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Based on the hourly gauge-satellite merged precipitation data with the spatial resolution of 0.1° × 0.1° 
during 2008–2016, the characteristics of extreme precipitation (EP) diurnal cycle along the Yangtze 
River Basin (YRB) and their regional and sub-seasonal differences during warm season have been 
indicated and revealed in this study. Results show that the EP amount (EPA) over most lower reaches of 
YRB exhibits two diurnal peaks with one in late afternoon and the other in morning, while the EPA over 
most eastern Tibetan Plateau (the Sichuan Basin and the northern Yunnan-Guizhou Plateau) generally 
peaks during late afternoon to midnight (midnight to early morning). The afternoon (morning) EPA 
diurnal peaks over the areas east to 110°E is mainly resulted from the short (long) duration EP events. 
However, both the short and long duration EP events lead to the nocturnal diurnal peaks and eastward 
propagating features of EPA over the regions west to110°E. The EP events over the Sichuan Basin 
generally begin at midnight and mostly peak around 03:00-04:00 Beijing time, and they start earlier 
and end later with the duration time increased. However, the EP events with short (long) duration over 
the lower reaches of YRB frequently start and peak in afternoon (early morning) and typically end at 
around 18:00 (07:00-08:00) Beijing time, and they start later (earlier) and end later with the duration 
time increased. Meanwhile, the EP frequency (EPF) diurnal cycles over the lower reaches of YRB exhibit 
obvious sub-seasonal differences in warm season, which show only a morning peak in the pre-Meiyu 
period, two comparable peaks with one in afternoon and the other in morning during the Meiyu 
period, and a predominant afternoon peak and a secondary morning peak in the post-Meiyu period, 
respectively. While the EPF over Sichuan Basin characterized by only one dominant early morning peak 
during all periods of the warm season exhibits much smaller sub-seasonal differences in the diurnal 
phase relative to that over the lower reaches of YRB.

Increases in the global surface temperature due to the increased greenhouse gases lead to enhanced water-holding 
capacity of the atmosphere, increased evaporation and atmospheric moisture1,2. The accelerated hydrological 
cycle3 may be affected the frequency and intensity of extreme precipitation (EP) events4–6, which can have signif-
icant environmental, societal, and even political impacts7. Earlier studies have shown that the extreme climate 
events are often more important to natural and human systems than their mean values8.Changes in extreme cli-
mate events are greater than in mean climate9,10. As one of the most important extreme climate events, the EP has 
attracted a great deal of attention among the scientific community11,12 due to its serious and profound effects on 
agriculture, natural ecosystems and human society13–15. So revealing the characteristics of the EP has become a hot 
topic for government, public and the climatic research community, which can provide a foundation for disaster  
prevention and mitigation, and regional water resources security and management16–18.
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The EP in China is common because of the East Asia monsoon systems and different climate zones due to the 
large variability of monsoonal climate and the unique distribution of topography with a vast land spanning many 
degrees of latitude and complex terrain, especially in the Yangtze River Basin (YRB)9,19, where frequent floods 
caused by EP in summer inflict considerable loss of economy and human life20. During the past several decades 
the EP along the YRB in summer has increased by 10–20% every 10 years, and significant increase has happened 
in the mid-lower reaches of YRB in recent two decades21,22. Although a lot of studies have been carried out on 
EP and obtained some valuable results, the previous studies on EP along the YRB are mostly based on the daily 
rainfall data and focused on the long term trend of EP in several decades or mainly concentrated on the EP with 
the duration of only one or more days17,23–25. However, the EP has different hydrological impacts depending on 
the duration of events: the EP with short duration often due to convective storms (i.e. sub-daily) may be treated 
as proxies for flash floods, multi-day EPs are often considered as proxies for large scale floods26,27. Studies have 
indicated that the greatest increases are likely to occur in the short duration storms lasting less than a day, leading 
to an increase in the magnitude and frequency of flash floods28.

Compared to the EP events with the duration up to a few hours, the EP events at daily and multi-day time 
scales cannot properly reflect the precipitation intensity and frequency and describe more details of the precipi-
tation processes29,30. Recent studies based on the ground gauge observed data have indicated that the hourly EP 
frequently occurring along the YRB has shown an increasing trend31–33.Therefore, it is necessary to provide much 
more detailed information of EP at sub-daily time scales along the YRB. In addition, due to the inhomogeneous 
surface landform in the YRB, such as plateau, basin, hills, and plain, may cause complex regional scale diurnal 
features of EP, the hourly EP over the areas with great altitude differences and complex geographic conditions 
usually experience a rapid development from its occurrence to peak34.

Based on the hourly precipitation product of Climate Precipitation Center Morphing (CMORPH) satellite 
data merged with the data from automatic weather stations (AWS) in China with high spatial resolution35,36, the 
detailed characteristics of the EP over the YRB in warm season (May to August) with much finer spatial resolu-
tion (~10 km) will be revealed at hourly time scale. We will focus on addressing such issues as follows: (1) How is 
the diurnal variation of EP with different duration along the YRB in warm season? (2) What is the feature of EP 
processes with different duration along the YRB during warm season in terms of their start, peak and end time? 
(3) How are the regional and sub-seasonal differences in the diurnal cycle of EP with different duration along the 
YRB during warm season? Findings of current study may provide the basic features of EP along the YRB in warm 
season at hourly time scale, which may be helpful to deepen our understanding of the EP processes and further 
improve the EP prediction.

Study area, data and method
Study area. This study concentrates on the EP along the YRB (95°E-122°E, 26°N-34°N), China, which is the 
largest river basin in China covering 19 provinces from west to east with an area of 1.8 × 106km2 (Fig. 1). The 
region is characterized by complex terrain and controlled by the East Asian summer monsoon in warm season 
(May to August), during which the precipitation amount (PA) accounts for more than 50% of the annual PA (not 
shown) and the EP frequently occurs32. As shown in Fig. 2a, the PA along the YRB in warm season decreases from 
south to north with relatively larger magnitude located over Sichuan Basin, northern Yunnan-Guizhou Plateau 
and south of the lower reaches of YRB, where the PA is larger than 5 mm d−1. Meanwhile, more than 30% of the 
total PA over most YRB is contributed by the EP events during warm season, especially in most Sichuan Basin 
and northern lower reaches of YRB the EP amount (EPA) contributes more than 35% of the total PA (Fig. 2b). 
The EPA with the short duration (<3 hours) contributes more than 85% of the total EPA (TEPA) over most YRB 
(Fig. 2c). In addition, the contribution of EPA with long duration (≥3 hours) to the TEPA ranges from 20% to 
40% over Sichuan Basin with relatively larger values located along its surrounding mountainous areas (Fig. 2d).

Data. The hourly gauge-satellite merged precipitation product with the spatial resolution of 0.1° × 0.1° in 
latitude and longitude35,36 during2008–2016 developed by National Meteorological Information Center of 
China(http://cdc.cma.gov.cn/home.do) is used in this study. This dataset is generated from the gauge observed 
precipitation at more than 30,000 automatic weather stations in China combined with the CMORPH satellite 
precipitation product using the improved probability density function-optimal interpolation (PDF-OI) meth-
ods originally37,38. The cross-validation results suggest that this merged gauge-satellite precipitation product over 
China generated by the improved PDF-OI method shows much smaller bias, root mean square error and higher 
spatial correlation relative to the original PDF-OI derived precipitation product and good ability in capturing the 
varying features of hourly precipitation in heavy weather events39.

Method. The 95th percentile of all historical hourly precipitation time series in warm season during 2008–2016 
is regarded as the EP threshold at each grid based on the cumulative frequency distribution (CFD) method19,32. 
Following the previous studies29,40–42, the number of hours between the start and end of an EP event without any 
intermittence during which the precipitation is larger than the EP threshold is defined as the EP duration. The 
peak time of an EP event is the hour (00:00~23:00 Beijing time) when the precipitation reaches the maximum 
value within the duration, if the duration is 1 hour, then the start, end and peak time overlap with each other. The 
EP events are picked out separately based on the duration ranging from 1 to 10 hours at each grid. According to 
the duration, the EP events are sorted into short duration (<3 hours) type triggered by strong solar heating with 
the diurnal maximum rainfall around late afternoon and long duration (≥3 hours) type caused by organized 
rainfall systems closely related to the large scale monsoon circulation rather than isolated convection generally 
displaying morning diurnal peaks40–42. Based on the method mentioned above, we record the basic information 
of each EP event including the start, end and peak time, and duration, the EPA, EP frequency (EPF), and EP 
intensity (EPI) at each grid. The EPA is the accumulated EP rainfall divided by the total hours (123 × 9 = 1107 h) 
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in warm season during 2008–2016 at each hour of a day (00:00~23:00Beijing time) on each grid. The EPF is the 
percentage of the total EP hours to the total hours in warm season during 2008–2016 at each hour of a day on each 
grid. The EPI equals to EPA/EPF.

In addition, we also adopted the diurnal percentage (DP)43 and variation of EPA/EPF/EPI as follows:

= ∑ −
×=

=
DP R R

R
( )

100%
(1)

t
t

t

d

0
23

Figure 1. Study domain, shading indicates the terrain height.

Figure 2. The spatial distribution of PA (a), contribution of the TEPA to the total PA (b), and contribution 
of the EPA with short (b) and long (c) duration to the TEPA in warm season along the Yangtze River Basin 
averaged over 2008–2016. The white solid line represents the Yangtze River and the dark dashed line is the 
1000 m topographic elevation.
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23 ( =R R24d ) is the mean hourly (daily) EPA/EPF/EPI. DP measures the EPA/

EPF/EPI diurnal variability and Dt is the hourly time series of the normalized EPA/EPF/EPI at the tth hour rang-
ing from 00:00 to 23:00 Beijing time.

Considering the distinct differences in the climatic mean of the synoptic environment, we divide the warm 
season into three sub-periods43: pre-Meiyu period (1 May to 15 June), Meiyu period (16 June to 15 July), and 
post-Meiyu period (16 July to August 31) for simplicity. Then the features of EP in different stages of warm season 
and their sub-seasonal differences are analyzed.

Results
Diurnal variation of EP during warm season. Figure 3 shows the diurnal percentages of PA along the 
YRB during warm season. The diurnal percentage of the total PA shows a large center with the magnitude >40% 
located over the eastern Tibetan Plateau and the western Sichuan Basin, whereas the diurnal percentages in most 
parts of the middle and lower reaches of YRB are much smaller with the magnitude less than 25% (Fig. 3a). The 
diurnal percentage of the EPA (Fig. 3b) shows similar distribution features to that of the total PA but with much 
larger magnitude (around twice as much as that of the total PA over most areas). In the lower reaches of YRB, 
the EPA diurnal percentages are relatively stronger in the northern region than in the southern region (Fig. 3b). 
Diurnal percentages of the short duration EPA and TEPA share a similar pattern with comparable magnitude 
(Fig. 3b,c). The diurnal percentages of the long duration EPA over most YRB show much larger magnitude rel-
ative to the TEPA (Fig. 3b,d), especially over the lower reaches of YRB where the diurnal percentage of the long 
duration EPA is nearly twice as much as that of the TEPA or short duration EPA.

The diurnal peak time is an important parameter for the precipitation diurnal variation. Previous studies 
show that the PA in summer exhibit a midnight (late afternoon) diurnal peak over Sichuan Basin (the lower 
reaches of YRB)43,44. As shown in Fig. 4a, the TEPA diurnal peaks over most eastern Tibetan Plateau occur at late 
afternoon to midnight (17:00~01:00 Beijing time). Meanwhile, it can be noted that the TEPA diurnal peaks in the 
Sichuan Basin and the northern Yunnan-Guizhou Plateau appear predominantly between 00:00~06:00 Beijing 
time. The TEPA over most of the downstream of the YRB and the southeast coast shows diurnal peaks between 
afternoon and early evening, this is very similar to the distribution of the total PA diurnal peak time. In addition, 
from the eastern Tibetan Plateau through the Sichuan Basin to around 110°E, the EPA peak time clearly shows 
an eastward-delayed diurnal phase, indicating the eastward propagation of precipitation systems41,45. The short 
duration EPA generally shows afternoon to early evening diurnal peaks over most areas except Sichuan Basin and 
its southeastern and northern surrounding regions where the short duration EPA shows diurnal peaks during 
midnight to early morning (Fig. 4b). From Fig. 4c, the long duration EPA over most YRB tends to show nocturnal 
and morning diurnal peaks. Meanwhile, the diurnal peak time of long duration EPA over the plateau areas (west 
to 105°E) appears about 2–4 hours later than that of the short duration EPA (Fig. 4b). However, the long duration 
EPA over most central mid-lower reaches of YRB generally show diurnal peaks at morning to noon (07:00 to 
12:00 Beijing time) with 3–4 hours earlier relative to the short duration EPA.

From Fig. 5a, the total PA diurnal peaks over the regions west to 110°E show a clear eastward propagation, 
which begin at 15:00 Beijing time and end at 11:00 Beijing time in the next day. Over the regions east to 110°E 
the PA shows a predominant diurnal peak in afternoon and a secondary diurnal peak in morning without 

Figure 3. Diurnal percentage of the total PA (a), the TEPA (b), and the EPA with short (c) and long duration 
(d) in warm season along the Yangtze River Basin averaged over 2008–2016. The white solid line represents the 
Yangtze River and the dark dashed line is the 1000 m topographic elevation.
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propagating features. The PA afternoon peaks are mainly caused by the unstable lower layers due to the radiative 
heating of the surface and the subsequent convergence and rise of water vapor46. The nighttime PA maxima over 
the eastern plateau are likely due to the radiative cooling at the top of the stratus, resulting in instability. The 
eastward growth of the nighttime precipitation is mainly affected by the clockwise rotation of the southwesterly 
winds in the lower layers43,46.

As shown in Fig. 5b, the TEPA shows very similar distribution to the total PA but with much stronger magni-
tudes. Comparisons of the distribution of short (Fig. 5c) and long (Fig. 5d) duration EPA and the TEPA (Fig. 5b), 
the afternoon (morning) diurnal peaks of the TEPA over the areas east to 110°E are largely contributed by the 
short (long) duration EPA. However, the nocturnal diurnal peaks and eastward propagating features of TEPA 
over the regions west to 110°E are mainly resulted from both short and long duration EP.

Based on the west-east differences in the TEPA along the YRB shown in Figs. 4a and 5b and the terrain 
distribution, we highlight two sub-regions of the study region, such as the Sichuan Basin (Reg.1, 102°–110°E, 
26°–34°N) and the lower reaches of the YRB (Reg.2, 110°–122°E, 26°–34°N), to indicate the regional differences 
in the EP diurnal variation between the two sub-regions.

Figure 6 shows the diurnal cycle of the normalized EPF at the onset, peak and end time of EP events with dif-
ferent duration regionally averaged over each sub-region. From Fig. 6a, the EP with short and long duration and 
the total EP over the Sichuan Basin consistently tends to occur frequently at around 02:00~04:00 Beijing time. The 
total EPF (TEPF) shows very similar diurnal cycles to the short duration EPF. However, the diurnal cycles of the 
long duration EPF show much larger diurnal variability. In addition, the long duration EP events frequently occur 
at around 02:00 Beijing time with peaks at around 03:00 Beijing time and generally end at about 08:00 Beijing 
time, they take relatively shorter time to reach their peaks after starts and much longer time to ends after peaks. In 
the lower reaches of YRB, the diurnal variations of short duration EPF also coincide with those of TEPF. The short 
duration EP events mostly occur in the afternoon, while the long duration EP events typically start around 06:00 
Beijing time, peak at 08:00 Beijing time and end at 11:00-12:00 Beijing time. Similar to the EP with long duration 
over the Sichuan Basin (Fig. 6a), these events also take relatively shorter time to reach the peaks after starts and 
much longer time to reach the ends after peaks (Fig. 6b). Overall, the frequent occurrences of both short and long 
duration EP events during midnight to early morning in terms of the starts, peaks and ends of EP events lead to 
the nocturnal peaks of the TEPF over Sichuan Basin. However, the TEPF over the lower reaches of YRB with dou-
ble diurnal peaks tends to show a predominant (secondary) peak in afternoon (early morning) due to the frequent 
occurrences of EP with short (long) duration.

To display the diurnal variation of occurrences of EP events with different duration much more clearly and 
intuitively, Fig. 7 further gives the normalized EPF at the start, peak and end time of EP events with different 

Figure 4. The spatial distribution of the diurnal peak time (Beijing time) for the TEPA (a), the EPA with short 
(b) and long duration (c) in warm season over 2008–2016. The white solid line represents the Yangtze River and 
the dark dashed line is the 1000 m topographic elevation.
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duration over each sub-region. Over the Sichuan Basin, the EP events with different duration frequently begin 
and peak at midnight to early morning and mostly end at 07:00–10:00 Beijing time. Meanwhile, the EP starts ear-
lier and ends later with the duration time increased (Fig. 7a,b). The frequent occurrences of nocturnal EP events 
over the Sichuan Basin are closely related to the eastward-propagating convective systems originated over the 
Tibetan Plateau and the upward branch of mountain-plains solenoid induced by the differential heating between 
the Tibetan Plateau and Sichuan Basin43. As shown in Fig. 7c,d, the EP events with short (long) duration over the 
lower reaches of YRB mostly start and peak in the afternoon (morning) and typically end at 19:00–20:00 (around 
09:00–14:00) Beijing time. The frequent occurrences of morning (afternoon) EP events over the lower reaches of 
YRB are initiated or enhanced by a nocturnal low level southwesterly winds (closely related to the local surface 

Figure 5. The normalized time-longitude distribution of the climatic mean total PA (a) and TEPA (b), the EPA 
with short (c) and long (d) duration time over 2008–2016 regionally averaged along 26–34 oN in warm season.

Figure 6. The diurnal cycle of the normalized occurrence frequency at the onset (solid line), peak (dotted line) 
and end time (dashed line) for the total EP (black) and the EP with short (red) and long (blue) duration time 
regionally averaged over Sichuan Basin (a) and the lower reaches of Yangtze River Basin (b) during 2008–2016.
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radiative heating)41,43. In addition, the EP events with short duration start and end later with the duration time 
increased. However, the EP events with long duration start earlier and end later with the duration time increased 
(Fig. 7c,d). Moreover, the long duration EP clearly tends to occur about 1–4 hours later over the lower reaches of 
YRB than over the Sichuan Basin in terms of starts, peaks and ends (Figs. 6 and 7).

Diurnal variation of EP in different stages of warm season. Figure 8 shows the propagation patterns 
of total PA, TEPA, and EPA with short and long duration during different stages of warm season. In the pre-Meiyu 
period, the total PA exhibits strong eastward propagating features over the regions between 100°E and 112°E. The 
precipitation systems form in the afternoon over the plateau and start to move eastward at around 18:00 Beijing 
time and end around noon of next day (Fig. 8a). During the Meiyu period, the precipitation systems developed 
over the Tibetan Plateau start to propagate eastward to the area near 110°E around 18:00 Beijing time and end 
around 09:00 Beijing time in the next day. Meanwhile, the PA over the regions east to 113°E in Meiyu period 
shows two comparable diurnal peaks with one originating around 113°E at 06:00 Beijing time and propagating 
eastward to 120°E around noon and the other stationary PA peak in the afternoon (Fig. 8b). In the post-Meiyu 
period, the eastward propagating systems initiated along the eastern Tibet can only proceed as far as 108°E and 

Figure 7. The diurnal cycle of the normalized occurrence frequency at the start and end (shading) and peak 
(contour) time for the EP events with different duration time over the Sichuan Basin (a,b) and the lower reaches 
of Yangtze River Basin (c,d).
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almost cease their activity in the next morning (Fig. 8c). Meanwhile, a stationary afternoon PA peaks is located 
over regions east to 110°E. The TEPA shows very similar pattern to the total PA during each stage of the warm 
season (Fig. 8d–f), indicating that the PA diurnal variations in warm season are largely determined by the EP 
events. The EPA for the short duration (Fig. 8g–i) also shows an eastward propagation with the same manner as 
the TEPA. The long duration EPA in the three stages of warm season shows very similar patterns over the regions 
west to110°E (Fig. 8j–l). The obvious eastward propagation of long duration EPA over the areas between 110°E 
and 118°E in morning can also be noted during Meiyu period.

Figure 8. The time-longitude distribution of the normalized PA for the total precipitation (a,b,c), the total 
EP (d,e,f), and the EP with short (g,h,i) and long (j,k,l) duration during different periods of warm season over 
2008–2016 regionally averaged along 26–34 oN.
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As shown by Fig. 9a, the total PF in the Sichuan Basin during the pre-Meiyu period only shows one diurnal peak, 
which occurs at 04:00-05:00 Beijing time and is accompanied by the largest diurnal variability among the three 
periods in warm season. The peak occurs about 4 hours later during the Meiyu period with much smaller diur-
nal variability compared to the pre-Meiyu period. In the post-Meiyu period, the total PF exhibits two comparable 
diurnal peaks with one at around 04:00 Beijing time and the other located around 17:00 Beijing time. As shown in 
Fig. 9b, the TEPF during the three stages of warm season shows similar diurnal variation with one diurnal peak at 
around 03:00–06:00 Beijing time to the total PF. Among the three periods of warm season, the TEPF shows the larg-
est diurnal peak located at 04:00 Beijing time in pre-Meiyu period and comparable diurnal peaks in early morning 
during Meiyu and post-Meiyu periods. The TEPF diurnal peak happens about 2 hours later (1 hour earlier) in Meiyu 
(post-Meiyu) period than in pre-Meiyu period. Similar to the total PF and TEPF, the short duration EPF (Fig. 9c) 
also displays the largest diurnal variability during pre-Meiyu period among the three stages of warm season with a 
diurnal peak in early morning. Meanwhile, the afternoon peak of short duration EPF becomes much more obvious 
during the post-Meiyu period relative to those during the pre-Meiyu and Meiyu periods. From Fig. 9b,d, the long 
duration EPF shows very similar diurnal cycles to the TEPF with an early morning diurnal peak during each stage 
but with much larger diurnal variability. Overall, the TEPF early morning peak over Sichuan Basin during each 
period of warm season is strongly determined by both short and long duration EP events.

The total PF over the lower reaches of YRB during the three periods of warm season typically shows two diurnal 
peaks with the predominant one in afternoon and the secondary one in morning (Fig. 10a), this is obviously dif-
ferent from the PF diurnal variation over Sichuan Basin (Fig. 9a). Meanwhile, the PF shows the smallest (largest) 
diurnal variability during Meiyu (post-Meiyu) period among the three stages of warm season. In addition, the after-
noon (morning) PF diurnal peak becomes much more predominant (much weaker) during the post-Meiyu relative 
to the other two stages in the warm season (Fig. 10a). The TEPF during the Meiyu (post-Meiyu) period shows two 
comparable diurnal peaks with one in afternoon and the other in morning (a predominant afternoon peak and a 
secondary morning peak) (Fig. 10b), but the TEPF exhibits only one morning peak during the pre-Meiyu period, 
this is very different from the total PF shown in Fig. 10a. The short duration EPF in each stage of the warm season 
displays similar diurnal variation to that of the TEPF except that a dominant afternoon peak is observed during the 
Meiyu period (Fig. 10c). However, the long duration EPF during the three stages of warm season consistently shows 
a dominant morning peak (Fig. 10d). Overall, the short duration EP events largely contribute to the TEPF afternoon 
peaks over the lower reaches of YRB during the Meiyu and post-Meiyu periods, while both short and long duration 
EP events determine the TEPF morning peaks during each stage of warm season.

Figure 9. The diurnal variation of the normalized PF for the total precipitation (a), the total EP (b), and the EP 
with short (c) and long (d) duration over Sichuan Basin averaged over 2008–2016 during different periods of 
warm season.
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Summery and discussion
Based on the hourly gauge-satellite merged precipitation data with the horizontal resolution of 0.1° × 0.1° during 
2008–2016, the characteristics of EP diurnal cycle along the Yangtze River Basin (YRB) and their regional and 
sub-seasonal differences during warm season in terms of the EP start, peak and end time, and duration have been 
studied and indicated. Main findings are shown as follows:

The EPA along the YRB in warm season displays obvious diurnal variation which varies regionally: the EPA 
over most eastern Tibetan Plateau (Sichuan Basin and northern Yunnan-Guizhou Plateau) generally shows late 
afternoon to midnight (midnight to early morning) diurnal peaks. While the EPA over most lower reaches of YRB 
exhibits two diurnal peaks with one in late afternoon and the other in morning resulted from the short and long 
duration EP events, respectively. However, both short and long duration EP events lead to the nocturnal diurnal 
peaks and eastward propagating features of EPA over the regions west to110°E. The EP events over Sichuan Basin 
frequently start and peak in midnight to early morning and generally end at round 08:00 Beijing time, and they 
start earlier and end later with the duration time increased. While the EP events over the lower reaches of YRB 
with short (long) duration mostly begin and peak in afternoon (early morning) and typically end at around 18:00 
(07:00-08:00) Beijing time, and they start (earlier) and end later with the duration time increased.

The EPF over the lower reaches of YRB (Sichuan Basin) shows obvious (much smaller) sub-seasonal differ-
ences in the diurnal phase. Over the lower reaches of YRB, the TEPF during Meiyu (post-Meiyu) period shows 
two comparable diurnal peaks with one in afternoon and the other in morning (a predominant afternoon peak 
and a secondary morning peak). While only one dominant morning TEPF peak is observed during the pre-Meiyu 
period. The TEPF afternoon (morning) peaks during the Meiyu and post-Meiyu periods (the three periods of 
warm season) are mainly resulted from the short (both short and long) duration EP events. Over the Sichuan 
Basin, the TEPF during each stage of warm season shows similar diurnal phase with only one early morning peak, 
which is strongly determined by both short and long duration EP events.

In current study, we have revealed the detailed characteristics of EP diurnal cycle along the YRB and compared 
their regional and sub-seasonal differences over Sichuan Basin and lower reaches of YRB. But what causes the 
difference is still an open question. Previous studies indicate that the complex terrain and monsoon circulation 
mainly contribute to the differences of EP diurnal cycle21,34,45,47. Firstly, from east to west along the YRB, there 
is obvious difference of terrain height between middle and upper reaches of YRB and lower reaches of YRB, 
especially in east Tibetan Plateau and Sichuan Basin covered by complex terrain. On the one hand, the heter-
ogeneous heating between the mountain and basin causes the mountain-valley wind circulation, which plays 

Figure 10. The diurnal variation of the normalized PF for the total precipitation (a), the total EP (b), and the 
EP with short (c) and long (d) duration over the lower reaches of Yangtze River Basin averaged over 2008–2016 
during different periods of warm season.
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a key role in the difference of diurnal peak time between mountains and basins48,49. Just like mountain-valley 
wind circulation, the sea-land breeze circulation results in the EP diurnal cycle over the coastal regions50,51. On 
the other hand, the eastward movement of convection systems and low vortex affected by the heating over the 
Tibetan Plateau are well related to the EP diurnal cycle along the YRB, especially the nocturnal EP events over the 
Sichuan Basin29,43,52. Secondly, the East Asian summer monsoon (EASM) dominates the summer precipitation 
change over the middle and lower reaches of YRB, the large-scale circulations of EASM systems, such as subtrop-
ical westerly jet, western Pacific subtropical high, both the intraseasonal variations of their position and strength 
lead to the sub-seasonal changes in the EP diurnal cycle43,53,54. Meanwhile, the mesoscale convective systems and 
tropical cyclone strengthen the EP diurnal cycle55,56. Some studies indicate that the terrain is well related to the 
short duration EP events47, and the low tropospheric circulation contributes to the long duration EP events41.

Although previous studies have revealed the possible mechanism between terrain and monsoon circulation of 
the EP diurnal cycle along the YRB, several questions are still unclear. For example, the precipitation well depends 
on the elevation57. In this study we only compare the EP diurnal characteristics between eastern Tibetan Plateau, the 
Sichuan Basin and northern Yunnan-Guizhou Plateau, but do not discuss the dependence of EP diurnal cycle on the 
elevation along the eastern slope of the Tibetan Plateau. Moreover, the precipitation in the Sichuan Basin is mod-
ulated by both the EASM and the circulations over the Tibetan Plateau21,58,59. Then what are the concurrent effects 
of two large-scale circulations on the EP diurnal cycle in Sichuan Basin? Finally, the thermal contrast between the 
Tibetan Plateau and western Pacific can influence the intraseasonal movement of EASM circulation systems and then 
modulate the diurnal cycle of precipitation60,61. In the future study, based on much finer spatiotemporal resolution 
data and numerical simulations, we will focus on examining the concurrent and individual effect of complex terrain 
and EASM on the EP diurnal cycle, and the contribution of thermal forcing over the Tibetan Plateau and western 
Pacific to the intraseasonal movement of EASM circulation system and EP diurnal cycle also should be discussed.

Received: 10 October 2019; Accepted: 11 March 2020;
Published: xx xx xxxx

References
 1. Trenberth, K. E. Conceptual framework for changes of extremes of the hydrological cycle with climate change. Climatic Change 

42(1), 327–339 (1999).
 2. Groisman, P. Y. et al. Trends in intense precipitation in the climate record. Journal of Climate 18, 1326–1350 (2005).
 3. Trenberth, K. E. Changes in precipitation with climate change. Climatic Research 47, 123–138 (2011).
 4. Easterling, D. R. et al. Climate extremes: observations, modeling, and impacts. Science 289, 2068–2074 (2000).
 5. Huntington, T. G. Evidence for intensification of the global water cycle: review and synthesis. Journal ofHydrology 319, 83–95 (2006).
 6. Allan, R. P. & Soden, B. J. Atmospheric warming and the amplification of precipitation extremes. Science 321, 1481–1483 (2008).
 7. Boccolari, M. & Malmusi, S. Changes in temperature and precipitation extremes observed in Modena, Italy. Atmospheric Research 

122, 16–31 (2013).
 8. Aguilar, E. et al. Changes in temperature and precipitation extremes in western central Africa, Guinea Conakry, and Zimbabwe, 

1955-2006. Journal of Geophysical Research: Atmospheres 114, D02115 (2009).
 9. Zhai, P. M. et al. Changes of climate extremes in China. Climatic Change 42, 203–218 (1999).
 10. Jiang, Z. et al. Extreme climate events in China: IPCC-AR4 model evaluation and projection. Climatic Change 110, 385–401 (2012).
 11. Fu, G. B., Viney, N. R., Charles, S. P. & Liu, J. Long duration temporal variation of extreme rainfall events in Australia: 1910–2006. 

Journal of Hydrometeorology 11(4), 950–965 (2010).
 12. Fu, G. B. et al. Temporal variation of extreme rainfall events in China, 1961–2009. Journal of Hydrology 487, 48–59 (2013).
 13. New, M. et al. Evidence of trends in daily climate extremes over Southern and West Africa. Journal of Geophysical Research: 

Atmospheres 111, D14102 (2006).
 14. You, Q. et al. Changes in daily climate extremes in China and its connection to the large scale atmospheric circulation during 

1961–2003. Climatic Dynamics 36, 2399–2417 (2013).
 15. Li, Z. et al. Changes of daily climate extremes in southwestern China during 1961–2008. Global Planet Change 80-81, 255–272 

(2012).
 16. Moberg, A. et al. Indices for daily temperature and precipitation extremes in Europe analyzed for the period 1901–2000. Journal of 

Geophysical Research: Atmospheres 111, D22106 (2006).
 17. Su, B., Jiang, T. & Jin, W. B. Recent trends in observed temperature and precipitation extremes in the Yangtze River basin, China. 

Theoretic and Applied Climatology 83(1–4), 139–151 (2006).
 18. Xu, Y., Xu, C. H., Gao, X. J. & Luo, Y. Projected changes in temperature and precipitation extremes over the Yangtze River Basin of 

China in the 21st century. Quaternary International 208(1-2), 44–52 (2009).
 19. Zhai, P. M., Zhang, X. B., Pan, X. H. & Wan, H. Trends in Total Precipitation and frequency of daily precipitation extremes over 

China. Journal of Climate 18, 1096–1108 (2005).
 20. Yin, H. & Li, C. Human impact on floods and flood disasters on the Yangtze River. Geomorphology 41(2), 105–109 (2001).
 21. Wang, Y. & Zhou, L. Observed trends in extreme precipitation events in China during 1961–-2001 and the associated changes in 

large-scale circulation. Geophysical Research Letters 32, L17708 (2005).
 22. Xu, W. et al. An orography-associated extreme rainfall event during TiMREX: Initiation, storm evolution, and maintenance. Monthly 

Weather Review 140(8), 2555–2574 (2012).
 23. Yan, Z. W. Geographic patterns of extreme climate changes in China during 1951–1997 (in Chinese). Climate Environment Research 

5(3), 267–272 (2000).
 24. Qian, W. & Lin, X. Regional trends in recent precipitation indices in China. Meteorology and Atmospheric Physics 90(3-4), 193–207 

(2005).
 25. Chen, D. et al. Precipitation extremes in the Yangtze River Basin, China: regional frequency and spatial-temporal patterns. 

Theoretical and Applied Climatology 116(3-4), 447–461 (2014).
 26. Christensen, J. H. & Christensen, O. B. Severe summertime flooding in Europe. Nature 421, 805–806 (2003).
 27. Hanel, M. & Buishand, T. A. Analysis of precipitation extremes in an ensemble of transient regional climate model simulations for 

the Rhine basin. Climate Dynamics 36(5-6), 1135–1153 (2011).
 28. Westra, S. et al. Future changes to the intensity and frequency of short duration extreme rainfall. Reviews of Geophysics 52(3), 

522–555 (2014).
 29. Li, J., Yu, R. & Sun, W. Duration and seasonality of hourly extreme rainfall in the central eastern China. Acta Meteorologica Sinica 

27, 799–807 (2013).

https://doi.org/10.1038/s41598-020-62535-5


1 2Scientific RepoRtS |         (2020) 10:5613  | https://doi.org/10.1038/s41598-020-62535-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

 30. Trenberth, K. E., Dai, A., Rasmussen, R. M. & Parsons, D. B. The changing character of precipitation. Bull. Amer. Meteor. Soc. 84(9), 
1205–1217 (2003).

 31. Yu, R., Li, J., Yuan, W. & Chen, H. Changes in characteristics of late-summer precipitation over eastern China in the past 40 years 
revealed by hourly precipitation data. Journal of Climate 23(12), 3390–3396 (2010).

 32. Zhang, H. & Zhai, P. Temporal and spatial characteristics of extreme hourly precipitation over eastern China in the warm season. 
Advances in Atmospheric Sciences 28, 1177–1183 (2011).

 33. Li, X., Luo, Y. & Guan, Z. The persistent heavy rainfall over southern China in June 2010: Evolution of synoptic systems and the 
effects of the Tibetan Plateau heating. Journal of Meteorological Research 28(4), 540–560 (2014).

 34. Yuan, W. et al. Regimes of diurnal variation of summer rainfall over subtropical East Asia. Journal of Climate 25(9), 3307–3320 
(2012).

 35. Pan, Y., Shen, Y., Yu, J. & Zhao, P. Analysis of the combined gauge-satellite hourly precipitation over China based on the OI technique 
(in Chinese). Acta Meteorologica Sinica 70, 1381–1389 (2012).

 36. Shen, Y., Zhao, P., Pan, Y. & Yu, J. A high spatiotemporal gauge-satellite merged precipitation analysis over China. Journal of 
Geophysical Research: Atmospheres 119, 3063–3075 (2014).

 37. Joyce, R., Janowiak, J. E., Arkin, P. A. & Xie, P. CMORPH: A method that produces global precipitation estimates from passive 
microwave and infrared data at high spatial and temporal resolution. Journal of Hydrometeorology 5, 487–503 (2004).

 38. Xie, P. & Xiong, A. A conceptual model for constructing high-resolution gauge-satellite merged precipitation analyses. Journal of 
Geophysical Research: Atmospheres 116, D21106 (2011).

 39. Shen, Y., Pan, Y., Yu., J., Zhao, P. & Zhou, Z. Quality assessment of hourly merged precipitation product over China (in Chinese). 
Transactions of Atmospheric Sciences 36(1), 37–46 (2013).

 40. Yu, R., Xu, Y., Zhou, T. & Li, J. Relation between rainfall duration and diurnal variation in the warm season precipitation over central 
eastern China. Geophysical Research Letters 34(13), 173–180 (2007).

 41. Chen, H., Yu, R., Li, J., Yuan, W. & Zhou, T. Why nocturnal long-duration rainfall presents an eastward-delayed diurnal phase of 
rainfall down the Yangtze River valley. Journal of Climate 23(4), 905–917 (2010).

 42. Li, J. et al. Changes in duration-related characteristics of late summer precipitation over eastern China in the past 40 years. Journal 
of Climate 24(21), 5683–5690 (2011).

 43. Bao, X., Zhang, F. & Sun, J. Diurnal variations of warm-season precipitation east of the Tibetan Plateau over China. Monthly Weather 
Review 139(9), 2790–2810 (2011).

 44. Zhou, T., Yu, R., Chen, H., Dai, A. & Pan, Y. Summer precipitation frequency, intensity, and diurnal cycle over China: A comparison 
of satellite data with rain gauge observations. Journal of Climate 21(16), 3997–4010 (2008).

 45. Wu, Y. et al. Diurnal variations of summer precipitation over the regions east to Tibetan Plateau. Climate Dynamics 51, 4287–4307 
(2018).

 46. Dai, A. & Deser, C. Diurnal and semidiurnal variations in global surface wind and divergence fields. Journal of Geophysical Research: 
Atmospheres 104(D24), 31109–31125 (1999).

 47. Yuan, W., Sun, W., Chen, H. & Yu, R. Topographic effects on spatiotemporal variations of short duration rainfall events in warm 
season of central north china. Journal of Geophysical Research: Atmospheres 119, 19 (2014).

 48. Sun, J. & Zhang, F. Impacts of mountain-plains solenoid on diurnal variations of rainfalls along the Mei-Yu Front over the East 
China Plains. Monthly Weather Review 140, 379–397 (2012).

 49. Liu, X., Bai, A. & Liu, C. Diurnal variations of summertime precipitation over the Tibetan Plateau in relation to orographically-
induced regional circulations. Environmental Research Letter 4(4), 045203 (2009).

 50. Chen, G., Lan, R., Zeng, W., Pan, H. & Li, W. Diurnal of variations of rainfall in surface and satellite observations at the monsoon 
coast (South China). Journal of Climate 31, 1703–1724 (2018).

 51. Zhao, Y. Diurnal Variation of Rainfall Associated with Tropical Depression in South China and its Relationship to Land-Sea 
Contrast and Topography. Atmosphere 5(1), 16–44 (2013).

 52. Bai, A., Liu, X. & Liu, C. Comparative Analysis of Diurnal Variations of Summer Rainfall over the Qinghai-Tibet Plateau and 
Sichuan Basin (in Chinese). Plateau Meteorology 30(4), 852–859 (2011).

 53. Bao, Y. & Kang, Z. Abnormal features of Asian monsoon circulation and its effects on Chinese rain band in 2010 (in Chinese). 
Plateau Meteorology 33(5), 1217–1218 (2014).

 54. Hoyos, C. & Webster, P. The Role of Intraseasonal Variability in the Nature of Asian Monsoon Precipitation. Journal of Climate 20, 
4402–4424 (2007).

 55. Chen, J., Zheng, Y., Zhang, X. & Zhu, P. Distribution and Diurnal Variation of Warm-Season Short-Duration Heavy Rainfall in 
Relation to the MCSs in China. Journal of Meteorological Research 27(6), 868–888 (2013).

 56. Lee, M., Ho, C. & Kim, J. Influence of tropical cyclone landfalls on spatiotemporal variations in typhoon season rainfall over south 
china. Advances in Atmospheric Sciences 02, 251–262 (2010).

 57. Yao, J., Yang, Q., Mao, W., Zhao, Y. & Xu, Z. Precipitation trend-Elevation relationship in arid regions of the China. Global Planet 
Change 143, 1–9 (2016).

 58. Zhang, Q. et al. Spatial and temporal variability of precipitation maxima during 1960–2005 in the Yangtze River basin and possible 
association with large-scale circulation. Journal of Hydrology 353(3), 215–227 (2008).

 59. Chen, Y., Li, Y. & Qi, D. Analysis of the convective characteristics during the mutual evolution of an inverted trough/low vortex and 
its induced rainstorm over the northeastern Sichuan basin, China. Meteorology and Atmospheric Physics 131, 807–825 (2019).

 60. Zhu, Y., Zhang, B. & Chen, L. Thermal difference between the Tibetan Plateau and the plain east of Plateau and its influence on 
rainfall over China in the summer. Chinese Science Bulletin 55, 1437–1444 (2010).

 61. Qi, L., He, J. & Wang, Y. The terraced thermal contrast among the Tibetan Plateau, the East Asian plain, and the western North 
Pacific and its impacts on the seasonal transition of East Asian climate. Chinese Science Bulletin 59, 212–221 (2014).

Acknowledgements
This study is supported by the National Natural Science Foundation of China (Grant Nos 41875102, 41975081, 
91437109, 41175086), the Jiangsu University “Blue Project” outstanding young teachers training object, the 
Fundamental Research Funds for the Central Universities and the Jiangsu Collaborative Innovation Center for 
Climate Change. We also appreciate the two anonymous reviewers for their constructive suggestions to improve 
the manuscript greatly.

Author contributions
:Yong Zhao and Anning Huang wrote the main manuscript. Anning Huang prepared the idea. Mengyun 
Kan processed the data. Xingning Dong prepared Figures 1–6. Xiaojing Yu drew the Figures 7–9. Yang Wu 
provided the methods. Xindan Zhang draw Figures 9,10. Shuxin Cai draw Figures 10. All authors reviewed the 
manuscript.

https://doi.org/10.1038/s41598-020-62535-5


13Scientific RepoRtS |         (2020) 10:5613  | https://doi.org/10.1038/s41598-020-62535-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.H.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-62535-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Characteristics of Hourly Extreme Precipitation along the Yangtze River Basin, China during Warm Season
	Study area, data and method
	Study area. 
	Data. 
	Method. 

	Results
	Diurnal variation of EP during warm season. 
	Diurnal variation of EP in different stages of warm season. 

	Summery and discussion
	Acknowledgements
	Figure 1 Study domain, shading indicates the terrain height.
	Figure 2 The spatial distribution of PA (a), contribution of the TEPA to the total PA (b), and contribution of the EPA with short (b) and long (c) duration to the TEPA in warm season along the Yangtze River Basin averaged over 2008–2016.
	Figure 3 Diurnal percentage of the total PA (a), the TEPA (b), and the EPA with short (c) and long duration (d) in warm season along the Yangtze River Basin averaged over 2008–2016.
	Figure 4 The spatial distribution of the diurnal peak time (Beijing time) for the TEPA (a), the EPA with short (b) and long duration (c) in warm season over 2008–2016.
	Figure 5 The normalized time-longitude distribution of the climatic mean total PA (a) and TEPA (b), the EPA with short (c) and long (d) duration time over 2008–2016 regionally averaged along 26–34 oN in warm season.
	Figure 6 The diurnal cycle of the normalized occurrence frequency at the onset (solid line), peak (dotted line) and end time (dashed line) for the total EP (black) and the EP with short (red) and long (blue) duration time regionally averaged over Sichuan 
	Figure 7 The diurnal cycle of the normalized occurrence frequency at the start and end (shading) and peak (contour) time for the EP events with different duration time over the Sichuan Basin (a,b) and the lower reaches of Yangtze River Basin (c,d).
	Figure 8 The time-longitude distribution of the normalized PA for the total precipitation (a,b,c), the total EP (d,e,f), and the EP with short (g,h,i) and long (j,k,l) duration during different periods of warm season over 2008–2016 regionally averaged alo
	Figure 9 The diurnal variation of the normalized PF for the total precipitation (a), the total EP (b), and the EP with short (c) and long (d) duration over Sichuan Basin averaged over 2008–2016 during different periods of warm season.
	Figure 10 The diurnal variation of the normalized PF for the total precipitation (a), the total EP (b), and the EP with short (c) and long (d) duration over the lower reaches of Yangtze River Basin averaged over 2008–2016 during different periods of warm 




