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Spatiotemporal Variation in Precipitation and Water Vapor Transport Over Central Asia in Winter and Summer Under Global Warming
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Under the background of global warming, the studies of quantitative water vapor transport characteristics in arid and semi-arid Central Asia are rare. We examine the spatiotemporal variation of precipitation in Central Asia from 1979 to 2017 based on Global Precipitation Climatology Project (GPCP) and circulation reanalysis data. We simulate the sources and transport of water vapor in different regions of Central Asia in winter and summer using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model. The seasonal variation in precipitation over the whole region of Central Asia shows a single minimum in September, with little change in the amount of precipitation in other months; however, there are clear regional and seasonal differences in precipitation in western (region I) and eastern (region II) Central Asia. In region I, the maximum and minimum amounts of precipitation are observed in winter and summer, respectively, whereas in region II, the maximum amount of precipitation occurs in summer and the minimum in winter. The amount of precipitation in winter increased significantly more than the amount of precipitation in summer in both regions I and II from 1979 to 2017. Quantitative calculations of water vapor transport show that Europe and the North Atlantic Ocean are the largest sources of water vapor for regions I and II and contribute > 50% of the transport of water vapor in both winter and summer. The contribution of water vapor from other sources varies greatly in different seasons. For region I, the second highest contribution to water vapor in winter is transport from the South Atlantic Ocean, while in summer is from the Arctic Ocean and northern Asia. For region II, water vapor from the local area (Xinjiang) makes an important contribution in summer. These differences in the transport of water vapor are related to seasonal adjustments in the atmospheric circulation system. In winter, straight westerly winds can bring large amounts of water vapor from the Atlantic Ocean and the Mediterranean and Caspian seas. In summer, the northerly currents from the Arctic Ocean are strong due to the anticyclonic circulation maintained in Central Asia. The water vapor flux budget across each border and the net budget in region I are higher than those in region II in winter. The response of water vapor transport to global warming in Central Asia shows a north shift during past 40 years.
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INTRODUCTION

Studies of the Earth’s hydrological cycle, water resources and changes in precipitation are challenging and are particularly important under the current rapid rate of global warming (Chen et al., 2011); the warming rate during the past 30 years was the highest during the 20th century (IPCC, 2013). Central Asia is located in the largest temperate arid region in the world and is extremely sensitive to changes in the Earth’s climate (Bernauer and Siegfried, 2012; Zhao et al., 2014; Zhao and Zhang, 2015). Numerous studies have been conducted to try to understand the instability of water resources in Central Asia (Chen et al., 2010; Wang et al., 2010; Gessner et al., 2013; Huang et al., 2014; Li et al., 2018). Precipitation in Central Asia is influenced by a westerly circulation and the North Atlantic Oscillation, which is significantly different from the situation in East Asia (Aizen et al., 2001; Huang et al., 2013). Some studies have examined the different spatial and temporal variations in precipitation in different parts of Central Asia (Bothe et al., 2012; Ursula et al., 2013; Chen et al., 2018). Ma and Fu (2007) found that the trend for droughts in central Eurasia is increasing. The annual precipitation and number of extreme precipitation events in the arid regions of northwest China are also increasing, but the growth rates in each season are different (Xu et al., 2010; Wang et al., 2013; Chen et al., 2014; Huang et al., 2015, 2016; Li et al., 2016). The increasing or decreasing trend of precipitation in Central Asia during the past 80 years mainly depends on the changing trend in winter precipitation (Chen et al., 2011; Xu et al., 2015; Yao and Chen, 2015).

Precipitation is the result of the transformation of water vapor in the atmosphere and both the transport of water vapor and its source are important factors (Xu et al., 2008a, 2016; Chen et al., 2012). Based on moisture budget analysis, Peng et al. (2018) showed that the warming induced of the Earth’s climate by humans has increased the specific humidity over all of Central Asia, which, in turn, has increased the amount of precipitation in eastern Central Asia. The sources of water vapor in spring, autumn and winter in Central Asia include the Arctic Ocean, the Mediterranean Sea, the Black Sea and the Caspian Sea, whereas the water vapor in summer mainly comes from the Atlantic Ocean and continental Europe in the mid- and high latitudes (Shi and Sun, 2008; Guan et al., 2019). Dai et al. (2011) analyzed the constant water vapor field in the troposphere from Xinjiang to the Atlantic Ocean and found that the main sources of water vapor in Xinjiang were from lakes and oceans to the west. With the current trend in global warming, more water vapor is sourced from high latitudes, such as the North Atlantic and Arctic oceans. Besides the sources, the altitude is also an important factor for water vapor transport. For example, in the Tien Shan region of Central Asia, the largest water vapor budget is observed in the mid-troposphere, and the next highest occurs in the lower troposphere (Yang et al., 2013; Xie et al., 2018).

Most previous studies, although important in revealing the relationship between precipitation and the regional water vapor balance, were limited by their use of a Eulerian approach, which is unable to assess the origin of moisture from remote source regions (James et al., 2004; Xu et al., 2008b; Chen et al., 2010; Jiang et al., 2019). Trajectory analysis methods based on a Lagrangian framework have been developed to provide a good technical approach to study the transport of water vapor and source–sink analysis (Stohl and James, 2004; Jiang et al., 2013; Huang and Cui, 2015; Stein et al., 2015; Yang et al., 2019). Several models, such as the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) (Draxler and Hess, 1998) or FLEXible PARTicle (Stohl et al., 2005) models allow the calculation of back-trajectories. Yang et al. (2014) used the HYSPLIT model to analyze sources of water vapor and their transport to explain abnormal precipitation in East China. This model was also used to simulate the trajectories of air parcels in the rainy season in northern China to investigate the sources of moisture, their variation and the eventual relationship with precipitation in this region (Jiang et al., 2017).

Studies using a Lagrangian approach for the quantitative analysis of water vapor transport are mainly concentrated in the East Asian monsoon region. By contrast, few studies have addressed the sources of moisture in arid and semi-arid Central Asia under a global warming scenario. The main purpose of this study was therefore to determine the spatiotemporal characteristics of the variation in precipitation in Central Asia and to quantitatively evaluate the transport of water vapor from different sources. The remainder of the paper is organized as follows. The datasets and methods are introduced in Section “Data and Methods.” Section “Spatiotemporal Variation of Precipitation in Central Asia” describes the spatiotemporal variation in precipitation. Section “Water Vapor Transport Based on Lagrangian Analysis” illustrates the characteristics of water vapor transport based on a Lagrangian analysis. Our conclusions and discussion are presented in Section “Discussion and Conclusion.”



DATA AND METHODS


Data

The monthly mean precipitation data used in this study are provided by the Global Precipitation Climatology Project (GPCP Version 2.3) with a horizontal resolution of 1° × 1° for the time period 1979–2017, which has been assessed the processing and accuracy by Adler et al. (2018). The datasets used to drive the HYSPLIT_4.9 model are from the National Centers for Environment Prediction and National Center for Atmospheric Research (NCEP/NCAR) and include the air temperature, height, the zonal and meridional winds with 17 levels in the vertical direction (1000–10 hPa), the relative humidity at eight levels (1000–300 hPa) and the vertical speed (ω) with 12 levels (1000–100 hPa)1. These data are available from 1948 at a temporal resolution of 6 h and a spatial resolution of 2.5°. The European Centre for Medium Range Weather Forecasts ERA-Interim 6-hourly reanalysis product (with a horizontal resolution of 1° and 37 vertical levels from 1000 to 1 hPa) is used in the synoptic analysis and dynamical diagnosis. The variables used include the temperature, geopotential height, wind and specific humidity (Berrisford et al., 2011).



Lagrangian Trajectory Calculation

The National Oceanic and Atmospheric Administration Air Resources Laboratory’s HYSPLIT model (Draxler and Hess, 1998) is a complete system for computing simple air parcel trajectories as well as complex transport, dispersion, chemical transformation and deposition simulations. This model is run with the NCEP/NCAR reanalysis data in this work. The HYSPLIT_4.9 model assumes that a parcel passively follows the winds; the starting points are not necessarily located on the data grid points because the HYSPLIT model uses a bilinear interpolation to calculate meteorological variables at times and locations between the standard times and grid points available in the gridded datasets. The final position is computed from the mean velocity at the initial position (P) and first-guess position (P′):
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where V is velocity of air parcels, the integration time step Δt is variable (Δt < 0.75Umax), where Umax represents one meteorological grid, here Δt = 6 h. Three-dimensional back-trajectories are calculated to track the sources of mid-level (1500 m and 3000m above the ground) moisture. The contribution of the water vapor (Q) carried by air parcels is calculated as:
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where q is the specific humidity carried by each air parcel, m is the number of air parcels for different moisture sources and n is the total number of all air parcels. Water vapor is lost or replenished as a result of precipitation or evaporation during transportation, so the contribution of water vapor at the initial (Qi) and final (Qf) locations of the air parcels are calculated simultaneously. The calculation method for the water vapor contribution has been described in detail by (Jiang et al., 2017).



Water Vapor Fluxes

For the purpose of comparison with the Lagrangian method, moisture fluxes and budget within the Eulerian framework in Central Asia are calculated. Just like the target region for Lagrangian backtracking trajectories, we select the rectangular zone, representing Central Asia (32–50° N, 48–95° E). The water vapor flux vector Q, used to explore the temporal variation and the spatial distribution of water vapor over Central Asia, can be defined by:
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where g is gravitational acceleration (cm⋅s–1), ps is surface pressure, pt is the pressure at the top of the troposphere (hPa), [image: image] is the wind vector (m⋅s–1), and q is specific humidity (g⋅kg–1). The vector Q [kg⋅(m⋅s)–1] can be devided into zonal water vapor flux vector Qλ and meridional water vapor flux vector Qφ. The vertical integration of moisture through the four boundaries can be calculated.




SPATIOTEMPORAL VARIATION OF PRECIPITATION IN CENTRAL ASIA


Spatial Distribution of Precipitation in Central Asia

The study area covers Xinjiang in western China and five countries in Central Asia (Kazakhstan, Uzbekistan, Turkmenistan, Kyrgyzstan, and Tajikistan). This region accounts for one-third of the world’s arid land. It is a typical inland arid area with a fragile ecological environment and is very sensitive to climate change (Miao et al., 2017). Precipitation has a significant impact on the local ecological environment and ecosystems (Turkes et al., 2009; Li et al., 2017).

The topography of Central Asia is complex and the distribution of precipitation is non-uniform (Figure 1). The highest mean annual precipitation (Figure 1A) occurs in the north and south of Central Asia. For example, the precipitation in northern Kazakhstan, Kyrgyzstan and Tajikistan exceeds 1.2 mm day–1 and most of the abundant precipitation is orographic as a result of the influence of the Tian Shan Mountains and the Pamir Plateau (Chen et al., 2011). The precipitation is low in eastern and western Central Asia where the terrain is dominated by plains and deserts. The mean annual precipitation in the Taklimakan desert in Xinjiang is <0.4 mm day–1.


[image: image]

FIGURE 1. Distribution of the (A) daily precipitation throughout the year (contours; units: mm day–1) and anomalies of daily precipitation (contours; units: %) in (B) winter and (C) summer in Central Asia from 1979 to 2017. Topographic features are shown by shading (units: m).


The precipitation varies between winter (December–January–February) and summer (June–July–August). In winter, the daily precipitation in the west of Central Asia is more than those in the eastern part (Figure 1B). It is common that in the west and middle of Central Asia, the daily precipitation in winter is 10–50% more than that throughout the year, especially over 50% more in the southwestern part. By contrast, the precipitation in eastern Central Asia is 50% less. In summer, there is higher precipitation in eastern Central Asia, but lower precipitation in western Central Asia (Figure 1C). The daily precipitation in summer is 100% more than that throughout the year in Xinjiang, while in western Central Asia is 20–100% less. This difference between winter and summer is mainly a result of the westerly circulation, North Atlantic Oscillation and the East Asian monsoon (Aizen et al., 2001; Böhner, 2006).



Temporal Variation in Precipitation

This analysis shows clear differences in the distribution of precipitation between eastern and western Central Asia in winter and summer. We therefore divide Central Asia into two regions for convenience: western Central Asia is referred to as region I and eastern Central Asia is referred to as region II (Figure 2A). The monthly change in total area in regions I and II is calculated separately in further analyses of the seasonal variation in the distribution of precipitation (Figure 2B).


[image: image]

FIGURE 2. (A) Climatological setting for the two subdivisions (red, region I; blue, region II) of Central Asia and (B) their annual cycles of precipitation (mm day–1). The grid points in part (A) are chosen to match those for the precipitation statistics and the HYSPLIT simulation.


The variation in the monthly mean precipitation in area-averagedCentral Asia shows little change in the first half of the year and is between 0.8 and 1.0 mm day–1 from January to July. It decreases significantly in August and the minimum precipitation (0.52 mm day–1) occurs in September. The precipitation gradually increases from October. By contrast, regions I and II show a reverse seasonal variation. The maximum precipitation in region I (1.19 mm day–1) occurs in March and the minimum precipitation (0.49 mm day–1) is observed in September. However, the maximum precipitation in region II occurs in July, whereas the minimum precipitation occurs in January. In terms of the seasonal mean, considerable precipitation falls during the winter in region I and very little precipitation occurs in summer, whereas in region II the maximum and minimum precipitation occur in summer and winter, respectively (Table 1). The annual mean precipitation in region I is 0.91 mm day–1, but only 0.70 mm day–1 in region II.


TABLE 1. Seasonal precipitation (mm day–1) in region I, region II, and entire Central Asia.

[image: Table 1]
Under the current background of global warming, climate change having a significant impact on precipitation in Central Asia (Chen et al., 2009; Song and Bai, 2016). Figure 3 shows the interannual variation in winter and summer precipitation in regions I and II from 1979 to 2017. The precipitation in winter and summer in region I has increased by 0.61 and 0.33 mm decade–1, respectively. The precipitation in region II shows a larger jump, increasing by 1.72 and 1.40 mm decade–1 in winter and summer, respectively, significant at the 10% level. Winter precipitation shows the fastest rate of increase and summer precipitation the slowest. The increase in precipitation in Central Asia is in contrast with the decreasing trend for precipitation in north and northeast China and arid area of Africa (Xu et al., 2016; Jiang et al., 2017). Therefore the response of precipitation to global warming in Central Asia is different from those in non-arid region, as well as other arid region. Su and Wang (2007) found that the increasing humidity in northwestern China since the 1980s is closely associated with the shift of ENSO from a cold to warm phase at the same time. Besides the climatic trend exists in precipitation, there are also significant periodic changes, such as 2–3 years cycles in winter and summer precipitation in both regions I and II (not shown).
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FIGURE 3. Variation and linear trends of winter and summer precipitation in regions I and II of Central Asia during the time period 1979–2017 (dotted lines are the linear fits).


We calculated the statistical correlation coefficient between the precipitation time series from different regions and seasons in Central Asia (Table 2). In winter, regions I and II are strongly influenced by the Siberian anticyclonic circulation. As a result, the winter precipitation in regions I and II is highly correlated (correlation coefficient 0.63). The correlation coefficient between precipitation in region I in winter and precipitation in region II in summer is 0.36, whereas the correlation coefficient between precipitation in region II in winter and summer is 0.39. That because strong winter Asian monsoon will strengthen the summer monsoon in the following summer, which results in excess precipitation in Central Asia.


TABLE 2. Correlation coefficients between the time series of summer and winter precipitation in regions I and region II.

[image: Table 2]
The seasonal variation in precipitation over the whole of Central Asia therefore shows a single minimum in September, but little change in other months. There are clear regional and seasonal differences in precipitation between the western and eastern regions of Central Asia. In region I, the maximum and minimum precipitation are observed in winter and summer, respectively, whereas for region II the maximum precipitation occurs in summer and the minimum in winter. Winter precipitation has increased significantly faster than summer precipitation during the time period 1979–2017.




WATER VAPOR TRANSPORT BASED ON LAGRANGIAN ANALYSIS


Water Vapor Trajectory Simulation Program

An abundant supply of water vapor is a necessary condition for precipitation. We use the HYSPLIT model to simulate and track the trajectories of water vapor carried by air masses in Central Asia in winter and summer during the time period 1979–2017. As a result of the very large number of simulated trajectories over a long period of time, it is difficult to use the clustering method to conduct statistical analyses of the sources of water vapor. Jiang et al. (2013) proposed a tracking method for massive air parcels and discussed the climatological characteristics of water vapor transport in the Mei-yu season over the Yangtze River basin. This method provides a good technical method of analyzing the variation in moisture over a long timescale.

Central Asia is selected as the simulated target area and the winter and summer simulations are carried out separately in regions I and II. A total of 63 and 57 points with a spatial resolution 2° × 2° are identified as the starting points of the trajectories in the two regions (Figure 2A). As most of the moisture is concentrated in the mid- and lower troposphere and the study area spans many mountains and basins in Central Asia (Figure 1), heights of 1500 and 3000 m above ground are selected as the initial height of the simulation. The position of the air parcels is output every 6 h, with 10-day back-trajectories at each grid point. We obtain the specific humidity at the corresponding position using physical variables such as the relative humidity and temperature. It is worth mentioning that the water transport analyzed in this study cannot sure generate precipitation in central Asia, but can reflect the water source related to precipitation to some extent.



Assessment of Sources of Moisture in Winter and Summer

The water vapor source distribution of Central Asia in winter and summer can be clearly identified by the back-trajectory simulation and tracking the air parcels. Figure 4A shows the climatological spatial distribution of water vapor (specific humidity) carried by the air parcels on day 10 before reaching region I in winter. The water vapor is mainly distributed over western Eurasia, northern Africa and the North Atlantic Ocean. The maximum value center is located near the Mediterranean Sea and there is another large value center near the coasts of Europe. The air parcels and specific humidity can be traced southward to the Arabian Sea and northern Africa near 10° N, westward to North America, northward to the Arctic and eastward to western Siberia. The shading shows that the temperature of the air parcels in winter is distributed in an east–west band and decreases from south to north. The temperature of the southernmost air parcels is about 15°C, whereas the temperature near the Arctic is less than −30°C. There are many differences between winter and summer in region I. In summer (Figure 4B), the maximum center for water vapor is located on the north side of the Caspian Sea and is more to the east and north than in winter. The temperature of the air parcels is clearly higher than in winter, with the temperature in the south > 25°C and the temperature over the whole of Eurasia > 0°C. The temperature of the air parcels over the North Atlantic Ocean are <0°C as a result of their high altitude. The air parcels and specific humidity in summer can be traced eastward to eastern Central Siberia, southward to 20° N and westward to North America.
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FIGURE 4. Spatial distribution of the specific humidity carried by air parcels on day 10 before arriving in (A,B) region I and (C,D) region II of Central Asia in (A,C) winter and (B,D) summer during the time period 1979–2017. Contours for the number of air parcels weighted by specific humidity in g kg–1; shading for the temperature of air parcels in °C.


The distribution of water vapor in region II in winter is similar to that in region I (Figure 4C), but the maximum moisture source is more to the south and east, near the Arabia Peninsula. Figure 4D shows the situation in summer for region II. On day 10 before arrival in the region, the air parcels are pushed southward to Madagascar and their temperature is generally >25°C. The isolines of specific humidity in this area are distributed along the eastern coast of Africa as a result of the strong cross-equatorial jet in summer. By contrast, the large value center of water vapor is located in Central Asia and is further north in summer than in winter. There is less water vapor over the North Atlantic in region II than in region I, but more moisture from China. The specific humidity isolines are dense in the south, but sparse in the north in both winter and summer. This structure is consistent with our expectations and indicates that the air parcels from the south are warmer and wetter, whereas those from the north are drier and colder. The water vapor carried by the air mass in summer is much greater than that in winter.

This analysis only describes the spatial distribution of sources of water vapor for Central Asia. To confirm the robustness of results obtained with the quantitative contribution of water vapor transport from different areas, we define five key regions: (1) the North Atlantic–Europe; (2) local regions I or II; (3) the Arctic–northern Asia; (4) the Atlantic–Africa; and (5) the Indian–Pacific Ocean (Figure 5). The water vapor contribution of each area is evaluated as the proportion of specific humidity (carried by air parcels in the initial and final positions) residing in the region compared with the total specific humidity by formula (3).
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FIGURE 5. Partition of the sources of water vapor in regions I and II in Central Asia.


Figure 6 shows the contribution of water vapor transport from different sources for regions I and II in winter and summer. The largest contribution of water vapor for region I in winter (Figure 6A) is from the North Atlantic–Europe. The air parcels from this area account for 70% of the global total, but only transport 57% of the water vapor from the initial position. After transportation, the amount of water vapor increases to 68% at the final position due to evaporation from the Mediterranean and Black seas. The second highest source of moisture is the Atlantic–Africa, where the air parcels (16%) carry more water vapor (33%) at the initial position, but lose some during transportation to carry 21% at the final position. The minimum contribution of water vapor transport is from the Arctic–northern Asia. The ratios of air parcels, moisture at the initial position and moisture at the final position are 8, 2 and 5%, respectively. For region II in winter, the maximum contribution of water vapor also comes from the North Atlantic–Europe, but is only 46% at the initial position, much smaller than that of region I due to the higher altitude of the air parcels. The height decreases and the water vapor is continuously replenished during movement to the target area and the final contribution is 63%. Because region II is affected by southerly winds in winter (Huang et al., 2013), there is more water vapor from south (the Atlantic–Africa and the Indian–Pacific Ocean), which account for 31 and 22%, respectively, at the initial position. Some moisture in the air parcels is consumed during northward transport when they pass over plateaus, leaving only 22 and 12%, respectively, at the final positions.
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FIGURE 6. Contribution of air parcels and moisture at the initial and final positions from various regions in (A) winter and (B) summer during 1979–2017.


In summer (Figure 6B), the maximum contribution of water vapor transport for both regions I and II still originate from the North Atlantic–Europe, with 65 and 63% at the final position, respectively. The second highest source of water vapor for region I is the Arctic–northern Asia. A small amount of the moisture in the air parcels from the ocean is consumed during the southward movement, with 25% at the final position. There is very little water vapor from the two sources in the south, which indicates that region I is not affected by southerly winds in summer. The second highest contribution of water vapor for region II comes from the local area; the Arctic–northern Asia is another important source of moisture.

In this paper, we compared the contribution of water vapor transport from different sources in 2013–2017 with those in 1979–1983. The comparison revealed a northward movement of moisture sources under global warming. In winter (Figure 7A), contributions of the North Atlantic–Europe for regions I and II during 1979–1983 are 68 and 59%, they increased to 73 and 68% after 30 years (2013–2017), while the moisture from Atlantic-Africa and Indian-Pacific Ocean decreased, both in regions I and II. In summer (7b), contribution of local area decreased from 9 to 4% in region I, more moisture from the Arctic–northern Asia during 2013–2017 than that during 1979–1983. In region II, during recent 5 years, the contribution of North Atlantic–Europe decreased, but the Arctic–northern Asia increased.


[image: image]

FIGURE 7. Contribution of moisture at the final positions from various regions in (A) winter and (B) summer during 1979-1983 and 2013-2017.


The response of water vapor transport to global warming in Central Asia shows a north shift during past 40 years, it is likely caused by north shift of the subtropical high and westerly jet (Chen et al., 2011). Especially in summer, the global warming causes the subtropical high to move northeastward, which leads to a large scale subsidence of air mass in the Iran Plateau that suppresses the precipitation development (Guan et al., 2019). Moreover, observational analysis showed that a weakened south Asian summer monsoon could result in the cooling in middle and upper troposphere over Central Asia and furthermore generate favorable anomalous water vapor transport for generating more summer precipitation in east part of Central Asia (Zhao et al., 2014).

We also need to point out that the conclusions from the Lagrangian method are from a single realization with air parcels in the target area having their starting elevation at two particular levels (1500 and 3000 m). Although we could not precisely consider the whole-column water vapor over target area, our calculation did provide relevant information on the origin of low-level atmospheric water vapor, which is the most relevant for precipitation (Läderach and Sodemann, 2016).



Atmospheric Circulation and Eulerian Moisture Flux

Based on the quantitative analysis of water vapor transport for regions I and II in Central Asia in winter and summer, it can be seen that the contribution of moisture from different sources varies significantly in different seasons. This difference is clearly related to the seasonal adjustment in the atmospheric circulation.

The atmospheric circulation from the ERA-Interim reanalysis dataset during the time period 1979–2017, including the geopotential height and water vapor transport, are examined. There is a high-pressure ridge in Siberia in mid- to high latitudes in winter (Figure 8A), the dry and cold westerly circulation of which strongly influences region II. By contrast, region I is affected by a weak low-pressure trough and receives more precipitation. There is an abundant scientific literature investigating the moisture budget in northwest China using an Eulerian approach. For the purpose of comparison with the Lagrangian method, the moisture fluxes and budget in Central Asia are calculated within the Eulerian framework. As for the target region of the Lagrangian back-tracking trajectories, we select two rectangular zones, representing regions I and II (32–50° N, 48–95° E). Figure 7A shows the mean state of the vertically integrated water vapor transport from the ground to 200 hPa in winter. There is a clear northeast–southwest high-value zone in region I. The vertically integrated water vapor fluxes at the four boundaries are assessed separately (Table 3). In winter, the western and southern boundaries show an inflow of water vapor into region I, with mean values of 4565.3 × 108 t a–1 from the west and 587.5 × 108 t a–1 from the south. The eastern and northern boundaries show an outflow of water vapor, with mean values of 3235.4 × 108 t a–1 from the east and 496.8 × 108 t a–1 from the north. The net income of water vapor from all boundaries is 1420.6 × 108 t a–1. The inflow and outflow of water vapor at the four boundaries of region II are less than those for region I in winter. The net income of water vapor is only 336.3 × 108 t a–1, much lower than that in region I.


TABLE 3. Annual mean flux of water vapor transport for every boundary and the net income in regions I and II in winter and summer from 1979 to 2017 (units: × 108 t a–1).
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FIGURE 8. Vertically integrated water vapor transport (vectors and shading; units: kg m–1 s–1) from the ground to 200 hPa and the geopotential heights at 500 hPa (contours; units: gpm) in (A) winter and (B) summer from 1979 to 2017. The black boxes denote regions I and II.


Figure 8B shows that the atmospheric circulation in summer is clearly different from that in winter. The 500 hPa geopotential height shows two ridges and one trough in the mid- to high latitudes of Central Asia. Region I is located at the front of the high-pressure ridge. Under the influence of the anticyclonic circulation, air flows with water vapor are transported from north to south. Region II, including Xinjiang, is under the control of the low-pressure trough. This is the season with a higher annual precipitation and the most frequent impacts from the low-latitude circulation system of the summer monsoon. The transport of water vapor from the south makes an important contribution to the precipitation. At the same time, cold air at high latitudes can reach region II. Precipitation often occurs when the cold air meets the flow of warm moisture in this area. The western and northern boundaries show an inflow of water vapor into region I, with mean values of 4987.4 × 108 t a–1 from the west and 2390.2 × 108 t a–1 from the north. By contrast, the eastern and southern boundaries show an outflow of water vapor. The net income of water vapor from all boundaries is 68.5 × 108 t a–1. The boundaries of the inflow of water vapor into region II increase to three, with mean values of 5998.0 × 108 t a–1 from the west, 1444.5 × 108 t a–1 from the north and 305.6 × 108 t a–1 from the south. Only the eastern boundary shows an outflow of water vapor. The net income of water vapor from all boundaries is 780.9 × 108 t a–1 (Table 3).

A positive value on the western (eastern) boundary indicates an inflow (outflow) of water vapor from west to east; a negative value on the western (eastern) boundary indicates an outflow (inflow) of water vapor from east to west. A positive value on the southern (northern) boundary indicates an inflow (outflow) of water vapor from south to north; a negative value on the southern (northern) boundary indicates an outflow (inflow) of water vapor from north to south.

The seasonal differences in precipitation and water vapor transport for winter and summer depend on the dynamic and thermal effects of the Tibetan Plateau (Chen et al., 2012). Cold high pressure is seen over the plateau in winter and hot low pressure in summer, which leads to the establishment of the Tibetan Plateau monsoon and changes the quasi-zonal circulation in Central Asia (Böhner, 2006; Bothe et al., 2012). Figure 9 shows the climatology of the wind and temperature at 850 hPa and the divergence of the water vapor flux in the atmospheric column in winter and summer. In winter (Figure 9A), Central Asia is under the control of mid-latitude westerlies. However, the westerlies are blocked by the Tibetan Plateau near 60 °E and divided into northern and southern tributaries. The northern branch around the plateau mainly reaches the study area from the southwest, bringing abundant water vapor from the Black Sea, Mediterranean Sea and Caspian Sea to region I, but there is only a little moisture left when it arrives in region II. The southern branch around the plateau blows from the continent to the ocean, becoming the upstream air flow of India and the Arabian Sea. As a result of the high terrain on the eastern side of the Tian Shan Mountains and the Pamir Plateau, the water vapor flux from southwestern Central Asia has a strong southerly wind component, whereas the water vapor flux from the north is mainly westerly winds and forms a negative convergence zone, except in the Caspian Sea area. The temperature in the lower troposphere in region II, especially in Xinjiang, is about 5°C lower than in region I, corresponding to the cold high-pressure region located over Xinjiang (not shown).


[image: image]

FIGURE 9. Climatology of wind flows (arrows; units: m s–1) and temperature (contours; units: °C) at 850 hPa and the divergence of the water vapor flux in the atmospheric column (shading; units: kg m–2 s–1 hPa–1) in (A) winter and (B) summer from 1979 to 2017. The black boxes denote regions I and II.


During summer (Figure 9B), the Caspian Sea area is controlled by a semi-permanent anticyclone as a result of the lower surface temperature acting as a strong cold source near the ground. In the east of the anticyclone, region I is influenced by the dry continental northerly wind. This northerly wind can cross the Iranian plateau and reach the coast of the Arabian Sea. This circulation therefore produces a large divergent region of water vapor and region I is hot, dry and rainless in summer. However, most of region II (especially the northern Xinjiang) is an area of convergence for water vapor because it is located on the windward side of the Pamir Plateau and Tian Shan mountains. Therefore, northern Xinjiang has the most precipitation during summer. The temperature of the Tarim Basin in southern Xinjiang shows a high-value center in a zone of water vapor divergence. This area located on the leeward side of the Tian Shan mountains, there is only a little water vapor from the Arctic Ocean can pass through the Tian Shan mountains. The southern region II, located on the north edge of the Tibetan Plateau, is also a convergence zone, receiving water vapor input via the plateau where originates from the Indian Ocean (as shown in Figure 8B).




DISCUSSION AND CONCLUSION

Precipitation and the transport of water vapor in the arid region of Central Asia are closely related to the westerly winds in mid-latitudes and are simultaneously influenced by the Asian monsoon (Chen et al., 2010; Huang et al., 2013). The seasonal variation in precipitation is clearly unique. Studies of the quantitative characteristics of water vapor are rare (Guan et al., 2019). Based on GPCP precipitation and atmospheric circulation reanalysis data, this study analyzed the temporal and spatial variation of precipitation in Central Asia from 1979 to 2017 and used the Lagrangian trajectory model HYSPLIT to quantitatively simulate the sources and transport of water vapor in winter and summer. The atmospheric circulation leading to the different directions of water vapor transport was also considered.

The monthly precipitation in Central Asia shows a single minimum, with less precipitation in August, September and October. There are clear regional and seasonal differences in precipitation between regions I and II. There is more precipitation in winter than in summer in region I, whereas summer is the rainy season in region II. The increasing trend of precipitation in winter is significantly more robust than that in summer and the precipitation in region II increases faster than that in region I. Compared to regional temperature, the responses of regional precipitation to global warming is complicated. In response to the rapid warming, the precipitation in the major area of Central Asia is increasing rapidly and fluctuated with greater magnitudes. The precipitation in southwest area, however, is weakly decreasing (Chen et al., 2011).

The European continent and North Atlantic Ocean are the most important sources of water vapor in regions I and II and contribute > 50% of the transported water vapor in both winter and summer. The Atlantic Ocean provides more water vapor to region I in winter than in summer, whereas the Arctic Ocean and northern Asia provide more water vapor in summer than in winter. In region II, the Atlantic and Indian oceans are the main sources of water vapor in winter, but the local area and the Arctic Ocean are the main sources of water vapor in summer. These differences are related to the seasonal adjustment of the atmospheric circulation systems. The straight westerlies in winter bring water vapor from the Atlantic Ocean and the Mediterranean and Caspian seas, whereas in summer, which is influenced by an anticyclonic circulation, the northerly winds from the Arctic Ocean are strong. The water vapor flux at each boundary and the net budget in region II are less than those in region I in winter. The response of water vapor transport to global warming in Central Asia shows a north shift during past 40 years.

This study confirms that the precipitation and transport of water vapor in Central Asia are closely related to the seasonal adjustment of the general circulation system, which cannot be separated from the adjustment of the sea surface temperature. Previous studies have shown that winter precipitation in Xinjiang and other places is significantly related to the winter sea surface temperature of the western coast of the Pacific Ocean. Winter precipitation in the west of Central Asia decreases when the temperature of the Arabian Sea increases, whereas the summer precipitation increases (Aizen et al., 2001; Bothe et al., 2012).

A large number of studies have shown that precipitation in the arid region of Central Asia shows an increasing trend with global warming, but the increased gradients present regional differences that are inconsistent and complex as a result of the response of the regional precipitation to a warming climate (Huang et al., 2014; Li et al., 2016). The variation of precipitation in the arid region of Central Asia has a good relationship with the variation of the westerly winds, as well as the amount of water vapor transported to the mid-latitudes. Some researchers have suggested that human activities also play an important part by changing the underlying surface in this region (Bernauer and Siegfried, 2012). Difficulties in the study of climate change in Central Asia can mainly be ascribed to the scarcity of observational data (Zhu et al., 2015) and there has been insufficient consideration of the performance and improvement of climate models in this region. Therefore the research on the detection and attribution of climate change in Central Asia needs to be strengthened from three aspects: observations; simulations; and dynamic mechanisms. This will clarify the impacts of natural forcing, internal variability and anthropogenic forcing on the climate of the region.
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