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Abstract

:

The characteristics of intense diurnal precipitation occurring beneath the South Asian High (SAH) are diagnosed in the summer monsoon season from 2010 to 2015 using observational data. The diagnostics indicate that summer nighttime rainfall events in the northeastern Tibetan Plateau can intensify towards the end of the monsoon period. By defining a transition index to identify the transition day during which the episodes of diurnal convection start to decline, daily thermodynamic properties and precipitation from each year were composited before and after the transition date. The analysis reveals that warmer air, increased moisture, and stronger upward velocity are present in the atmosphere before the transition day, potentially elevating nighttime convective precipitation. Enhanced upward velocity that is present through the two months prior to transition date coincides with the timing of the peak SAH, while weakened upward velocity afterwards coincides with its subsequent retreat. The large-scale lift due to terrain-ambient air interaction underneath the SAH and the increased moisture content can enhance the potential for diurnal convection, which lends support to the nighttime peak of rainfall. This feature persists until the transition date, after which the SAH starts to retreat.
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1. Introduction


On 20–21 August 2013, two severe diurnal rainfall events occurred consecutively in the cities of Chaka and Datong near Lake Qinghai on the Tibetan Plateau (locations shown in Figure 1a). The two events had a clear diurnal signal with both showing peak rainfall rates around 22:00 local time before steadily weakening in the morning hours (Figure 1b). These two events were marked by 25 fatalities and considerable economic loss inflicted by flash flooding. According to measurements from the official China Meteorological Administration (CMA) meteorology station at Datong, the total precipitation on August 21 reached 144.9 mm. a record for this station. There were no significant synoptic precursors evident from infrared satellite cloud imagery during the daytime (Figure 1c,e) preceding the series of convective clouds that developed over the two cities into the night (Figure 1d,f). Nighttime convective clouds are also seen in areas away from Chaka and Datong Cities signaling the widespread nature of this diurnal precipitation in northeastern Tibetan Plateau.



Continental diurnal rainfall can be associated with sea–land contrast, orographic effects, and heterogeneity in surface heating [1,2,3,4,5,6,7], known as the mechanical lift of the Tibetan Plateau. With an average altitude of 4000 m (Figure 1a), the Tibetan Plateau’s vast and varied topography and absorbed heat serve as important forcings for diurnal rainfall during the warm season [8,9]. Diurnal convection is most active over the eastern edge of the Tibetan Plateau. Most convection forms in the afternoon and reaches its peak in late evening and through the night [3,9,10]. During the summer monsoon season, the South Asian High (SAH) develops and occupies the upper troposphere over the Tibetan Plateau and neighboring areas. Its variations considerably modulate weather and climate over the broader Asian-Pacific region [11,12]. Many studies have focused on the impacts of SAH spatial variability on seasonal precipitation in China, while others have concerned the SAH’s intra-seasonal to inter-decadal variations [13,14,15,16,17,18]. However, the connection between the SAH and diurnal precipitation over the northeastern Tibetan Plateau, particularly for cases of severe nighttime rainfall, has not been explored.



The extreme nature and high cost of the August 2013 events call for an examination of the occurrence, duration, and intensity of diurnal rainfall events over the Tibetan Plateau and how the related convection interacts with the SAH lifecycle. The Intergovernmental Panel on Climate Change Special Report (IPCC-SREX) projects increased precipitation rates in the mid- and high-latitudes by the mid-21st century, although this change in intensity is not projected to be uniform, either spatially or temporally [19]. Duan and Xiao (2015) [20] reported that an accelerated warming trend has appeared over the Tibetan Plateau during 1998–2013 (0.25 °C decade−1), in contrast to the post-1990 (ending in 2014) global warming hiatus [21]. Due to its relevance to society and ecosystems, severe diurnal rainfall events over the Tibetan Plateau have been increasingly studied [22,23,24,25]. This study is intended to analyze the characteristics of the warm season diurnal precipitation variation, its daily amplitude change over the northeastern Tibetan Plateau, and the thermodynamic properties related to the SAH evolution that play a role in enhancing precipitation.




2. Data Sources


A high-resolution merged precipitation product (0.1° × 0.1°) was developed based on the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center (CPC) morphing technique (CMORPH) by using the hourly precipitation from more than 30,000 CMA automatic weather stations (AWS) in China (available at http://data.cma.cn) [26,27,28]. CMORPH data were interpolated to a 0.1° × 0.1° grid with a temporal interval of 30 min and a horizontal resolution of 8 km covering the area between 60° S and 60° N. Then the merging algorithm of improved probability density function-optimal interpolation (PDF-OI) was conducted to combine the quality-controlled rain gauge precipitation records with the CMORPH data. Due to data source constrains, we only analyzed the 2010–2015 period for the June–October season. Additional data sets include 6-hourly 1° × 1° isobaric variables of vertical velocity, humidity, geopotential height, and temperature data were obtained for this time period from the European Centre for Medium-Range Weather Forecasts interim reanalysis (ERA-Interim) [29]. Nighttime rainfall was defined as the precipitation from 20:00 local time to 08:00 the following day, while daytime rainfall was from 08:00 to 20:00.




3. Results


3.1. Warm Season Rainfall Patterns over the Northeastern Tibetan Plateau


The hourly rainfall of the 2013 June–October season averaged over the northeastern Tibetan Plateau (97–103° E, 34–40° N) is shown in Figure 2a. It suggests that diurnal rainfall was common during the warm season, and a number of rainfall events were severe. For example, five domain averaged nighttime rainfall peaks occurred before August 20, as shown by the dark green line in Figure 2b. Note that all 360 grid points within the study domain were used for calculating the precipitation averages whether precipitation occurred in the grids or not. Figure A1 in the Appendix material provides a snapshot example from a precipitation event. The timing of these nighttime rainfall occurrences over the northeastern Tibetan Plateau was consistent with previous studies [3,6,8]. During the summer monsoon season, low-level convergence over the Tibetan Plateau associated with surface heating produces what is known as the “sensible heat driven air-pump” (SHAP) [30,31]. The SHAP mechanism suggests that summer precipitation should predominantly be daytime convective rainfall, though most of the severe events occurred during the night. As reported by Liu et al. (2009), the gradient between solar diurnal heating over the Tibetan Plateau edges and the atmosphere surrounding the plateau can induce strong nighttime upward vertical velocities [3]. The surface sensible heat fluxes over Tibetan Plateau have a large diurnal cycle, with a positive peak near local noon and negative value during the night [32,33]. In other words, daytime convection over the edge of the Tibetan Plateau could be forced by both SHAP and the daytime secondary circulation mountain-valley wind system that is caused by the thermal contrast between Tibetan Plateau edges and the surrounding atmosphere, while nighttime convection may only be influenced by the nocturnal mountain-valley wind system [34,35,36]. Bao et al. (2011) [8] also found nighttime maximum of upward vertical velocity over eastern Tibetan Plateau during the summer monsoon season. Thus, a possible cause for severe nighttime precipitation is that of convection initiated during the daytime, which is then intensified by nighttime vertical motion induced by the thermally driven circulation between the Tibetan Plateau and the surrounding region.



There appears to be a transition of diurnal rainfall activity that takes place somewhere towards the end of the monsoon season around August. Since surface temperature, atmospheric stability (between the surface and 500 hPa), and moisture are important factors in the initiation of summer convective rainfall, we derived a domain-averaged transition index (TI), which includes 2-m air temperature (   T  2 m    ), atmospheric stability (2 m air temperature minus 500 hPa temperature,    γ  500    ), and atmospheric column precipitable water (  P W  ) from the ERA-Interim; these were computed using the study area defined as the white box in Figure 1a (97–103° E, 34–40° N). The utility of this TI is to detect the change in the atmospheric thermal condition during the monsoon season. Here, TI is defined as the combination of the normalized    T  2 m    ,    γ  500    , and   P W   to detect the potential for diurnal convection,


   TI =  T  2 m     +  γ  500     + P W .   



(1)







Based on the domain-averaged TI, warm season rainfall events during 2010–2015 were further analyzed to understand their variation before and after a defined transition date, similar to that shown for summer 2013 (Figure 2a,b). As shown in Figure 2e and Appendix Figure A2, Figure A3, Figure A4, Figure A5, Figure A6 and Figure A7, TI appeared to depict the transition day quite objectively, highlighting the day in which the first persistent negative TI values start. For 2013, the transition date (day 0) occurred on September 4 (black dashed lines in Figure 2a,b). Similarly, the transition dates for the other years were found, as shown in Appendix Figure A2, Figure A3, Figure A4, Figure A5, Figure A6 and Figure A7: 21 September 2010, 6 September 2011, 11 September 2012, 12 September 2014, and 7 September 2015 (also shown in these sets of figures are the precipitation and TI evolutions for each year). Next, the composite analysis was conducted using 110 days of precipitation from each year: the first step was to identify the transition day, or “day 0”, separating the earlier part of the warm season, marked by episodes of active nighttime convection shifts, to the latter, prolonged inactive period of the season. The composites were created using a timeline based on the transition date (day 0) from the individual years and then plotted 70 days before and 40 days after the transition. The six-year composites for precipitation, diurnal rainfall and TI for the study domain are shown in Figure 2c–e, respectively.



Figure 2c shows the composite hourly precipitation, where large precipitation events are more frequent before the composite transition than after (the transition is depicted by a black dashed line in Figure 2). The composite nighttime rainfall (dark green line in Figure 2d) shows that one of the highest amounts of diurnal rainfall occurred around day −43, coinciding with the peak in the composite TI (Figure 2e). In other words, increased TI before the transition date was generally associated with increased nighttime rainfall. This was concurrent with enhanced convective instability due to higher atmospheric instability and higher precipitable water values (shown below). Although nighttime convective events can still occur after the transition date, the maximum magnitude of precipitation became gradually reduced (Figure 2c,d). Figure 2f further shows composite hourly domain averaged precipitation before and after transition. It not only indicates that the diurnal precipitation peak before transition was almost twice that of after the transition date, but also suggests a change in peak precipitation time from late-afternoon before the transition date to midnight afterwards.




3.2. Atmospheric Circulation Associated with Increased Precipitation


To understand the thermodynamic differences in the atmosphere over the northeastern Tibetan Plateau before and after the transition date, we also conducted composite analyses for potential temperature ( θ ), static stability (  – ∂ θ / ∂ p  ), and specific humidity (q), shown in Figure 3a–c. This was done at each pressure level over the domain of the northeastern Tibetan Plateau. The results show a striking difference in the atmospheric thermal structure with respect to the transition. First, a warmer and thicker atmosphere was observed before day 0 (Figure 3a). From day −70 to 0, a uniformly positive anomaly in  θ  appeared between the levels of 700 and 200 hPa, with the highest values around 300 hPa. Note that anomaly was calculated by removing the mean of 2010–2015, which would then make the composite anomaly to be 0. These anomalies then became negative immediately after the transition date (Figure 3d). A warmer atmosphere potentially supports more water vapor, so the warmer air prior to day 0 contributes to the potential for convective rainfall. The composite static stability (Figure 3b,e) shows that a negative–positive–negative pattern existed from lower levels (600 hPa) to upper levels (200 hPa). This feature seems counterintuitive to the elevated diurnal convection before day 0, however, it does support the notion and previous finding that the nighttime peak in rainfall is associated with regional-scale lift due to terrain-ambient air interaction.



With the assumption that mechanical lift promotes nighttime convection events (see Introduction), sufficient water vapor is an additional necessary condition for precipitation. From day −70 to 0, an almost uniform increase in the composite specific humidity could be found from 700 to 400 hPa except for weak decline between day −20 and −5, and then a continual decrease after day 0 (Figure 3c,f). These features were consistent with the variation in potential temperature in the boundary layer over the northeastern Tibetan Plateau, suggesting a similar tendency for conditional instability.




3.3. Relationship with the South Asian High


To examine the relationship between the enhanced diurnal rainfall events and the dynamical structure of the atmosphere, we applied the same composite method to 200 hPa geopotential height. Based on the composite evolution of upper-level geopotential height over the northeastern Tibetan Plateau (Figure 4a), the largest height magnitude occurred on day −40 and then weakened after the transition. The increased 200 hPa geopotential height around day −70, −40, −20, and 0 was consistent with the enhanced upward velocity (Figure 4d). This deepened upward motion and increased upper-level height suggests intensified thermal heating. Consistent with the variance of upper-level geopotential height, the differences of boundary layer height and convective available potential energy (CAPE) between nighttime (20:00, local time, red line in Figure 4b,c) and daytime (8:00, black line in Figure 4b,c) sharply decreased at the same time. These decreases had a negative effect on the formation of nighttime rainfall. With the decreasing boundary layer height and CAPE, it becomes more difficult to initiate convective rainfall. In the warm season, although only lower levels over northeastern Tibetan Plateau were dominated by an upward motion (orange box in Figure 5a), ascending motion, or large-scale lift, it was much stronger during the nighttime. Furthermore, the composite difference over northeastern Tibetan Plateau in vertical velocity before (70 days) and after (40 days) the transition date indicates widespread ascending motion would be crucial lifting condition to initiate nighttime rainfall events (Figure 5c). These results were consistent with Liu et al. (2009). They reported that the relatively shallow upward motions along the northern and southern slope of Tibetan Plateau are the likely result of thermally driven mountain–plain solenoids and/or mechanical forcing [3]. The large-scale lift in the warm season over the north slope of Tibetan Plateau has also been well represented by regional weather models [37]. Based on precipitation, Wu and Qian (1996) found ascending motion prevailed throughout the all pressure layers in wet years, while descending motion was dominant in the middle and upper pressure level in dry years. In other words, nighttime rainfall would be more severe in wet years [38].



Next, we conducted a heat and moisture budget analysis over northeastern Tibetan Plateau for the apparent heat source (Q1) and apparent moisture sink (Q2), based upon the derivation of Yanai et al. (1973) [39]. As shown in Figure 4e, the total diabatic heating (Q1) was always present between 600–700 hPa before day 0 (it even reached 2.4 K/d between 400 and 600 hPa during day −70 to −65). The most distinct difference in Q1 before and after day 0 lay in the lower levels (below 600 hPa) and near the surface. This suggests an increase in the ground surface heating before day 0 and echoes the variation in boundary layer height (Figure 4b). By comparison, the maximum Q2 (Figure 4f) occurred in conjunction with the episodes of upward velocity, around the same altitude as Q1. These were consistent with the latent heat release due to precipitation, which was linked to the diurnal convection events (Figure 2d).



Since the transition date occurs around the end of the local monsoon season, we examined its association with the large-scale circulation. Composite-based horizontal distributions of the wind field and geopotential height were generated based on the day 0 transition date. These are shown in Figure 6 from day −60 to +40, with a 20-day interval. Figure 6 shows the characteristic retreat of the SAH towards the tropics, suggesting the beginning of the withdrawal phase of the Asian summer monsoon. It appeared that the SAH started to weaken gradually around 40 days before day 0. In contrast, the average geopotential height in the study area remained high until day 0, after which it started to decrease. The timing of these peaks in the SAH coincide with the elevated diurnal convective activity in the northeastern Tibetan Plateau, whereby this activity would help support the upper-level heating that enhances the local SAH (Figure 4e,f), delaying its regional-scale retreat for several days.





4. Discussion and Concluding Remarks


The analyses presented here suggest that increased local heating through enhanced diurnal convection in the northeastern Tibetan Plateau created a feedback as it interacts with the SAH. The retreat of the SAH started with the appearance of a low-level convergence zone along 30° N, which results in an increase in rainfall extending from the Tibetan Plateau across the Yangtze-Yellow river valley of China to the Korean Peninsula. This is known as the warm preference due to diabatic heating and is referred to as the Tibetan Mode [40]. The upper-level warming prior to day 0 (Figure 3d) coincides with the SAH feature known as the upper-troposphere-temperature-maximum (UTTM). The location of UTTM lies between the radiative cooling west of the SAH and the western Pacific monsoonal/convective heating source in the east [41]. A recent study [42] indicated that increased diabatic heating over the southern slope of the Tibetan Plateau is associated with a northward movement of the SAH towards the Tibetan Plateau, and vice versa. However, the 6-year data period of the study here may be too short to identify this interannual relationship.



Diagnostic investigation of monsoon-season diurnal precipitation characteristics over the northeastern Tibetan Plateau and its association with the SAH indicate that nighttime rainfall events do covary with the SAH seasonal evolution. By deriving an index (TI) to identify the transition day during which the episodes of diurnal convection start to decline, daily composite analyses show that warmer air, increased moisture, and stronger upward velocity were indeed present in the atmosphere before day 0. The analysis further suggests that the intensified diurnal rainfall before the transition day might occur mainly through large-scale lift caused by terrain-ambient air interaction, which in turn interacts with the maturing of the SAH. Although the atmosphere appeared to be more stable (above 600 hPa) before day 0 than after, the intensified diurnal rainfall before the transition day coincided with the increased low-level apparent heating (Q1) throughout the day. This feature lends support to the nighttime peak of rainfall, since the larger-scale lift due to terrain-ambient air interaction and the increased moisture content can enhance the potential for nighttime convection.



Future research should also focus on the role of soil moisture in the enhancement of diurnal convection. Meng et al. (2017) [43] reported that a positive soil moisture feedback over the central Tibetan Plateau is likely, though Ferguson and Wood (2011) [44] showed that the soil moisture-rainfall feedback over Tibetan Plateau is uncertain until satisfactory amounts of in-situ observations can be built to adequately explore such a feedback. Based on initial data collected during the third Tibetan Plateau atmospheric scientific experiment (TIPEX-III) that started in 2014, Zhao et al. (2018) [45] report that the development of summer diurnal clouds and precipitation over the central Tibetan Plateau correspond well with the peak of land-surface sensible heat flux. Further understanding of the formation and variation of the SAH, and the associated UTTM and diabatic heating over the southern slope of Tibetan Plateau, is needed.
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Figure A1. Hourly spatial precipitation at 21:00 on 21 August 2013 over the study domain in Northeastern Tibetan Plateau. The domain averaged precipitation is 0.27 mm/h, while the maximum precipitation is 22.08 mm/h. It is noted that gridpoints (here 360 total gridpoints) with and without precipitation were all considered for the domain average. 






Figure A1. Hourly spatial precipitation at 21:00 on 21 August 2013 over the study domain in Northeastern Tibetan Plateau. The domain averaged precipitation is 0.27 mm/h, while the maximum precipitation is 22.08 mm/h. It is noted that gridpoints (here 360 total gridpoints) with and without precipitation were all considered for the domain average.
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Figure A2. For June–October 2010, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 21 September 2010. 






Figure A2. For June–October 2010, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 21 September 2010.
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Figure A3. For June–October 2011, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 6 September 2011. 






Figure A3. For June–October 2011, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 6 September 2011.
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Figure A4. For June–October 2012, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 11 September 2012. 






Figure A4. For June–October 2012, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 11 September 2012.
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Figure A5. For June–October 2013, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 4 September 2013. 






Figure A5. For June–October 2013, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 4 September 2013.
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Figure A6. For June–October 2014, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 12 September 2014. 






Figure A6. For June–October 2014, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 12 September 2014.
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Figure A7. For June–October 2015, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 7 September 2015. 






Figure A7. For June–October 2015, (a) hourly domain (white box in Figure 1a) averaged precipitation; (b) 3-day running mean of nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) rainfall; (c) 3-day running mean of transition index anomaly (TI); normalized domain averaged (d) atmospheric stability anomaly, (e) 2 m temperature anomaly, and (f) precipitable water anomaly. The black dashed line in (c) indicates transition date 7 September 2015.
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Figure 1. (a) Elevation (m) of the Tibetan Plateau above sea level, and (b) time series of domain (white box in Figure 1a) averaged precipitation (mm/h) for August 20 and 21 2013. Infrared cloud imagery at (c) 08:30 (local time) on 20 August 2013, (d) 18:30 on August 20th 2013, (e) 08:30 on 21 August 2013, and (f) 21:30 on 21 August 2013. The warm colors in (c–f) indicate convective clouds. 
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Figure 2. (a) Hourly domain (white box in Figure 1a) averaged precipitation (mm/h) for 2013 June–October, (b) nighttime (20:00–08:00, dark green line) and daytime (08:00–20:00, red line) precipitation for 2013 June–October, (c) composite analysis (2010–2015) of hourly domain averaged precipitation (mm/h) from day −70 to 40 relative to transition date, (d) same as (b) but for the composite (2010–2015) daily domain averaged nighttime and daytime precipitation (mm/h); (e) composite (2010–2015) transition index (TI) anomalies using a 3-day running mean, and (f) composite (2010–2015) hourly domain averaged precipitation (mm/h) before and after transition. The black dashed lines in (a,b) indicate transition date 4 September 2013, while black dashed lines in (c–e) indicate composite transition day. 
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Figure 3. Daily composite analyses for June–October (2010–2015) from day −70 to 40 relative to transition date averaged over the domain (white box in Figure 1a) for (a) average potential temperature (K) and (b) potential temperature anomalies (K), (c) average static stability (  – ∂ θ / ∂ p  , K/pa) and (d) static stability anomalies (K/pa), (e) average specific humidity (g/kg), and (f) specific humidity anomalies (g/kg) at pressure levels. A 3-day running mean was conducted for all panels, and black dashed lines indicate composite transition day. 
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Figure 4. Daily composite analyses for June–October (2010–2015) from day −70 to 40 relative to transition date averaged over the domain (white box in Figure 1a) for (a) 200 hPa geopotential height (m), composite 20:00 and 08:00 domain averaged (b) boundary layer height (m) and (c) convective available potential energy (J/kg), (d) vertical velocity, (e) apparent heat source (Q1, J/kg), and (f) apparent moisture sink (Q2, J/kg) at pressure levels. A 3-day running mean was conducted for all panels. The black dashed lines indicate composite transition day. 
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Figure 5. Latitude–pressure cross sections averaged over meridional belt of 97–103° E for: (a) composite vertical velocity mean during June–October (2010–2015), (b) composite vertical velocity difference (nighttime (20:00) minus daytime (08:00)) during June–October (2010–2015), and (c) composite vertical velocity difference before (70 days) and after (40 days) transition date during June–October (2010–2015). Orange boxes indicate the study region. 
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Figure 6. Composite analysis (2010–2015) of daily mean 200 hPa streamline field and geopotential height (shaded, m), from day −60 to 40 relative to transition date with a 20-day interval, (a) day −60, (b) day −40 (c) day −20, (d) day 0, (e) day 20, and day 40. The white boxes indicate the study region. 
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