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Summary 
 
The Sichuan Basin (SB) is a region with frequent extreme precipitation during summer, 
principally as a result of its location and topography, with the most extreme events possibly 
leading to floodings and landslides. A better understanding of these extreme events’ 
characteristics and triggers could help to improve forecasting methods, while improving the 
knowledge about climate dynamics in the region is crucial for climate change studies. To study 
the characteristics of this extreme summer precipitation, the ten most extreme summer 
precipitation events of the years 2000-2018 were identified from station data and classified as 
local or organised events, and persistent or non-persistent events. In addition, satellite data was 
used to assess the spatial extent of the events and reanalysis data provided information about 
the regional and large-scale characteristics present during the extreme precipitation. The 
presence and influence of mesoscale disturbances during the events was also examined. The 
results indicate that local events are non-persistent (short-duration) events and organised events 
are persistent (long-duration) events. As most of the extreme precipitation events were 
organised and persistent, it was concluded that the most disastrous precipitation events in this 
region are connected with organised convection. Important differences in the regional and 
large-scale circulation were observed between the month of June and July, August months, and 
these differences represent the development of the summer monsoon. The significant 
distinctions between events and the climatology show the influence climate dynamics have on 
precipitation development in this region. In addition, Mesoscale Convective Systems (MCSs) 
and Tibetan Plateau Vortices (TPVs) present during the events had an influence on the 
precipitation development, notably for the formation of organised precipitation. We conclude 
that organised convection, changes in the large-scale circulation and formation of mesoscale 
disturbances shape the development of severe weather within the SB by combining the 
conditions for extreme precipitation to occur. 
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CMA      China Meteorological Administration 
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1. Introduction 
 
The Sichuan Basin (SB) region, located in southwestern China (Figure 1), has a unique 
topography comprising rivers, mountain basins and steep terrain (Chen & Li, 2019). During 
the warm season, the interactions between this topography and the large-scale circulation 
produce frequent heavy precipitation events (Fu et al., 2015; Zhao, 2015). With a 500 m 
average elevation, this region is surrounded by plateaux and mountains (Zhang et al., 2019). 
The SB is one of the most heavily populated regions globally, with a population exceeding 100 
million people (Qian et al., 2015). Situated on the eastern side of the Tibetan Plateau (TP), it is 
exposed to frequent and extreme rainfall events during summer which regularly engender 
costly and fatal landslides and floods (Qian et al., 2015). The TP constitutes an important part 
of this study as its interactions with the atmospheric circulation system produces most of the 
precipitation occurring in the SB (Huang & Cui, 2015). Defined as Asia’s ‘water tower’ (Xu 
et al., 2008), it provides Asia’s water supply and has an impact on downstream hydrology 
(Maussion et al., 2014). This plateau has an average elevation of over 4000 m above sea level, 
a complex and varied topography, and it is also the world’s largest plateau, with its 
exceptionally extensive size (Wu, 2001). With the highest mountain chains on the planet, this 
allows the plateau to breach through the middle of the troposphere (Feng et al., 2014). This 
proximity with the 500 hPa isobaric surface creates important exchanges of moisture and heat 
between the surface of the TP and the middle of the troposphere (Feng et al., 2014). The latter 
characteristics render the TP as an important actor defining the climate and weather in China 
(Duan et al., 2012). 
 
As a result of the particular conditions present in the TP and SB region in summer, a majority 
of the severe weather complexes such as extensive and persistent heavy rainfall weather events, 
as well as local rainstorm systems, form during the summer months (June, July, August) (Chen 
& Li, 2019). While the large-scale atmospheric systems influence the climate on the TP (Lai 
et al., 2021) and in the SB (Li et al., 2020), the large-scale circulation in the TP and SB latitudes 
is also affected by the TP, through the plateau’s dynamic and thermal forcing (Yanai & Wu, 
2006). In summer, the climate over the TP and SB is defined by westerlies (Schiemann et al., 
2009) and by the Asian Summer Monsoon (ASM), which comprises the East Asian and South 
Asian monsoons (Webster et al., 1998). More precisely, during summer the ASM includes two 
high-pressure systems. First, the western North Pacific Subtropical High (WNPSH), located at 
mid- and low-levels over the Northwest Pacific (Liu et al., 2021) which regulates the vertical 
motion and moisture transport over East Asia and affects the East Asian Summer Monsoon 
(EASM) rainfall (Wei et al., 2019). Second, the South Asian High (SAH) present in the upper-
levels, which alters the EASM through the modification of the vertical motion via upper-level 
divergence or vorticity advection (Wei et al., 2019). The rainbelt present over China during 
summer moving northward corresponds well with the SAH’s northward shift (He et al., 2006). 
During summer, the position of the SAH and the WNPSH can vary zonally and meridionally 
(Lai & Gong, 2017), defining the onset and development of the ASM (Ge et al., 2018; Huang 
et al., 2018). The ASM starts forming around April, as the large-scale ocean-land thermal 
contrast is reversed when sensible heating over land and latent heat over oceans increase 
(Zhang et al., 2004). It creates a cyclonic vortex and strengthens southwesterly winds over the 
Bay of Bengal (BOB), weakening the atmospheric stability over the Indochina Peninsula with 
the help of southeasterlies connected with the WNPSH over the South China Sea (SCS) (Zhang 
et al., 2004). A strong convection is formed from these air streams converging, leading to an 
upper-level high (Zhang et al., 2004). As the WNPSH retreats eastward mid-May, 
southwesterlies and the resulting active convection are present over the SCS and the region 
studied, and the eastern TP’s thermal forcing and monsoonal rainfall in the region begin (Qian 
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& Lee, 2000). The shift of the subtropical jet stream to the north (Maussion et al., 2014) also 
influences the climate over the TP and SB in summer. As the large-scale circulation can alter 
the local weather parameters (Chang et al., 2021), extreme weather can be predicted by 
studying its characteristics. The hypothesis that these changes in the large-scale circulation 
could result in an increase of heavy impact weather systems (Feng et al., 2014), such as 
convective systems, is evaluated throughout this study. 
 
Convective systems forming on the TP substantially contribute to recurrent storm rainfall and 
floods in downstream regions such as the SB (Fu et al., 2020). A better understanding of 
precipitation characteristics and its variability in this region is crucial to understand the regional 
water cycles, notably for flood forecasting (Liu et al., 2016). To prevent future flood damages 
resulting from climate change, reliable and accurate flood forecasting will be needed (IPCC 
2007). With climate change, extreme climate-related events are becoming more frequent, and 
their intensity and frequency is predicted to increase rapidly and nonlinearly in the future (Wu 
et al., 2019). It is only by understanding the conditions present nowadays that we can predict 
the possible transitions they will undergo with climate change. Results from literature show 
that severe convective weather systems are principally connected with mesoscale convective 
systems (MCSs) (Li et al., 2008). MCSs, defined as organized convective rainstorm systems 
generating a spatial precipitation zone of at least 100km in one or more directions (Houze, 
2004), are recognised as a significant source of precipitation in this region (Kukulies et al., 
2021). These systems are recurrent in the SB as it is a region located in the mainland mid-
latitudes, downstream of the TP, and that the formation of MCSs is linked to mountain flow 
properties (Kukulies et al., 2021). Convective clouds over the TP can form MCSs under 
favourable conditions (Fu et al., 2021) of water vapour availability, upward motion and thermal 
instability (Chen & Li, 2021). MCS-initiated precipitation’s pattern and features in the studied 
region are still not fully comprehended (Kukulies et al., 2021). However, they are a menace for 
the population living in the SB and its infrastructure as they predominantly occur in the south 
and east regions of the TP (Kukulies et al., 2021) Another type of weather complexes, Tibetan 
Plateau Vortices (TPVs), is a mesoscale system generally created halfway through the 
troposphere during summer (Feng et al., 2014). They extend over hundreds of kilometres on 
the horizontal dimension and a couple of kilometres vertically in the atmosphere (Feng et al., 
2014). Latent heating (Curio et al., 2018), thermal instability and orographic forcing (Zhang et 
al., 2019) are the suggested mechanisms for TPVs to form on the TP. TPVs form in the interior 
region of the plateau and will dissipate in the eastern part of the TP, if they do not move off the 
TP into the SB (Sun et al., 2022). The mechanisms around the formation and the development 
of TPVs are not fully understood (Wu et al., 2018), but TPVs can also trigger extreme 
precipitation through the formation of MCSs (Cheng et al., 2016). 
 
The foremost objective of this study is to analyse the extreme precipitation occurring during 
the warm season in the TP and SB region in order to get a clearer picture of the climate 
dynamics over the region. For this purpose and with the help of our results, we attempted to 
address certain questions, such as:  
 

• What are the characteristics of these extreme precipitation events? 
• Which circumstances do the regional and large-scale circulations display over the 

region during the events? 
• How are mesoscale disturbances implicated in the development of the events? 

 
In this study, the extreme summer precipitation occurring in the TP and SB region was studied 
through the scope of the ten most extreme summer precipitation events from station data, for 
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the years 2000-2018. In addition to station data, satellite data and reanalysis data were used as 
the spatio-temporal characteristics of extreme precipitation and the properties of the regional 
and large-scale circulation were examined. The implication and characteristics of mesoscale 
disturbances during the extreme precipitation events were also assessed. The remainder of this 
thesis is structured as follows: section 2 details the datasets and methodology used and section 
3 includes the results obtained from the analysis of station data, satellite data and reanalysis 
data. Section 4 contains a discussion of the results established, and a conclusion is provided in 
section 5.  
 
2. Datasets and methodology 
 

2.1.  Meteorological station data 
 
The precipitation data recorded by weather stations in the SB and the TP was distributed by the 
Chinese Meteorological Administration (CMA). The stations are in the Sichuan-Chongqing 
region, a region including the eastern edge of the TP at the northwest, the Southwestern Sichuan 
Province (SWSP) at the south and the SB at the east (Figure 1). The data is available in 
millimetres of precipitation per day. For this study, the ten most severe summer precipitation 
events (highest accumulated daily precipitation amounts) during the years 2000 to 2018 were 
selected. They were chosen in an effort to not have multiple days of the same event but ten 
different events. A classification of the ten most extreme precipitation events in two groups of 
local or organised precipitation is proposed. A statistical analysis based on precipitation 
amounts, monthly trends, seasonality and interannual variability was carried out. 
 

 
Figure 1. Elevation map of the TP and the SB, with a zoomed-in map of the SB region (delineated in black). The 
156 weather stations used to obtain the precipitation data are marked as black dots over the TP and the SB. 
 

2.2.  Characterization of precipitation events 
 
Accumulated daily precipitation maps were created to visualise the distribution of precipitation 
in the region during those ten most extreme precipitation events. Daily precipitation anomalies 
maps were created to assess whether the precipitation from the selected events was anomalous 
for the given period of time and at the specific location. Several-days maps were used to 
determine how persistent events evolve through the days and across the region. Within those 
ten extreme precipitation events, some had a monumental amount of precipitation occurring in 
just one day at a quite localised position and little to no precipitation the days before/after the 
event, while other events present heavy, very heavy or severe precipitation the days before and 
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after the event. The events were qualified as organised when the stations located around the 
extreme event’s station indicate precipitation amounts equal to or greater than very heavy 
precipitation, while for local events the stations around indicate precipitation amounts lower 
than very heavy precipitation. To evaluate the differences between persistent and non-
persistent precipitation, the events were separated into two different groups. Persistent events 
last for at least 2 days, with the stations around the extreme event’s station indicating at least 
very heavy precipitation (on the days other than the day of the event). Non-persistent events 
last for 1 day, with the stations around the extreme event’s station indicating lower precipitation 
amounts than very heavy precipitation. Precipitation measurements obtained through 
meteorological stations located in the studied region are assessed in this study. Accumulated 
daily precipitation amounts have been classified into five intensity categories, following the 
CMA standards (Zhou & Wang, 2017). A day with 0 mm d-1 is considered a dry day (p = 0 mm 
d-1). Wet days are classified as following; trace precipitation (0 mm d-1 < p < 0.1 mm d-1), light 
precipitation (0.1 mm d-1 < p < 10 mm d-1), moderate precipitation (10 mm d-1 < p < 25 mm d-

1), heavy precipitation (25 mm d-1 < p < 50 mm d-1), very heavy precipitation (50 mm d-1 < p 
< 200 mm d-1). Another intensity has been added to differentiate very heavy precipitation and 
severe precipitation; severe precipitation (p > 200 mm d-1). 
 

2.3.  Satellite data 
 
From the Global Precipitation Measurement mission (GPM), the Integrated Multi-satellite 
Retrieval for GPM (IMERG) Final Precipitation data with a spatial resolution of 0.1° x 0.1° 
was downloaded from the Goddard Earth Sciences Data and Information Services Center (GES 
DISC) (Huffman et al. 2019). Daily satellite precipitation estimates accumulated from half-
hourly data were used in order to evaluate the spatial-temporal distribution of precipitation 
during our extreme events. Precipitation gauges analyses as well as various multisatellite 
retrievals from infrared and passive microwave sensors are used in the IMERG algorithm 
(Huffman et al., 2017). As IMERG data is a gridded product it allows us to see the spatial 
extent of our events. Satellite precipitation measures from IMERG were used to evaluate the 
spatial pattern of precipitation during our extreme precipitation events. The location of extreme 
precipitation as well as the location and amount of the highest accumulated daily precipitation 
amount in the region on the day of the events were compared with station data. The differences 
in the spatial pattern of persistent versus non-persistent precipitation events were assessed. The 
spatial extent of MCSs during our extreme precipitation events was also qualitatively assessed 
to determine whether the events’ extent encompassed a rather small or large area. 
 

2.4.  Regional and large-scale circulation: ERA5 reanalysis 
 
The regional and large-scale atmospheric circulation before and during the events were 
depicted using data from the European Centre for Medium-Range Weather Forecasts 
(ECMWF) Reanalysis 5th Generation (ERA5). The ERA5 data with a 0.25° x 0.25° horizontal 
grid spacing was generated using the Copernicus Atmosphere Monitoring Service information 
[2022] (Hersbach et al. 2018). Different variables were studied at different pressure levels: 
geopotential height, wind circulation, convective available potential energy, vertical integrals 
of eastward and northward water vapour flux, and the vertical velocity, to study the different 
regional and large-scale systems on the days of our extreme events. Changes in the circulation 
on the days of our extreme events can be indicators of severe weather. The pressure levels 
studied are 300 hPa, 500 hPa and 700 hPa. As the June event presents different characteristics 
than the other events, two different composite means have been measured. The first composite 
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mean presents the particularities of the June event while the second composite mean presents 
the particularities of the July and August events. Moreover, the anomalies for the June event 
and for the July, August events were computed by calculating the difference between the June 
event and the June climatology, as well as the difference between the July, August events and 
the July, August climatology. During June, the jet stream is at a northerly position and has a 
different strength compared to the jet during July and August (Hunt et al., 2018). As the jet 
stream has a strong influence on the large-scale circulation (Schiemann et al., 2009), 
differences are anticipated between June and July, August. 
 

2.5.  MCS and TPV 
 
The presence of an MCS at the same location and time than the extreme precipitation events 
would indicate that the event is organised, with a larger area being impacted. This organised 
precipitation could therefore be more directly connected to the large-scale circulation than if 
the event was local. The MCS database collected by Kukulies et al. (2021) was used to assess 
which of our ten extreme precipitation events involved the presence of an MCS. IR brightness 
temperatures data and GPM IMERG data were used to create this database (Kukulies et al., 
2021). In this publication, an MCS is defined as a cloud shield with IR brightness temperatures 
≤ 221 K over at least 50,000 km2 during minimum 3 hours, together with a precipitating area 
with rain rates ≥ 5 mm h-1. Subsequently, the database of TPVs obtained from the ERA5 
reanalysis (according to the process of Curio et al. (2019)) was used to define whether a TPV 
moved off the TP into the SB on the day of our events. MCSs and TPVs involved on the days 
of our events were then tracked across the TP and the SB. For the events involving an MCS 
and a TPV it was evaluated whether the TPV could have had an influence on the MCS. 
 
3. Results 
 

3.1.  Meteorological station data 
 
For our station data of 2000-2018 we calculated an annual average precipitation of 953.6 mm, 
which includes an average mean of 514.7 mm for the summer months (representing around 
54% of the annual precipitation). Our first event, with an accumulated daily precipitation of 
423.8 mm d-1, represents around 44% of the annual average precipitation and 82% of the 
summer average. Our tenth event, with an accumulated daily rainfall of 255.8 mm d-1, 
represents around 27% of the annual average precipitation and 50% of the summer average. 
Our events occurred during the years 2002, 2007, 2010, 2013, 2014, 2017 and 2018. One event 
is from June, seven events happened in July and two events happened in August. The daily 
mean precipitation has been calculated for the stations indicating the ten extreme precipitation 
events, and the precipitation anomalies have been estimated from this average precipitation 
(Table 1). These events were then sorted into two groups of local or organised events (Table 
2). 
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Table 1. List of the ten most extreme summer precipitation events for the years 2000-2018 and their 
characteristics 
 

3.1.1. Annual and seasonal precipitation characteristics 
 
A general overview of the situation in the region studied is needed to put the extreme 
precipitation events in perspective. Precipitation can vary strongly during the year, depending 
on the location and the season. The average precipitation for every month of the year and every 
season is shown in a boxplot diagram (Figure 2a, 2b). On this plot, the three months of summer 
(June, July, August) are the months with the highest average daily rainfall. These months also 
show the largest variability in the mean precipitation. Winter is the driest season, spring and 
autumn have a similar average precipitation, while summer has the highest daily mean. 
 

 
Figure 2. Boxplot of the average daily precipitation for the years 2000-2018. Monthly average precipitation (a), 
seasonal average precipitation (b) 
 
To evaluate the differences in summer precipitation between the different years, the inter-
annual variability of daily summer precipitation was assessed for every summer in 2000-2018 
(Figure 3). All summers factored together, summer 2018 has been the wettest summer of the 
period 2000-2018. In this study, only precipitation events happening during summer are 
considered. This summer inter-annual variability indicates 3.8 mm d-1 as the lowest daily mean 
(in 2006), while the last year (in 2018) indicates the highest value with 6.9 mm d-1. Most of the 
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summers during which our events occurred have a higher average precipitation than the 
summer mean for years 2000-2018 (which is 5.6 mm d-1), except for summers 2002 and 2017.  
 

 
Figure 3. Histogram of the average daily precipitation for every summer from 2000 to 2018 
 

3.1.2. Frequency of summer precipitation amounts 
 
The station data used contains very different precipitation amounts, from 0.1 mm d-1 (trace 
precipitation) up to 423.8 mm d-1 for our most extreme precipitation event. To know the 
frequency of extreme summer events during these nineteen years, the frequency of the different 
summer precipitation amounts was plotted (Figures 4, 5). Histograms displaying the frequency 
of summer precipitation amounts indicate that less than 1% of all the summer days analysed 
can be defined as severe precipitation events (precipitation > 200 mm d-1) (Figure 4). An 
evaluation of the probability density function (PDF) shows that the 99th percentile of all 
accumulated daily summer precipitation events (with precipitation amounts equal or superior 
to 0.1 mm d-1) corresponds to around 85 mm d-1 (Figure 5). By indicating the lowest of our ten 
most extreme events on this PDF, we can appreciate the singularity of our ten most extreme 
events. 
 

 
Figure 4. Histograms of the accumulated daily summer precipitation amounts for summers 2000-2018  
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Figure 5. Probability density function and percentiles of accumulated daily summer precipitation amounts from 
meteorological station measurements for summers 2000-2018. 
 

3.1.3. Visualization through maps 
 
Three types of maps were created; the first one to visualise the accumulated daily precipitation 
from the different stations, the second one to image the daily precipitation anomaly, the third 
one to show the evolution of a precipitation phenomenon. The first two types of maps were 
created by plotting 5 days before the event and 5 days after. The third type of map indicates 
the days of accumulated daily precipitation. Additionally, the events were gathered into two 
different groups to compare persistent and non-persistent events. For an easier visualisation of 
the data the maps include the days with an accumulated precipitation amount equal or above 1 
mm d-1, except the daily precipitation anomalies maps which indicate negative and positive 
precipitation amounts. 
 

3.1.3.1. Accumulated daily summer precipitation 
 
Our events are located on the west, central or south part of the SB, but also across the SB and 
in the SWSP. However, most of them are located on the west side of the SB, along the slopes 
of the TP (Figure 6, one example of event). From these maps, it was deducted whether our 
events were organised or local events (Table 2). The classification was conducted by taking in 
consideration the accumulated daily precipitation amounts on the day of the event, anomalous 
precipitation, and the spatial extent of the event over the region. If only a few stations indicate 
heavy, very heavy and/or severe precipitation, the event is considered local. On the other hand, 
if the precipitation phenomenon includes many other stations, on an important spatial extent, 
the event is considered organised. One event has been classified as local (the only event located 
in the SWSP) and nine events as organised.  
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Figure 6. Station accumulated daily precipitation maps of the 5 days after event n°4 (18th of August 2010). The 
location of the event is indicated by the black diamond shape. 
 

 
Table 2. Classification of the ten most extreme summer precipitation events occurring during years 2000-2018 
into local and organised events. 
 

3.1.3.2. Daily precipitation anomalies 
 
To evaluate whether our extreme events are anomalous compared to other years, the 
accumulated daily precipitation anomaly maps are used (Figure 7). On these maps we can see 
that all our events are important anomalies in this climate, as they all indicate more daily 
precipitation than the mean daily precipitation. On the day of our events the largest negative 
anomaly (around -10mm d-1) is small compared to the largest positive anomaly (around 414 
mm d-1). Furthermore, the negative anomalies are often at least one magnitude smaller than the 
positive anomalies.  
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Figure 7. Station daily precipitation anomaly maps of the 5 days before event n°1 (8th of July 2013). The location 
of the event is indicated by the black diamond shape. 
 

3.1.3.3. Evolution of a precipitation event 
 
Our most extreme event happened on the 8th of July 2013 (station 56188). On the 9th of July 
2013 a station (station 56285) recorded 279.2 mm d-1, approximately the same precipitation 
amount as our 6th most extreme event. As a result of the proximity between the two stations 
and one day following the other, these two events have been considered as one, and only the 
8th of July 2013 has been retained. With several-days maps we can see in which direction the 
precipitation evolves across the SB during the days before, during and after the event. For our 
events, the most frequent situations indicate precipitation staying localised on the location of 
the extreme event (Figure 8), or precipitation moving eastward across the SB.  
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Figure 8. Station accumulated daily precipitation maps for 8 different days (for the periods 6-9th and 10-13th of 
July 2013).  
 

3.1.3.4. Persistent vs. non-persistent precipitation events 
 
Our ten extreme precipitation events have been classified into two groups of persistent versus 
non-persistent events (Table 3). The accumulated daily precipitation amounts, present around 
the station which recorded the extreme precipitation amount, are studied for the days before 
and/or after the day of the event. The first eight events have the highest extreme precipitation 
amount on the day of the event, and they show heavy, very heavy or severe amounts of 
precipitation during the days before and/or after the event. Only one of our events presents very 
localised extreme precipitation temporally and spatially, with an extreme precipitation amount 
on the day of the event, at the station studied, and not significant precipitation the other days 
and around the station that indicates the extreme precipitation. Our tenth event has a lower 
extreme precipitation amount than our local event on the day of the event, nevertheless it is 
more extended spatially and temporally than the latter event. With this comparison we obtain 
the same separation as between organised and local events. 
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Table 3: separation of the ten extreme precipitation events into persistent and non-persistent, with the event 
number and the event day. 
 

3.2.  Satellite data: IMERG 
 
Persistent precipitation events are expected to have a larger spatial extent than non-persistent 
ones as spatial and temporal scales are usually linked for weather systems. To verify the spatial 
extent of the station recorded precipitation events, the IMERG satellite data was used as 
satellite data has a better indication of the spatial-temporal distribution of precipitation (Jiao et 
al., 2021). Five days before and five days after our extreme event were plotted (Figure 9). 
 

 
Figure 9. Satellite accumulated daily precipitation maps of the 5 days before event n°1 (8th of July 2013). The 
location of the event is indicated by the black diamond shape. 
 
Studies indicate that IMERG data and station data can show quite different results, notably as 
IMERG data tends to overestimate rainfall in the region (Yang et al., 2020) or miscalculate 
weak precipitation in certain cases (Wang et al., 2020). IMERG data has been analysed to find 
the maximum precipitation amount in the same region as we have station data (26.5-33.58°N, 
98.1-108.03°E) and on the same day as our extreme precipitation events (Table 4). Two 
different traits can be observed from the established values. First, during the same day and at 
the same location the precipitation amounts indicated by station data are always higher than 
IMERG data. Second, the maximum accumulated daily precipitation amounts from IMERG 
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data are not always at the exact same location than our extreme precipitation events established 
from station data. This maximum precipitation amount indicated by IMERG data is always 
lower than the most extreme precipitation amount indicated by station data. If a majority of the 
ten extreme precipitation events established from station data share approximately the same 
location than IMERG’s maximum precipitation amount (events n° 1, 2, 3, 6, 9, 10), the rest of 
the events indicate a location for the station data which is not so close to the IMERG maximum 
precipitation amount’s location (events n° 4, 5, 7, 8). The reason could be that for some events 
(in this case mostly the events n° 4, 5, 7, 8), it is visible that the spatial extent of precipitation 
is larger on IMERG data than on station data, but we lose on precision to locate the most 
extreme amount in this region. Concerning the different subregions, satellite precipitation data 
is more accurate and precise in the SB than on the eastern edge of the TP, as moderate and 
heavy rainfall seems to be overestimated on the TP by this data. For the SWSP, the satellite 
data exhibits accurate heavy precipitation, but inexact rainfall for lower amounts of 
precipitation compared to station data. In addition to station data, the comparison of persistent 
precipitation events with non-persistent ones confirms our hypothesis of persistent 
precipitation events having a larger spatial extent concerning extreme precipitation. 
 

 
Table 4. Comparison of the accumulated daily precipitation at every event’s location between station and IMERG 
data. The highest accumulated daily precipitation amount from IMERG data in the region defined by the stations’ 
locations is indicated in the last column, with precipitation amount and its location. 
 

3.3.  Large-scale and regional circulation 
 
The ERA5 data was used to determine whether other variables than precipitation present 
anomalies from the usual climatology on the same days our stations recorded extreme 
precipitation amounts. The data has been accumulated from hourly values to daily values. For 
the 700 hPa pressure level the data on the TP has been masked, as the surface of the TP is at 
another pressure level of 500 hPa. In order to compare the reanalysis data with station data, 5 
days before our extreme event were plotted and analysed. The June event was plotted separately 
from the other organised precipitation events as differences in the nature of weather systems 
were suspected, as a result of the different position and strength of the jet stream in June and 
July, August. Large-scale and regional composites were carried out for our eight organised 
precipitation events occurring during July, August. To evaluate the singularity of our events 
compared to the summer months, the anomalies between the June event and the June 
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climatology have been calculated and plotted. The same has been done for the July, August 
events and the July, August climatology. Positive (negative) anomalies convey that the extreme 
event or events display higher (lower) values in comparison with the climatology, for the 
variable studied. 
 

3.3.1. Jet stream geopotential height and wind circulation 
 
The geopotential height was calculated by dividing the geopotential data by the Earth’s 
gravitational acceleration constant (g = 9. 80665 m s-2). Changes in geopotential height at the 
same pressure level can indicate changes in the temperature of air masses, and most importantly 
changes in the air pressure. Changes in the geopotential height at 300 hPa indicate changes in 
the air pressure of the jet stream, which can affect low-pressure systems forming at the surface. 
The position of the jet is at a lower latitude for our June event than for the July or August 
events, as the jet starts moving northward in May and recedes southward in September. The 
June event also indicates lower geopotential values, therefore a lower pressure, and higher 
speed winds than our other events on the TP (Figure 10). During the period of late May-early 
June, South Asia is covered by a strong high-pressure system (SAH) at upper-levels present 
south of the TP (Ge et al., 2018), as can be observed during our June event. The July, August 
events composite indicates an air mass of higher pressure stretching between west and east of 
our region, with an anticyclonic wind circulation around this air mass indicating a phenomenon 
of convergence aloft. Depending on the event this high-pressure air mass behaves in different 
ways. Most often, it stays and covers the west and east parts of the region on the day of the 
event (Figure 11). From mid-June the SAH is enhanced by moving northward onto the TP until 
midsummer, when it starts stretching westward (Ge et al., 2018). 
 

 
Figure 10. Geopotential height at 300 hPa (gpm, colour) and the wind circulation vectors (m s-1, vectors) for the 
June event. The location of the event is indicated by the red diamond shape. 
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Figure 11. Same as in Figure 10, but for the July and August events. 
 
The composite for June indicates negative anomalies on most of the TP and the SB (Figure 
12a). This means that the geopotential height is lower for the June event than for the June 
climatology in this region. It is only on the northeast part of the TP and the SB that we have 
positive anomalies. Therefore, during our June event the jet stream is located further south 
compared to its climatological mean position in June. Westerlies are present all over the TP 
and the SB, and at the southern part of the TP they are stronger during the event compared to 
the climatology. In comparison, the composite for July, August indicates slightly higher 
geopotential values on the TP and the SB for the events than for the climatology, the positive 
anomalies being larger in the eastern part of the TP and over the SB (Figure 12b). These higher 
pressure systems aloft testify of the strong updrafts occurring during our events over the region. 
Westerly winds are visible on the north region of the TP and easterly winds south of the TP.  
 

 
Figure 12. Anomaly of the geopotential height and the windspeed at 300 hPa computed as the June event minus 
the June climatology (a), the July, August events minus the July, August climatology (b), for years 2000-2018. 
 
At this pressure level, the horizontal wind speed can either enhance orographic and other types 
of precipitation by intensifying evaporation, and therefore convection, or inhibit precipitation 
development by cutting off deep convection (Curio & Scherer, 2016). The wind data is 
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composed of the U component (eastward wind) and the V component (northward wind). The 
U component exhibits important differences in the wind circulation between the June event and 
the July, August events. For our June event, intense eastward winds cover the TP on the day of 
the event (Figure 13). For our July and August events the winds are eastward at the north region 
of the TP and westward at the south of the TP (Figure 14). As the V component is more complex 
and the differences between the June event and the July and August events are not significant, 
we decided to focus on the U component only. During every event, the direction and intensity 
of the wind can change in different ways as the day of the event approaches. The east region 
of the TP can have south-eastward winds which gradually evolve to become eastward/north-
eastward winds on the day of our event, while the opposite happens on the west region of the 
TP and the SB, and vice versa. 
 

 
Figure 13. U component windspeed (m s-1, colour) at 300 hPa with the wind circulation vectors (m s-1, vectors) 
for the June event. The location of the event is indicated by the red diamond shape. 
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Figure 14. Same as in Figure 13, but for the July and August events. 
 
The composite for the U component windspeed in June indicates that our June event exhibits 
stronger eastward winds at the western and central part of the TP, and weaker eastward winds 
at the eastern part of the TP and in the SB, compared to the June climatology (Figure 15a). In 
comparison, the composite for July, August indicates slightly stronger winds for the events 
than for the climatology on most of the TP and SB (Figure 15b). Late May till early June is the 
period for the EASM onset at the eastern part of the TP, bringing warm air to the TP, hence the 
windspeed anomalies of the June event.  
 

 
Figure 15. Anomaly of the U component windspeed and the windspeed vectors at 300 hPa computed as the 
June event minus the June climatology (a), the July, August events minus the July, August climatology (b), 
for years 2000-2018. 
 

3.3.2. Geopotential height and wind circulation on the TP 
 
The surface of the TP reaching the pressure level of 500 hPa, data at this pressure level gives 
us an indication of the presence of surface-near low- and high-pressure systems on the TP. As 
a result of its elevation, the TP is an important obstruction to the wind flow. This obstacle is 
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visible on the geopotential height maps we produced for this pressure level, through the 
separation of higher geopotential values south of the TP (higher pressure air masses) and lower 
geopotential values north of the TP (lower pressure air masses). The presence of a TPV can be 
indicated by a zone of low geopotential height and convergence at the surface. The June event 
presents lower geopotential height values than the July, August events on the TP (Figure 16). 
Furthermore, it presents a cyclonic circulation on the TP forming a few days before the event, 
with a region of low geopotential height expanding over the TP. This could indicate the 
formation of a TPV system. To describe the conditions over the TP, our July and August 
organised precipitation events can be classified in two different groups. For the first group and 
the composite mean, the lower pressure air masses present up north of the TP travel southward 
and cover the TP, bringing high speed winds with them, and creating wind shear on the TP 
(Figure 17). For the second group, a higher-pressure air mass with lower speed winds creates 
wind shear over the TP, covering it partially or fully (not shown).  
 

 
Figure 16. Geopotential height at 500 hPa (gpm, colour) and the wind circulation vectors (m s-1, vectors) for the 
June event. The location of the event is indicated by the red diamond shape. 
 



 

 24 

 
Figure 17. Same as in Figure 16, but for the July and August events. 
 
The composite for June indicates lower geopotential values on the east and central TP for the 
event than for the climatology, but higher geopotential values on the west TP. North-westerly 
winds and westerlies are present on the western region of the TP and on the SB, respectively 
(Figure 18a). The difference in temperature between the east and west TP as the EASM begins 
can explain the cyclonic circulation present on the east TP. On the other hand, the composite 
for July, August indicates slightly lower geopotential values on the TP for the events than for 
the climatology, the negative anomalies being larger in the eastern part of the TP (Figure 18b). 
These larger negative anomalies on the eastern TP could be the result of low-pressure systems 
(such as mesoscale disturbances) forming during our events. In July, August the westerly winds 
are well-developed in the region north of the TP. As the TP is then a high elevation heat source, 
winds are diverted from it.  
 

 
Figure 18. Anomaly of the geopotential height and the windspeed at 500 hPa computed as the June event minus 
the June climatology (a), the July, August events minus the July, August climatology (b), for years 2000-2018. 
 

3.3.3. Geopotential height and wind circulation in the SB 
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In summer, the surface of the TP becomes an elevated heat source. The strong temperature 
changes which occur then are largely accountable for the changes in the circulation patterns in 
the SB, a downstream region. Our June event presents a very low geopotential height zone 
coming from the TP, expanding from the north to the south of the TP (Figure 19). For our July 
and August events, most of the organised events and the composite mean show lower 
geopotential height with high-speed winds coming from the TP, with lower pressure air masses 
moving across the SB (Figure 20). For the June and July, August organised events, the wind 
circulation is obstructed south of the TP and SB. It creates a south-westerly circulation in the 
SB and the SWSP, while south-easterly winds form at the north of the SB. This cyclonic 
circulation, indicating a phenomenon of divergence at the surface, can contribute to the 
formation of convective systems when it is coupled with low pressure systems (MCSs and 
TPVs). As these low-pressure systems move into the SB, convection is induced and heavy 
rainfall develops on the SB. This south-easterly or south-westerly flow is not the only activating 
mechanism for convection, although it is dominant over most of the SB. Other mechanisms are 
considered in this study and discussed in section 3.3.4. When the vertical advection of 
atmospheric heat over the TP is strengthened, the SAH is in a southeast position and the 
WNPSH in a southwest position (Lai & Gong, 2017). These positions are associated with a 
weakened Indian Summer Monsoon (ISM), airflow from the north converging with warm moist 
air over the SB, a strengthened ascending motion, and enhanced precipitation is produced over 
the TP and SB region (Lai & Gong, 2017). Our July, August events composite could indicate 
these positions for the SAH and WNPSH as we have convergence at 300 hPa (Figure 11) and 
divergence at 700 hPa (Figure 20). 
 

 
Figure 19. Geopotential height at 700 hPa (gpm, colour) and the wind circulation vectors (m s-1, vectors) for the 
June event. The location of the event is indicated by the red diamond shape. 
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Figure 20. Same as in Figure 19, but for the July and August events. 
 
The composite for June indicates lower geopotential values for the event than for the 
climatology all around the eastern edge of the TP and on the SB (Figure 21a). The north-
eastward circulation on the SB circumvents the TP. The composite for July, August also 
indicates lower geopotential values on the TP and the SB for the events than for the climatology 
(Figure 21b). The cyclonic wind circulation encompasses the SB and the eastern edge of the 
TP. 
 

 
Figure 21. Anomaly of the geopotential height and the windspeed at 700 hPa computed as the June event minus 
the June climatology (a), the July, August events minus the July, August climatology (b), for years 2000-2018. 
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3.3.4. Favourable conditions of convection 
 
To study the formation of convective systems, the indication of air pressure and wind 
characteristics at different levels in the atmosphere is essential. However, deep moist 
convective processes such as instability, lift and moisture, with vertical wind shear, are the 
necessary elements for convective systems to form and sustain themselves. The convective 
available potential energy (CAPE) is the amount of energy which could sustain a convective 
system. Where the CAPE is high, the air parcels are warmer than their environment, therefore 
they could produce a strong updraft. However, the release of instability needs a certain amount 
of forced lifting to occur, as parcels of air need to be uplifted to continue to rise by means of 
their positive buoyancy. Different lifting mechanisms are possible, and they all lead to updrafts. 
The CAPE and the vertical velocity at 700 hPa have been plotted for our events on the same 
maps. The June event shows important CAPE values only on the east region of the SB and in 
the region present southwest of the SB. It also shows a localised updraft in the region north of 
the SB (Figure 22). More substantial values of CAPE and zones of updrafts are observed for 
the July, August organised events (Figure 23). The regions of high CAPE and updrafts are not 
always exactly at the same location as the station data indicated the extreme precipitation 
amounts. Most of these events present high values of CAPE on all of the SB. Other events 
indicate a more localised and/or weaker CAPE, in the west or east part of the SB. Updrafts can 
be present on every part of the SB, and they are often in the region where the extreme 
precipitation occurred. For some events, the amount of CAPE is higher during our event than 
before it. For other events the CAPE really starts developing on the day of our event. Depending 
on the event, the zone of high CAPE can be close to the updraft zone.  
 

 
Figure 22. Convective available potential energy (J K-1, colour) and updrafts (Pa s-1, colour) for the June event. 
The location of the event is indicated by the red diamond shape. 
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Figure 23. Same as in Figure 22, but for the July and August events. 
 
The composite for June indicates slightly lower CAPE values on most of the SB but the eastern 
part and the region present southwest of the SB, which present higher CAPE values for the 
event than for the climatology (Figure 24a). A zone of updrafts is visible in the north of the 
SB. In contrast, the composite for July, August indicates slightly higher CAPE values for the 
events than for the climatology on the SB and the eastern edge of the TP (Figure 24b). A zone 
of updrafts is visible in the north-western part of the SB. 

 

 
Figure 24. Anomaly of the CAPE and the vertical velocity computed as the June event minus the June climatology 
(a), the July, August events minus the July, August climatology (b), for years 2000-2018. 
 



 

 29 

Updrafts commonly involve warm and moist air. This warm air will condense to form 
precipitation, which will enhance the upward motion even more. As moisture supply is 
necessary for precipitation, either from local sources or via moisture transport, the atmospheric 
moisture content and the intensity of the upward velocity are linked in the formation of extreme 
precipitation events (Tamarin-Brodsky & Hadas, 2019). To better evaluate the intensity of the 
moisture flux during our events, the vertical integrals of northward and eastward water vapour 
flux have been plotted separately, with the moisture flux vectors. The June event indicates a 
north-eastward moisture flux on the day of the event (Figure 25, 26). For the July, August 
organised events, most of them indicate a weak eastward flux and a strong northward flux on 
the location of the event (Figure 27, 28). The other organised events indicate a weak westward 
flux and a strong northward flux. However, the flux present on the day of the events might not 
be the same for all of the SB. Most of the July, August events show a weaker northward 
moisture flux than the June event on the SB. For June and July, August the flux is always much 
stronger in the northward direction than in the westward or eastward direction, on the SB 
region. We observed that the moisture flux over the SB is significantly increased on the days 
of the events, for all summer months. 
 

 
Figure 25. Northward water vapour flux (kg m-1 s-1, colour) and the moisture flux circulation (kg m-1 s-1, vectors) 
for the June event. The location of the event is indicated by the black diamond shape. 
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Figure 26. Eastward water vapour flux (kg m-1 s-1, colour) and the moisture flux circulation (kg m-1 s-1, vectors) 
for the June event. The location of the event is indicated by the black diamond shape. 

 

 
Figure 27. Composite map of the northward water vapour flux (kg m-1 s-1, colour) and the moisture flux circulation 
(kg m-1 s-1, vectors) for the July and August events. 
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Figure 28. Composite map of the eastward water vapour flux (kg m-1 s-1, colour) and the moisture flux circulation 
(kg m-1 s-1, vectors) for the July and August events. 
 
The composite for June indicates negative eastward moisture flux anomalies on the eastern part 
of the SB and positive anomalies on the western part of the SB (Figure 29a). The composite 
for July, August indicates negative eastward moisture flux anomalies on the SB (Figure 29b). 
The northward moisture flux shows positive moisture flux anomalies for the June composite 
and the July, August composite compared to the climatologies (Figure 30a, 30b). During June, 
July and August days, the heavy moisture flux coming from the south usually avoids the SB. 
However, during our extreme events the circulation over the SB is able to bring this moisture 
over the SB, as a result of the ongoing EASM. For all June and July, August events the 
anomalies between the events and the climatology are higher for the northward than for the 
eastward water vapour flux.  
 

 
Figure 29. Anomaly of the vertical integral of eastward water vapour flux (VIEWVF) computed as the June event 
minus the June climatology (a), the July, August events minus the July, August climatology (b) for years 2000-
2018. 
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Figure 30. Anomaly of the vertical integral of northward water vapour flux (VINWVF) computed as the June 
event minus the June climatology (a), the July, August events minus the July, August climatology (b) for years 
2000-2018. 
 

3.4.  Mesoscale disturbances 
 

3.4.1. Mesoscale convective systems 
 
The weather parameters presented in this study are possible indicators for the formation of 
mesoscale disturbances. Not all precipitation events are associated with mesoscale 
disturbances, but when these systems do form they can bring extensive rainfall to the region 
affected. Concerning our events, the required conditions for mesoscale disturbances are not 
always met, depending on the event. The first type of mesoscale disturbance studied, MCSs, 
are affected by and can affect the evolution of the large-scale circulation. The important 
diabatic heating on the TP in summer, the complex topography and the thermal difference 
between water and land defining the local atmospheric circulation, also determine the 
distribution of MCSs in the region we study (Zheng et al., 2008). To establish the exact location 
of MCSs during our events, every available cell ID from the Kukulies et al. 2021 MCS database 
was plotted. It was observed that five out of our ten extreme precipitation events present a MCS 
in the proximity of the extreme precipitation location, on the day of our events (Table 5). 
 

 
Table 5. List of the different events associated with an MCS on the day of the event. 
 
The shortest MCS had a lifetime of 10 hours while the longest one lasted 19 hours. The other 
five events are either local, organised precipitation systems, or they do not satisfy the 
requirements determined to create this MCS database. Most of the MCSs observed on these 
days are quite extended over the SB (Figure 31). They are spread on the west or south region 
of the SB, or even across the SB region, as only one event shows an MCS quite localised in the 
north of the SB. Only one of these MCSs occurs in August, the other MCSs all occur in July. 
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Extreme and very heavy precipitation is observed on the IMERG data (section 3.2) at the same 
locations where MCS are tracked on the MCS database, as the MCS database is partially based 
on IMERG data. The IMERG data and the MCS database give us different crucial information. 
IMERG data gives us an idea of the precipitation extent and intensity occurring around the 
MCS. The MCS database gives us the precise location of the MCS and the geographic range 
in which the MCS travelled during the day of the event. For the few events indicating an MCS 
on the day of the event, this MCS sustains itself even the day after the event. Events n° 2, 3, 8 
show the same MCS system at approximately the same location and spatial extent the day after 
the event. Events n° 1, 10 show that the MCS has a smaller spatial extent on the day after the 
event. Each of the five MCSs detected are present on the day of persistent, spatially extended 
events (Table 2). The latter events are also some of the events with the most extreme station 
recorded precipitation amount. This observation verifies the hypothesis that persistent and 
spatially extended MCSs are more inclined to generate large amounts of heavy precipitation 
(Kukulies et al., 2021). Events n° 2, 3 could have caused more severe precipitation on their 
location, compared to event n° 1, as the MCSs for the former events are quite localised and 
they have the longest lifetimes. However, precipitation coming from the MCS present during 
event n° 1 would be located along the eastern slopes of the TP, a region prone to floodings as 
a result of the important contrast in terrain heights. 

 

 
Figure 31. Trajectories of each tracked MCSs at the eastern boundary of the TP and on the SB for every event 
indicating an MCS. The different colours correspond to different cells (track ID of the MCS), and every dot 
represents the location where the MCS initiated. The location of the event is indicated by the black diamond shape 
for every event. 
 
The differences between events involving an MCS and events not involving an MCS were 
determined when looking at station data and satellite data (not shown). The events which 
present an MCS also present a very extended extreme precipitation area, in both types of data. 
The only event which presents a large extreme precipitation area in the two datasets without 
involving an MCS, event n° 5, is located at the eastern slopes of the TP. It can be inferred that 
this extreme precipitation is due to the proximity with the TP.  
 

3.4.2. Tibetan plateau vortices 
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The second type of mesoscale disturbances studied, TPVs, only originate in the interior region 
of the TP. They can be detected through the observation of a cyclonic circulation at the 500 
hPa pressure level (Feng et al., 2014). The data being available only for years 2002, 2007, 2010 
and 2014, it was not possible to determine if a TPV occurred during the other years. TPVs were 
observed on the TP during events n° 3, 4, 6, 8 and 10 (Figure 32). Some of the TPVs were 
present in the western or central part of the TP, but events n° 3, 4, 8 show a TPV in the eastern 
part of the TP on the day of the event. Only event n° 10 shows a TPV in the northeast part of 
the TP on the day of the event. Events n° 3 and 8 show a TPV occurring at the same location 
where an MCS was tracked, on the eastern edge of the TP (Figure 31). As the TPVs formed 
before the MCSs, it is possible that these TPVs triggered the MCSs. The TPV formed during 
event n° 4 is quite close to the location of the event, and it could have impacted it. The 
formation of the TPV during event n° 6 (the June event) was already suspected from the results 
of geopotential height and wind circulation over the TP (Figure 16). 
 

 
Figure 32. Trajectories of the tracked TPVs at the eastern boundary of the TP and on the SB for events n° 3, 4, 6, 
8, 10. The different coloured tracks correspond to different cells (track ID of the TPVs). The green dots indicate 
the position of the TPV at a specific time during the day of the event. The timestep used in the database is 6h.  
The location of the event is indicated by the black diamond shape for every event. 
 
4. Discussion 
 

4.1.  Extreme precipitation characteristics in the SB 
 
The meteorological station data employed in this study gives us an overview of how extreme 
precipitation can be in the SB, with the great majority of our extreme summer events presenting 
organised and persistent extreme precipitation. The annual precipitation for the years 2000-
2018 calculated in this study for the Sichuan-Chongqing region is 953.6 mm. This annual 
precipitation value is close to the approximate 1000 mm y-1 given by Ji et al. (2018) for the 
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period 2005-2016. In the SB, the mean annual precipitation is highest in the western part (Yang 
& Xing, 2022) and our events are all located in the western or central part of the SB, except for 
the last event located in the north-eastern part of the SB. However, Zhou and Lei (2018) found 
that the western SB exhibits a decreasing trend in annual precipitation while the eastern SB 
shows an increasing trend, the difference in trend resulting from different water vapor sources. 
The main water vapor source for the western and the eastern basin showing a decreasing trend 
and an increasing trend, respectively, can partly explain the annual trends (Zhou & Lei, 2018). 
This separation between east and west is noticeable in the moisture flux anomalies for the June 
and July, August events (Figures 29a, 29b). Our results indicate that, for the years 2000-2018, 
54% of the annual precipitation occurred during the summer months. This value is a proof that 
the annual precipitation strongly depends on the summer precipitation. According to our 
results, summer 2018 was the wettest summer of all summers for the years 2000 to 2018 (Figure 
3). However, we also observed that the interannual variability for daily summer precipitation 
is significant (from 3.8 to 6.9 mm d-1). In summer and over the SB, the water vapor content is 
increasing, which leads to heavier floods (Zhou & Lei, 2018). However, the total summer 
precipitation and the maximum precipitation in a day are actually decreasing in the western 
and central parts of the SB, and increasing in the eastern part (He and Zhai, 2018; Zhou and 
Lei, 2018) Even if extreme precipitation days represent less than 1% of all the summer days 
during the years 2000-2018 (Figure 4), they are a real menace for this region. Especially when 
these extreme precipitation days follow each other as persistent events, and/or when the 
extreme precipitation is very localised. Floodings are then inevitable as the soil is gorged with 
water and colossal runoff is created. The fact that most of our events led to floodings, more or 
less extensive, demonstrates this. A similar conclusion was drawn by Gao et al. (2017) who 
evaluated the spatial and temporal distribution characteristics of rainstorm disaster in the 
Sichuan Province during the last decade. The uniqueness of our events, occurring during the 
wettest months of the year, is apparent from the comparison with the 95th and 99th percentiles 
of all accumulated daily summer precipitation indicating 43.2 and 85.3 mm d-1, respectively 
(Figure 5). The extreme precipitation anomalies recorded for all of our ten events (Figure 7, 
414.7 mm for our top event and 246.7 mm for our tenth event) is an indication of how complex 
precipitation is in the region, and therefore how difficult it is to predict severe precipitation 
events. The issue with station data is the limitations coming from the spatial distribution of 
stations, which is accentuated by the complex terrain regions present on the TP and in the SB 
(Wu & Zhai, 2012). 
 

4.2.  Spatio-temporal characteristics of precipitation 
 
Persistent versus non-persistent precipitation, and organised versus regional precipitation have 
been evaluated in terms of precipitation severity. Concerning our ten extreme events, we have 
observed that our nine organised events are also the nine events corresponding to persistent 
events (Table 3). Our local event is the only event which could be described as non-persistent. 
Although most of our persistent events with extreme precipitation are located in the 
western/central part of the SB, non-persistent events could be occurring more often than 
persistent events in these regions of the SB. This has been suggested by He and Zhai (2018), 
who showed that, through the summers 1961 to 2016 the ratio of persistent to non-persistent 
extreme precipitation decreased in the western and central part of the SB, and increased in the 
eastern part of the SB. This would mean that non-persistent events are occurring more often 
than persistent events in the western and central part of the SB, and the contrary in the eastern 
part of the SB (He & Zhai, 2018). It would result in the western and central basin experiencing 
drier conditions, while the eastern basin receives more precipitation, increased surface runoff 
and therefore more frequent floods and landslides (He & Zhai, 2018). Zhao et al. (2020) explain 
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that extreme precipitation events of a short duration often lead to flash floods, while multi-days 
extreme precipitation events can lead to large scale floods. Our top event, a persistent event, 
created the worst flood in five decades, as it brought around 300 mm of rain in just 24 hours 
according to Fan et al. (2015). Different persistent rainfall events will have different impacts 
on the SB, depending on whether the precipitation phenomenon evolves across the region or 
whether the precipitation remains localised on a part of the region (Figure 8). As the spatial 
and temporal characteristics of precipitation are often linked, we can infer from our 
observations that local events bring short-duration extreme precipitation while organised 
events bring long-duration extreme precipitation. 
 

4.3.  Satellite and reanalysis data in addition to station data 
 
Satellite and reanalysis data were able to complement well the station data, as the precipitation 
distribution, the regional and large-scale characteristics present in this area are fundamental to 
understand the impact extreme weather events can have on the region. The IMERG data is a 
very useful tool to make up for the limited number of stations present in the region studied. 
From our results, we concluded that satellite data is very helpful when we want to look at the 
spatial extent of the extreme precipitation. However, the extreme precipitation amounts 
collected at the stations' location by satellite data are quite distinct from the extreme 
precipitation amounts gathered by station data, and satellite data always underestimated how 
extreme the events were (Table 4). Although most of the events share approximately the same 
location for the maximum extreme precipitation amount on satellite and station data, the rest 
of the events can indicate a difference in location. When both types of data are compared, it is 
observed that satellite data can underestimate or overestimate rainfall occurring over the region, 
at the different locations of our extreme precipitation events. We also observed that this under- 
and overestimation is not distributed equally over the region studied. If the performance of the 
IMERG product is acceptable in the SB, the other two sub-regions studied have different 
performances. Satellite data exhibits a low accuracy for heavy rainfall but a good accuracy for 
lower precipitation amounts on the eastern edge of the TP, and opposite results for the SWSP 
(Figure 9). A similar conclusion was drawn by Yang et al. (2020) who evaluated GPM IMERG 
precipitation products using the point rain gauge over the Sichuan Province and found that this 
satellite data has a considerably higher accuracy in the SB than on the eastern edge of the TP 
or in the SWSP. These differences could be the results of the different topographies (Figure 1), 
leading to different precipitation amounts being muddled by satellites (Yang et al., 2020). 
 
In parallel, ERA5 data demonstrates the links precipitation has with the large-scale circulation. 
Atmospheric circulations often control the development process and characteristics of 
precipitation events (Hu et al., 2020) and our ERA5 results corroborate this theory. 
Observations made throughout this study such as high- and low-pressure systems, changes in 
the wind circulation, differences in the available potential energy, the direction of moisture 
fluxes, as well as the presence of updrafts, can indicate the formation of severe weather systems 
when the conditions required are present. As these indicators of possible intense precipitation 
start forming days before the day of the extreme precipitation event, as seen in section 3.3, they 
could be used as signals for incoming severe weather. These early signs often imply that worse 
conditions are approaching and therefore pre-emptive measures should be taken. 
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4.4.  June and July, August regional and large-scale circulation 
 
Our ERA5 data results suggest that the large-scale circulation differs during summer, between 
the different months. As a matter of fact, if the July and August events exhibit very similar 
characteristics, the June event displays the June month as a month with singular features. In 
June, the jet is at the northern edge of the TP (Figure 10), but it is in July and August that it 
reaches its northernmost position (Figure 11). During summer, the monsoonal climate is 
characterised by the reversal of winds at the surface over coasts and oceans, the change in the 
westerly flow (Wang & Ho, 2002) and the shift of the jet stream (Sato, 2009). These changes, 
beginning in May-June, are fully developed during July and August. In June, the moisture over 
the TP comes mainly from the westerly water transport. In July, August the moisture comes 
from the seas and oceans located south of the TP as westerlies are fading, and southerlies bring 
moisture that will impact the occurrence of floods. The anomalous south-westerly airflow 
observed at 700 hPa for the June (Figure 19) and July, August events (Figure 20) is a result of 
the strengthened atmospheric heat source over the TP. When the vertical advection of this heat 
is enhanced, the water vapor coming from seas and oceans is transported northward to reach 
the south of the TP. This water vapor travels along the TP's edge and proceeds 
counterclockwisely on the SWSP and the SB and brings substantial warm moist air over the 
region. Even if the June event indicates a lower pressure (Figure 19) than the July, August 
events composite (Figure 20), the latter indicates higher CAPE values as well as updrafts 
(Figures 22, 23) and the plateau is heated more intensively in midsummer than at the beginning 
of summer. Ultimately, more precipitation occurs in July, August. Studies such as Park, Chiang 
and Bordoni (2012) are needed to understand how large of an impact the TP has on the large-
scale circulation, by studying the impact that the presence of the TP has on the region. For 
instance, they were able to show that the TP has a great impact on the monsoonal circulation 
strength in June, but a minor impact in July, August (the mature phase of the monsoon). As a 
result of the presence of extratropical westerlies over the TP during June, there are stronger 
low-level monsoonal winds in June than in July, August. On another matter, Ye and Wu (1998) 
explain that the vertical configuration of pressure in summer over the TP is constituted of a 
cyclonic circulation near the surface and an anticyclonic circulation at upper levels. It means 
that near the surface the convergence is strong and it works as an important vorticity source, 
while the divergence in the upper levels of the atmosphere create a vorticity sink. Our results 
for the July, August events are consistent with this configuration, at 700 hPa (Figure 20) and 
at 300 hPa (Figure 11). In our results, the month of June indicates a different configuration for 
pressure over the TP at 700 hPa (Figure 19) and at 300 hPa (Figure 10). This disparity can be 
explained by the fact that in May there are no stable cyclonic circulation and no stable 
anticyclonic circulation system at the lower and higher atmospheric levels, respectively (Ye & 
Wu, 1998). As June follows May, the vorticity transportation through convection is weak in 
June compared to July, August. According to our results, the July, August could have been 
influenced by the SAH and the WNPSH. It would have been interesting to study the mean 
temperature and the atmospheric heat source present over South Asia as it could indicate the 
positions of the SAH and the WNPSH. On the other hand, the June event does not indicate an 
atypical circulation of the SAH over the TP and SB as it is suspected that the SAH did not 
move onto the TP yet, and the WNPSH shouldn’t have played a great role in an event which 
occurred during beginning of June. Concerning the water vapour flux, more water vapour flows 
over the SB during the events as the moisture flux is directed northward and over the SB. 
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4.5.  Anomalies of extreme events compared to their climatology 
 
All of the events studied happen during summer and led to extreme precipitation and severe 
weather. Yet, depending on whether the event occurred in June or July, August the anomalies 
evaluated from the differences between each event and the climatology are dissimilar, as a 
result of the different weather phenomena between June and July, August. At the level of the 
jet stream, the June event indicates a mean negative geopotential height anomaly of around 50 
gpm over the TP (Figure 12a) and a mean positive geopotential height anomaly of around 15 
gpm over the TP during July, August events (Figure 12b). The June event anomalies indicate 
that the jet stream is located abnormally south on the day of the events. At the same pressure 
level but for the U component of windspeed, the June event displays a windspeed 
approximately 10 m s-1 stronger and 10 m s-1 weaker than the climatology at the western and 
eastern part of the TP, respectively (Figure 15a). As the atmosphere over the eastern part of the 
TP starts to be heated approximately one month later than the western part (Ye & Wu, 1998), 
in early June only the western part is heated. This could have an impact on the wind circulation 
and therefore create this difference in the wind circulation. Meanwhile in July and August, the 
windspeed of the eastward winds are quite similar between the events and the climatology 
(Figure 15b). At the surface of the TP, the June event indicates a mean negative geopotential 
anomaly of around 20 gpm over most of the TP (Figure 18a) and the July, August events 
indicate a mean negative geopotential anomaly of around 10 gpm over the eastern part of the 
TP (Figure 18b). When we have a low pressure at 500 hPa on the TP, surface air can reach the 
upper-level atmosphere after condensation, as it carries water vapor to the upper levels and 
increases the air temperature there through condensation (Ye & Wu, 1998). This could mean 
that more water vapor reached the upper pressure levels during our events than usually. At the 
SB’s surface, the June event indicates a mean negative geopotential anomaly of around 40 gpm 
(Figure 21a) and the July, August events indicate a mean negative geopotential anomaly of 
around 10 gpm (Figure 21b), with a cyclonic circulation around the eastern part of the TP as 
southerlies travel over the SB. This lower pressure system is more extended to the north and 
south of the SB in June than in July, August, which could be a result of the ongoing westerly 
advection. During the June event, unusual updrafts are located at the north of the SB and there 
is a positive CAPE anomaly superior to 500 J k-1 in the eastern SB, while the negative CAPE 
anomaly in the rest of the SB is of around 100 J k-1 (Figure 24a). For the July, August events 
unusual updrafts are present in the northwest SB and there is a positive CAPE anomaly of 
around 150 J k-1 over most of the SB (Figure 24b). Unusual CAPE amounts were therefore 
available for storms to form during our events. Concerning the moisture flux anomalies for the 
June event, the eastward flux is lower than usual on the eastern part of the SB (anomaly of 
around -60 kg m-1 s-1) but greater than usual on the central and western part (anomaly of around 
30 kg m-1 s-1), while the northward flux is greater than usual over the SB (anomaly greater than 
250 kg m-1 s-1). It would mean that during our June event, compared to the June climatology, 
the moisture flux is directed more eastward on the eastern SB, more westward on the western 
SB, and more water vapour flows over the SB as the moisture flux is directed northward. For 
the July, August events, the northward moisture flux is also stronger (anomaly of around 150 
kg m-1 s-1), and the eastward flux is weaker over most of the SB (anomaly of around 20 kg m-1 
s-1). Therefore, the moisture flux during our July and August events, compared to the July and 
August climatology, is directed more westward on the SB. 
 

4.6.  Extreme precipitation and MCS occurrences 
 
As convective clouds form MCSs under adequate conditions, MCSs are an important link 
between organised convection and the large-scale circulation which define our extreme 
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precipitation events. Two different types of MCSs can affect the SB: MCSs forming in the SB, 
and MCSs which formed on the TP but moved off into the SB. Previous studies have noted 
that severe weather occurring in southwest China is strongly associated with MCSs moving out 
of the TP (Guo et al., 2006). For our events, however, we assert that all MCSs present in the 
SB on the day of the event must have formed in the SB. The reason is that these MCSs are 
sometimes observed the day after the event, depending on the event (section 3.4.1), but none 
of the MCSs are observed moving from the TP in the SB between the day before the event and 
the day of the event. Laing and Fritsch (2000), who studied the large-scale environments of 
MCSs in China, found that large vertical wind shear and CAPE values close to the surface, 
upper-level divergence and low-level convergence are common conditions for the formation 
of MCSs. In this study, the regional and large-scale conditions presented for the July, August 
events where MCSs were observed are consistent with this affirmation. Whether it is the high 
CAPE values present on the SB and the updrafts located over the north-western edge of the SB 
(Figure 23), the upper-level divergence of the jet stream (Figure 11), or the convergence present 
at the surface of the SB (Figure 20), we can conclude that during our July, August events the 
environment was favourable for the formation of MCSs. Yang et al. (2015), who studied the 
characteristics of MCSs over China during the years 2005-2012, found that most of the MCSs 
occur during July, followed decreasingly by June and August. According to our results, the 
frequency in which MCSs are observed for our extreme events is highest in July, followed by 
August and smallest in June. However, the temporal extent Yang et al. (2015) study is much 
larger than our ten extreme events, therefore our results might be biased by the small number 
of days we study. Furthermore, the fact that most of our extreme precipitation events occur in 
July could explain our results. As relatively long-lived MCSs have a duration superior to 6h 
(Li et al., 2020), and the shortest lifetime of the MCSs we observed being 10h (Table 5), we 
can therefore deduce that our MCSs are all long-lived MCSs.  
 
IMERG data allowed us to comprehend the spatial and temporal extent of the MCSs we 
observed. It also helped us understand why only some of our organised events display an MCS, 
through the spatial extent of the extreme precipitation. However, our results clearly indicated 
that the spatial extent of the extreme precipitation cannot indicate MCSs on its own and it must 
be studied in addition to other parameters (such as the IR brightness temperature), in order to 
make the difference between organised precipitation and MCSs. To understand the propagation 
of MCSs and their precipitation characteristics in the SB for our extreme precipitation events, 
it would be interesting to plot other variables such as the IR brightness temperature in addition 
to precipitation, with the same method than Kukulies et al. 2021. 
 

4.7.  TPVs and their influence on MCSs and on the events 
 
TPVs can trigger rainfall through MCSs, or produce serious synoptic disasters in downstream 
regions of the TP, which could explain the extreme precipitation of our events. Five of our 
events indicate one or more TPVs on the day of the event, and these TPVs are located all over 
the TP. As Li et al. (2020) explains, the effects of TPVs are not limited to their precise location, 
as these effects also act further eastward. Therefore, TPVs forming in the eastern part of the 
TP could have had an impact on our extreme events located in the SB. The TPV present at the 
eastern edge of the TP during event n° 4 (18th August 2010) is quite close to the location of the 
extreme precipitation event, and therefore it is suspected of impacting the development of the 
event. For events n° 3 (8th of July 2007) and 8 (8th of August 2014) with a TPV on the east TP, 
an MCS occurred at the same location than the TPV and has possibly been impacted by this 
TPV, as the MCS developed later than the TPV. For our other extreme events, results from 
Shou et al. (2019) and Li et al. (2020) indicate TPVs at the location of our extreme precipitation 
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events which occurred on the 8th of July 2013 and 10th of July 2018, respectively. As MCSs 
also occurred on the day of the event for the latter events, it can be deduced that the TPVs had 
an influence on these MCSs. Furthermore, as the 8th of July 2013 and 10th of July 2018 are our 
n°1 and n°2 most extreme precipitation events, we can assume that the TPVs taking place 
during these days not only impacted the developing of the MCS, but it also greatly helped 
create this severe weather. As no TPVs were observed in the SB for the events occurring during 
years 2002, 2007, 2010 and 2014, possible explanations can be found in the results of Lin 
(2015). This study indicates that among the annual TPVs occurring over the TP, about 10% of 
them move off the TP into a downstream region. Shou et al. (2019) and Li et al. (2020) also 
indicate the implication of a Southwest Vortex (SWV), a mesoscale system present at low-
levels which originates on the east part of the TP. SWVs can be important rainfall triggers, and 
the two studies show the coupling of a TPV and a SWV for our events n° 1 and n° 2. In this 
study we decided to focus on TPVs and MCSs, but as this TPV-SWV coupling could partly 
explain the extreme precipitation it would be interesting to study the possible presence of 
SWVs during extreme events. 
 

4.8.  Reflections for future studies 
 
As the heating over the TP has a significant impact on the climate over the SB, we recommend 
completing this study with the analysis of the atmospheric heat source over the TP during the 
extreme precipitation events. Furthermore, with a longer time period than 19 years it would be 
possible to determine the changes appearing in the climate dynamics of the extreme events as 
a result of climate change, and examine how these changes impact the region. 
 

4.9.  Uncertainties in the datasets 
 
As we use the database from Kukulies et al. 2021 to determine whether MCSs were generated 
in the SB and had an influence on our extreme events, we also inherit the uncertainties this 
database comprises. The authors themselves explain that their MCS tracking method was 
developed for the TP, which could lead to an underestimation of the MCS contribution to 
precipitation in the SB. As surface background and cloud temperatures are warmer at lower 
altitudes, the brightness temperature threshold used to identify convection at higher altitudes 
should presumably be lowered for the SB. If we want a better estimation of the MCSs present 
over the SB during our events, the disparity between cloud top temperatures and local surface 
temperatures could be evaluated over the SB, instead of using a brightness temperature 
threshold. Zhao (2015) who used accumulated rainfall data, radio soundings and blackbody 
brightness temperature to detect MCSs shows an MCS during one of our extreme events, when 
Kukulies et al. 2021 show no MCS. There are still uncertainties over the development of MCSs, 
and different studies using different parameters will give different results. As we base our 
station data on the CMA data, our satellite data on the GPM IMERG data, our reanalysis data 
on the ERA5 data and our TPV data on the database of Curio et al. (2019) our data comprises 
their uncertainties. It should also be noted that eight organised events are used to represent the 
July, August months, while only one organised event is used to represent the June month. As 
one single event 
 
5. Conclusion 
 
The TP and SB region is a region of exceptionally severe weather during summer as a result of 
its location and terrain properties and the atmosphere’s circulation during the wet season. This 
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study explores the characteristics associated with extreme precipitation events occurring during 
the summer months in the SB and TP region, as a mean to better understand extreme summer 
precipitation but also to comprehend the climate dynamics over the region. Aiming to describe 
the characteristics of these extreme precipitation events, station data and satellite data were 
used. Reanalysis data was used to identify the context of the regional and large-scale 
circulations present during the events. Mesoscale disturbances (notably MCSs and TPVs) 
associated with these events and their characteristics were examined.  
 
Station data was used to define the spatial extent and duration of the extreme precipitation 
occurring during the events. We observed that most of our events were located along the slopes 
on the TP, representing the impact the TP has on the SB’s precipitation. One event was 
identified as local and non-persistent, while the rest of the events were considered organised 
and persistent, but all events exhibited extreme precipitation anomalies on the day of the event. 
We concluded that most of the extreme summer precipitation events occurring in the SB during 
summer are organised and persistent events. 
 
Satellite data provided us more precision on the spatial and temporal scale of our events. On 
the day and location of our extreme events, we observed significant differences in precipitation 
amounts between our station and satellite data. However, the maximum precipitation amount 
recorded on the day of the events share a similar location between satellite and station data for 
most of our events. On the other hand, as the region studied comprises different topographies, 
the accuracy of IMERG data is not the same everywhere in the region. From these results, we 
deduced that the organised events had a large extent of precipitation, while the local event had 
a rather small precipitation extent. In addition to station data, IMERG data facilitated the 
classification of our events into local or organised, but it also enabled us to conclude a link 
between the spatial and the temporal scale of our events, as we concluded that local events are 
non-persistent and organised events are persistent. 
 
We used reanalysis data to examine the regional and large-scale circulation occurring before 
and during our extreme precipitation events, on different pressure levels. In June, westerly 
winds are still active and strong all over the latitudes of the TP and SB and there is little CAPE 
in the SB for storms to form. Furthermore, as the jet is located on the TP during June, the SAH 
cannot move northward on the TP. In July, August the jet is located north from the TP, an 
upper-level anticyclonic circulation is associated with a lower-level cyclonic circulation and 
there is CAPE and updrafts in the SB. An important observation is the moisture flux present 
over the SB being enhanced during all the extreme precipitation events, compared to other 
days. Most of the extreme events studied were associated with organised convection, and 
therefore organised convection can be a clear indicator of severe weather developing. We 
concluded on the importance of regional and large-scale forcing indicators for forecasting and 
climate change studies, as changes in the extreme precipitation events could be dependent on 
the regional and large-scale circulation changes. 
 
The mesoscale disturbances studied, MCSs and TPVs, were observed on the day of the event 
for some of our events. Four of the five MCSs observed in the SB occurred during July events, 
and one MCS occurred during an August event. All of the MCSs have a great spatial extent 
over the SB, bringing extreme precipitation over their location and the surroundings. As MCSs 
are associated with organised convection, we concluded that MCSs played a significant role in 
the severity of the events they were associated with. The TPVs observed during our events 
were located all over the TP. Those located at the eastern part of the TP possibly impacted the 
development of MCSs forming at the same location, but also the development of the extreme 
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precipitation events located in the SB. As these TPVs occur before and during organised events, 
we concluded that their presence influenced the development of this organised precipitation. 
 
Data availability 
 
GPM IMERG Final precipitation data is available at the Goddard Earth Sciences Data and 
Information Services Center. Accessible at: https://disc.gsfc.nasa.gov. 
ERA5 hourly data on single levels from 1979 to present and ERA5 hourly data on pressure 
levels from 1979 to present from the ECMWF are available at the Copernicus Climate Change 
Service Climate Data Store. Accessible at: https://cds.climate.copernicus.eu.  
 
References  
 

Chang, L., Wu, Z., & Xu, J. (2021). Contribution of Northeastern Asian stratospheric 
warming to subseasonal prediction of the early winter haze pollution in Sichuan 
Basin, China. Science of the Total Environment, 751, 141823. 
https://doi.org/10.1016/j.scitotenv.2020.141823 

Chen, Y., & Li, Y. (2019). Analysis of a Late-Autumn Rainstorm in the Sichuan Basin on 
the Eastern Side of the Tibetan Plateau. Advances in Meteorology, 2019. 
https://doi.org/10.1155/2019/8797368 

Chen, Y., & Li, Y. (2021). Convective characteristics and formation conditions in an 
extreme rainstorm on the eastern edge of the tibetan plateau. Atmosphere, 12(3). 
https://doi.org/10.3390/atmos12030381 

Cheng, X., Li, Y., & Xu, L. (2016). An analysis of an extreme rainstorm caused by the 
interaction of the Tibetan Plateau vortex and the Southwest China vortex from an 
intensive observation. Meteorology and Atmospheric Physics, 128(3), 373–399. 
https://doi.org/10.1007/s00703-015-0420-2 

Curio, J., Chen, Y., Schiemann, R., Turner, A. G., Wong, K. C., Hodges, K., Li, Y., Chen, 
Y. R., Schiemann, R., Turner, A. G., Wong, K. C., Hodges, K., & Li, Y. Q. (2018). 
Comparison of a Manual and an Automated Tracking Method for Tibetan Plateau 
Vortices. Advances in Atmospheric Sciences, 35(July 1998), 965–980. 
https://doi.org/10.1007/s00376-018-7278-4 

Curio, J., & Scherer, D. (2016). Seasonality and spatial variability of dynamic 
precipitation controls on the Tibetan Plateau. Earth System Dynamics, 7(3), 767–
782. https://doi.org/10.5194/esd-7-767-2016 

Curio, J., Schiemann, R., Hodges, K. I., & Turner, A. G. (2019). Climatology of Tibetan 
Plateau vortices in reanalysis data and a high-resolution global climate model. 
Journal of Climate, 32(6), 1933–1950. https://doi.org/10.1175/JCLI-D-18-0021.1 

Duan, A., Wu, G., Liu, Y., Ma, Y., & Zhao, P. (2012). Weather and climate effects of the 
Tibetan Plateau. Advances in Atmospheric Sciences, 29(5), 978–992. 

Fan, J., Rosenfeld, D., Yang, Y., Zhao, C., Ruby Leung, L., & Li, Z. (2015). Substantial 
contribution of anthropogenic air pollution to catastrophic floods in Southwest 
China. Geophysical Research Letters, 42(14), 6066–6075. 
https://doi.org/10.1002/2015GL064479 



 

 43 

Feng, X., Liu, C., Rasmussen, R., & Fan, G. (2014). A 10-yr climatology of tibetan plateau 
vortices with NCEP climate forecast system reanalysis. Journal of Applied 
Meteorology and Climatology, 53(1), 34–46. https://doi.org/10.1175/JAMC-D-13-
014.1 

Fu, S., Li, W., Sun, J., Zhang, J., & Zhang, Y. (2015). Universal evolution mechanisms 
and energy conversion characteristics of long-lived mesoscale vortices over the 
Sichuan Basin. Atmospheric Science Letters, 16(2), 127–134. 
https://doi.org/10.1002/asl2.533 

Fu, S., Mai, Z., Sun, J., Li, W., Zhong, Q., Sun, J., & Zhang, Y. (2021). A semi-idealized 
modeling study on the long-lived eastward propagating mesoscale convective system 
over the Tibetan Plateau. Science China Earth Sciences, 64(11), 1996–2014. 
https://doi.org/10.1007/s11430-020-9772-1 

Fu, Y., Ma, Y., Zhong, L., Yang, Y., Guo, X., Wang, C., Xu, X., Yang, K., Xu, X., Liu, 
L., Fan, G., Li, Y., & Wang, D. (2020). Land-surface processes and summer-cloud-
precipitation characteristics in the Tibetan Plateau and their effects on downstream 
weather: A review and perspective. National Science Review, 7(3), 500–515. 
https://doi.org/10.1093/nsr/nwz226 

Gao, J., Pan, J., Wang, M., & Gu, S. (2017). The Spatial and Temporal Distribution 
Characteristics of Rainstorm Disaster in Sichuan Province over the Past Decade. 
Journal of Geoscience and Environment Protection, 05(08), 1–9. 
https://doi.org/10.4236/gep.2017.58001 

Ge, J., You, Q., & Zhang, Y. (2018). The influence of the Asian summer monsoon onset 
on the northward movement of the South Asian high towards the Tibetan Plateau and 
its thermodynamic mechanism. International Journal of Climatology, 38(2), 543–
553. https://doi.org/10.1002/joc.5192 

Guo, Z. Y., Dai, X. Y., Wu, J. P., & Lin, H. (2006). Analysis of Mesoscale Convective 
Systems over Tibetan Plateau in summer. Chinese Geographical Science, 16(2), 
116–121. https://doi.org/10.1007/s11769-006-0004-7 

He, B. R., & Zhai, P. M. (2018). Changes in persistent and non-persistent extreme 
precipitation in China from 1961 to 2016. Advances in Climate Change Research, 
9(3), 177–184. https://doi.org/10.1016/j.accre.2018.08.002 

He, J., Wen, M., Wang, L., & Xu, H. (2006). Characteristics of the onset of the Asian 
summer monsoon and the importance of Asian-Australian “land bridge” (pp. 951–
963). https://doi.org/10.1007/s00376-006-0951-z 

Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horányi, A., Muñoz Sabater, J., Nicolas, 
J., Peubey, C., Radu, R., Rozum, I., Schepers, D., Simmons, A., Soci, C., Dee, D., 
Thépaut, J-N. (2018): ERA5 hourly data on pressure levels from 1979 to present. 
Copernicus Climate Change Service (C3S) Climate Data Store (CDS). 
https://doi.org/10.24381/cds.bd0915c6 

Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Horányi, A., Muñoz Sabater, J., Nicolas, 
J., Peubey, C., Radu, R., Rozum, I., Schepers, D., Simmons, A., Soci, C., Dee, D., 
Thépaut, J-N. (2018): ERA5 hourly data on single levels from 1979 to present. 
Copernicus Climate Change Service (C3S) Climate Data Store (CDS). 
https://doi.org/10.24381/cds.adbb2d47 



 

 44 

Houze, R. A. (2004). Mesoscale convective systems. Rev. Geophys., 42(RG4003), 1–43. 
https://doi.org/10.1029/2004RG000150 

Hu, X., Yuan, W., Yu, R., & Zhang, M. (2020). The evolution process of warm season 
intense regional rainfall events in Yaan. Climate Dynamics, 54(7–8), 3245–3258. 
https://doi.org/10.1007/s00382-020-05168-8 

Huang, Y., & Cui, X. (2015). Moisture sources of torrential rainfall events in the sichuan 
basin of China during summers of 2009-13. Journal of Hydrometeorology, 16(4), 
1906–1917. https://doi.org/10.1175/JHM-D-14-0220.1 

Huang, Y., Wang, B., Li, X., & Wang, H. (2018). Changes in the influence of the western 
Pacific subtropical high on Asian summer monsoon rainfall in the late 1990s. Climate 
Dynamics, 51(1–2), 443–455. https://doi.org/10.1007/s00382-017-3933-1 

Huffman, G., Bolvin, D., & Nelkin, E. (2017). Integrated Multi-satellitE Retrievals for 
GPM (IMERG) Technical Documentation. The Mathematics Teacher, March, 54. 

Huffman, G.J., Stocker, E.F., Bolvin, D.T., Nelkin, E.J., Tan, J. (2019), GPM IMERG 
Final Precipitation L3 1 day 0.1 degree x 0.1 degree V06, Edited by Andrey 
Savtchenko, Greenbelt, MD, Goddard Earth Sciences Data and Information Services 
Center (GES DISC). Accessed: 21/01/2022, 10.5067/GPM/IMERGDF/DAY/06 

Hunt, K. M. R., Curio, J., Turner, A. G., & Schiemann, R. (2018). Subtropical Westerly 
Jet Influence on Occurrence of Western Disturbances and Tibetan Plateau Vortices. 
Geophysical Research Letters, 45(16), 8629–8636. 
https://doi.org/10.1029/2018GL077734 

IPCC. 2007. “Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution 
of Working Group II to the Fourth Assessment Report of the Intergovernmental 
Panel on Climate Change”. Parry, M.L., Canziani, O.F., Palutikof, J.P., van der 
Linden, P.J., and C.E. 

Ji, T., Li, G., Yang, H., Liu, R., & He, T. (2018). Comprehensive drought index as an 
indicator for use in drought monitoring integrating multi-source remote sensing data: 
A case study covering the Sichuan-Chongqing region. International Journal of 
Remote Sensing, 39(3), 786–809. https://doi.org/10.1080/01431161.2017.1392635 

Jiao, D., Xu, N., Yang, F., & Xu, K. (2021). Evaluation of spatial-temporal variation 
performance of ERA5 precipitation data in China. Scientific Reports, 11(1), 1–13. 
https://doi.org/10.1038/s41598-021-97432-y 

Kukulies, J., Chen, D., & Curio, J. (2021). The Role of Mesoscale Convective Systems in 
Precipitation in the Tibetan Plateau Region. Journal of Geophysical Research: 
Atmospheres, 126(23). https://doi.org/10.1029/2021JD035279 

Lai, H.-W., Chen, H. W., Kukulies, J., Ou, T., & Chen, D. (2021). Regionalization of 
Seasonal Precipitation over the Tibetan Plateau and Associated Large-Scale 
Atmospheric Systems. Journal of Climate, 34(7), 2635–2651. 
https://doi.org/10.1175/jcli-d-20-0521.1 

Lai, X., & Gong, Y. (2017). Relationship between atmospheric heat source over the 
Tibetan Plateau and precipitation in the Sichuan–Chongqing region during summer. 
Journal of Meteorological Research, 31(3), 555–566. 
https://doi.org/10.1007/s13351-017-6045-2 



 

 45 

Laing, A. G., & Fritsch, J. M. (2000). The large-scale environments of the global 
populations of mesoscale convective complexes. Monthly Weather Review, 128(8 
PART 1), 2756–2776. https://doi.org/10.1175/1520-
0493(2000)128<2756:tlseot>2.0.co;2 

Li, L., Zhang, R., Wu, P., Wen, M., & Duan, J. (2020). Roles of Tibetan Plateau vortices 
in the heavy rainfall over southwestern China in early July 2018. Atmospheric 
Research, 245(May), 105059. https://doi.org/10.1016/j.atmosres.2020.105059 

Li, P., Moseley, C., Prein, A. F., Chen, H., Li, J., Furtado, K., & Zhoub, T. (2020). 
Mesoscale convective system precipitation characteristics over East Asia. Part I: 
Regional differences and seasonal variations. Journal of Climate, 33(21), 9271–
9286. https://doi.org/10.1175/JCLI-D-20-0072.1 

Li, Y., Wang, Y., Song, Y., Hu, L., Gao, S., & Fu, R. (2008). Characteristics of summer 
convective systems initiated over the Tibetan plateau. Part I: Origin, track, 
development, and precipitation. Journal of Applied Meteorology and Climatology, 
47(10), 2679–2695. https://doi.org/10.1175/2008JAMC1695.1 

Lin, Z. (2015). Analysis of Tibetan Plateau Vortex Activities Using ERA-Interim Data 
for the Period 1979–2013. J. Meteor. Res, 29(5), 720–734. 
https://doi.org/10.1007/s13351-015-4273-x 

Liu, W., Wang, L., Chen, D., Tu, K., Ruan, C., & Hu, Z. (2016). Large-scale circulation 
classification and its links to observed precipitation in the eastern and central Tibetan 
Plateau. Climate Dynamics, 46(11–12), 3481–3497. https://doi.org/10.1007/s00382-
015-2782-z 

Liu, Y., Tang, G., Huang, X., Wei, K., Wu, S., Wang, M., Wang, Y., Zhang, J., & Wang, 
Y. (2021). Unexpected deep mixing layer in the Sichuan Basin, China. Atmospheric 
Research, 249(August 2020), 105300. 
https://doi.org/10.1016/j.atmosres.2020.105300 

Maussion, F., Scherer, D., Mölg, T., Collier, E., Curio, J., & Finkelnburg, R. (2014). 
Precipitation seasonality and variability over the Tibetan Plateau as resolved by the 
high Asia reanalysis. Journal of Climate, 27(5), 1910–1927. 
https://doi.org/10.1175/JCLI-D-13-00282.1 

Park, H. S., Chiang, J. C. H., & Bordoni, S. (2012). The mechanical impact of the Tibetan 
Plateau on the seasonal evolution of the South Asian monsoon. Journal of Climate, 
25(7), 2394–2407. https://doi.org/10.1175/JCLI-D-11-00281.1 

Qian, T., Zhao, P., Zhang, F., & Bao, X. (2015). Rainy-season precipitation over the 
Sichuan basin and adjacent regions in southwestern China. Monthly Weather Review, 
143(1), 383–394. https://doi.org/10.1175/MWR-D-13-00158.1 

Qian, W., & Lee, D. K. (2000). Seasonal March of Asian summer monsoon. International 
Journal of Climatology, 20(11), 1371–1386. https://doi.org/10.1002/1097-
0088(200009)20:11<1371::AID-JOC538>3.0.CO;2-V 

Sato, T. (2009). Influences of subtropical jet and Tibetan Plateau on precipitation pattern 
in Asia: Insights from regional climate modeling. Quaternary International, 194(1–
2), 148–158. https://doi.org/10.1016/j.quaint.2008.07.008 



 

 46 

Schiemann, R., Lüthi, D., & Schär, C. (2009). Seasonality and interannual variability of 
the westerley jet in the Tibetan Plateau region. Journal of Climate, 22(11), 2940–
2957. https://doi.org/10.1175/2008JCLI2625.1 

Shou, Y. X., Lu, F., Liu, H., Cui, P., Shou, S., & Liu, J. (2019). Satellite-based 
Observational Study of the Tibetan Plateau Vortex: Features of Deep Convective 
Cloud Tops. Advances in Atmospheric Sciences, 36(2), 189–205. 
https://doi.org/10.1007/s00376-018-8049-y 

Sun, F., Zhou, S., Yang, C., Ma, X., Wang, M., Sun, Y., & Zhou, S. (2022). Activity 
characteristics of the northeast moving Tibetan Plateau vortices in summer. 
Atmospheric Research, 272(February), 106141. 
https://doi.org/10.1016/j.atmosres.2022.106141 

Tamarin-Brodsky, T., & Hadas, O. (2019). The Asymmetry of Vertical Velocity in 
Current and Future Climate. Geophysical Research Letters, 46(1), 374–382. 
https://doi.org/10.1029/2018GL080363 

Wang, B., & Ho, L. (2002). Rainy season of the Asian-Pacific summer monsson. Journal 
of Climate, 15(4), 386–398. https://doi.org/10.1175/1520-
0442(2002)015<0386:RSOTAP>2.0.CO;2 

Wang, H., Wang, L., He, J., Ge, F., Chen, Q., Tang, S., & Yao, S. (2020). Can the GPM 
IMERG Hourly Products Replicate the Variation in Precipitation During the Wet 
Season Over the Sichuan Basin, China? Earth and Space Science, 7(5). 
https://doi.org/10.1029/2020EA001090 

Webster, P. J., Magaña, V. O., Palmer, T. N., Shukla, J., Tomas, R. A., Yanai, M., & 
Yasunari, T. (1998). Monsoons: processes, predictability, and the prospects for 
prediction. Journal of Geophysical Research: Oceans, 103(C7), 14451–14510. 
https://doi.org/10.1029/97jc02719 

Wei, W., Zhang, R., Wen, M., Yang, S., & Li, W. (2019). Dynamic effect of the South 
Asian high on the interannual zonal extension of the western North Pacific 
subtropical high. International Journal of Climatology, 39(14), 5367–5379. 
https://doi.org/10.1002/joc.6160 

Wu, D., Zhang, F., & Wang, C. (2018). Impacts of Diabatic Heating on the Genesis and 
Development of an Inner Tibetan Plateau Vortex. Journal of Geophysical Research: 
Atmospheres, 123(20), 11,691-11,704. https://doi.org/10.1029/2018JD029240 

Wu, L., & Zhai, P. (2012). Validation of daily precipitation from two high-resolution 
satellite precipitation datasets over the Tibetan Plateau and the regions to its east. 
Acta Meteorologica Sinica, 26(6), 735–745. https://doi.org/10.1007/s13351-012-
0605-2 

Wu, S., Liu, L., Gao, J., & Wang, W. (2019). Integrate Risk From Climate Change in 
China Under Global Warming of 1.5 and 2.0 °C. Earth’s Future, 7(12), 1307–1322. 
https://doi.org/10.1029/2019EF001194 

Wu, T. (2001). The Qinghai-Tibetan plateau: How high do Tibetans live? High Altitude 
Medicine and Biology, 2(4), 489–499. 
https://doi.org/10.1089/152702901753397054 



 

 47 

Xu, Z. X., Gong, T. L., & Li, J. Y. (2008). Decadal trend of climate in the Tibetan Plateau 
— regional temperature and precipitation. Hydrol. Process., 22(October 2007), 
3056–3065. https://doi.org/10.1002/hyp.6892 

Yanai, M., & Wu, GX. (2006). Effects of the Tibetan Plateau. In B. Wang (Ed.), The Asian 
Monsoon (p. 787). Springer Praxis Books. https://doi.org/10.1007/3-540-37722-
0_13 

Yang, M., Liu, G., Chen, T., Chen, Y., & Xia, C. (2020). Evaluation of GPM IMERG 
precipitation products with the point rain gauge records over Sichuan, China. 
Atmospheric Research, 246(June), 105101. 
https://doi.org/10.1016/j.atmosres.2020.105101 

Yang, R., & Xing, B. (2022). Spatio-Temporal Variability in Hydroclimate over the Upper 
Yangtze River Basin, China. Atmosphere, 13(2), 1–34. 
https://doi.org/10.3390/atmos13020317 

Yang, X., Fei, J., Huang, X., Cheng, X., Carvalho, L. M. V., & He, H. (2015). 
Characteristics of mesoscale convective systems over China and its vicinity using 
geostationary satellite FY2. Journal of Climate, 28(12), 4890–4907. 
https://doi.org/10.1175/JCLI-D-14-00491.1 

Ye, D. Z., & Wu, G. X. (1998). The role of the heat source of the Tibetan Plateau in the 
general circulation. Meteorology and Atmospheric Physics, 67(1–4), 181–198. 
https://doi.org/10.1007/BF01277509 

Zhang, F., Wang, C., & Pu, Z. (2019). Genesis of tibetan plateau vortex: Roles of surface 
diabatic and atmospheric condensational latent heating. Journal of Applied 
Meteorology and Climatology, 58(12), 2633–2651. https://doi.org/10.1175/JAMC-
D-19-0103.1 

Zhang, Z., Chan, J. C. L., & Ding, Y. (2004). Characteristics, evolution and mechanisms 
of the summer monsoon onset over Southeast Asia. International Journal of 
Climatology, 24(12), 1461–1482. https://doi.org/10.1002/joc.1082 

Zhao, Y. (2015). A study on the heavy-rain-producing mesoscale convective system 
associated with diurnal variation of radiation and topography in the eastern slope of 
the western Sichuan plateau. Meteorology and Atmospheric Physics, 127(2), 123–
146. https://doi.org/10.1007/s00703-014-0356-y 

Zhao, Y., Huang, A., Kan, M., Dong, X., Yu, X., Wu, Y., Zhang, X., & Cai, S. (2020). 
Characteristics of Hourly Extreme Precipitation along the Yangtze River Basin, 
China during Warm Season. Scientific Reports, 10(1), 1–13. 
https://doi.org/10.1038/s41598-020-62535-5 

Zheng, Y. G., Chen, J., & Zhu, P. J. (2008). Climatological distribution and diurnal 
variation of mesoscale convective systems over China and its vicinity during 
summer. Chinese Science Bulletin, 53(10), 1574–1586. 
https://doi.org/10.1007/s11434-008-0116-9 

Zhou, C., & Wang, K. (2017). Quantifying the sensitivity of precipitation to the long-term 
warming trend and interannual-decadal variation of surface air temperature over 
China. Journal of Climate, 30(10), 3687–3703. https://doi.org/10.1175/JCLI-D-16-
0515.1 



 

 48 

Zhou, X., & Lei, W. (2018). Complex patterns of precipitation and extreme events during 
1951-2011 in Sichuan Basin, Southwestern China. Journal of Mountain Science, 
15(2), 340–356. https://doi.org/10.1007/s11629-016-4186-x 

  

 


