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Abstract The diurnal variation of precipitation reflects the influence of atmospheric heat and dynamic
processes on the water cycle. Using multiple data sets, we carried out case studies and statistical analysis of
the diurnal variation in Meiyu rainfall in atypical Meiyu years. Our results show that the morning
precipitation was induced by strong southwesterly moisture transport and was mainly composed of
stratiform pixels, whereas the precipitation occurring in the afternoon was mainly composed of convective
pixels affected by updrafts. The diurnal variation in precipitation in the atypical Meiyu years appeared as a
bimodal structure with peaks in early morning (06:30 LST) and afternoon (16:00 LST), which was different
from the single morning peak (09:30 LST) in the normal Meiyu years and reported previously. Further
research indicated that the morning peak is related to the low‐level water vapor flux, whereas the afternoon
peak is related to the local solar heating. In addition, the water vapor flux in the Yangtze Plain was
characterized by strong morning and weak afternoon fluxes during both normal and atypical Meiyu periods.
The diurnal variation in the low‐level water vapor flux is thought to be influenced by the intensity of, and
distance from, the subtropical high.

1. Introduction

Meiyu rainfall, also called Baiu in Japan and Changma in Korea, is the most pronounced spring‐summer
precipitation over East Asia (Xu et al., 2010). The start and end dates of the Meiyu period vary in different
regions. The Meiyu period on the Yangtze Plain usually starts in mid‐June and ends in mid‐July (Tao &
Ding, 1981). Despite the short duration of the Meiyu period, Meiyu rainfall accounts for a large proportion
of the annual precipitation, exceeding 50% of the total precipitation on the Yangtze Plain in some years
(Ding, 1992). Much research has been carried out to gain a better understanding of Meiyu rainfall with
the aim of improving the prediction of heavy rainfall and reducing losses due to flooding (Li et al., 2019;
Luo et al., 2013; Ninomiya & Akiyama, 1992; Ninomiya & Shibagaki, 2007; Sampe & Xie, 2010; Xu et al.,
2018; Zhang et al., 2008; Zheng et al., 2008).

Diurnal variation is influenced by atmospheric heat and dynamic processes on the water cycle and is an
important aspect of precipitation research (Yu & Li, 2016). In particular, diurnal variations in the summer
monsoon precipitation over contiguous China have received much attention in recent years and significant
regional differences have been reported (Chen et al., 2009a, 2009b; Li et al., 2010; Yu, Zhou, et al., 2007, Yu,
Xu, et al., 2007; Zhou et al., 2008). For instance, summer precipitation over south and northeast China peaks
in the late afternoon (Yu, Zhou, et al., 2007), which is consistent with most land areas worldwide (Nesbitt &
Zipser, 2003). However, the peak time of summer precipitation in the Yangtze river valley shows a charac-
teristic eastward propagation, with peak rainfall in the upper and middle reaches of the Yangtze river occur-
ring at midnight and in the early morning, respectively (Chen et al., 2012; Yu, Zhou, et al., 2007). Summer
precipitation in the lower reaches of the Yangtze valley has one diurnal peak in the early morning and
another in the late afternoon (Yu, Zhou, et al., 2007). The different diurnal cycles of summer precipitations
in the Yangtze valley are thought to be related to the eastward movement of clouds over the Tibetan Plateau
(Asai et al., 1998; Chen et al., 2014; Wang et al., 2004; Zhang et al., 2019).

Although theMeiyu rainband has a close association with the seasonal advance and retreat of the East Asian
summer monsoon (Chang et al., 2000; Sampe & Xie, 2010; Xue et al., 2018), the diurnal variations in Meiyu
rainfall are different from summer precipitation in the Yangtze Plain (Geng & Yamada, 2007; Xue et al.,
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2018). Using 8‐year (1998–2005) Tropical Rainfall MeasurementMission precipitation radar reflectivity data,
Geng and Yamada (2007) studied the diurnal variation of the Meiyu rainband and found that the
precipitation radar reflectivity had a remarkable early morning peak in the Meiyu frontal region. The
causes of the early morning peak in the Meiyu rainfall in the Yangtze Plain have been further
investigated (Chen, Sha, et al., 2017; Xue et al., 2018). Chen, Sha, et al. (2017) presented numerical
simulations of a heavy rainfall event on 11–16 June 1998 and suggested that the southwesterly nocturnal
low‐level jet acts as a mechanism for the transport of moisture and the formation of rainfall. Using the
WRF‐ARW model, Xue et al. (2018) performed a 6‐day simulation of Meiyu precipitation over the
Yangtze Plain and attributed the prominent peak in the morning rainfall to the diurnal cycle of clockwise
rotation of low‐level ageostrophic winds in the southwest of the Meiyu rainband. Thus, the ageostrophic
wind is perpendicular to the geostrophic wind, which reduced the supply of moisture in the afternoon,
whereas they are parallel and in same direction during early morning leading to the improved
southwesterly moisture flux.

Previous work has laid a good foundation for recognizing the daily variation in Meiyu frontal precipitation.
However, several features of Meiyu fronts, including the onset date and cessation date and the total amount
of rainfall, significantly differ among different years (Ge et al., 2008; Li et al., 2019; Zhang et al., 2008). The
duration and precipitation of the Meiyu period is affected by factors such as the subtropical high, the South
Asian anticyclone, and the El Niño–Southern Oscillation (Ding, 1992; Li et al., 2019; Sun et al., 2010). For
example, Ge et al. (2008) studied the duration and total rainfall of the Meiyu period in the Yangtze Plain
from 1951 to 2000 and showed that the longest duration of the Meiyu period was 58 days, whereas the short-
est duration was 7 days. The maximum rainfall reached 695 mm, 10 times the minimum rainfall (61 mm).
The relationships between the diurnal cycles of Meiyu rainfall and the annual variations in the Meiyu fronts
have not yet been determined. In particular, in atypical Meiyu years such as 2018, it is worth considering
whether the diurnal cycle of Meiyu rainfall still showed an early morning peak. We therefore carried out
case studies and statistical analysis on the diurnal variation of Meiyu rainfall in the atypical Meiyu years
in comparisons to the previous works.

This paper contains seven sections. Section 2 describes the data and methods used in this research. The over-
all environmental circulation and precipitation during the atypical Meiyu periods are described in section 3.
The two typical precipitation events that occurred during the Integrative Monsoon Frontal Rainfall
Experiment (IMFRE) in 2018 are presented in sections 4 and 5. The diurnal variation in Meiyu precipitation
in atypical Meiyu years is discussed in section 6. The final section is the discussion and conclusions.

2. Data and Methods
2.1. Data Sets

We used two different precipitation products, both available from the Precipitation Measurement Mission
website (https://pmm.nasa.gov). The Global Precipitation Measurement (GPM) Integrated Multi‐satellite
Retrievals for GPM (IMERG) data set is a level 3 multisatellite precipitation data set. The IMERG data set
provides combined precipitation estimates from satellite microwave sensors, satellite infrared‐based obser-
vations, and rain gages at a time resolution of 30 min and a horizontal resolution of 0.1° × 0.1° (Hou
et al., 2014). Based on the calculation time and usage data, the IMERG data set is divided into an early
run, a late run, and a final run. The IMERG final run product used in this study was verified by. We used
the IMERG final run product, which was verified by Tang et al. (2016), for statistically studying the diurnal
variations of the precipitation in this work.

The GPM Dual‐frequency Precipitation Radar (DPR) is the first space‐borne dual‐frequency radar system
designed by the Japan Aerospace Exploration Agency and the National Aeronautics and Space
Administration (NASA) and consists of Ka‐band and Ku‐band precipitation radar. The GPM 2ADPR preci-
pitation product is a level 2 precipitation product based on the DPR dual‐frequency algorithms. As a track‐
grade product, the GPM 2ADPR product has about 16 orbital data per day, which can intermittently provide
users with precipitation information in the latitude range 65°S–65°N (Hou et al., 2014). According to the
scanmodes of the radar (Iguchi et al., 2012), the 2ADPR product can be subdivided into DPR_NS (KuPR nor-
mal scan), DPR_HS (KaPR high‐sensitivity scan), and DPR_MS (KaPRmatched scan) products. We used the
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DPR_NS precipitation product, which contains Ku‐band radar reflectivity profiles, rain rate profiles, rain
types, and droplet size distribution profiles.

We used the geostationary observations from the Himawari‐8 satellite, which was designed by the Japanese
Meteorological Agency and has been operating at 140.7°E since July 2015. The Himawari‐8 satellite carries
the advanced Himawari Image with 16 different visible and infrared bands. We used the Himawari‐8 data to
obtain information on the cloud top and to identify the life stages of the precipitating clouds (Zhang &
Fu, 2018).

ERA5 is the fifth‐generation European Centre for Medium‐Range Weather Forecasts (ECMWF) atmo-
spheric reanalysis data set and covers the period from 1979 to 2 to 3 months before the present day
(Hennermann & Berrisford, 2017). ERA5 has a time resolution of 1 hr and a horizontal resolution of about
31 km, which is much better than its predecessor (the ERA‐Interim data set). We used environmental infor-
mation from ERA5.

We also used the Integrated Global Radiosonde Archive (IGRA) data in this study. IGRA is a collection of
historical and near‐real‐time radiosonde observations from around the globe. For most IGRA stations, the
soundings are taken around 00:00 UTC and 12:00 UTC each day, providing the primary variables of tem-
perature, humidity, and wind profiles. The soundings from Wuhan station, Fuyang station, Hangzhou sta-
tion, and Anqin station were used in this study.

2.2. Methods

The study area covered the Yangtze Plain (28–34°N, 110–122°E; see Figure 3). Based on the historical records
of the Anhui Meteorological Observatory, we focused on Meiyu periods of five atypical Meiyu years and five
normal years in our study. The Meiyu periods in 2016 and 2018 were used as templates for selecting normal
and atypical Meiyu periods, respectively. Three main criteria were employed including continuously cloudy
or rainy day, sustained Meiyu fronts, and the intensity and location of subtropical high. The onset date and
end date of each Meiyu period are given in Table 1.

The calculated water vapor flux of 850 hPa (WVflux850; units: g/(m · Pa · s)) indicated low‐level
moisture transport:

WV flux850 ¼ v850q850=g

where q850 (g/kg) is the specific humidity at 850 hPa, v850 (m/s) is the horizontal wind speed at 850 hPa, and g
(m/s2) is the gravitational acceleration.

3. Horizontal Distribution of Environmental Circulation and Precipitation

In any study of a weather event, it is essential to analyze the environmental flow field in which the event is
located (Zhou et al., 2009). We therefore investigated the mean potential height, wind field, and specific
humidity at 500 and 850 hPa during the Meiyu period in atypical Meiyu years (Figure 1). For comparison,
Figure 2 shows the mean environmental circulation during the Meiyu period in normal Meiyu years.

During the East Asian summer, the 5,880‐m contour lines in the 500‐hPa geopotential height field reflect the
location of the subtropical high, which is closely related to the Meiyu front (Zhu et al., 2008). During the aty-
pical Meiyu periods, the area of subtropical high was small and located in southeast Japan (Figure 1a). The
nearest distance of the subtropical high to the Yangtze Plain was about 10° of longitude, indicating that the

Table 1
The Onset Dates and End Dates of Meiyu Periods in Atypical Meiyu Years and Normal Meiyu Years, Based On the Historical
Records of the Anhui Meteorological Observatory

Atypical year Onset date End date Normal year Onset date End date

2005 5 July 29 July 2002 19 June 28 June
2008 14 June 23 June 2003 20 June 11 July
2011 9 June 25 June 2014 25 June 5 July
2015 24 June 24 July 2016 20 June 21 July
2018 19 June 11 July 2017 30 June 10 July
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For a further knowledge of temperature and humidity features of the precipitating case, the IGRA sounding
information ~2 hr before the precipitation case is given in Figure 7. The Wuhan station, Fuyang station, and
Hangzhou station are located nearby the clouds A, B, and C, respectively. As shown in Figure 7, the pressure
of Lifting Condensation Level was higher than 970 hPa for each station, and the temperature dew point dif-
ference was less than 7 °C below 300 hPa, showing that the middle‐ and low‐level atmosphere was humid
nearby the clouds. The Convective Available Potential Energy (CAPE) was ~0 for Wuhan and Fuyang sta-
tion (Figures 7a and 7b), indicating that the atmospheric layer was quite stable and the convection was sup-
pressed in clouds A and B. On the contrast, the CAPE of Hangzhou station reached 1,527 J/kg, indicating
that the atmospheric layer in cloud C was unstable and beneficial to the convective activity, which was con-
sistent with the above suggestions. The unstable layer appeared above 800 hPa, indicating that the convec-
tion is a kind of elevated convection.

Figure 7. Radiosonde data in Skew‐T‐logP diagrams for (a) Wuhan station, (b) Fuyang station, and (c) Hangzhou station at 08:00 LST (00:00 UTC) on 5 July 2018.
The black line and blue line indicate the profiles of temperature and dew point temperature, respectively. The red area in Figures 7a and 7b indicates the region of
CAPE. The locations of the stations are shown in Figure 6c.
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Previous research on the diurnal variation in precipitation on the Yangtze
Plain has shown that in summer, the diurnal variation of precipitation in
the Yangtze Plain appears as a double peak in the early morning (at about
06:00 LST) and late afternoon (at about 17:00 LST; Yu, Zhou, et al., 2007).
The early morning peak was previously thought to be the only peak in the
diurnal cycle of precipitation during the Meiyu period (Geng & Yamada,
2007; Xue et al., 2018). We compared the patterns of diurnal variation in
Meiyu rainfall with the atypical Meiyu years (like 2018) and the normal
Meiyu years (like 2016; Figure 12).

Using GPM IMERG data of five atypical Meiyu periods and five normal
Meiyu periods (listed in Table 1), we carried out statistical studies on
the diurnal variations of Meiyu rainfall over the Yangtze Plain. During
the atypical Meiyu periods, the mean precipitation over the Yangtze
Plain ranged from 0.3 to 0.45 mm/hr (Figure 12). The diurnal variation
in the rain rate appeared as a bimodal structure, with peaks in the early
morning (6:30 LST) and afternoon (16:00 LST). The bimodal structure
was similar to that seen in summer (Yu, Zhou, et al., 2007; Yu, Xu,
et al., 2007), although the afternoon peak occurred 1 hr earlier.

During the normal Meiyu periods, the mean precipitation ranged from 0.4
to 0.65 mm/hr (Figure 12). The diurnal variation appeared as a single dis-
tribution with the peak time at ~09:30 LST. The diurnal variation of rain-
fall in the normal Meiyu periods was similar to the Previous study except
that the peak time was 1.5 hr later (Geng & Yamada, 2007). The diurnal
variances of atypical Meiyu years and normal Meiyu years verified that
the diurnal cycle of Meiyu rainfall varies from year to year.

Figure 13 shows the mean distribution of the 500‐hPa geopotential height
and wind in East Asia at different local times during the Meiyu period. The subtropical high was weak dur-
ing the atypical Meiyu periods and was located 10° of longitude to the east of the Yangtze Plain (Figures 13a–
13c). The contour lines in the Yangtze Plain were sparse, and the mean winds were weak. On the contrast,
the subtropical high was strong during the normal Meiyu periods and located close to the southeast of the
Yangtze Plain (Figures 13d–13f). The 500‐hPa contour lines in the study area were dense with strong winds.
From the perspective of the diurnal variation, the geopotential height decreased during the daytime as a
result of solar heating (Figures 13c and 13f), whereas the geopotential heights increased during the night-
time due to atmospheric cooling (Figures 13a and 13d). The enhanced subtropical high during the nighttime
would provide stronger geotropic winds and warmer conditions that is beneficial for the occurring of morn-
ing precipitations (Rao et al., 2019; Zeng et al., 2019).

Figure 11. Radiosonde data in Skew‐T‐logP diagram for Anqin station at
20:00 LST (12:00 UTC) on 5 July 2018. The black line and blue line indi-
cate the profiles of temperature and dew point temperature, respectively.
The red area indicates the region of CAPE. The location of Anqin station is
shown in Figure 10e.

Figure 12. Diurnal variation in mean precipitations averaged over the Yangtze Plain during the Meiyu periods in atypical
Meiyu years (left) and normal Meiyu years (right), derived from GPM IMERG products.
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were dense with strong winds. Precipitation during the atypical Meiyu periods was sparsely distributed in
the Sichuan Basin, southern China, and the eastern ocean, where the precipitation in normal Meiyu periods
was concentrated on the Yangtze Plain, forming a clear southwest‐northeast rain belt.

We conducted case studies of two heavy precipitation events detected by the GPMDPR during the IMFRE in
2018. These two events occurred at 10:20 and 20:04 LST on 5 July 2018. The morning event was divided into
three rain cells (A–C) along the water vapor plume from the southwest to the northeast of the Yangtze Plain.
Among these, rain cell A consisted of typical stratiform precipitation induced by strong southwesterly moist-
ure transport. The corresponding cloud cluster of rain cell A dissipated as a result of daytime solar heating.
During the dissipation process, a large amount of water vapor propagated along the water vapor plume and
new precipitating clouds B and C formed to the northeast of cloud A. There were numerous convective DPR
pixels in precipitating cloud C, which was affected by low‐level convergence.

The late afternoon event occurring in the south of the Yangtze Plain was a typical convective precipitating
event. At that time, the Meiyu front was changing into the Jianghuai cyclone and the precipitation was
located in the southeast of the cyclone. The corresponding cloud system was in the process of developing
and enhancing within the strong inner updraft. As a result of the strong convection, the Ku‐band echo‐
top was >13.5 km and the maximum near‐surface effective droplet radius was >3 mm. These two case stu-
dies indicate that heavy precipitation in the morning during Meiyu period relies heavily on the low‐level
moisture supply, whereas precipitation in the afternoon is affected by updrafts.

Previous studies have shown that a single morning peak dominates the diurnal cycle of Meiyu rainfall in the
Yangtze Plain (Geng & Yamada, 2007; Xue et al., 2018). However, our results suggest that in the atypical
Meiyu periods, the diurnal variation of precipitation had a bimodal structure, with peaks in early morning
(6:30 LST) and afternoon (16:00 LST). In the normalMeiyu years, the diurnal variation of precipitation peaks
in the morning at ~09:30 LST. We think that the morning peak of Meiyu precipitations is related to the diur-
nal variation of the low‐level moisture supply. During the Meiyu period, the water vapor flux in the Yangtze
Plain was characterized by a strong morning flux and a weak afternoon flux. The afternoon peak in the aty-
pical Meiyu periods is related to the daytime local solar heating, while the low‐level horizontal flow is
thought to be unfavorable.

Our research suggests that the diurnal variation in Meiyu rainfall over the Yangtze Plain changes from year
to year. However, more evidence is required and the causes should be investigated in detail. Future studies
should pay attention to the correlation between the diurnal cycle of Meiyu rainfall and environmental fac-
tors, such as the subtropical high, the El Niño–Southern Oscillation, and the East Asian monsoon, which
could provide powerful references for simulating and predicting Meiyu precipitation.
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