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Abstract: Excessive rainfall was observed over Southwest China in July 2018, leading to floods in
several major tributaries of the Yangtze River and landslide and debris flow in the neighboring
provinces. The rainfall during 7–11 July was unusually heavy and broke the record that can be traced
back to 1961. The occurrence of the excessive rain can be attributed to the anomalous convection
over the western North Pacific and the presence of a mid-latitude Rossby wave train. On one hand,
the convection over the western North Pacific was anomalously strong in July 2018, and it could
have excited the negative phase of the Pacific–Japan pattern and led to a northwestward shift of the
western Pacific subtropical high. Hence, the water vapor transport toward inland China including
Southwest China was enhanced, providing a favorable moisture environment for precipitation. On the
other hand, a mid-latitude Rossby wave train was observed to propagate from Northern Europe
towards East Asia, which was conducive to anomalous ascending motion over Southwest China via
warm advection and differential vorticity advection, creating a favorable dynamical condition for
precipitation. As a result, the combination of the two effects mentioned above led to the occurrence of
the flood over Southwest China in July 2018.

Keywords: El Niño-Southern Oscillation (ENSO); East Asian summer monsoon; rainfall; Pacific-Japan
(PJ) pattern

1. Introduction

Summer is the primary rainy season for most parts of East Asia. The anomalous summertime
rainfall often causes meteorological hazards such as floods and droughts, exerting profound influences
on society [1,2]. For example, excessive rainfall was observed over eastern China in the summer
of 1998 [3], 2003 [4], and 2007 [5], leading to severe floods, causalities, and economic losses. In the
summer of 2018, the country-mean rainfall in China reached 356.4 mm, which is 9.6% more than the
climatology and is the highest level during the past 20 years [6]. The excessive rainfall was mainly
observed in Northwest China, North China, Northeast China, Southwest China, and the southeastern
coast of China, accompanied by many floods and city waterlogging [6]. From the viewpoint of
the summer mean, the characteristics and causes of this unusual rainy season have been analyzed
thoroughly with an emphasis on the eastern and northern parts of China [6–8]. In contrast, the causes
of excessive rainfall in Southwest China has not been explained. Moreover, it is noteworthy that the
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East Asian summer rainfall shows evident sub-seasonal variations [1]. It means that it is necessary
to investigate and understand the anomalous summer rainfall and the resultant hazards from the
sub-seasonal timescale. For example, several record-breaking rainfalls were observed in Southwest
China surrounding the Sichuan Basin in July of 2018 [9,10], leading to floods in several major tributaries
of the Yangtze River including the Min River, Tuo River, and Jialing River, and landslide and debris
flow in parts of Sichuan and Gansu Provinces [9,10]. Hence, it is meaningful to understand the causes
of the flood in Southwest China from a sub-seasonal perspective.

The East Asian summer monsoon (EASM) controls the summer climate of East Asia, and its
anomalous behavior is the direct cause of most of the meteorological hazards in China [1,2]. On one
hand, the tropical factors such as the El Niño–Southern Oscillation (ENSO) [11,12] and the anomalous
convections over the western North Pacific [13–16] can lead to changes in the intensity and position
of the western Pacific subtropical high and alter the EASM’s subtropical circulation and water vapor
transport [17,18]. On the other hand, the extratropical factors such as the North Atlantic sea surface
temperature (SST) [19] and the mid-latitude atmospheric disturbances [20–24] also play a crucial role
in the variations of the EASM via modulating the mid- and high-latitude atmospheric circulation.
Many extreme rainfalls and the resultant floods are caused by the combined effect of both the tropical
and the extratropical factors [20,22]. Besides, the interactions between the EASM and the Indian
summer monsoon can also alter the summer precipitation over Southwest China [25]. In this study,
the characteristics and possible causes of the floods that occurred in Southwest China during July
2018 are analyzed. Section 2 describes the data used in this study. Section 3 describes the observed
flood over Southwest China in July 2018, and Section 4 discusses the possible causes. Finally, Section 5
presents the conclusion and discusses some remaining issues.

2. Data

The monthly mean, daily mean, and 6-hourly atmospheric reanalysis data were collected
from the National Center for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis dataset with a horizontal resolution of 2.5◦ × 2.5◦ spanning the period from
1948 to present [26]. The column water vapor fluxes were calculated from the 6-hourly NCEP/NCAR
reanalysis dataset and integrated from the surface to 300 hPa [27]. The precipitation data were from the
daily temperature and precipitation dataset for China region on 0.5◦ × 0.5◦ grids, which was derived
from the observation of 2472 meteorological stations in China (see Figure 1 in [28]). This dataset starts
from January 1961 and updates every day almost in real time. The interpolated monthly mean outgoing
longwave radiation (OLR) data on 2.5◦ × 2.5◦ grids were used as a proxy for convection. This OLR
dataset that spans from 1979 to the present was provided by the National Oceanic and Atmospheric
Administration (NOAA) [29]. July 2018 is considered in this study, and all the anomalies are defined as
the departures from the long-term means of 1981–2010.

3. Observed Southwest China Flood in July 2018

Figure 1a shows the rainfall anomalies in China during July 2018, which displays
a northeast–southwest-oriented dipole. Below-normal rainfall was observed in the southern part
of Northeast China, most parts of eastern China, and the low-latitude Plateau [30] that is located
in the most southwestern part of China. Above-normal rainfall was observed in the northern part
of Northeast China, North China, and Southwest China. The maximum positive rainfall anomalies
exceeding 5 mm day−1 were observed in Southwest China surrounding the Sichuan Basin (denoted by
the blue parallelogram in Figure 1a and referred to as the Sichuan Basin hereafter). The climatology of
rainfall in July is approximately 10 mm day−1 and 5 mm day−1 in the western and eastern portion of
the Sichuan Basin (Figure 1b), respectively, so the rainfall in July 2018 almost doubles the climatology
in the eastern Sichuan Basin and is approximately 50% more than average in the western portion of the
Sichuan Basin.
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To delineate the temporal evolution of the rainfall in July 2018, the daily mean rainfall was
averaged over the Sichuan Basin (indicated by the blue parallelogram in Figure 1a) where excessive
monthly rainfall was observed. The daily rainfall time series suggests that three main rainfall events
were observed in the Sichuan Basin in July 2018 (Figure 1c). The first was observed on 2–3 July,
the second on 7–11 July, and the third on 15–16 July. Besides, several weak rainfall events were
observed after 20 July. The rainfall event on 7–11 July is distinct because it persisted for nearly one
week and exceeded the historical daily maximum on 9 and 11 July, respectively (Figure 1c). It is
during this period that several waterlogging, landslide, and debris flows were reported in Sichuan
and Gansu Provinces [9,10]. According to the statistics from Department of Civil Affairs of Sichuan
Province [10], 761 houses collapsed, 1679 houses were damaged, and 970,400 people suffered from the
floods in Sichuan Province alone during the period 8–12 July. Meanwhile, 46,000 hectares of cropland
were flooded, and the direct economic losses exceeded 443.9 million US dollars in Sichuan Province
alone [10]. In the following section, we will first explain the overall excessive rainfall in July 2018 and
second investigate the possible causes of the strong rainfall during the period of 7–11 July.
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Figure 1. (a) Rainfall anomalies in July 2018 [Shading interval (SI) = 1 mm day−1]; (b) climatology of
rainfall in July (SI = 1 mm day−1); (c) time series of daily mean rainfall in July 2018 (blue solid line, unit:
mm) and daily historical maximum rainfall in July (shading, unit: mm) averaged over the Sichuan
Basin (the blue parallelogram in Figure 1a or 1b). The blue dashed line in (c) denotes the area averaged
500 hPa vertical velocity (omega, unit: Pa s−1) over regions surrounding the Sichuan Basin, China (see
text for details). Note that −1 was multiplied to omega for visual purposes.
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4. Possible Causes

4.1. July Mean

The status of the regional climate in a particular month largely depends on the atmospheric
external forcing and the resultant atmospheric circulation. For the East Asian summer climate, one of
the most important atmospheric external forcing is the anomalous convective heating/cooling over the
western North Pacific (WNP) [12–14], which could be further linked to the ENSO of the preceding
winter [31–33]. Suppressed (enhanced) WNP convection is often observed during the decaying summer
of El Niño (La Niña), and it can thereby excite a meridional teleconnection named the Pacific–Japan
(PJ) pattern [13] or the East Asia–Pacific (EAP) pattern [14] and lead to changes of precipitation over
East Asia [1,2,12].

A La Niña event occurred during the boreal winter of 2017–2018 [27], and it facilitated enhanced
convection over the WNP in July 2018 (Figure 2a). As a result, an anomalous lower-tropospheric
cyclone was excited to the northwest of the enhanced WNP convection via the Matsuno–Gill-type
Rossby wave response (Figure 2b). The anomalous cyclone dispersed its wave energy northward
and formed an anomalous anticyclone near the Sea of Japan (Figure 2b). The resultant meridional
dipole resembled the well-defined negative phase of the PJ/EAP pattern, which facilitated a northward
movement of the western Pacific subtropical high as confirmed by Figure 2c. The western Pacific
subtropical high is normally located at approximately 25◦ N in July in the long-term mean sense with
its westernmost point at around 125◦ E, but it shifted to approximately 35◦ N in July 2018 with its
westernmost point at around 120◦ E (Figure 2c). In the presence of a northwestward-shifted western
Pacific subtropical high, the water vapor flux from the ocean could reach inland China further, inducing
a zone of water vapor convergence right over the Sichuan Basin (Figure 3a). Meanwhile, strong
ascending motion was observed over large areas surrounding the Sichuan Basin (Figure 3b). Hence,
both the moisture environment and the dynamical conditions in July 2018 favored the occurrence of
heavy rainfall over the Sichuan Basin.

A closer inspection suggests that the moisture convergence over the Sichuan Basin in July 2018
was only slightly stronger than the climatology over the Sichuan Basin (Figure 3c). In contrast,
a much stronger-than-normal ascending motion was observed over the large region surrounding the
Sichuan Basin in July 2018 (Figure 3d). It suggests that, compared with the moisture environment,
the more favorable dynamical condition in July 2018 is likely the key to the occurrence of the excessive
heavy rainfall in Sichuan Basin. Previous studies suggested that the incoming Rossby wave train
from mid- or high-latitudes is a crucial factor to induce anomalous vertical motion in East Asia [24].
This mechanism is also applicable to July 2018 because a Rossby wave train emanating from Northern
Europe was observed to propagate towards East Asia, leading to a wavy structure over Eurasia
(Figure 4). The location of the anomalous trough at approximately 90◦ E and ridge at approximately
130◦ E overlapped with those of the trough and ridge in the raw geopotential height field, and the
Sichuan Basin was located right to the front of the trough and to the rear of the ridge (Figure 4). In this
configuration, enhanced ascending motion over the Sichuan Basin can be induced by warm advection
and differential vorticity advection [34].
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Atmosphere 2019, 10, 247 6 of 11Atmosphere 2019, 10, x FOR PEER REVIEW 6 of 12 

 

 

Figure 3. The (a) column-integrated water vapor flux (vector, unit: kg m−1 s−1) and its divergence 
(shading, SI = 5 × 10−4 kg m−2 s−1) and (b) the 500 hPa omega [contour interval (CI) = 0.02 Pa s−1] in July 
2018; (c) and (d) are the same as (a) and (b), but for the anomalies in July 2018. The blue parallelograms 
are the same as those in Figure 1a and 1b. The green rectangles indicate the region to calculate the 
omega in Figure 1c. 

A closer inspection suggests that the moisture convergence over the Sichuan Basin in July 2018 
was only slightly stronger than the climatology over the Sichuan Basin (Figure 3c). In contrast, a much 
stronger-than-normal ascending motion was observed over the large region surrounding the Sichuan 
Basin in July 2018 (Figure 3d). It suggests that, compared with the moisture environment, the more 
favorable dynamical condition in July 2018 is likely the key to the occurrence of the excessive heavy 
rainfall in Sichuan Basin. Previous studies suggested that the incoming Rossby wave train from mid- 
or high-latitudes is a crucial factor to induce anomalous vertical motion in East Asia [24]. This 
mechanism is also applicable to July 2018 because a Rossby wave train emanating from Northern 
Europe was observed to propagate towards East Asia, leading to a wavy structure over Eurasia 
(Figure 4). The location of the anomalous trough at approximately 90° E and ridge at approximately 
130° E overlapped with those of the trough and ridge in the raw geopotential height field, and the 
Sichuan Basin was located right to the front of the trough and to the rear of the ridge (Figure 4). In 
this configuration, enhanced ascending motion over the Sichuan Basin can be induced by warm 
advection and differential vorticity advection [34]. 

Figure 3. The (a) column-integrated water vapor flux (vector, unit: kg m−1 s−1) and its divergence
(shading, SI = 5 × 10−4 kg m−2 s−1) and (b) the 500 hPa omega [contour interval (CI) = 0.02 Pa s−1] in
July 2018; (c,d) are the same as (a,b), but for the anomalies in July 2018. The blue parallelograms are
the same as those in Figure 1a,b. The green rectangles indicate the region to calculate the omega in
Figure 1c.
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4.2. Flood During 7–11 July

Now we turn to address the possible causes of the strong rainfall during the period of 7–11 July.
Figure 1c shows the daily time series of the vertical motion over the area surrounding the Sichuan
Basin indicated by the green box in Figure 5a. Every rainfall event was accompanied with apparent
ascending motion, and the ascending motion during 7–11 July was the strongest. The spatial pattern
of the ascending motion during 7–11 July (Figure 5a) and the associated anomalies (Figure 5b) quite
resemble their corresponding July-mean counterparts (Figure 3b,d). Again, a Rossby wave train was
observed over mid-latitude Eurasia propagating towards East Asia (Figure 6), implying its crucial role
in inducing the anomalous ascending motion over the Sichuan Basin (Figure 5b).

Atmosphere 2019, 10, x FOR PEER REVIEW 7 of 12 

 

 

Figure 4. The 300 hPa geopotential height (contour, CI = 100 gpm), geopotential height anomalies 
(shading, SI = 20 gpm), and the associated wave activity flux [35] (vector, unit: m2 s−2) in July 2018. 
The blue parallelogram and the green rectangle are the same as those in Figure 3. 

4.2. Flood During 7–11 July 

Now we turn to address the possible causes of the strong rainfall during the period of 7–11 July. 
Figure 1c shows the daily time series of the vertical motion over the area surrounding the Sichuan 
Basin indicated by the green box in Figure 5a. Every rainfall event was accompanied with apparent 
ascending motion, and the ascending motion during 7–11 July was the strongest. The spatial pattern 
of the ascending motion during 7–11 July (Figure 5a) and the associated anomalies (Figure 5b) quite 
resemble their corresponding July-mean counterparts (Figure 3b,d). Again, a Rossby wave train was 
observed over mid-latitude Eurasia propagating towards East Asia (Figure 6), implying its crucial 
role in inducing the anomalous ascending motion over the Sichuan Basin (Figure 5b).  

  

Figure 5. The (a) 500 hPa omega (CI = 0.05 Pa s−1) and (b) anomalies of 500 hPa omega (CI = 0.05 Pa 
s−1) averaged over 7–11 July 2018. The blue parallelogram and the green rectangle are the same as 
those in Figure 3. 
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s−1) averaged over 7–11 July 2018. The blue parallelogram and the green rectangle are the same as
those in Figure 3.
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In order to reveal the processes that led to the anomalous ascending motion in more detail,
the linearized quasi-geostrophic omega equation was diagnosed. It is well known that the vertical
motion can be induced by the vertical differential vorticity advection, the temperature advection,
and the diabatic heating under the quasi-geostrophic approximation [34], which can be described as
follows [16,28]:
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where overbars indicate long-term mean quantities, and primes indicate the daily anomalies. f , V,
ζ, and Q are the Coriolis parameter, the horizontal wind vector, the vertical component of relative
vorticity, and the diabatic heating rate estimated as the residual of thermodynamic equation based

on 6-hourly NCEP/NCAR reanalysis data, respectively. σ = R
p

(
RT
cpp −

∂T
∂p

)
denotes the static stability of

the atmosphere, R = 287Jkg−1K−1 is the gas constant of dry air, and cp = 1004JK−1kg−1 is the specific
heat of dry air at constant pressure. The three terms on the right hand side of Equation (1), marked as
ω′dyn, ω′therm, and ω′Q, represent the anomalies of vertical velocity induced by the differential vorticity
advection, the temperature advection, and the diabatic heating, respectively. Here, Equation (1) was
solved for each day during the period of 4–13 July 2018 to quantify the contribution of each term
on the right hand side to the observed vertical motion anomalies, marked as ω′obs, over the Sichuan
Basin. The sum of the three terms on the right hand side of Equation (1) agree well with the observed
vertical velocity anomalies although some small discrepancies still exist (not shown), suggesting the
effectiveness of the diagnosis.

Figure 7 shows the daily time series of the area-averaged ω′obs, ω′dyn, ω′therm, and ω′Q over the
area surrounding the Sichuan Basin, i.e., the green box in Figure 5a. On 4 and 5 July, both the ascending
motion and the rainfall were weak (Figure 1c), and the anomalous descending motion was observed
surrounding the Sichuan Basin (Figure 7). From 6 to 12 July, the stronger-than-normal ascending
motion was observed over the Sichuan Basin, leading to the persistent heavy rainfall during 7–11 July
(Figure 1c). Diagnosis on the linearized quasi-geostrophic omega equation indicates that the enhanced
ascending motion (ω′obs) during 6–9 July was mainly caused by ω′Q with additional constructive
contribution of ω′dyn from 7 July onward. Despite of the importance of ω′Q during 6–9 July, it is
interesting to note that anomalous ascending motion induced by the temperature advection (ω′therm)
preceded the switch of ω′obs and ω′Q from descending to ascending on 5 and 6 July, and that the
enhanced ascending motion induced by the temperature advection (ω′therm) was stronger than that
induced by the diabatic heating (ω′Q). This result suggests that there was very likely local positive
feedback during 5–7 July to cause the anomalous strong ascending motion over the Sichuan Basin.
That is, the warm advection could induce some initial ascending anomalies (Figure 7) and weak
rainfall (Figure 1c) over the Sichuan Basin on 5 and 6 July. The resultant latent heat releases could
warm the atmosphere and further enhance the local ascending motion (Figure 7) and precipitation
(Figure 1c). The effect of rainfall-induced latent heat release was weaker than that of warm advection
at the initial stage (e.g., 6 July), but it overwhelmed the latter subsequently. These processes could
form self-maintained positive feedback between precipitation and ascending motion and explain the
occurrence of the strong ascending motion over the Sichuan Basin at the early stage of the heavy
rainfall, similar to that discussed in the first rainy season over South China [28]. At the middle and
later stages of the heavy rainfall (e.g., 8–11 July), the magnitude and polarity of ω′Q remained similar,
but the temperature advection and differential vorticity advection associated with the incoming Rossby
wave train (Figure 6) helped to maintain and amplify the ascending motion as shown by ω′dyn, ω′therm
(Figure 7). As a result, the persistent and strong ascending motion was observed during 7–11 July,
leading to the excessive heavy rainfall over the Sichuan Basin.
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Figure 7. Time series of the observed 500 hPa omega anomalies (ω′obs, black line), the 500 hPa omega
anomalies induced by the differential vorticity advection (ω′dyn, blue line), the temperature advection
(ω′therm, orange line), and the diabatic heating (ω′Q, green line) averaged over the region surrounding
the Sichuan Basin (green rectangle in Figure 5) during the period 4–13 July 2018. Note that −1 was
multiplied to omega anomalies for visual purposes.

5. Conclusions

Based on gridded precipitation data from China Meteorological Administration, atmospheric
data from the NCEP/NCAR reanalysis dataset, and OLR data from NOAA, this study investigated the
characteristics of the flood that occurred over Southwest China in July 2018 and its possible causes.
It reveals that the rainfall in July 2018 was above average in the northern part of Northeast China,
North China, and Southwest China and below average in other parts of eastern China (Figure 1a).
Notably, the monthly mean rainfall was almost twice as much as the long-term mean value in a large
area of Southwest China surrounding the Sichuan Basin. Inspection on the temporal evolution suggests
that the Sichuan Basin experienced three main rainfall events in July 2018. The persistent rainfall event
that occurred on 7–11 July broke the record that can be traced back to 1961 (Figure 1c), leading to
floods in several major tributaries of the Yangtze River and landslide and debris flow in Sichuan and
Gansu Provinces.

The anomalous rainfall pattern in July 2018 was closely related to the enhanced convection over the
WNP (Figure 2a), which followed the decaying phase of the preceding La Niña in the 2017–2018 winter.
The enhanced WNP convection could have excited the negative phase of the PJ/EAP pattern (Figure 2b)
and led to a northwestward shift of the western Pacific subtropical high (Figure 2c). As a result,
more water vapor was transported to inland China (Figure 3a,c), providing a favorable moisture
environment for the enhanced rainfall over Southwest China, North China, and the northern part of
Northeast China. Meanwhile, a Rossby wave train was observed to propagate from Northern Europe
towards East Asia, leading to a wavy structure over Eurasia with Southwest China being located right
to the front of the trough and to the rear of the ridge (Figure 4). Hence, strong ascending motion
(Figure 3b,d) could be induced by warm advection and differential vorticity advection associated with
the incoming Rossby wave train, providing a favorable dynamical condition for the enhanced rainfall
over Southwest China. A closer inspection on the persistent record-breaking heavy rainfall during
7–11 July confirms the crucial role of the Eurasian Rossby wave train in inducing the ascending motion
through warm advection and differential vorticity advection (Figures 6 and 7). Moreover, local positive
feedback between precipitation and ascending motion was observed during the initial stage of the
heavy rainfall.

Considering the role of the mid-latitude Rossby wave train in the formation of the heavy rainfall,
it is important to trace its origin. The wave train is often related to the collapse of blocking, as reported
in many previous studies [21,22], and this is also the case for the current analysis where blocking
activity (Figure 5 in [6]) and blocking-like circulation (Figure 6) were observed over Northern Europe.
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Nevertheless, the predictability of the Rossby wave train is somewhat low due to the chaotic nature of
the atmosphere. In addition to the mid-latitude wave train, the topography over Southwest China
may also be an important factor for the occurrence of the heavy rainfall [36], and this effect needs to be
examined with numerical models in the future.
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