. When it comes to 147 hPa, as shown in Figure 2C, CO is about 5 ppbv higher in the EQBO years than that in WQBO years, and the significant area is smaller than that at 100 hPa (Figure 2B). In Figure 2D, the CO differences at 215 hPa are different from that in upper levels, and there is no significant boundary between positive and negative anomalies of CO mixing ratio inside and outside the anticyclone. As the restrict effect of the ASMA is the strongest in the UTLS region, we focus on the “ significant area” at 100 hPa to further investigate the relationship between the QBO and dynamical fields of the ASMA.
[image: Figure 2]FIGURE 2 | Differences in JJA mean CO (color shadings) distribution between EQBO years and WQBO years at (A) 68.1, (B) 100, (C) 147, and (D) 215 hPa. Black contours are the same as those in Figure 1. The dotted regions are for values statistically significant at the 95% confidence level determined by Student’s t-test. The green box in Figure 2B is over 70°–110° E, 20°–35° N (hereafter, named “significant area”).
The dynamical field anomalies between the EQBO and WQBO years have been investigated to determine whether the QBO modulates CO distribution by altering the structure of the ASMA. According to the previous studies on ASMA, different GPH values are selected at the four layers shown in Figure 3 to denote the spatial structure of anticyclone (Randel and Park, 2006; Park et al., 2007; Bergman et al., 2013; Pan et al., 2016; Yuan et al., 2019). There is a significantly low GPH band (with 40 gpm lower) located at 40°–55° N from 68.1 to 215 hPa, which is just on the northern side of the ASMA. By comparing the differences between the locations of ASMA during different QBO phases in Figures 3A−C (the locations of the ASMA are represented by red contours for WQBO and green contours for EQBO), it is evident that the ASMA extends further north and west during the WQBO years. That is to say that the anomalous GPH in the UTLS and the shifts of the ASMA position under different QBO phases are consistent: the edge of the ASMA extends northward and reaches 40°–55° N, where the GPH values increase during the WQBO years.
[image: Figure 3]FIGURE 3 | Same as Figure 2, but for GPH anomalies (units: gpm) between EQBO and WQBO years. Red (green) contours denote the location of the ASMA represented by GPH during WQBO (EQBO) years. The dotted regions are for values statistically significant at the 95% confidence level determined by Student’s t-test.
The edge of the ASMA is also defined as the jet core (e.g., Randel and Park, 2006, see Figure 1). It should be noted that the westerly jet is strongest at 147 hPa and 215 hPa (35°–45° N) according to the averaged zonal wind distribution for the period of 2005–2017 (figure not shown). Figure 4 shows the zonal wind differences between the EQBO and WQBO years. During the EQBO years, there are significant positive anomalies with the magnitude of 4 m/s in the area of 30°–40° N within the ASMA at 147 hPa and 215 hPa (Figures 4C,D). This indicates that the southern part of the westerly jet core increases during EQBO years. Additionally, negative anomalies are found over the area of 40°–50° N at lower layers (Figures 4C,D), indicating that the westerly jet at the northern edge of the ASMA decreases when the QBO is on the east phase. The increase of the westerly jet on the southern side and its decrease on the north side indicate that the midlatitude westerly jet moves southward during EQBO years. The significant southward movement of the westerly jet but small differences in the easterly jet may reduce the area of the ASMA and strengthen its confinement of CO inside. This would induce the increase of CO mixing ratio within the ASMA during EQBO years, as shown in Figure 2.
[image: Figure 4]FIGURE 4 | Same as Figure 2, but for zonal wind differences (units: m/s) between EQBO and WQBO years. The dotted regions are for values statistically significant at the 95% confidence level determined by the Student’s t-test.
Meridional wind is also important for the formation of anticyclonic circulation during the boreal ASM season. The climatological meridional wind shows that the east part of ASMA (10°–40° E) is dominated by the northerly wind and the west part of ASMA (90°–120° E) is dominated by the southerly wind (figures are not shown). The center of southerly wind is located at about 20°–30° E, 20°–40° N (defined as the northwest edge of the ASMA in the following study). Figure 5 presents meridional wind differences between the EQBO and WQBO years. Slightly negative anomalies can be found at about 10°–30° E, 25°–45° N, denoted by red boxes in Figures 5B–D, suggesting that the northwest part of the southerly wind center is relatively weak during the EQBO years. At lower layers (100 hPa, 147 hPa, and 215 hPa) shown in Figures 5B–D, positive anomalies occur in the area of 30°–50° E, 20°–30° N (denoted by blue boxes), which means the southerly winds inside the western ASMA are intensified during the EQBO years.
[image: Figure 5]FIGURE 5 | Same as Figure 4, except that color shading represents meridional wind differences (units: m/s) between EQBO and WQBO years. Yellow (green) boxes show the area of negative (positive) anomalies of meridional wind.
As is known, the ASMA acts as a horizontal transport barrier for tracers, but it is highly variable in shape and location (Vogel et al., 2015). The dynamical variability of the ASMA has been reported to be a significant driver for the distribution of UTLS CO (Pan et al., 2016). According to the spatial distributions of differences in GPH, U, and V, it is evident that, during the WQBO years, the ASMA expands northward and westward in the UTLS region. The trapping effect of the ASMA, which is related to the zonal and meridional winds, may be weaker during the WQBO period and the CO mixing ratio within the ASMA may be spread to a larger region in the UTLS. Consequently, the anomalous dynamical fields are consistent with the CO mixing ratio anomalies, as shown in Figure 2.
Previous studies have suggested that upward activities in the tropics are associated with relatively high chemical concentrations within the ASMA region (Park et al., 2007). The enhanced pollution within the ASMA is linked to rapid deep convection from Asia, India, and Indonesia (e.g., Park et al., 2009; Wright et al., 2011; Bergman et al., 2013; Vogel et al., 2015). Due to the potential response of the ASMA to the QBO discussed above, we further explore the mechanisms behind the modulation based on analysis of the vertical velocity (shown by ω). The climatological mean summertime vertical velocity from 2005 to 2017 is shown in the left panels (Figures 6A,C,E) and the differences in JJA mean vertical velocity between the EQBO years and the WQBO years are shown in the right panels (Figures 6B,D,F). It is shown that the eastern part of the ASMA region is dominated by ascending motion (red area) from 100 to 500 hPa (Figures 6A,C,E). This is consistent with the pathway of CO transport from surface to the ASMA region described previously (Pan et al., 2016; Luo et al., 2018). The vertical velocity differences indicate that there are no evident vertical velocity anomalies in the eastern edge of anticyclone at 100 and 200 hPa during the EQBO years, whereas significant ascending motion anomalies can be found at 500 hPa (Figure 6F) over the Tibetan Plateau (TP) (90°–110° E, 30°–40° N) (Figures 6B,D,F). Previous studies have pointed out that there are deep convective activities over the TP, which makes it an important channel for tropospheric chemicals to enter the UTLS (e.g., Bergman et al., 2013; Pan et al., 2016; Luo et al., 2018; Bian et al., 2020). Surface CO can be vertically transported to the height of 200 hPa and then slowly lifted to 100 hPa by large-scale motions within the anticyclone (e.g., Park et al., 2009).
[image: Figure 6]FIGURE 6 | Average vertical velocity of JJA for the period from 2005 to 2017 at (A) 100 hPa, (C) 200 hPa, and (E) 500 hPa (units: Pa/s, color shading). The distribution of the difference in JJA mean vertical velocity (color shading) between EQBO years and WQBO years at (B) 100 hPa, (D) 200 hPa, and (F) 500 hPa. The selected levels of GPH are shown in Figure 6(A)−(D) (16,720 gpm at 100 hPa and 12,490 gpm at 200 hPa, black contours). The dotted regions represent the statistically significant values at the 95% confidence level determined by Student’s t-test.
The correlation coefficient in Figure 7 of the vertical velocity at each grid point and the average CO at 100 hPa in 70°–110° E, 20°–35° N is calculated to determine whether the upward motions over the TP at 500 hPa (Figure 6) could affect the CO distribution differences in the “significant area” in the UTLS during different QBO phases. As shown in Figure 7, a significant negative correlation appears over the TP (90°–105° E, 30°–40° N) at 500 hPa, suggesting that anomalous ascending motions here are related to CO mixing ratio in the “significant area” at 100 hPa. The location of the negative correlation region is almost the same as that of the anomalous ascending motion region at 500 hPa during the EQBO years (Figure 6F). Therefore, it can be inferred that the abnormal upward motions over the TP at 500 hPa during EQBO years can lead to an increase in CO in the “significant area” at 100 hPa.
[image: Figure 7]FIGURE 7 | Correlation coefficients of the average vertical velocity of JJA for the period of 2005–2017 with average 100 hPa CO over 70°–110° E, 20°–35° N (color shadings) at 500 hPa. The dotted regions represent the statistically significant values at the 95% confidence level determined by Student’s t-test.
Differences of meridional mean vertical velocity over 80°–100° E are shown in Figure 8 to identify the discrepancy of vertical motions between different QBO phases. A continuous significant negative correlation appears in 30°–40° N from 500 to 200 hPa, which means more upward movements occur during the EQBO years. Note that this area is near the TP surface at 500 hPa. As we mentioned before, the TP is an important channel for tropospheric chemicals to enter the UTLS (e.g., Luo et al., 2018), and the anomalous upward movements shown in Figure 8 are conducive to the transportation of CO from the surface to the UTLS within the ASMA when the QBO is on its east phase.
[image: Figure 8]FIGURE 8 | Differences in JJA meridional mean (80°–100° E) vertical velocity (color shading) between the EQBO years and the WQBO years. The dotted regions represent the statistically significant values at the 95% confidence level determined by Student’s t-test.
The horizontal wind field anomalies at 200 and 500 hPa over the TP are shown in Figure 9 to investigate how the stronger upward motions are generated during the EQBO years. It is evident that there is an anomalous cyclonic circulation over the area of 80°–110° E, 30°–40° N at 500 hPa (Figure 9C) and anomalous anticyclonic circulation over the area of 80°–110° E, 20°–30° N at 200 hPa (Figure 9A) when the QBO is on its east phase. The circulation anomaly can promote the convergence of the air mass at 500 hPa and the divergence at 200 hPa. The convergence at the lower layer and divergence at the higher layer are beneficial for the occurrence of ascending motions. It means that stronger ascending motions could occur over the TP during EQBO years, which transport CO from the surface to upper levels, and the transported CO accumulates on the eastern side of the anticyclone. On the contrary, during WQBO years, anomalous anticyclonic circulation can be found at the lower layer (Figure 9D) and anomalous cyclonic circulation occurs at the upper layer (Figure 9B), which may weaken the jet. Such a configuration of circulation pattern may induce anomalous descending movements over the TP when the QBO is on its west phase. This result is consistent with the vertical velocity distribution and correlations between CO and vertical velocity seen in Figures 6, 7. As the vertical upward motions at 500 hPa over the TP shown in Figure 7D are strengthened during EQBO years, a significant correlation between CO in the UTLS region and vertical ascending motions can be found, as shown in Figure 7D. Thus, it is inferred that the increase in vertical upward motions over the TP at 500 hPa is correlated with the anomalously increased distribution of CO in the UTLS region during EQBO, as shown in Figure 2.
[image: Figure 9]FIGURE 9 | JJA mean U and V anomalies (vectors, units: m/s) over the TP at 200 hPa during (A) EQBO years and (B) WQBO years and at 500 hPa during (C) EQBO years and (D) WQBO years.
CONCLUSION
We have used the MLS measurement combined with NCEP monthly mean data to analyze the modulation of the QBO to CO distribution within the ASMA region and the potential dynamical mechanisms based on the composite analysis.
This is the first study focusing on whether there is a modulation of QBO on CO distribution at the UTLS region within the ASMA. As the features of ASMA, CO, and GPH within the approximately closed flow are relatively high (e.g., Randel and Park, 2006, see Figure 1). The differences of CO in the UTLS between different QBO years are significant in the area of 70°–110° E, 20°–35° N. Specifically, the CO mixing ratio within the east part of the ASMA is higher during the EQBO years at 100 and 147 hPa. On these levels, the large-scale circulation could redistribute CO within the ASMA (e.g., Pan et al., 2016). In this study, we found that the area of the ASMA reduces to the southeast and the westerly jet (35°–45° N) intensifies on the side close to the ASMA and weakens on the side away from it. A similar variation can be found for the southerly winds (90°–120° E). In this condition, the westerly jet (southerly winds) on the north (west) side of the ASMA shifts southward (eastward) when the QBO is on its east phase. The smaller anticyclone combined with stronger horizontal circulation contributes to an enhanced ASMA trapping effect on CO in the UTLS region. Consequently, CO mixing ratio is relatively high because of the stronger ASMA trapping effect in the “significant area” during the EQBO years. In contrast, the easterly jet (northerly winds) on the south (east) side of the ASMA does not show a similar signal. In addition, vertical upward transportation plays an important role in the CO distribution in the UTLS. There are stronger upward motions over the TP, making it an important channel in the ASMA for tropospheric chemicals to enter the UTLS (e.g., Pan et al., 2016; Luo et al., 2018). Stronger ascending movements can be found when the QBO is on its east phase. These anomalous ascending motions are found to be related to a cyclonic circulation at 500 hPa and an anticyclonic circulation at 200 hPa over the TP during EQBO years. With this configuration, the anomalously ascending movements occur from the surface to 200 hPa because of the convergence and divergence at the lower and upper layers, respectively. Moreover, the anomalous ascending movements over the TP at 500 hPa are confirmed to be related to the anomalous distribution of CO at 100 hPa in the “significant area” during the EQBO years. An opposite configuration in the lower and upper layers and anomalous descending movements can be found during the WQBO years, which may weaken the jet and transport less CO into the ASMA in the UTLS.
In this study, the MLS CO data we used are limited to a short timespan. In future work, we will use multiple datasets combined with numerical model simulations to investigate further the relationship between QBO and CO distribution in the UTLS and explore the dynamical mechanism behind it.
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