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Abstract: By using the NCEP/NCAR re-analysis data from 1990 to 2019 and the daily precipitation
data of CN05.1 gridded observation dataset, the high and low level circulation characteristics and
their influence on the onset and precipitation of Meiyu in Jiangsu Province in recent 30 years are
studied. Comparing Meiyu in the 2010s with that in the 1990s, it is found that during the 2010s Meiyu
was characterized by a late arrival and less precipitation. There were obviously earlier Meiyu years
in the 1990s, while no extremely early Meiyu year existed in the 2010s, which was mainly caused
by the late northward jump of the upper jet and the ridge line of the western Pacific subtropical
high (WPSH hereinafter) in the 2010s. Compared with the 1990s, the 2010s witnessed an eastward
position of the South Asia high and a westward position of the subtropical westerly jet during the
Meiyu period, which are not conducive to precipitation in the Yangtze-Huaihe region. At the same
time, the cold air flowing southward to the Yangtze-Huaihe region was hindered in the 2010s due to
the change of blocking in the middle troposphere. In the 2010s, the water vapor transport and the
vertical transportation weakened, resulting in the decrease of precipitation in the Yangtze-Huaihe
region.

Keywords: Meiyu; high and low level circulation characteristics; the western Pacific subtropical high;
the South Asia high; the water vapor transport

1. Introduction

Each summer, the northward advancement of the East Asian monsoon effects a rainy
season of continuous precipitation in the Yangtze-Huaihe region in China, which is called
Meiyu. Frequent occurrences of drought and flood disasters can be seen in the Yangtze-
Huaihe region, and those in June and July are mostly related to the abnormal Meiyu in that
year [1,2]. Therefore, Meiyu has always been a great concern of meteorological research,
and valuable achievements have been made on it. The onset and precipitation of the
Meiyu are controlled by large-scale circulation factors, and the variation of the East Asian
summer monsoon results in the change of the Meiyu [3,4]. The South Asia high and the
western Pacific subtropical high (WPSH hereinafter) can directly affect Meiyu as well [5,6].
Moreover, Meiyu is related to the synoptic-scale systems, such as the blocking high, which
can make a significant impact on the situation of Meiyu [7,8]. The Meiyu is also affected by
climate change. Under the background of global warming, less precipitation of the Meiyu
has occurred in the Yangtze-Huaihe region [9,10].

It has been widely proven that the circulation characteristics of the Meiyu period
can influence the Meiyu process. According to an analysis of the observation data from
1961 to 2011, it has been concluded that Meiyu in the Yangtze-Huaihe region started late
and ended early in the 21st century, and the length and intensity of the rain season were
reduced [11]. At the beginning of this century, the Meiyu in Jiangsu was not typical and it
was difficult to determine the start and end date of the Meiyu [12]. In 2018, the Yangtze-
Huaihe region had a late Meiyu and less precipitation due to the northerly subtropical
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upper jet in East Asia, the WPSH, the atypical blocking situation in the middle to high
latitudes, and the late onset of the summer monsoon [13,14]. Compared with other years,
the year 2017 had a stronger East Asian trough, weaker summer monsoon, and stronger
WPSH, resulting in a later Meiyu onset, earlier Meiyu ending, and shorter length and less
amount of precipitation in the Yangtze-Huaihe region [15,16]. In addition, the Meiyu lasted
less time in 2015 and 2016 [17,18], and was even absent in 2014 [19]. All these facts indicate
that new characteristics have emerged for the Meiyu in recent years.

Since the 1990s, the onset of Meiyu over the Yangtze-Huaihe region has been delayed,
the temporal features and precipitation process of the Meiyu have changed, and the circu-
lation background shows characteristics different from the past. Based on the atmospheric
reanalysis data and the Meiyu time data, this work analyzes the variation characteristics
of Meiyu and the changes of high and low level circulation in Jiangsu in recent 30 years.
At the same time, standards of Meiyu in each region are not completely consistent, and
the performance of Meiyu in the south and north of the Yangtze-Huaihe region is slightly
different. As a result, this work focuses on the Meiyu in Jiangsu Province, and uses the
onset data of Jiangsu Province. By comparing the characteristics of Meiyu in the 2010s
to those in the 1990s, this work discusses the interdecadal evolution of Meiyu in recent
30 years, and further reveals the variation pattern and mechanism of Meiyu.

2. Data and Methods

Data utilized in this work include: (1) the daily precipitation data of CN05.1 gridded
observation data from 1990 to 2019 provided by the National Climate Center of China,
which is based on the daily observation data of more than 2400 stations nationwide of
the National Meteorological Information Center of China, and has a horizontal resolution
of 0.25° x 0.25°; (2) atmospheric re-analysis data from 1990 to 2019 provided by the Na-
tional Center for Environmental Prediction/the National Center for Atmospheric Research
(NCEP/NCAR) of the U.S,, including potential height, meridional wind, zonal wind, verti-
cal velocity, relative humidity and other factors with a horizontal resolution of 0.25° x 0.25°;
(3) time data of the onset and end of the Meiyu in Jiangsu Province from 1961 to 2019,
based on the standards for delimiting Meiyu from Jiangsu Meteorological Observatory.

In this work, the position of the ridge line of the WPSH is determined by the 500-hPa
potential height field [20]. The zonal wind meets the geostrophic relationship, and the
ridge line meets the following relationship:
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where u is the zonal wind, f is the geostrophic parameter, ¢ is the potential height, and y is
the vector of meridional.

3. Results
3.1. Evolution Characteristics of Meiyu Onset and End Time in Jiangsu Province

Based on the onset and end dates of Meiyu in Jiangsu Province, the interdecadal
variation characteristics of Meiyu in Jiangsu Province have been discussed. According
to the 9-year moving average of the Meiyu onset time of Jiangsu Province from 1961 to
2019 (Figure 1), it can be seen that the overall change trend in the 59 years can be divided
into two stages. From 1961 to 1987, the Meiyu onset was gradually advanced over time,
and then it was delayed since 1988. The decadal average of the Meiyu onset time shows
that Meiyu in Jiangsu was continuously delayed since the 1990s. In this process, the
onset and precipitation characteristics of Meiyu and the high and low level circulation
background changed. As the initial and end stages of the delay process, the 1990s and the
2010s have obvious differences and can indicate the evolution of Meiyu in recent 30 years.
Therefore, the two stages of 1990-1991 and 2010-2019 were analyzed. The 2000s, which
can be regarded as a transitional period, will not be specifically discussed in this work.
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Figure 1. Onset date and interannual and interdecadal sequence of Meiyu in Jiangsu Province from 1961 to 2019.

In order to compare the onset time in the 1990s and 2010s, we standardized the data
within each decade respectively, and the standardized sequences of the Meiyu onset time
in 1990-1999 (Figure 2a) and 2010-2019 (Figure 2b) were obtained. The positive anomaly
standardization means a late onset. In the 1990s, there were great differences in the time
of the Meiyu onset in different years. Despite the trend of a delayed Meiyu onset, there
were still, though rare, extremely early years in the 59 years. The onsets of Meiyu in the
2010s were more similar than those in the 1990s. Taking 0.6 standard deviations as the
indicator, the years whose time of Meiyu onset and length of the Meiyu period exceeding
0.6 positive standard deviations were defined as the early years of the Meiyu onset and
the long years of the Meiyu period, respectively. Based on this standard, 1990, 1991 and
1999 were the years with an early arrival of Meiyu in the 1990s, while 1992, 1997 and 1998
were the years with a late arrival of Meiyu in this decade. In the 2010s, 2010, 2011 and 2019
were the years of an early Meiyu arrival, while 2012, 2014 and 2015 witnessed a late arrival.
Previous studies have shown that the dates of the Meiyu onset and ending are independent
of each other, and there is no significant correlation [2]. Therefore, this work focuses on the
difference of abnormal Meiyu onset in different years.
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Figure 2. Standardized anomaly of Meiyu onset time from 1990 to 1999 (a) and from 2010 to 2019 (b).
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3.2. Comparison of Meiyu Characteristics and Rainstorms in 1990-1999 and 2010-2019
3.2.1. Meiyu Characteristics

We took the 12 years selected above as the characteristic cases of the 1990s and the
2010s, respectively, and discussed the variation of Meiyu characteristics with time in recent
30 years. We used the averages of the past 30 years (that is, 1990-2019) as the climatological
states of Meiyu to compare with the conditions of the characteristic years. It can be seen
from Table 1 that Meiyu with an early arrival in the 1990s had a much earlier onset than
that in the climatological state, and the end time was close to the climatological situation.
In the second decade, the onset time for Meiyu with an early arrival was only slightly
earlier than that in the climatological state, while the time of Meiyu’s end was much later.
Therefore, the duration of the Meiyu period in both the 1990s and 2010s was much longer
than that in the climatological state. For the late-arriving Meiyu, the dates of the Meiyu
onset and ending, as well as the duration of Meiyu in the 1990s were similar to those in the
second decade. Generally speaking, Meiyu started later in the 2010s than in the 1990s, but
there was little difference in how long the Meiyu rain period lasted.

Table 1. Temporal characteristics of Meiyu in 1990s and 2010s.

Type Onset Date End Date Days
Meiyu with early arrival in the 1990s 9 June 13 July 35
Meiyu with late arrival in the 1990s 26 June 15 July 20
Meiyu with early arrival in the 2010s 16 June 20 July 35
Meiyu with late arrival in the 2010s 25 June 16 July 22
climatological state of Meiyu 20 June 12 July 23

3.2.2. Rainstorm during Meiyu Period

Rainstorms often occur during the Meiyu period, and the rainfall intensity and range
vary under different circulation backgrounds. According to the ground observation specifi-
cation of the China Meteorological Administration, a rainstorm is defined when the 24-h
precipitation reaches more than 50 mm, and a heavy rainstorm is defined when the precipi-
tation reaches more than 100 mm. Based on this standard, this work conducted statistical
analysis on the rainstorm process in Jiangsu Province in the 12 characteristic years. In the
grid with a horizontal resolution of 0.25°, when rainstorm precipitation occurred at two
consecutive points, it was recorded as a rainstorm process, so as to calculate the days of
rainstorms or heavy rainstorms. The days with continuous rainstorm in Jiangsu Province
were defined as the rainstorm duration days, and the longest record of duration days over
the years was regarded as the longest duration of rainstorm. The occurrence of rainstorms
in the above years is shown in Table 2.

Table 2. Comparison of rainstorms in the Meiyu period in Jiangsu Province.

Year of Early Rai Heavy Maximum Year of Late . Heavy Maximum
. ainstorm . . . Rainstorm . .
Meiyu Days Rainstorm Rainstorm Meiyu Days Rainstorm Rainstorm
Arrival Days Duration Days Arrival Days Duration Days
1990 3 0 1 1992 1 0 1
1991 17 8 5 1997 4 2 2
1999 14 3 6 1998 6 0 2
2010 6 1 4 2012 9 1 2
2011 10 2 4 2014 4 0 1
2019 5 0 1 2015 5 1 2

In general, Meiyu with an early arrival had stronger and more precipitation processes,
and longer duration days of rainstorm than the late-arriving ones. Meanwhile, it was easier
to induce heavy rainstorms in the early-arriving Meiyu. Such a phenomenon was more
obvious in the 1990s. During this decade, the rainstorm cases for Meiyu with early and late
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onsets were significantly different. Early-arriving Meiyu had much more rainstorms and
heavy rainstorm days than a late one, and the rainstorm cases lasted longer. In contrast,
although there were more rainstorm days in the early-arriving Meiyu periods than in the
late ones for the 2010s, the difference was not clear. A relatively significant feature is that
the rainstorm duration days in the early cases were generally longer than those in the
late ones. The difference of precipitation characteristics in different years was consistent
with the difference of the Meiyu onset time. There was a large discrepancy in the Meiyu
onset time between the years of the early-arriving and the late-arriving Meiyu in the 1990s,
and the number of rainstorm days also varied to a great extent. Particularly, rainstorms
occurred frequently in 1991 and 1999. But the 2010s had little difference in rainstorm days
between different Meiyu years, while the deviation of the Meiyu onset time was not as
much as that in the 1990s, either.

Moreover, looking into the years within the same category, it can be found that the
early Meiyu years were more dissimilar between the 1990s and 2010s than the late Meiyu
years. For the early-arriving Meiyu years, more rainstorm days, heavy rainstorm days and
continuous duration days existed in the 1990s than in the 2010s. On the whole, during the
1990s the rainstorm process in the Meiyu period occurred more frequently, and there was a
noteworthy difference between the years of early and late Meiyu arrival.

3.3. Effects of Circulation Variation on Meiyu Onset and Precipitation in 1990-1999
and 2010-2019

3.3.1. South Asia High and Upper-Level Jet

As the strongest and most stable atmospheric circulation system in the upper tropo-
sphere of the northern hemisphere in summer, the South Asia high (SAH hereinafter) has a
vital impact on summer precipitation in China [21]. Its strength, east-west position and
north-south shift are closely linked to the onset and end of Meiyu, and also affects the
summer rainfall in the Yangtze-Huaihe region of China. Figure 3 shows the locations of
the SAH and the upper-level jet during the Meiyu period in the years with the early and
late arrival of Meiyu in the 1990s and 2010s. The height of 16,800 gpm at 100 hPa was
taken as the characteristic line of the SAH, and the area with a wind speed over 30 m/s at
200 hPa was considered the upper-level jet region. It can be seen from the figure that in the
2010s the location of the SAH in the years of the early and late Meiyu arrival was relatively
similar, and the range was obviously larger than that in the 1990s. The easternmost point
of the SAH exceeded 110° E in the 2010s, and the intensity was strong (Figure 3c,d). The
location of the SAH in the Meiyu period of the 1990s was slightly westward compared to
that in the 2010s, and the range was marginally smaller. The location of the SAH during the
years of the late Meiyu arrival in the 1990s was more westward, as its easternmost point
was west of 100° E (Figure 3a,b). The SAH extending to the east of 110° E often causes
delay of the Meiyu onset [22]. Furthermore, the SAH located further east in June makes it
difficult for the rain belt to move northward, and the SAH further east in July leads to the
westerly and northerly extension of the WPSH, which is not conducive to precipitation in
the Yangtze-Huaihe region [23]. Therefore, the further east location of the SAH is one of
the reasons for the later onset and decreased precipitation in the 2010s than in the 1990s.

With the formation of the SAH, the anticyclone circulation strengthens the pressure
gradient on the north side, and the subtropical westerly jet in its north enhances [7]. Due
to the geostrophic relation, the strength and location of the SAH have a decisive impact
on the westerly jet [24]. Taking 120° E as the boundary, the East Asian continental jet and
the Western Pacific jet have been proposed according to the location of the upper-level jet
axis. The Western Pacific jet plays a significant role in the Meiyu precipitation process in
the Yangtze-Huaihe region, as this region is located on the right side of the upper-level jet
inlet [25]. The comparison of different decades shows that there was a stable upper-level jet
in East Asia in the years with an early Meiyu arrival during the 1990s. The jet had a wide
range from east to west, and the Yangtze-Huaihe region was located on the right side of the
inlet of the upper-level jet area (Figure 3a). In the years of the late Meiyu arrival during the
same decade, the position of the upper-level jet was extremely westward, and the absence
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of the upper-level jet hindered the occurrence of the rainstorm process (Figure 3b). In the
2010s, the location and intensity of the jet over East Asia were relatively similar between the
years of the early and late Meiyu arrival. The upper-level jet was the East Asian continental
jet, and the convergence on the right side of the jet stream outlet was not conducive to
convection and rainstorms (Figure 3c,d).
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Figure 3. The South Asia high at 100 hPa (the solid line denotes the 16,800-gpm characteristic line),
the wind fields at 200 hPa (vector, unit: m-s—!, the yellow shaded areas denote speed exceeding
30 m-s~1) and the study region (marked in red) of years of early Meiyu arrival in the 1990s (a), late
Meiyu arrival in the 1990s (b), early Meiyu arrival in the 2010s (c), and late Meiyu arrival in the
2010s (d).

The north-south position of the upper-level jet before the Meiyu onset and the time of
upper-level jet formation are related to the time of the Meiyu onset. As shown in Figure 4,
the zonal average of the 200-hPa zonal wind at 110° E to 130° E was used to indicate the
intensity of the upper-level jet affecting the Yangtze-Huaihe region, which can reflect the
variation of the position and intensity of the upper-level jet for Meiyu of early arrival
and late arrival in the two different decades. Combined with the average time of the
Meiyu onset, it can be found that the periods with strong jet flow were mostly before the
Meiyu onset. There was still a period of strong jet flow after the Meiyu’s start in an early
Meiyu arrival year in the 1990s, while the jet flow in the range of 110° E to 130° E in the
other three types of years was weak in the Meiyu period. Comparing different Meiyu
years in the 1990s, the jet axis in the early Meiyu arrival years was basically located at
40° N, which was much more north than that in the late years; the wind speed was higher,
and the duration was longer than that in the late years (Figure 4a,b). As pointed out by
research, the northerly upper-level jet often corresponds to a stronger East Asian summer
monsoon system, and its early northward movement results in the early onset of Meiyu in
the Yangtze-Huaihe region [26]. However, an almost opposite phenomenon occurred in the
2010s. The jet intensity in the years of an early Meiyu arrival was weaker, the duration was
obviously shorter, and the north-south position deviation was not significant (Figure 4c,d).
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Figure 4. Time-latitude profile along the mean 110~130° E of 200-hPa mean zonal wind from June to July (the solid line
denotes wind speed, unit: m-s~!; the shaded areas denotes wind speed exceeding 30 m-s~1) of years of early Meiyu arrival
in the 1990s (a), late Meiyu arrival in the 1990s (b), early Meiyu arrival in the 2010s (c), and late Meiyu arrival in the
2010s (d).

3.3.2. Western Pacific Subtropical High and Blocking High

The Western Pacific subtropical high (WPSH hereinafter) is a warm anticyclone system,
and its location and intensity are closely related to Meiyu. The northward jump of the
WPSH ridgeline plays a critical role in the Meiyu’s onset and end, and the westward
extension position, north-south oscillation and range of the WPSH have an important
impact on the rainfall area and intensity of Meiyu’s precipitation.

The latitude of the WSPH ridgeline over 120° E at 500 hPa is one of the conditions of
the Meiyu onset according to Jiangsu Meteorological Observatory. It stipulates that the
ridgeline should be north than 20° N. Therefore, the discussion on the Jiangsu Meiyu onset
needs to consider the location of the WPSH and the moving of the ridgeline. Figure 5
compares the range and ridgeline of 500-hPa WPSH before and after the Meiyu onset in
the 1990s and 2010s, and takes the average potential height of 110~130° E as an indication
to reflect the north-south shift of the WPSH. In the years of the early Meiyu arrival in the
1990s, the range of the WPSH was small, but the ridgeline of the anticyclone system jumped
northward earlier and moved to the north of 20° N in the first pentad of June. Although
there were short-term fluctuations, the ridgeline basically remained between 20 and 25° N
until mid-July. The early northward jump of the WPSH and the early formation of the
Meiyu circulation system resulted in the early onset of Meiyu in these years (Figure 5a). In
contrast, in the years of the late arrival of Meiyu in the 1990s, the WPSH moved northward
much later as it propagated to 20° N in the fifth pentad of June. It moved slowly and stably
before the onset, rather than jumping northward rapidly like the case of the early-arriving
Meiyu. The WPSH stayed in the south for a long time, which determined the late start of
Meiyu in these years (Figure 5b). In the 2010s, the WPSH appeared early in East Asia in
the years of the early Meiyu arrival, but its ridgeline was still in a southerly position for
some time until a northward shift occurred at the fourth pentad. Therefore, the onset time
for the early-arriving Meiyu of the 2010s was later than that of the 1990s (Figure 5c). The
WPSH was formed late in the years of the late Meiyu arrival of the 2010s. The ridgeline of
the anticyclone system was at the north of 20° N in the first pentad of June, but it remained
north for only a few days and then retreated southward. It moved north at the fourth
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35N

pentad, which was close to the condition of the early Meiyu years of the 2010s. However,
although the ridgeline completed the north jump, the clear WPSH characteristic line did
not appear until the fifth pentad of June. It means that the high pressure zone did not reach
the strength of the WPSH until the end of June (Figure 5d). Zhou have pointed out that for
the Meiyu with a late arrival, the ridgeline of the WPSH may push northward quickly in
late May, but retreats southward due to instability [27], which is similar to this situation in
the years of the late Meiyu arrival in the 2010s.
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Figure 5. Time-latitude profile of 500-hPa mean geopotential height at 110~130° E (the solid line denotes geopotential

height, unit: gpm; the shaded areas denotes geopotential height exceeding 5880 gpm) and western Pacific subtropical

high ridgeline (dashed line) from June to July of early-arriving Meiyu in the 1990s (a), late-arriving Meiyu in the 1990s (b),

early-arriving Meiyu in the 2010s (c), and late-arriving Meiyu in the 2010s (d).

In the middle troposphere, the blocking situation in the middle and high latitudes
can also affect Meiyu. In previous studies, the blocking high in the region of 111~150° E
is generally regarded as the east-blocking type, that in the region of 81~110° E the Baikal-
blocking type, and that in 51~80° E the west-blocking type [28]. The east-blocking high
among them, which is stable and less variable, makes more contribution in the years with
longer Meiyu periods and has a closer relationship with Meiyu [5]. As can be seen from
Figure 6, the blocking situation in the years of the early Meiyu arrival was relatively similar
in the 1990s and 2010s, but the blocking situation in the years of the late Meiyu arrival was
not typical. For the early-arriving Meiyu in the 1990s, the distribution of blocking high
approximated the double-blocking type. Compared with the climatological state, the two
high pressures were stronger, and the blocking high was the east-blocking type (Figure 6a).
This type of blocking situation can make the cold air invade southward and strengthen the
Meiyu front, increase the Meiyu rainstorm, and prolong the Meiyu period by blocking the
northward rise of the WPSH [27]. The blocking high for the early-arriving Meiyu in the
2010s was the Baikal-blocking type, which had less effect on cold air transport and Meiyu
front maintenance than the east-blocking type (Figure 6¢c). In contrast, the blocking high of
the years with the late Meiyu arrival was weaker. The single-blocking type was shown in
the 1990s (Figure 6b), and the blocking situation for the late-arriving Meiyu in the 2010s
was not obvious. The westerly belt over middle and high latitudes was relatively flat to the
east of the Ural region (Figure 6d). The two kinds of circulation situations can both cause
the weak activity of cold air, which is unfavorable to the emergence and maintenance of
the Meiyu structure.
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Figure 6. The geopotential height fields at 500 hPa (solid line, units: gpm) and anomaly field compared with climatological
state (shaded, units: gpm) of early-arriving Meiyu in the 1990s (a), late-arriving Meiyu in the 1990s (b), early-arriving Meiyu
in the 2010s (c), and late-arriving Meiyu in the 2010s (d).

3.4. Effects of the Variation of Mesoscale Characteristic Factors on Meiyu Precipitation in
1990-1999 and 2010-2019

3.4.1. Water Vapor Transport

Water vapor transport is one of the key factors in precipitation, and the transport of
water vapor by the monsoon circulation system in the lower troposphere has an important
impact on the rainfall in the Meiyu period. The average water vapor flux and water vapor
flux divergence of 850 hPa were analyzed with composites of the Meiyu periods in the
1990s and 2010s. The results are shown in Figure 7. In the 1990s, the air flow from the South
China Sea was more southerly. Apart from the southwest air flow in the northern Indian
Ocean, a stream of water vapor was also transported northward to the Yangtze-Huaihe
region through the South China Sea, and both were transport routes with strong water
vapor flux (Figure 7a). The water vapor flux in the 2010s mainly had a southwest direction.
The high value area of the water vapor flux shows that a large amount of water vapor was
directly transported from the northern Indian Ocean to the Yangtze-Huaihe region, while
the water vapor flux transported from south to north near the South China Sea was not
as strong as that in the 1990s (Figure 7b). In addition, comparison of the water vapor flux
divergence suggests that the convergence in the Yangtze-Huaihe region in the 2010s was
weaker than that in the 1990s, which hindered the rainfall there.
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Figure 7. Water vapor flux field at 850 hPa (vector, unit: s !, the solid line denotes 0.006 s~! line) and its divergence field
(shaded, unit: 108 g/ (s-cm?-hPa)) of Meiyu in the 1990s (a) and 2010s (b).

The Yangtze-Huaihe region is in the southeast of Asia, and its precipitation during
the Meiyu period is affected by air masses from several different sources. The three



Atmosphere 2021, 12, 1258

10 of 13

sources that contribute most to the water vapor transport in the region are the Indian
Ocean, the Western Pacific, and the South China Sea [29]. Different water vapor channels
and air mass types can have distinct effects on Meiyu precipitation, and this work takes
the intensity of the three water vapor transport channels as a standard to compare the
water vapor contribution in different decades. Based on the average distribution of the
vertical integration of water vapor flux from 1990 to 2019, we recognized three extreme
regions of the vector modes as the water vapor transport channels. It was obtained that
the southwest channel’s range was (85~100° E, 15~22.5° N), the South China Sea channel’s
range was (107.5~117.5° E, 10~20° N), and the southeast channel’s range was (135~150° E,
10~17.5° N) [30]. The intensities of the three channels are shown in Table 3. The average
intensity of the three channels in the 1990s was stronger than that in the 2010s, which
proves that the water vapor transmission from the three sources to the Yangtze-Huaihe
region in the 1990s was stronger. Furthermore, the intensity of the southwest channel and
the South China Sea channel increased synchronously in the early-arriving Meiyu years
of the 1990s. The years with abnormal precipitation in Meiyu always have significantly
higher water vapor transport from the South China Sea than other years [29], which can
explain the strong Meiyu precipitation in the early Meiyu arrival years during the 1990s.
As revealed by the contrast of water vapor transport between the 1990s and 2010s, stronger
water vapor channels and better water vapor income in the Yangtze-Huaihe region were
the reasons for more precipitation in the 1990s. The insufficient water vapor acquisition
and the transformation from a south water vapor transport channel to a southwest one
caused less precipitation in the 2010s.

Table 3. Intensity index of water vapor channel in Meiyu period (unit: kg:m~1-s71).

Early-Arriving Late-Arriving

Average of Early-Arriving Late-Arriving Average

Water Vapor Channels Meiyu in the Meiyu in the the 19905 Meiyu in the Meiyu in the of the
1990s 1990s 2010s 2010s 2010s

Southwest channel 371.14 358.43 351.06 326.42 348.21 340.11
Southeast channel 210.35 253.94 240.34 231.74 224.22 230.48
South China sea channel 281.56 273.42 262.28 257.59 284.65 258.64

3.4.2. Vertical Convection

The occurrence of strong rainstorms not only needs an abundant water vapor condi-
tion, but also requires the cooperation of a strong upward movement. During the Meiyu
period, the low-level jet over the Yangtze-Huaihe region not only provides continuous wa-
ter vapor transport, but also meets with cold air to form the Meiyu front, thus resulting in
vertical convection [31,32]. When comparing the vertical movement in the 1990s and 2010s,
the region of 116~122° E was used to characterize the average level of Jiangsu Province
and its north and south sides. The longitudinal profile of vertical velocity and radial wind
field is shown in Figure 8. In the years of the early Meiyu arrival, there was an upward
movement in Jiangsu Province and its south side. In the 1990s, the rising area was wider,
and the vertical height of the upper boundary of the rising area was higher (Figure 8a).
In the 2010s, the downdraft appeared at the upper troposphere in the south of Jiangsu
(Figure 8c). In the 1990s and 2010s, the late-arriving Meiyu experienced a subsidence
movement near 20° N in the south of Jiangsu Province. The subsidence in the 1990s was
mainly in the middle and low level of the troposphere (Figure 8b), while in the 2010s,
there was a subsidence area penetrating the entire height of the troposphere in the south of
Jiangsu Province, which was mainly related to the westward extension of the WPSH and
the eastward extension of the SAH (Figure 8d). For the precipitation process, the vertical
convection is a necessary condition to trigger it. The large-scale upward movement in the
years of the early Meiyu arrival in the 1990s was a major factor causing more rainstorms,
while the strong downdraft in the south of Jiangsu in the years of the late Meiyu arrival in
the 2010s hindered the occurrence of rainstorms.
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Figure 8. Profile along the mean 116~122° E of vertical velocity field (solid line, unit: m-s~1) and wind field (vector, unit:

s~1, the vertical velocity is magnified 10 times); the shaded areas denote the topography of years of early Meiyu arrival in
the 1990s (a), late Meiyu arrival in the 1990s (b), early Meiyu arrival in the 2010s (c), and late Meiyu arrival in the 2010s (d).

4. Conclusions

This work presents the variation of Meiyu in Jiangsu Province in recent 30 years by
comparing the characteristic cases of the 1990s and the 2010s. The main conclusions are
as follows:

(1) Since the 1990s, the Meiyu in Jiangsu Province has been delayed, and there was
no extremely early Meiyu year in the 2010s. In the 1990s, the precipitation intensity was
stronger than that in the 2010s in Jiangsu Province, and the difference between the early
and late Meiyu years was obvious. The 2010s had less rainfall, fewer numbers of rainstorm
days, and similar precipitation characteristics between the years of the early and late
Meiyu arrival.

(2) At the upper troposphere, the SAH and the upper-level jet have a major impact on
Meiyu. The position of the SAH in the 2010s was far eastward in comparison with that in
the 1990s, which was not conducive to precipitation in the Meiyu period in the Yangtze-
Huaihe region. For the early-arriving Meiyu of the 1990s, the effect of the subtropical
westerly jet was one of the reasons for multiple rainfall processes, and the strong and
northerly upper-level jet in June, which indicated a strong summer monsoon, induced an
early Meiyu onset. In the 2010s, the position of the upper-level jet is west and the range is
small, and the difference of the upper-level jet was not significant, so the precipitation was
weak and similar.

(3) The WPSH and blocking situation in the middle troposphere are important factors
affecting Meiyu. The ridgeline of the WPSH in the years of the early Meiyu during the
1990s completed its northward jump at the beginning of June, causing an earlier Meiyu
onset. In the late 1990s, the WPSH ridgeline remaining in low latitudes for a long term
was the reason for a late Meiyu onset. Although in the 2010s, a large range of WPSH
appeared early for the Meiyu of early arrival, the ridgeline did not jump north earlier, so
there was no extremely early Meiyu onset. During the 2010s, the WPSH in the late-arriving
Meiyu years jumped to the north earlier but retreated to the south soon, and the time it
finally completed the north lifting was late, so the Meiyu started late. In addition, the
east-blocking high in the early-arriving Meiyu years in the 1990s was more conducive to
the southward movement of cold air that strengthened the Meiyu precipitation, while the
atypical blocking situation in the years of the late Meiyu arrival of the 1990s and the 2010s
hindered the occurrence of Meiyu precipitation.
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(4) In the 1990s, there was a stronger water vapor convergence in the Yangtze-Huaihe
region, which provided the water vapor condition for more precipitation. The water vapor
transport sources are different in different decades, and the change of water vapor channels
in the 1990s and the 2010s was also one of the reasons for the variation of precipitation
characteristics. On the whole, water vapor transport from the three sources of the Indian
Ocean, the South China Sea, and the Western Pacific was stronger in the 1990s than in
the 2010s, and less water vapor transport in the 2010s reduced the precipitation in the
Yangtze-Huaihe region. In addition, in the 2010s the vertical transportation of Jiangsu and
its south side weakened, and there even existed a large subsidence area in the years of the
late Meiyu arrival, which had a negative impact on precipitation.
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