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As a unique climate phenomenon induced by the Tibetan Plateau (TP) heat flux, the TP monsoon is closely connected with the global climate, especially pertaining to the TP. However, the current research focuses more on the influence of the TP monsoon on the TP and eastern China, but not including Central Asia. This paper analyzed the relationship between the TP monsoon index and Central Asia summer precipitation by JRA55 reanalysis data and Global Precipitation Climatology Centre (GPCC) monthly precipitation. The results showed a significant positive relationship between the TP monsoon index and summer precipitation in Central Asia. When the TP monsoon was strong, there was cold advection in the upper troposphere over Central Asia, and the resulting thermal wind caused a cyclonic circulation anomaly in the mid-upper troposphere over Central Asia. This in turn led to a cyclonic circulation anomaly to water vapor transport in the lower troposphere. The abnormal upward movement also caused more precipitation in this area, which explains the positive correlation between the TP monsoon and the precipitation in Central Asia. Based on this physical mechanism, the temperature of the mid-upper troposphere over Central Asia was closely related to the TP monsoon, and it was a key factor that affected summer precipitation changes in Central Asia.
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INTRODUCTION
The arid and semiarid regions in Central Asia, including Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistan, are sensitive and vulnerable to climate variations (Hu et al., 2014). Roughly taking 100°E as the boundary, the arid area of central Asia is controlled by westerly circulation; this area was named the “westerly mode” (Huang et al., 2013). Huang et al. (2015) also found that the “westerly mode” of precipitation changes under the modern climate background was most prominent feature on the interdecadal scale in summer.
As one of the largest arid regions in the middle latitudes in the world, Central Asia is likely to be strongly influenced by climate warming. Xu et al. (2015) found that the average increasing rate in annual precipitation was 3.9 mm/10 a in the arid lands of Central Asia, and there were significant increasing trends in precipitation in Kazakhstan, Kyrgyzstan, and Tajikistan. Similar results were also found in Hu et al. (2017). When considering extreme precipitation, Yao et al. (2021) found that all extreme precipitation-related indices except for consecutive dry days experienced an increasing trend during 1936–2005. Moreover, based on the Coupled Model Intercomparison Project 5 (CMIP5) model simulations, the annual total wet-day precipitation, Rx1 1-day precipitation amount, and consecutive dry days in Central Asia were projected to increase robustly during 2006–2100 under representative concentration pathway (RCP) 4.5 and RCP 8.5; higher RCPs had higher rates of extreme precipitation and lower signal-to-noise ratios. Jiang et al. (2020) also found that at the end of the 21st century, a robust increase in annual mean precipitation under all scenarios was found. Limiting global warming to under 1.5°C can help reduce the occurrence and associated impact of precipitation extremes in East-Central Asia (Zhang et al., 2020).
Many factors have been used to discuss the contribution to precipitation in Central Asia. When considering the ocean signals, Chen et al. (2018) found that the seasonal precipitation of Central Asia was closely related to ENSO. Zhao and Zhang (2016) also found that SST warming in the tropical Indian ocean influenced the summer rainfall changes over Central Asia. When talking about the land signal, Yang et al. (2016) found that the spring soil moisture has a positive contribution to summer precipitation over northern Europe, Central Asia, and the southern region of North America but a negative contribution to the central part of North America, Arabia, and India. In terms of atmospheric factors, Bothe et al. (2012) found that the moisture supply to Central Asia was primarily due to the mid-latitude westerlies with contributions from higher latitudes. Wei et al. (2017) also found an out-of-phase rainfall variation over Central Asia, closely related to the southeast-northwest Asian westerly jet stream. The change in westerly circulation may be the main factor affecting the evolution of precipitation in the arid region of Central Asia (Chen et al., 2011). Chen et al. (2021) also found that the East Asian summer monsoon has experienced a persistent weakening trend since 1958, causing an increasing contribution of monsoonal water vapor transport and enhancing summer precipitation in Central Asia. Besides these factors, Peng et al. (2018) also found that human-induced warming increased the specific humidity over all of Central Asia, increasing (decreasing) the precipitation over eastern (western) Central Asia. However, relatively few studies have been conducted between the Tibetan Plateau (TP) and Central Asia.
The phenomenon of the “TP monsoon” was first discovered by Ye et al. (1957) and later indicated by Xu and Gao (1962). In the same year, Gao and Tang introduced the concept of the TP monsoon at the annual meeting of the Gansu Meteorological Society. Later, Tang et al. (1979) and Tang et al. (1984) reported the climatic characteristics and interannual variation characteristics of the TP monsoon, which prompted people to pay more attention to the TP monsoon. Since the time that Tang et al. (1979) defined the TP monsoon index based on the 600 hPa geopotential height anomaly field, much research on the TP monsoon has been conducted. Qi et al. (2015) found that when the TP summer monsoon was strong, the southerly wind in Central Asia was abnormal with convergence, and the south Xinjiang region had an abnormal easterly wind, which was conducive to the transportation of water vapor to this area, and the precipitation was relatively high. Zhao et al. (2014), Zhao et al. (2016) and Zhao et al. (2019) further investigated the influence of the TP monsoon on weather and climate in Central Asia by comparing the relationship between the TP monsoon and precipitation in the Tarim Basin, and found that mid-upper tropospheric temperature (MUTT) play an important role in linking the TP monsoon and the south Asian monsoon with summer rainfall over the Tarim Basin of China.
As the third pole of the world, the TP has a significant impact on the climate of the TP and its surrounding areas. However, past studies have focused on the TP itself or its effect on the lower reaches of the TP, while relatively few studies have been conducted on the upper stream and north side of the TP. As shown in Figure 1, Central Asia is located in the northwest of the TP. What is the relationship between the precipitation in Central Asia and the TP monsoon? Based on this consideration, this paper studied the relationship between the TP monsoon and precipitation in Central Asia and discussed the role of the mid-upper tropospheric temperature in the relationship.
[image: Figure 1]FIGURE 1 | Altitude distribution of the study area. In the figure, the area with thick black solid line is the TP, and the area with red solid line is the five countries of Central Asia.
DATA AND METHODS
Data
The Global Precipitation Climatology Centre (GPCC) provides gridded gauge-analysis products derived from quality-controlled station data. After comparing these data with other reanalysis data, Hu et al. (2018) found that GPCC was more suitable for studies of long-term precipitation variations over Central Asia. Here, monthly precipitation data from 1979–2019 were used.
The Japan Meteorological Agency (JMA) conducted JRA-55, the second Japanese global atmospheric reanalysis project. It covers 55 years, extending back to 1958. Compared to its predecessor (JRA-25), JRA-55 is based on a new data assimilation and prediction system that improves many deficiencies found in the first Japanese reanalysis (Kobayashi et al., 2015). The isobaric surface wind field and geopotential height field from 1979 to 2019 were used to calculate the TP monsoon index, and the upper air circulation field was also applied.
Method
As a result of the heat flux of the TP, there was an apparent wind field convergence and low-pressure center at 600 hPa on the TP (Figure 2A). Compared with the winter westerly wind field, the wind field of summer showed a significant change. Based on wind field standardization seasonal variability (Figure 2B) defined by Li and Zeng (2000), Zhang et al. (2015) defined a TP monsoon index to reflect the seasonal changes in the TP wind field. The formula is
[image: image]
where i and j are the number of grid points, [image: image] is the wind field standardization seasonal variability at the lattice point (i, j), [image: image] is the area of the bin at the lattice point (i, j), and region D is located at 27.5–37.5°N, 80–100°E (the solid frame area of Figure 2B).
[image: Figure 2]FIGURE 2 | (A) Multiyear mean circulation (vectors, unit: m s−1) and geopotential height (shaded areas, unit: m) of 600 hPa in summer. (B) Multiyear mean wind field standardization seasonal variability index at 600 hPa in the summer (unit: 1). The black line in (A) denotes the TP boundary. The solid markers in (A) and rectangular lines in (A) and (B) indicate the regions selected for the calculation of TP monsoon indices.
Compared with the classic TP monsoon index (Tang et al., 1979), the correlation coefficient between the new and classic TP monsoon index two was 0.63, so the new index PMI was used here. Furthermore, a more detailed comparison also showed that the new index could reflect the summer precipitation on the TP, especially for the southeastern part of the TP (Zhang et al., 2019).
RESULTS
As shown in Figure 3A, there was a significant positive correlation area in Central Asia. The correlation coefficient in some regions reached 0.6 or above, showing the close relationship between the TP monsoon and Central Asia precipitation. The area-averaged precipitation in the region (39–49°N, 54–78°E, the rectangular area in Figure 3A) was further calculated, and the time series of summer precipitation in Central Asia was obtained. As shown in Figure 3B, the TP monsoon index series and the precipitation series in Central Asia had an excellent corresponding relationship (r = 0.33), which could pass the 95% confidence level student’s t-test, showing the significant relationship between the TP monsoon and Central Asia precipitation.
[image: Figure 3]FIGURE 3 | (A) Spatial distribution of the correlation coefficient between the TP monsoon index and summer precipitation. (B) Time series of the TP summer monsoon index and summer precipitation in Central Asia. The rectangular lines in (A) indicate the regions selected for the calculation of summer precipitation. The dotted area in (A) is the area that passed the 90% confidence level student’s t-test.
As shown in Figures 3A,B, there was a significant positive correlation between the TP monsoon and summer precipitation in Central Asia. To analyze the physical mechanism behind their correlation, five maximum years (1987, 1998, 2004, 2005, 2009) and five minimum years (1986, 1994, 1996, 1997, 2015) of the TP monsoon index were chosen to perform synthetic analysis. Moreover, using the TP monsoon index as the regression factor, the regression coefficients of different physical quantities were also analyzed.
In Figure 4A, the summer circulation at 200 hPa was controlled by westerly winds over Central Asia, and there was a jet stream with a zonal wind greater than 25 m/s. There was a high-temperature center on the south side of the jet stream and a low-temperature center on the north side of the jet stream. The composite results of the maximum and minimum years of the TP monsoon showed that when the TP monsoon was stronger, the zonal wind on the south side of the jet was stronger, and the zonal wind on the north side of the jet was weaker. Such an anomalous distribution was conducive to the southerlies of the Central Asian jet stream (Figure 4B). From Figure 4C, there was a cyclonic circulation anomaly in southern Central Asia, and the easterly wind anomaly in northern Central Asia was consistent with the weaker westerly airflow in Figure 4B. In addition, there was also an anticyclonic circulation anomaly at higher latitudes of Central Asia, causing a significant northeasterly wind anomaly on the northeastern side of Central Asia. Combined with the low-temperature distribution characteristics in high latitudes in Figure 4A, it can be found that such wind field anomalies will facilitate cold air at higher latitudes to go south, leading to cold advection in the temperature field. Affected by this, there was a negative anomaly in the temperature over the northern part of Central Asia, as shown in Figure 4D. Similarly, the cyclonic circulation anomaly in southern Central Asia also had southwest wind anomalies in southeastern Central Asia, which made the temperature field on the southern side of Central Asia have a positive anomaly. Furthermore, the TP monsoon index was used as an independent variable to regress the variables mentioned above. As shown in Figures 4E–G, the spatial distribution characteristics of the regression coefficients were similar to the results of the synthetic analysis. Based on the synthetic analysis and regression analysis results, the influence of the TP monsoon on the 200 hPa wind field in the region was significant.
[image: Figure 4]FIGURE 4 | (A) Multiyear averaged 200 hPa summer wind field (vectors, unit: m s−1) and temperature (shaded areas, unit: K). (B–D) are the differences in 200 hPa zonal wind, wind field, and temperature between the maximum and minimum TP monsoon index years, respectively, (E–G) are the regression coefficient distributions of the TP monsoon index for 200 hPa zonal wind, wind field, and temperature field, respectively. The white shaded area in (A) is the area where the zonal wind is greater than 25 m s−1. Dotted area in (B,D,E,G) and red wind field in (C,F) is the area that passed the 90% confidence level student’s t-test.
At 500 hPa, the results of the synthetic analysis showed that there was an anomalous anticyclonic circulation in the northern part of Central Asia, while there was an anomaly in the southern part of Central Asia (Figure 5A). Affected by this, there was a specific negative geopotential height anomaly in the southern part of Central Asia, while a positive geopotential height anomaly existed in the northern part of Central Asia (Figure 5B). The result of the regression analysis was similar to this result, and the area that passed student’s t-test in the regression analysis was broader, which also reflected that the 500 hPa circulation field anomaly was closely related to the 200 hPa upper troposphere.
[image: Figure 5]FIGURE 5 | (A,B) shows the difference in the 500 hPa wind field and geopotential height between the maximum and minimum TP monsoon index years, respectively; (C,D) show the regression coefficient distribution of the TP monsoon index for the 500 hPa wind field and geopotential height, respectively. The red wind field in (A,C) and dotted area in (B,D) are the areas that passed the 90% confidence level student’s t-test.
Consistent with the 500 hPa circulation field in Figure 5, the water vapor transport integrated from the ground to the 500 hPa showed similar characteristics, as shown in Figure 6. There was a particular cyclonic circulation anomaly in southern Central Asia while an anticyclonic circulation anomaly in northern Central Asia. Regression analysis also showed similar characteristics. However, compared to the 500 hPa circulation field, the features of the water vapor transport field were weaker, and there were fewer areas that passed student’s t-test. Because the water vapor transport was affected by many influencing factors, the TP monsoon alone could not fully explain the variance in water vapor transport. Nevertheless, the corresponding spatial difference characteristics of the water vapor transport field indicated that the TP monsoon also impacted water vapor transport in Central Asia.
[image: Figure 6]FIGURE 6 | (A) Difference in the water vapor transport in the lower troposphere between the maximum and minimum TP monsoon index years. (B) Regression coefficient distribution of the TP monsoon index for water vapor transport in the lower troposphere. The red wind field in (A,B) is the area that passed the 90% confidence level student’s t-test.
The vertical profile showed that there was a significant updraft near 47°N, which corresponded to the negative geopotential height anomaly that existed over this area at 500 hPa (Figure 7A). Affected by the anticyclonic circulation anomaly in the high latitude area of 200 hPa, cold advection occurred over this area, resulting in a significant negative temperature anomaly near 250 hPa in the troposphere, as shown in Figure 7B. The thermal wind brought about by the cold advection also forced the region to appear ascending, which could also explain the significant ascending motion in Figure 7A. The regression analysis results also showed similar results, reflecting the considerable influence of the TP monsoon.
[image: Figure 7]FIGURE 7 | (A,B) shows the difference in the zonal profile after the radial average of the wind field and temperature between the maximum and minimum TP monsoon index years, respectively. (C,D) depict the regression coefficient distributions of the TP monsoon index for a zonal profile after the radial average of the wind field and temperature, respectively. The red wind field in (A,C) and the dotted area in (B,D) show the area that passed the 90% confidence level student’s t-test.
From the above analysis, it could be seen that the lower temperature caused by cold advection in the upper troposphere might be the key factor to the change in the vertical wind field and the change in precipitation in the area. Therefore, the temperature field of 500–200 hPa was integrated and used to calculate its relationship with the TP monsoon index. As shown in Figure 8A, there was a significant positive correlation between the TP monsoon index and the temperature of the mid-upper troposphere in Central Asia. The area-averaged temperature of the mid-upper troposphere in Central Asia was further calculated and defined as the mid-upper tropospheric temperature index (MUTTI, 35–48°N, 50–85°E, the rectangular area in Figure 8A). According to the time series of MUTTI and the TP monsoon index, there was a clear negative correspondence between them. The correlation coefficient reaches −0.42, which could pass the 99% confidence level student’s t-test, showing the close relationship between the TP monsoon and the temperature of the mid-upper troposphere in Central Asia.
[image: Figure 8]FIGURE 8 | (A) Distribution of the correlation coefficient between the TP monsoon index and the mid-upper tropospheric temperature. (B) Time series of the TP monsoon index and the mid-upper tropospheric temperature index (MUTTI). The rectangular lines in (A) indicate the regions selected for the calculation of MUTTI, and the dotted area in (A) shows the area that passed the 90% confidence level student’s t-test.
By calculating the correlation coefficient between MUTTI and summer precipitation in Central Asia, it was found that MUTTI and summer precipitation in Central Asia were mainly negatively correlated (Figure 9A). When calculating the regional average precipitation in Central Asia (39–49°N, 54–78°E, the rectangular area in Figure 9A) to obtain the year-by-year time series of Central Asia precipitation, there was a significant correlation between the MUTTI and Central Asia precipitation, as shown in Figure 9B, and the correlation coefficient reached −0.34, which could pass the 90% confidence level student’s t-test.
[image: Figure 9]FIGURE 9 | (A) Distribution of the correlation coefficient between the MUTTI and summer precipitation in Central Asia. (B) Time series of MUTTI and summer precipitation in Central Asia. The rectangular lines in (A) indicate the regions selected for the calculation of regional precipitation, and the dotted area in (A) shows the area that passed the 90% confidence level student’s t-test.
Using MUTTI as an independent variable to regress the 200 hPa circulation field (Figure 10). There was a positive center of the geopotential height regression coefficient at 200 hPa over Central Asia (Figure 10A). Affected by this, there was also an anticyclonic circulation anomaly with regression coefficients over Central Asia (Figure 10B). The spatial distribution of this regression coefficient was partly opposite to the results of the TP monsoon regression coefficient in Figure 4, which was mainly due to the negative correlation between the TP monsoon index and MUTTI, as shown in Figure 8B. Similar results were also found at 500 hPa, and there was a positive regression coefficient center of the geopotential height in southern Central Asia (Figure 11A). Additionally, there was an anticyclonic circulation anomaly in south Central Asia (Figure 11B). Compared the results between Figure 10 and Figure 11, the result at 200 hPa was more obvious.
[image: Figure 10]FIGURE 10 | (A,B) show the regression coefficients of MUTTI for geopotential height and wind field of 200 hPa, respectively. The dotted area in (A) and the red wind field in (B) show the area that passed the 90% confidence level student’s t-test.
[image: Figure 11]FIGURE 11 | (A,B) show the regression coefficients of MUTTI for geopotential height and wind field at 500 hPa, respectively. The dotted area in (A) and the red wind field in (B) show the area that passed the 90% confidence level student’s t-test.
When considering the vertical profile, there was an ascending movement near 52°N in the northern part of Central Asia, while a sinking movement existed to the south of 52°N (Figure 12A). Affected by the sinking movement, precipitation in Central Asia decreased, which could also explain the negative correlation between MUTTI and summer precipitation in Central Asia (Figure 9A). As shown in Figure 12B, the MUTTI was closely related to the temperatures of the middle and lower troposphere and there was a positive center at 250 hPa in the troposphere, which was similar with the result in Figure 7D.
[image: Figure 12]FIGURE 12 | (A,B) show the regression coefficients of MUTTI for a zonal profile after the radial average of the wind field and temperature, respectively. The red wind field in (A) and the dotted area in (B) show the area that passed the 90% confidence level student’s t-test.
In a word, when the MUTTI was higher, there were positive geopotential height anomalies and anticyclonic circulation anomalies at the middle and upper troposphere. Affected by the circulation field, there was mainly sinking movement in Central Asia, which could explain the negative correlation between MUTTI and summer precipitation in Central Asia.
DISCUSSION
The monsoon is an area where the prevailing wind direction changes significantly in winter and summer. The near surface level wind field has certain changes over TP due to the transition of the TP heat flux from winter to summer, so Tang et al. (1979) firstly defined this phenomenon as the TP monsoon. Later, Tang and Reiter (1984) also found a similar “plateau monsoon” over the western United States. Because of the spatial complexity of the TP land use, it is difficult to observe and simulate the TP thermal condition well. As we know, the reanalysis data showed a better performance on the isobaric circulation field compared with the surface variables, and this is more prominent on the TP where observational data is relatively scarce. Therefore, it is reasonable to use the TP monsoon index to replace the TP thermal conditions. Though the TP monsoon is the result of the thermal condition changes of the underlying surface, the TP monsoon is also affected by other factors such as the atmospheric circulation, so the TP monsoon cannot be equated with the TP thermal conditions.
The monthly simulation results of the BCC-CSM2-MR in CMIP6 from 1979 to 2014 were used to verify the above results. As shown in Figure 13A, there was apparent wind convergence on the TP in summer. There was also a significant positive correlation between the TP monsoon and summer precipitation in Central Asia, as shown in Figure 13B. However, because BCC-CSM2-MR was a global model, the distribution characteristics of the correlation coefficients were slightly different from those in Figure 3A. Nevertheless, the overall features were similar, which verified that there was a relationship between the TP monsoon and Central Asia precipitation.
[image: Figure 13]FIGURE 13 | (A) Multiyear mean circulation (vectors, unit: m s−1) and geopotential height (shaded areas, unit: m) in summer. (B) Spatial distribution of the correlation coefficient between the TP monsoon index and summer precipitation. The data used here were the historical run of 1979–2014 from BCC-CMS2-MR. The dotted area in (B) shows the area that passed the 90% confidence level student’s t-test.
Furthermore, regression analysis results of BCC-CMS2-MR showed that when the TP monsoon index was stronger, the temperature in the southern part of Central Asia at 200 hPa was higher, and the temperature in the northern part of Central Asia was lower (Figure 14A). Combined with the northeast wind anomaly over the region (Figure 14B), there was a certain cold advection at 200 hPa. Therefore, the temperature in the upper layer of the northern part of Central Asia was colder (Figure 14D). The high-altitude cold advection also caused a negative geopotential height anomaly in southern Central Asia at 500 hPa (Figure 14C). Under the action of thermal wind, the abnormal rise in this area could explain the significant positive correlation between summer precipitation in southern Central Asia and the TP monsoon index. This finding was also consistent with the analysis results of the reanalysis data.
[image: Figure 14]FIGURE 14 | Regression coefficient distribution of the TP monsoon index for (A) the 200 hPa summer temperature (shaded areas, unit: K), (B) the 200 hPa wind field, and (C) the 500 hPa geopotential height (shaded areas, unit: m). (D) shows the regression coefficient distribution of the TP monsoon index for a zonal profile after the radial average of the temperature. The data used here were the historical run of 1979–2014 from BCC-CMS2-MR. The red wind field in (B) and dotted area in (A,C,D) are the areas that passed the 90% confidence level student’s t-test.
CONCLUSION
The TP monsoon was closely related to the precipitation in Central Asia, and there was a significant positive correlation. When the TP monsoon was strong, there was cold advection in the upper troposphere over Central Asia; in addition, the resulting thermal wind caused a cyclonic circulation anomaly in the mid-upper troposphere over Central Asia, which in turn led to a specific response to water vapor transport in the lower troposphere. The abnormal upward movement also caused more precipitation in this area, which explains the positive correlation between the TP monsoon and precipitation in Central Asia.
The temperature of the mid-upper troposphere over Central Asia was closely related to the TP monsoon, and it was a key factor affecting summer precipitation changes in Central Asia. When the temperature in the mid-upper troposphere over Central Asia was higher, there was an anomaly of anticyclonic circulation in the upper troposphere over Central Asia, which lead to the sinking movement in southern Central Asia and the reduced precipitation there.
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