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Abstract: How to predict and study persistent extreme precipitation events (PEPEs) with a prediction
period of 1–2 weeks is an important scientific problem faced by the meteorological circles at home
and abroad. Based on the accurate description of the flood range caused by 14-day PEPEs, the com-
prehensive analysis method was used to obtain the weather characteristics related to 14-day PEPEs
(including abnormal trough/ridge, westerly jet, atmospheric river (AR) activity, teleconnections,
etc.). First, we selected three regions in China, North China (NC), the Yangtze River valley (YRV),
and South China (SC), analyzed their 14-day PEPEs in summer (June to August), and composited
them into an average circulation (500 hPa geopotential height field) to compare the weather patterns
related to PEPEs in these regions. Then, several variables are composited to understand the evolution
of the atmospheric state before and during the occurrence of PEPEs. Finally, potential applications of
several teleconnection types and composites in advance prediction are studied. The main findings
include: the common weather signals during the occurrence of PEPEs are characterized by obvious
and continuous a high-low-high saddle field circulation configuration (conducive to the formation
of frequent heavy rainfall), active westerly jet (westerly jet is the controlling factor of precipitation),
and enhanced water vapor transport (significantly increased atmospheric river activity). In this
study, some key characteristics and development of PEPEs were identified, the formation mechanism
of China’s 14-day PEPEs was revealed, the role of ARs in PEPEs was recognized, and the PEPEs
precursor signal was extracted. Furthermore, PEPEs in different regions were also compared, which
played an important role in understanding and predicting similar events.

Keywords: extreme precipitation events; eastern China; climate teleconnection; synoptic climatology

1. Introduction

Persistent weather anomalies can cause a variety of serious meteorological hazards,
and persistent extreme precipitation events (PEPEs) are one of the important ones. Es-
pecially, events longer than two weeks are more destructive. In the last 60 years, such
events have shown a trend of increasing frequency, intensity, and impact [1]. Accord-
ing to preliminary statistics, from 1951 to 2005, there were 17 persistent rainstorm pro-
cesses lasting more than 3 days in the Huaihe River basin, 40 in the middle and lower
reaches of the Yangtze River, and 18 in southern China [2]. For example, in the summer
of 1998, the Yangtze River valley sustained heavy precipitation for up to 40 days, with
two occurrences of 10 days and 6 days, respectively, especially a sustained rainstorm that
occurred from July 20 to 25, 1998, with a total rainfall of 655 mm in 3 days (20 to 22), caus-
ing the Dongting Lake system to experience the second most serious mega-flood of the
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20th century. According to the statistics of the State General Administration of Defense,
basin-wide flooding caused direct economic losses of 250 billion RMB and more than
3000 deaths [3]. The increasing threat of PEPEs invokes the need for a detailed understand-
ing of the physical processes responsible for its occurrence. It is helpful to extend the
forecast time of this kind of high impact events and improve the forecast accuracy [3].

China is located in the East Asian monsoon region, and the characteristics of precip-
itation variability vary from place to place. Many previous studies have discussed the
possible causes of precipitation variability in China [4–6]. A large number of previous
studies have shown that the occurrence of persistent heavy precipitation is often directly
related to persistent anomalies in the large-scale circulation [3]. For example, ref. [7] clas-
sified persistent rainstorms into meridional and latitudinal types. He pointed out that
the occurrence of persistent torrential rain requires the maintenance of certain large-scale
circulation conditions conducive to the formation of torrential rain (especially the sustained
and stable strong blocking high in the middle and high latitudes and the Western Pacific
subtropical high in middle and low latitudes [7–12]). If there is a meridional pattern, its
circulation is characterized by a stable confrontation between the Japan Sea high and the
Qinghai Tibet high. At this time, cold air continuously flows into the high trough or shear
line between the two high pressures along the front of Lake Baikal high pressure [7]. If
there is a zonal pattern, its circulation conditions are mainly manifested in the continuous
intersection of the cold air under the southeast split from the broad Siberian trough and the
warm and humid air flow on the west side of the subtropical high, forming a continuous
rainstorm [7]. It is also pointed out that the variability of extreme precipitation in northern
and southern China is very different [13–18].

Previous studies of PEPEs have focused on specific case studies, and research has
focused on improving the prediction and understanding of specific characteristics. Theoret-
ical studies on the mechanism and forecasting of PEPEs have lacked insight. These case
studies focus on improving the prediction and understanding of specific features. A study
by [19] examined the continuous rainfall and floods in South Carolina in October 2015, and
it was believed that the hurricane delayed the progress of the upper trough and enhanced
the diabatic process of the jet stream in the southeast of the United States. As a result,
too much water vapor flows into the region to form persistent heavy rainfall. In [20],
extreme precipitation events in Tennessee and Kentucky in May 2010 were studied. It was
found that those systems with weak low pressure and longer slot can well simulate and
predict this event in the European center medium range weather prediction system. A
study by [21] believes that in the future climate change, similar events similar to May 2010
can be attributed to the increase of water vapor content and strong convective updraft.
These analyses have identified some important processes and characteristics related to
persistent extreme events, which can provide important help for Pepe’s understanding and
prediction. In the continental United States and several sub regions, some studies have
identified the key characteristics of daily to weekly extreme precipitation (e.g., [22–28]).
These studies point out some special atmospheric patterns that affect extreme precipitation
events, such as abnormal geopotential height or increased water vapor transmission. In a
study of similar events, ref. [29] found that the characteristic atmospheric pattern of the
rainy season in the Great Plains of the United States is driven by synoptic scale processes.
In many similar studies, a recurring theme is that water vapor and its transport mechanism
play an important role in these events. Therefore, they suggested that atmospheric rivers
(AR) be studied as an important medium for water vapor transmission [30–33].

Chinese meteorologists and hydrologists have recognized that the intensity, magni-
tude, and persistence of water vapor transport plays a key role in the process of extreme
rainstorms, and this water vapor conveyor belt is the AR mentioned above. ARs are a
conveyor belt of narrow, deep water vapor layers located in the lower troposphere flowing
rapidly from the tropics or subtropics to mid-latitudes, and they continuously transport
abundant water vapor to storm areas, leading to intense and persistent precipitation
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events [34]. ARs play a very important role in the global water cycle as well as in regional
weather climatology and hydrology.

In middle and high latitudes, 30% to 50% of extreme storm events (strong weather
events with rainfall in the top 2%) are closely related to ARs [34,35]. A statistical study of the
European region shows that there were 19 of the strongest storm events in the last 20 years,
each of which caused at least $1 billion in economic damage, and 14 of these 19 events
were inextricably linked to AR processes. Therefore, the future characteristics of ARs will
determine the characteristics of water circulation and energy transport in the whole Earth’s
climate system, and their activities are closely related to extreme weather processes, and
the changes of ARs will also determine the frequency and intensity of future extreme
events [35]. To date, there is little international research on ARs affecting Asia, especially
in East Asia or China. Whether AR is an important factor affecting PEPEs remains to be
confirmed in China. We lack a comprehensive understanding of the role of AR in PEPEs,
and its role in PEPEs remains to be quantified.

In general, it seems that although China has started to explore the development of
extended-period forecasting techniques [36–40], the research on the mechanism and fore-
casting theory for persistent major weather anomalies still lacks profound understanding.
PEPEs are related to the type of atmospheric remote correlation, but whether the remote
correlation index has precursor signals for PEPEs has not been analyzed in depth.

In this paper, we will focus on the following three issues:
(a) When major persistent weather anomalies occur, the corresponding atmospheric

circulation anomalies also remain stable, and this persistence makes forecasting for more
than 1 week more feasible. Persistent major weather anomalies usually occur against
a background of persistent large-scale circulation anomalies that are conducive to their
formation, with frequent activity of weather-scale systems capable of producing heavy
precipitation and the formation of dynamical, thermal, and moisture conditions that are
conducive to the generation and development of heavy precipitation weather systems.

(b) The monsoon moisture conveyor belt in the summer wind flow in East Asia has
stronger, wider, and more persistent moisture transport characteristics than the general
ARs, and its influence location can reach the northeastern part of China as the seasonal
monsoon rain belt pushes northward, thus producing more persistent and intense monsoon
precipitation and heavy rainfall under the interaction with cold air in the middle and high
latitudes. This study intends to further investigate the role and specific quantification of
ARs in PEPEs.

(c) By means of synthetic analysis, i.e., the day-by-day standardized anomalies of
different variables are synthesized and then the geopotential use of synthetic modes in
advance prediction is investigated. The role of several atmospheric teleconnection patterns
in PEPEs is also examined. There are four main teleconnection patterns that were discussed
in our studies, including the East Asia-Pacific pattern (EAP) [41], Madden–Julian Oscillation
(MJO) [42], Pacific-North America (PNA) [43], and Western Pacific (WP) [43]. The aim is to
give clear precursor signals for the diagnosis of PEPEs and to learn more about the actual
predictability of these events.

PEPEs are often the result of a variety of spatial-temporal scales and external forcing
factors, which makes it very difficult to accurately predict persistent severe abnormal
weather [3]. To make forecasts of PEPEs lasting more than 1~2 weeks, it is necessary to
gain insight into the causes of 14-day PEPEs and to grasp the anomalous characteristics
of key influencing factors. In addition to this, we need to extend the forecast time and
improve the forecast accuracy as much as possible. According to the practice of [44], a
14-day cumulative period is the beginning of the sub-seasonal time frame, so it is selected
as the object of the sub-seasonal extreme precipitation survey.

This manuscript is organized as following. The data and analysis methods used in
this study are presented in the next two sections (Section 2). The results of the synthetic
analysis of the weather features associated with these events, including anomalous troughs,
ridges, and AR activity are presented in Section 3. The precursor signals of the 14-day
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PEPEs and their association with atmospheric teleconnection pattern changes are presented
in Section 4. In the last section, a summary and final conclusions are provided.

2. Data and Methods
2.1. Data

NCEP-DOE reanalysis II (NCEP 2) [45], which was provided by the NOAA PSL,
Boulder, CO, USA (https://psl.noaa.gov, accessed on 10 August 2021), is the reanalysis
data used in this study. We can get NCEP 2 reanalysis data from 1979 onwards. NCEP
2 reanalysis (2.5◦ × 2.5◦) can be assumed as a reasonable representation of the observed
record for our study. The main reason is that the NCEP 2 reanalysis uses an updated
forecast model, updated data assimilation system, improved diagnostic outputs, and fixes
for known processing problems [45]. The variables used in this study include geopotential
height, zonal wind, and specific humidity. These variables were selected to investigate
the synoptic and precursory characteristics associated with the 14-day PEPE. Zonal wind
and specific humidity are used to calculate the integrated vapor transport (IVT). IVT is a
measure of vertically integrated transport of moisture, and it is calculated following the
method of [46] and others:

IVT = − 1
g

∫ 200hPa

1000hPa
(q × Vh)dp (1)

where Vh is the horizontal wind, q is specific humidity, and g is the acceleration due to
gravity. In order to explore the contribution of ARs to 14-day PEPEs, this study uses the
significant positive anomaly of IVT as an obvious feature to identify whether AR activity is
prevalent in a region. High IVT abnormalities are usually closely related to AR activity.

As a characteristic quantity of temperature and humidity reflecting the unstable
energy of the atmosphere, the potential pseudo-equivalent temperature (θse) is a powerful
tool for rainstorm diagnosis and prediction. A great deal of the literature shows that
the θse is widely used in determining the position of the front, discussing the energy
development, and judging the stability of atmospheric convection. θse is a physical quantity
that integrates temperature, pressure, and humidity to characterize the energy distribution
in the atmosphere. Following [47], we defined the θse. θse as

θse(p, t, q) = t × exp[0.28568 × a log(1000.0/p) + w],
w = 2500.0 × q/[338.52 − 0.24 × t + 1.24 × (td − 273.16)]

(2)

where p, t, and q represent pressure, temperature, and specific humidity at each standard
isobaric layer; td denotes the dewpoint temperature, which is obtained by an iteration method.

In addition to reanalysis data, gridded precipitation data provided by the NOAA Cli-
mate Prediction Center (CPC) is also being used (referred to as CPC Global Precipitation;
https://psl.noaa.gov/data/gridded/data.cpc.globalprecip.html, accessed on 10 August 2021).
Its resolution is 0.5◦ by 0.5◦. This dataset is also deduced from 753 operational surface
stations of the China Meteorological Administration by an ordinary kriging interpolation,
with small interpolation errors in the eastern part of China owing to the high station
density. This spatial-temporal resolution is enough to analyze 14-day PEPEs and their
weather characteristics. In the teleconnection analysis, the NCEP2 reanalysis daily 500 hPa
geopotential height dataset was selected in order to calculate the teleconnection indices
(EAP, PNA, and WP). The MJO index developed by [48] can be downloaded from the
Australia Meteorological Bureau (http://www.bom.gov.au/climate/mjo/, accessed on
10 August 2021).

2.2. Analysis Domains

Most of the persistent rainstorms in China occur in the summer months of June to
August, and almost no local persistent rainstorms occur in winter [2]. Therefore, we only

https://psl.noaa.gov
https://psl.noaa.gov/data/gridded/data.cpc.globalprecip.html
http://www.bom.gov.au/climate/mjo/
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study the occurrence of local persistent rainstorms in China during June to August in
the summer.

To obtain a more complete understanding of these PEPEs and identification of their
precursor signals for different regions in eastern China is our primary goal; therefore, we
chose three typical representative regions according to previous studies, i.e., North China,
Jianghuai, and South China. In terms of the climatology of heavy rainfall, ref. [49] studied
the climatic distribution of heavy rainfall in China during the 1950s and 1970s and pointed
out that heavy rainfall in the climatic sense mainly occurred in three latitudinal belts of
North China, Jianghuai, and South China. In July, local persistent rainstorms occurred in
the Yangtze River valley and southern China, and in August, local persistent rainstorms oc-
curred in the coastal areas of southern China, whereas local persistent rainstorms occurred
in the north [2]. In view of the above reasons, three subregions (Figure 1) were selected
for comparison:

(a) North China (NC); includes areas within 36.5◦ N–40◦ N, 110◦ E–117◦ E.
(b) the Yangtze River valley (YRV); includes areas within 26.5◦ N–31◦ N, 115◦ E–120◦ E.
(c) South China (SC); includes areas within 21.5◦ N–25◦ N, 110◦ E–117◦ E.
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Figure 1. The 95th percentile (mm) of the distribution for 14-day precipitation totals from 1980 to
2019. The three regions (a) North China (NC), (b) Yangtze River Valley (YRV) and (c) South China
(SC) of study for the Eastern China are delineated by the black-outlined polygons.

2.3. Defining 14-Day Extreme Precipitation Events

To study PEPEs in eastern China, we used an algorithm which [44] recently developed
to identify these events. First, we use a 14-day moving window from 1980 to 2019 to calcu-
late the distribution of the total 14-day precipitation accumulation at each point. We chose
the 95th percentile of the distribution as the threshold to define the extreme precipitation
at each site. The use of the 95th percentile is a common threshold in studies investigating
extreme precipitation and allows us to investigate events of influence [28,50,51].
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First, reasonable area thresholds are designed with the aim of enabling close sample
sizes for different regions and facilitating comparison of anomalous modal characteristics
associated with 14-day PEPEs in different regions. Then, two exclusion criteria are set
for the events: (a) exclusion if the average precipitation exceeds 10 mm/day for less than
5 days to ensure that there are consecutive days [28,50,51] of precipitation during this
period. This can ensure the continuity of precipitation during this period, and (b) exclude
if the day with the highest precipitation plus the day before and after represents more than
50% of the total cumulative precipitation for the 14-day period to avoid time-scale events
being the main driver. Finally, if any 14-day period overlaps with another event window,
select the one with a larger cumulative precipitation, making sure that none of the selected
events overlap.

This method deepens the understanding of regional PEPEs that are temporally con-
tinuous and spatially close to each other with high causality and certain influence range.
Finally, on this basis, we further discover commonalities and analyze climate changes
characteristics of PEPE.

2.4. Compositing Methods

Different combinations of climate variables were used to identify significant anoma-
lous modes in different regions. Three different time periods were selected for synthesis:
before the event (−10 to −6 days), before the event (−5 to −1 days), and during the
event (+1 to +14 days). The modalities identified in the event window help characterize
the regional features of the 14-day PEPE. The identification of modalities prior to event
onset is explored to understand their utility in predicting such events using different cues.

3. Characteristics of 14-Day Extreme Precipitation Events

In order to better understand the circulation background of the occurrence of 14-day
PEPEs in China from a common perspective and to objectively describe the characteristics of
the occurrence of 14-day PEPEs in China in the past 40 years, we use the daily precipitation
grid data in this period to analyze the large-scale circulation background of the occurrence
of 14-day PEPEs in China.

3.1. Synoptic Composites

To study the state of the atmosphere during 14-day PEPEs, we developed composite
daily standardized anomalies for several variables over the entire 14-day period for all
events. These variables were normalized by subtracting the daily mean from the reanalysis
values and dividing the subsequent values by the long-term (1980–2019) standard deviation.

The results of a large number of studies [52–55] indicate that the basic conditions for the
formation of regional PEPEs in mid-latitudes include relatively stable large-scale weather
system configuration structure, continuous water vapor supply, strong and persistent
upward motion, repeated reconstruction of convective environment, and the repeated
reconstruction of the convective environment, etc.

Synthetic analysis of storm events with similar circulation backgrounds can better re-
veal their common characteristics [56]. Therefore, the next analysis focuses on the synthetic
field distribution of variables such as geopotential height, wind field, vertical integration of
water vapor flux, and potential pseudo-equivalent temperature.

3.1.1. Average 500 hPa Geopotential Height Standardized Anomalies

The left column of Figure 2 shows the synthetic mean circulation (500 hPa geopotential
height standardized anomalies) of the 14-day PEPE process in summer (June–August) in
three different regions.

From Figure 2a, it can be seen that the center of high pressure on the geopotential height
field (the western Pacific subtropical high pressure is latitudinal and extends westward to
the east-central region of China) is stable near the Bohai Sea and the Korean Peninsula, and
its northwest side is a shallow trough in the westerly wind belt (the negative geopotential
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height level is small, and the main body of cold air is north of 40 ◦N), and its south side is
an active tropical low pressure system on the ocean surface [56].
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Figure 2c allows for observing the atmospheric circulation situation of persistent heavy
rainfall events in the Yangtze River basin. The northern edge of the western Pacific sub-
tropical high pressure is stable in the Jiangnan region. Position of the subalpine determines
the fallout area of the persistent rainstorm, and its stability facilitates the maintenance of
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the rainstorm. The northern side of the subalpine is a wide and deep low pressure trough.
To the north of the trough, the Okhotsk Sea blocking high pressure appears. Together they
form a stable saddle field, and rainstorms fall in the south side of the saddle center in the
subtropical southwest flow [2].

The northern edge of the subtropical high pressure in Figure 2e is stable in South
China. In the middle and lower reaches of the Yangtze River, there is a broad low pressure
trough. The latitudinal circulation is mostly of the west-high-east-low type around 40◦ N.
The cold air required for heavy rainfall in South China mostly comes from the East Asian
trough of the west-high-east-low circulation type. Under such circulation conditions, the
cold air in the East Asian low pressure trough often penetrates deep into the south of the
Yangtze River, where it meets with the southwestern warm and humid air flow. Persistent
rainstorms occur in the warm and humid airflow where the cold and warm air meets [2].

Circulation situations in the three different regions of all the characteristics are of a
high-low-high saddle field. Therefore, the circulation situation (500 hPa geopotential height
field) in all regions during the 14-day PEPE will show a favorable pattern. It can be inferred
that a stable large-scale circulation situation is a necessary condition for the persistence of
heavy rainfall and is likely to be constrained by the climatic background.

3.1.2. Total Event Composite of 200 hPa Zonal Wind Standardized Anomalies

From the 200 hPa upper air rapidly (Figure 2b), persistent heavy rainfall tends to occur
on the south side of the entrance area of the upper air rapidly [56].

On the high altitude rapids (Figure 2d), the center of the rapids is mostly located
near the south of Japan when the persistent rainstorm occurs. The fall zone of persistent
rainstorm is located at the south side of the rapid inlet area. Most of cold air of persistent
rainstorms comes from a wide low pressure trough at mid-latitudes. The area where the
southwestern warm and humid airflow meets the northern cold air is the fallout area of
persistent rainstorms [2].

Most of the rapid flow centers are located in Jiangnan and South China at the time of
heavy rainfall (Figure 2f). The fallout area of persistent rainstorm is located in the south
side of the central area of rapid flow. The relationship between rainstorms and rapids is
not as close as the other two regions [2].

The above results indicate that significant zonal wind anomalies occur over a large
area during 14-day PEPEs, implying that enhanced zonal wind are important. A similar
configuration of upper zonal wind and mid-level geopotential height exists in all three
different regions, and this configuration provides a favorable dynamical configuration
for PEPEs.

The fall zone of persistent heavy rainfall is located south of the rapids or rapid
inlet zone. This means that the dispersion of the upper layers favors the convergent
upward motion of the lower atmosphere, which is consistent with the principle of climate
science [56].

3.1.3. Total Event Composite of Standardized Integrated Vapor Transport (IVT) Anomalies

Enhanced water vapor transport is also a key feature of the 14-day PEPE. The left col-
umn of Figure 3 shows the synthetic field of standardized IVT anomalies. Typically, positive
IVT anomalies indicate increased water vapor transport in a region during a 14-day PEPE.

As can be seen in Figure 3a, the anomalous easterly airflow area between the subtrop-
ical high pressure and the tropical low pressure system (30◦ N–40◦ N) corresponds to a
positive water vapor flux anomaly. This warm and humid easterly airflow is favorable for
water vapor transport in North China, and the tropical depression activity is also favor-
able for high pressure stabilization around the Bohai Sea and the Korean Peninsula. The
water vapor contribution to persistent extreme rainstorms in the North China region is
mainly transported to the storm area in the northwest Pacific Ocean along the periphery of
subtropical high pressure [56].
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Figure 3. Composite of standardized anomalies of IVT magnitude for extreme event days in each
region (shading) (left column) and standardized potential pseudo-equivalent temperature (θse)
anomalies (right column) for extreme event days in (a,b) North China (NC), (c,d) Yangtze River
Valley (YRV), and (e,f) South China (SC) for JJA 1980–2019. Vectors (in (a,c,e)) depict the standardized
anomalies of the u and v components of IVT.

The corresponding water vapor flux from the southwestern direction of the warm and
humid airflow zone is a positive anomaly. Both are conducive to the transport of water
vapor in the storm area. Unlike North China, the water vapor contribution to persistent
extreme rainstorms in Yangtze River and South China mainly comes from the southwesterly
warm and humid airflow in the Bay of Bengal and the southerly warm and humid airflow
in the South China Sea.

3.1.4. The Total Event Composite of Standardized Potential Pseudo-Equivalent
Temperature Anomalies

The potential pseudo-equivalent temperature (θse), as a temperature and humidity
characteristic quantity reflecting the atmospheric instability energy, is a powerful tool for
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storm diagnosis and forecasting. A large amount of literature shows that the θse has a wide
range of uses in determining the location of fronts, discussing energy development, and
judging the stability of atmospheric convectivity.

The θse positive distance level zone is narrow and deep, as can be seen from Figure 4d.
The anomalous upward motion corresponds to the storm area, and the subsidence flow
anomalies are located north of 45◦ N and south of 32.5◦ N, respectively [56].

Similar to North China, the θse positive pitch level in Yangtze River and South China
is also very narrow, with a negative pitch level zone on each of its north and south sides.

The above results show that the variation of the θse can reflect the activity of cold and
warm air during the rainstorm. The fallout area of persistent rainstorm is located at or close
to the positive 850 hPa level zone. Therefore, the movement and trend of the center of the
level are closely related to the rainfall area and the stage of rainstorm development.

3.2. Trough–Ridge Patterns

From the previous analysis, it can be seen that a clear high-low-high saddle field can
be found in the 500 hPa geopotential height synthesis field in all three regions, implying
that the particular circulation anomaly situation is very important for the 14-day PEPE. To
observe this prominent feature more closely, we constructed trough/ridge indices in each
of the three different regions according to the method of [44]. The influence of different
types of trough-ridge configurations on 14-day PEPEs was then examined.

3.2.1. Indices for Standardized Geopotential Height Anomalies in Trough and Ridge
Maxima Regions

A rectangular box was selected with the lowest (high) value of the synthetic trough
(ridge) distance from the flat field at the center, respectively.

Then, the average value of the area in the rectangular box was calculated day by day
to form a 35-day time series (14 days before, 14 days during, and 7 days after the end of the
14-day PEPE). The results are shown in Figure 4.

In the North China region, the standard geopotential height anomaly in the composite
trough index (Figure 4a) is positive and decreases slightly during the 14-day PEPE. This
indicates that the region is characterized by high ridges. The standard geopotential height
anomaly in the composite ridge index (Figure 4b) gradually increases before the start of the
event, rises significantly during the event, and rapidly decreases after the end of the event.

In contrast to northern China, the standard geopotential height anomaly of the compos-
ite ridge index (Figure 4h) in southern China rises slightly during the event, indicating that
southern China is characterized by a predominantly low trough. The standard geopotential
height anomaly in the composite trough index (Figure 4a) is negative, and the magni-
tude of the negative value increases significantly during the 14-day PEPE and becomes
smaller rapidly after the event ends, but there is a not very obvious precursor signal before
the event.

In the Yangtze River Valley (Figure 4d,e), both the composite trough index and the
composite ridge index increase significantly during the 14-day PEPE, and both indices have
obvious precursor signals before the event.

The above results imply that the early change of trough-ridge index can be used as
a precursor signal of the 14-day PEPE. That is, the occurrence of the 14-day PEPE can be
reflected in these two indices in advance.

3.2.2. Percentage of Occurrence of Trough and Ridge Days for Event and Nonevent Days

To quantify the impact of different types of trough and ridge configurations on the
14-day PEPE, we do so by counting the percentage occurrence of the trough and ridge
days for both event and non-event days (Figure 4c,f,i). There are two states of whether
the absolute values of the trough and ridge indices exceed their standard deviations,
respectively, which can be combined to obtain four different types, with both trough and
ridge magnitudes exceeding the standard deviation, noted as category A. If the amplitude
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of the trough exceeds the standard deviation but the amplitude of the ridge does not exceed
it, it is classified as category B. A ridge whose amplitude exceeds the standard deviation
but the amplitude of the trough is not exceeded is classified as category C. Both trough and
ridge amplitudes did not exceed the standard deviation and were recorded as category D.
The frequency statistics of events and non-events in each of the four types are shown in
Figure 4c,f,i.

In North China, the highest frequency of event days occurs in category C (ridge
days), implying the importance of the subsurface for 14-day PEPEs in North China. In
the Yangtze River basin, 14-day PEPEs occur least in category C (ridge days) and more
frequently and with equal chance in the other three categories, suggesting that the im-
portance of the subalpine for the Yangtze River valley is not as pronounced as for North
China. In South China, the frequency of 14-day PEPEs is highest in category D (non-ridge
and non-trough), followed by category B, indicating that the low-pressure trough is more
important, but not necessary, for 14-day PEPEs in South China.

For non-event days, the three regions show a common feature that the frequency of
non-events is the highest in category D. It indicates that the probability of non-events is the
highest when no saddle-type circulation situation occurs, and this rule is applicable to all
three regions.

Atmosphere 2022, 13, x FOR PEER REVIEW 12 of 21 
 

 

 

Figure 4. Eulerian trough and ridge statistics based on the area average of geopotential-height 

anomalies in the boxes in Figure 2. A time series of composites for the standardized anomalies for 

the (a–c) NC, (d–f) YRV, and (g–i) SC ridge areas before, during, and after events. There are four 

different types, with both trough and ridge magnitudes exceeding the standard deviation, noted as 

category A. If the amplitude of the trough exceeds the standard deviation but the amplitude of the 

ridge does not exceed it, it is classified as category B. A ridge whose amplitude exceeds the standard 

deviation but the amplitude of the trough is not exceeded is classified as category C. Both trough 

and ridge amplitudes did not exceed the standard deviation and were recorded as category D. 

3.3. Atmospheric Rivers 

According to [34], the forecast of persistent strong rainstorms needs to focus on two 

aspects. On the one hand, we should pay attention to the circulation type that is prone to 

produce heavy rain, and more importantly, we should pay attention to the establishment 

of a strong monsoon moisture conveyor belt or AR. 

Next, we will explore the contribution of ARs to 14-day PEPEs in different regions. It 

has been previously understood in Figure 4 that one of the common features of 14-day 

PEPEs when they occur is the presence of anomalies in the IVT of the storm area. A study 

Figure 4. Eulerian trough and ridge statistics based on the area average of geopotential-height
anomalies in the boxes in Figure 2. A time series of composites for the standardized anomalies for



Atmosphere 2022, 13, 1310 12 of 20

the (a–c) NC, (d–f) YRV, and (g–i) SC ridge areas before, during, and after events. There are four
different types, with both trough and ridge magnitudes exceeding the standard deviation, noted as
category A. If the amplitude of the trough exceeds the standard deviation but the amplitude of the
ridge does not exceed it, it is classified as category B. A ridge whose amplitude exceeds the standard
deviation but the amplitude of the trough is not exceeded is classified as category C. Both trough and
ridge amplitudes did not exceed the standard deviation and were recorded as category D.

3.3. Atmospheric Rivers

According to [34], the forecast of persistent strong rainstorms needs to focus on
two aspects. On the one hand, we should pay attention to the circulation type that is prone
to produce heavy rain, and more importantly, we should pay attention to the establishment
of a strong monsoon moisture conveyor belt or AR.

Next, we will explore the contribution of ARs to 14-day PEPEs in different regions.
It has been previously understood in Figure 4 that one of the common features of 14-day
PEPEs when they occur is the presence of anomalies in the IVT of the storm area. A
study by [30] suggested that this event is closely related to the AR. ARs were not selected
according to [44] because there were very few eligible ones in the study area. To be
illustrative, we took a clustering approach and clustered the IVT into two main categories,
with positive IVT anomalies (corresponding to ARs) occurring near the study area in
category 1. Class 2 shows negative IVT anomalies (corresponding to non-AR) near the
study area. In the figure, it can be seen that there are two main sources of AR water vapor
in North China; one is the western Pacific Ocean and the other is the South China Sea.
Additionally, AR water vapor in the Yangtze River and South China both comes from the
Bay of Bengal and the South China Sea.

Then, the frequency of AR activity during event days and non-event days (all other
dates not marked as event days) was calculated separately (Figure 5). As stated by [44],
we compare event AR days with non-event AR days to better understand the changes in
AR frequency. The frequency of AR activity was higher in all regions on extreme event
days (65.9%, 61.7% and 56.5%) than on non-event days (34.7%, 59.4% and 48.8%). The
greatest difference in frequency was found in North China, indicating that the increase in
AR frequency was greatest in North China. The above results indicate that the active AR is
a very important feature of the 14-day PEPE.
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4. Precursors to 14-Day Extreme Precipitation Events

So far, we have examined the basic atmospheric characteristics that occur during
14-day PEPEs in various regions. After understanding these basic characteristics, the next
task is to analyze whether there are significant precursors to these 14-day PEPEs in order
to improve the prediction skill of these events. In this section, we first analyze the lagged
combinations of several climate variables. Then we investigate whether there is a predictive
signal for 14-day PEPEs in several atmospheric teleconnection patterns.

4.1. Synoptic Lag Composites
4.1.1. Standardized 500 hPa Geopotential Height Anomalies Lagged Composites

Figure 6 shows the four stages of the evolution of the standardized anomaly of the
500 hPa geopotential height. These four phases are (1) −10 to −6 days, (2) −5 to −1 days,
(3) 1 to 14 days, and (4) 15 to 21 days. Among them, day −1 represents the day before the
start of the 14-day PEPE.

In the time window of days −5 to −1, the circulation situation synthesis in several
regions is similar to that during the 14-day event (Figure 6b,f,j). All three regions have
circulation situations with saddle trough ridge anomalies similar to their event composi-
tions. However, their locations and shapes are slightly different. The common feature of
all regions at this stage is that the prototype of the saddle trough ridge anomaly has been
basically formed, only in a slightly deviated position.

In the time window from −10 to −6 days (Figure 6a,e,i), no significant anomalies are
found in the circulation situation synthesis in several regions. The ridge-dominated circula-
tion situation in North China, the trough-dominated circulation situation in South China,
and the ridge-trough co-existence circulation situation in the Yangtze River valley are not
shown in this period. Therefore, it is difficult to capture a clear precursor signal in the time
window of days −10 to −6.

A very pronounced saddle-type circulation situation is formed in each region during
1–14 days (Figure 6c,g,k), which is very favorable for the occurrence of the 14-day PEPE
and its maintenance for a long period of time. The meridional distribution of the low
pressure trough (long low pressure band) is very favorable to the southward movement of
cold air from the north, and the stability of the subtropical high pressure in a specific area
is favorable to the continuity of the rainstorm occurrence. Southwest warm and humid
airflow is able to move northward along the edge of the sub high and meet the cold air
from the north continuously at the northern edge of the sub high, which is the location of
the continuity of the rainstorm occurrence.

The 14-day event is followed by the 15–21 day one (Figure 6d,h,l), when the saddle
field cannot be maintained and thus the region collapses. The circulation situation at this
stage is no longer conducive to the maintenance of persistent rainstorms, and the 14-day
PEPE ends at this stage.
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Figure 6. Composite of 500-hPa geopotential-height standardized anomalies for lagged windows
of −10 to −6 (first column), −5 to −1 days (second column), 1 to 14 days (third column), and
15 to 21 days (forth column). Each row represents a region (Small black rectangular in the figure),
from top to bottom, NC, YRV, and SC. (a–d) North China (NC), (e–h) Yangtze River Valley (YRV),
and (i–l) South China (SC).

4.1.2. Standardized 200 hPa Zonal Wind Anomalies Lagged Composites

The same lagged synthesis analysis was performed in the 200 hPa zonal wind (Figure 7).
Similar to the results for the geopotential height, the zonal wind synthesis in several regions
was closest to that during the 14-day PEPE in the time window from day −5 to −1. During
this period, positive zonal wind anomalies were observed in the stormy areas of the Yangtze
River valley and southern China, except for northern China. This is a favorable signal for
precipitation. During the time window from day −10 to −6, the zonal wind anomalies in
several regions are relatively disorganized and no obvious precursor features are found.
On days 15 to 21, positive zonal wind anomalies have moved away from the storm area or
have disappeared and no longer have the conditions to sustain 14-day PEPE.

Figure 8 shows the evolution of the standardized anomaly of the pseudo comparable
potential temperature on the 850 hPa isobaric surface in four stages. In the time window
from day −10 to −6, several regions of the θse do not show significant signals. In the
time window of days −5 to −1, a clear signal of formation has been generated and can
be considered as the brewing stage of the storm. The warm and humid air carried by the
low-level southerly wind piles up near the storm area and the θse gradually increases. The
high value of the θse represents a high-energy, high-moisture, unstable warm and humid
airflow, which is able to transport a large amount of water vapor and unstable energy to
the storm area. However, no significant cold and warm air convergence has been formed at
this stage, and the storm has not yet started.
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In days 1 to 14, very obvious cold and warm air convergence is formed in each area,
which can be regarded as the development and maintenance stage of the rainstorm. The
position of the hypothetical equivalent temperature reflects the interplay and confrontation
between cold air and warm and humid air during the rainstorm. The rainstorm occurs
near the high value of the θse on the 850 hPa isobar. On the 15th to 21st day, it is the
weakening and stopping stage of the rainstorm. At this time, the unstable energy has been
fully released, the high value center of the θse gradually weakens until it disappears, and
the rainstorm area turns into a low-energy area, and rainfall gradually stops.

4.2. Modes of Climate Variability

To examine the role played by teleconnection patterns in forecasting 14-day PEPEs,
we performed a lagged integrated analysis for several major atmospheric teleconnection
pattern normalized indices affecting climate change in China (Figure 9).
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For the EAP (Figure 9a), it rises early in the Yangtze River basin, then rises grad-
ually throughout the event period and decreases early just before the end of the time.
South China changed from positive to negative in advance and then slowly increased
during the event. There is no clear precursor signal for North China; instead, the EAP is a
few days later than the PEPEs.

For the MJO (Figure 9b), the Yangtze River valley and South China are similar in that
both have an early signal, with South China being more pronounced. The MJO indicator
starts to increase before the start of the extreme event and decreases after the end of the
event. The signal is not obvious in North China.

For the PNA (Figure 9c), the precursor signal is obvious in South China. The signal is
more lagging in North China. The Yangtze River valley is almost synchronous.

For the WP (Figure 9d), both North and South China have precursor signals, and the
precursor signal in South China is more obvious. For the Yangtze River valley, there is no
obvious signal.

5. Summary and Conclusions

Persistent extreme precipitation events (PEPEs) have a huge social impact on society
and therefore need to be better understood and better predicted. The research on forecasting
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with a prediction time limit of 1 to 2 weeks can be of great value to society by understanding
the extent to which the earth system can be predicted, thus bridging the gap between
weather and climate predictions. To address the scientific problems and technical difficulties
in the forecasting of PEPEs, the identification techniques of 14-day PEPEs are studied.
Based on the accurate delineation of the extent of flooding caused by PEPE, the weather
characteristics associated with 14-day PEPEs (including anomalous troughs, ridges, AR
activity, teleconnections, etc.) are derived using composite analysis methods.

To investigate the differences among different regions, 14-day PEPEs in summer (June
to August) in three different regions of North China, the Yangtze River valley, and South
China were selected and synthesized into the mean circulation (500 hPa geopotential height
field) in this paper. It is found that the circulation situations in the three different regions
show the characteristics of a high-low-high saddle field. Therefore, it can be concluded that
the representative weather pattern of the 14-day PEPE is the 500 hPa ridge-trough-ridge
circulation configuration. The occurrence of this circulation situation is very favorable
for PEPE.

In addition to the favorable circulation situation, another important factor is the
anomalous increase of 200 hPa zonal wind. Significant zonal wind anomalies in three
different regions occur over a large area during 14-day PEPEs. This configuration of upper
zonal wind and high mid-level potential provides a favorable dynamical configuration for
the 14-day PEPE.

Typically, positive IVT anomalies indicate increased water vapor transport in a region
during a 14-day PEPE. Thus, enhanced water vapor transport is also a major feature of
14-day PEPEs. In North China, the anomalous easterly flow area corresponds to a positive
water vapor flux anomaly. In the Yangtze River valley and southern China, the water vapor
flux corresponding to the warm and humid airflow area from the southwest is a positive
anomaly. These results suggest that many external factors are conducive to the transport of
water vapor to the rainstorm area during the 14-day PEPE.

The potential pseudo-equivalent temperature (θse), as a temperature and humidity
characteristic quantity reflecting the unstable energy of the atmosphere, is a powerful tool
for storm diagnosis and forecasting. In the three regions, the persistent rainfall areas are
located at or close to the 850 hPa θse positive distance level. It is shown that the variation of
the θse can reflect the activity of cold and warm air during the rainstorm.

To explore the contribution of ARs to 14-day PEPEs in different regions, we calculated
the frequency of AR occurrence in each of the three regions. The results show that there is a
significant rise in ARs in each region during the occurrence of 14-day PEPEs. This implies
that the active AR is a very important feature of the 14-day PEPEs.

To analyze whether there are significant precursors to the 14-day PEPE, we analyzed
lagged combinations of several climate variables. In the time window of day −5 to −1,
the variable fields such as 850 hPa geopotential height, 200 hPa zonal winds, and θse on
the 850 hPa isobaric surface have all produced clear signals of formation, which can be
regarded as the brewing stage of heavy rain.

In order to analyze whether there are precursors to longer-term extreme precipitation
events, we conducted a lagged composite analysis of several major atmospheric remote
correlation-type standardized indices that affect climate change in China. It was found
that the three regions behaved completely differently. In North China, there were obvious
precursor signals except for EAP. In the Yangtze River basin, EAP and MJO had more
obvious precursor signals. The PNA and WP precursors are not obvious. In South China,
all indices have obvious precursor signals.

Considering the increasing emphasis on the prediction skills of PEPEs and the high
impact of PEPEs, our research focuses on the basic characteristics of the 14-day PEPEs
(including circulation configuration, westerly jet, water vapor transport, etc.), as well as
the possible links with large-scale atmospheric teleconnection. In addition, our study
also analyzed the role of ARs in PEPEs, and extracted the precursor signals of PEPEs.
The research of this paper comprehensively considers many factors: the identification
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technology of PEPEs events, the comprehensive analysis of weather characteristics, the
possible relationship with PEPEs and the predictability of PEPEs. Through these works,
we can fully understand the utility of using different clues in predicting such events. Our
research provides a reference for the establishment of physical and statistical prediction
theories and methods of PEPEs in China. It is of great value to society to understand the
degree to which persistent extreme precipitation can be predicted, so as to bridge the gap
between weather and climate prediction.
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