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Abstract
Guangdong experienced extreme precipitation in April 2024, marking the highest April precipitation since 1951. Using 
perturbation potential energy (PPE) as a diagnostic perspective, this study reveals that the event can be attributed to the 
extremeness of the remote extreme heat over Eastern Europe and the local transition of PPE to kinetic energy. The extreme 
temperature anomaly over Eastern Europe is accompanied by anomalously Eastern Europe high PPE (EEPPE), which 
acts as a stable wave source that strengthens and sustains the Eastern Europe high -West Asia low (EEWA) wave train. 
The EEWA wave train affects the thermodynamic environment in Guangdong through two pathways: by modulating the 
upper troposphere westerly jet along south of the West Asia low to influence vertical motion, and by modulating local 
thermal advection to alter the PPE. Therefore, the increase of the EEPPE is accompanied by enhanced vertical velocity 
and PPE over Guangdong. The enhanced upward motion further facilitates the conversion of local PPE to kinetic energy 
which intensifies precipitation. These mechanisms establish a dynamical link between heat extremes in Eastern Europe 
and flooding in Guangdong. The PPE anomalies over Eastern Europe can serve as a one-week precursor to precipitation 
in Guangdong. This connection is not unique to April 2024; it has persisted since the early twenty-first century. However, 
in April 2024, the prolonged extreme heat in Europe contributes to the long-lasting extreme precipitation in Guangdong.

Keywords  Extreme precipitation · Atmospheric perturbation potential energy (PPE) · Hot-flood teleconnection · Eastern 
Europe · PPE-kinetic energy transition
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A hot-flood teleconnection as a key contributor to the extreme April 
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September (Ding 1992; Gao et al. 2017) and can be divided 
into two periods: the first rainy season (April to June) and 
the second rainy season (July to September) (Ma et al. 2018; 
Ding and Wang 2008; Gu et al. 2018; Fang et al. 2012). The 
first rainy season in South China can be further divided into 
the pre- and post-monsoon onset periods (Jiang et al. 2017; 
Chen and Luo 2018). Since the climatological outbreak of 
the South China Sea summer monsoon occurs in May (Xie 
et al. 1998; Wang et al. 2004; Ding and Wang 2008; Luo 
et al. 2013), the April precipitation concerned in this study 
belongs to the pre-monsoon period.

During this specific pre-monsoon period in April, the 
tropical monsoon circulation has not yet fully established 
over South China. Consequently, the precipitation in this 
region is profoundly modulated by the mid-to-high lati-
tude atmospheric circulations. Specifically, the upper tro-
posphere over the Eurasian continent is dominated by the 
subpolar and subtropical westerly jets, which originate from 
Europe and extend eastward across the continent. When 
encountering the Qinghai-Tibet Plateau, the subtropical jet 

1  Introduction

Guangdong Province lies in South China, northwest of the 
South China Sea, and is located in the East Asian monsoon 
region. The rainy season in South China lasts from April to 
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is further split into northern and southern branches. These 
westerly jets act as crucial waveguides for the propagation 
of multi-scale Rossby waves. Located at the southeast coast 
of the Eurasian continent, Guangdong Province lies directly 
downstream of these westerly jets. As a result, Rossby 
waves and lower-tropospheric synoptic cyclones travel 
southeastward along these jet waveguides, bringing cold air 
to South China (Li et al. 2024). When the intruding cold air 
encounters the warm and moist air from the south, frontal 
precipitation is triggered. Thus, the rainfall in South China 
during this period is predominantly characterized by fron-
tal precipitation (Chi et al. 2005; Yuan et al. 2010). Previ-
ous studies have shown that this pre-monsoon precipitation 
can be significantly influenced by remote features, such as 
anomalous snow cover in Europe, western Siberia, or the 
Lake Baikal region, as well as upstream air-sea coupled sys-
tems like the North Atlantic Oscillation (Wu and Kirtman 
2007; Shao and Zhang 2012; Zuo et al. 2012; Jia et al. 2018; 
Xiao et al. 2025). Therefore, during April–May, the precipi-
tation variability in South China is largely dominated by a 
10–20-day oscillation (Qiu et al. 2022; Miao et al. 2019), an 
intraseasonal time scale closely connected with mid-latitude 
planetary-scale adjustments.

Located near the Tropic of Cancer, the pre-monsoon pre-
cipitation in Guangdong is found to be also connected with 
the tropical circulation systems. Abundant moisture is trans-
ported from South China Sea to South China by tropical 
circulation systems such as the Western Pacific Subtropical 
High and the MJO (Ding 1994), which is a factor respon-
sible for the heavy rains in the pre-monsoon-onset period. 
Moreover, SST anomalies over the Indian Ocean and West-
ern tropical Pacific can influence South China precipitation 
through their impacts on the above-mentioned tropical cir-
culation systems (Yang and Lau 2004; Wan et al. 2009; Xu 
et al. 2019; Bai et al. 2011).

Though the major extreme heavy rains occur in monsoon 
season, heavy rains over South China before the onset of the 
South China Sea summer monsoon are also found to occur 
under the following conditions (Wang et al. 2014a; Huang 
et al. 2019). Prolonged heavy rains occur when both warm 
and cold air are of comparable intensity in which wind field 
exhibits a shear line near South China. The wet phase of 
MJO disturbance plays a crucial role in transport and con-
vergence of moisture over South China (Chen et al. 2015, 
2016). Coastal heavy rains in South China are often shown 
as the warm-sector rains, majority of which are accompa-
nied by a low-level jet (Zhang and Meng 2019) and associ-
ated with mesoscale convective systems (Luo et al. 2013; 
Wang et al. 2014a; Wu and Luo 2016).

In April 2024, Guangdong Province experienced extreme 
precipitation events. The monthly rainfall broke the histori-
cal record for April since 1951(Fig. 1c). Persistent extreme 

precipitation events occurring in northern Guangdong, 
leading to severe disasters. Recently, Zhang et al. (2025) 
discussed the cause of this April extreme precipitation in 
Guangdong. They found that joint effects of the MJO events 
and the anti-cyclonic circulation over the western North 
Pacific (ACC) that is maintained by warm western tropi-
cal Indian Ocean SST which is induced by co-occurrence of 
El Niño and positive Indian Ocean Dipole events enhanced 
northward water vapor transport thus contribute to extreme 
April precipitation in Guangdong. Enhanced warm and 
moisture air transported by the ACC did play a critical role 
in the occurrence of extreme precipitation. However, this 
April precipitation occurs mainly over north of Guangdong 
(Fig.  1a) and exhibits as frontal rainfalls. In frontal rain 
cases, warm air rises over cold air or is induced by low level 
convergence over cyclonic shearing line, and upper-level 
divergence and cold air transport are also critical factors for 
frontal air rising, which are usually connected with upper-
level westerly jet exit zone and zonal wave induced north-
erly winds. Moreover, this April precipitation in Guangdong 
show a multi-time scale variabilities of both synoptical 
transient (2–7  days) and planetary scale modulation scale 
(longer than two weeks). So, mid-latitude large scale waves 
should be another important side other than the warm air 
transport. We also notice an important feature in this April 
extreme precipitation that, 2024 was the warmest year in 
a multi-dataset record of global temperature going back 
to 1850 ​(​​​h​t​​t​p​s​​:​/​/​c​​l​i​​m​a​t​​e​.​c​o​​p​e​r​​n​i​c​​u​s​.​e​u​/​g​l​o​b​a​l​-​c​l​i​m​a​t​e​-​h​i​g​h​
l​i​g​h​t​s​-​2​0​2​4​​​​​)​. The hottest region in the Eurasian continent 
in April was over the Eastern Europe and Southeast Asia, 
where the April 2m air temperature was recorded as the 
Rank 1st hottest in the period 1951–2024 (Fig. 1c). Does the 
highest temperature in Eastern Europe and Southeast Asia 
is connected with the extreme precipitation in Guangdong? 
And how the two distinct climate anomalies are connected 
with each other?

Previous studies usually investigate the remote influence 
or the teleconnection through correlation analysis in the 
geopotential, temperature or velocity fields. To dig deeply 
the physical connection between the remote high air tem-
perature and precipitation in Guangdong, we use a tool of 
the perturbation potential energy (PPE), which is proposed 
by Li and Gao (2006). The PPE represents the maximum 
value of local total potential energy that can be converted 
into kinetic energy. Notably, the coupling between PPE 
and kinetic energy is stronger than that between traditional 
available potential energy (APE) (Lorenz 1955) and kinetic 
energy. In most continental regions, the PPE is critically 
determined by air temperature that is mainly influenced 
by atmosphere circulation (Gao and Li 2013; Wang et al. 
2014b, 2015). While over sea surface, especially in tropi-
cal, apparent heat source plays an essential role in the PPE 
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(Gao and Li 2013). The tool of PPE has been successfully 
applied to studies of regional climate variability (Huyan et 
al. 2017; Zhang et al. 2019, 2023). In this study, we trace 
the temporal-spatial variabilities of the PPE and its transi-
tion, and the variabilities of circulations accompanying the 
energy changes to find how the remote Eastern Europe high 
temperature is connected with precipitation in Guangdong 
to shape a hot-flood teleconnection.

The remainder of the article is organized as follows. Sec-
tion  2 introduces the data and methods employed in this 
study. Results are show in Sect. 3, in which Sect. 3.1 shows 
the extremeness of Guangdong April precipitation, the 
remote connection illustrated by large scale backgrounds is 
discussed in Sect.  3.2, how the Eastern Europe high PPE 
influences Guangdong extreme precipitation through the 
EEWA wave train is investigated in Sect. 3.3, the connection 
between the local PPE release and the extreme precipitation 
is discussed in Sect. 3.4. Section 4 provides the conclusions 
and a summary.

2  Data and method

2.1  Data

Precipitation is based on the in-situ rainfall observations 
from the National Meteorological Information Center of 
China to analyze. The ERA5 reanalysis dataset from the 
European Centre for Medium-Range Weather Forecasts 
(ECMWF; Hersbach et al. 2023) provides the hourly, daily 
and monthly reanalysis variables, including 2m tempera-
ture, outgoing longwave radiation (OLR), multi-pressure-
level temperature, vertical velocity, zonal and meridional 
wind components, geopotential height and specific humid-
ity. The original 0.25°×0.25° grid resolution is interpolated 
to 1°×1°. All the data cover the period 1951–2024, and the 
April anomaly is obtained by excluding the climatological 
mean of 1991–2020, with the exception of the 2m tempera-
ture and precipitation series in Fig. 1c, which instead use 
the climatological mean of 1951–2024. The MJO index 
used in this study is the OLR-based MJO Index (OMI) 
from the National Oceanic and Atmospheric Administration 
(NOAA), with daily temporal resolution.

Fig. 1  a Spatial distribution of April precipitation (green shading, 
mm, interpolated from station data) in Guangdong and the surround-
ing provinces, along with the rankings of precipitation in Guangdong 
(red solid dots), b 2m air temperature anomalies (contours, °C) and the 
rankings (red shading) in April 2024, in which the ranking denotes the 
sort in period 1951–2024 and the solid black points denote the above 

99% confidence levels; and c the normalized indices of the Eastern 
Europe 2m air temperature (EET2m, the temperature averaging over 
the Eastern Europe enclosed by the blue rectangle in (b), red line), 
Guangdong precipitation (GDP, green line) and the 21-year running 
correlation coefficients (blue line) between them, in which the solid 
blue points denote the above 95% confidence levels
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2.2  Methods

2.2.1  PPE and its governing equation

We use the perturbation potential energy (PPE) theory (Li 
and Gao 2006) to analyze extreme precipitation events. 
The complete expression of PPE takes the form of a series 
expansion, where higher-order moment terms exhibit signif-
icantly smaller magnitudes compared to lower-order terms 
and can therefore be neglected in local analyses. By averag-
ing PPE globally, the average of PPE1 is 0, and the average 
of PPE2 corresponds to the available potential energy (APE; 
Lorenz 1955). Thus, the PPE1 dominates the local energy 
availability, while the APE is the energy availability of the 
global atmospheric system. The PPE1 is as follows:

𝑃𝑃𝑃𝑃𝑃𝑃1 =
1
𝛾𝛾𝑑𝑑

𝑝𝑝𝑠𝑠
∫
0
𝑇𝑇′𝑑𝑑𝑑𝑑� (1)

where 𝑑𝑑 and 𝑑𝑑𝑠𝑠 are the pressure and surface pressure, 
respectively; 𝛾𝛾𝑑𝑑 = 𝑔𝑔/𝑔𝑔𝑝𝑝 indicates the dry adiabatic lapse 
rate, where 𝑔𝑔 is the gravitational acceleration and 𝑔𝑔𝑝𝑝 is the 
specific heat at constant pressure; 𝑇𝑇′ denotes the departure 
of temperature.

The governing equations of PPE1 and perturbation kinetic 
energy (PKE) are as follows (Gao 2006; Zhang et al. 2019; 
Zhao et al. 2024):

∂𝑃𝑃𝑃𝑃𝑃𝑃1
∂𝑡𝑡 = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 + 𝐺𝐺 𝐺 𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝� (2)

∂𝑃𝑃𝑃𝑃𝑃𝑃
∂𝑡𝑡 = −𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 + 𝐷𝐷 𝐷 𝐺𝐺𝐺𝐺𝐺𝐺𝑘𝑘𝑘𝑘� (3)

𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 =
1
𝑔𝑔
𝑝𝑝𝑠𝑠
∫
0
(𝜔𝜔𝜔𝜔 − 𝜔𝜔𝜔𝜔) 𝑑𝑑𝑑𝑑� (4)

where 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 is the perturbation energy conversion between 
PPE1 and PKE. The subscripts 𝑑𝑑𝑝𝑝 and 𝑘𝑘𝑝𝑝 denote terms asso-
ciated with the perturbation potential energy and perturba-
tion kinetic energy, respectively. 𝜔𝜔 is the pressure vertical 
velocity, and 𝜔𝜔 is the specific volume. The overbar (𝜔𝜔𝜔𝜔) 
represents the global average on an isobaric surface. When 
𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 < 0, PPE1 is converted to PKE. When 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 > 0, PKE 
is converted to PPE1. 𝐺𝐺 is the source (sink) term of atmo-
spheric PPE1 and depends on diabatic heating. 𝐷𝐷 represents 
viscous dissipation. 𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑝𝑝 and 𝐺𝐺𝐺𝐺𝐺𝐺𝑘𝑘𝑝𝑝 represent the hori-
zontal boundary fluxes PPE1 and PKE, respectively. In this 
paper, PPE₁ is used to represent PPE for the analysis.

2.2.2  Rossby wave ray tracing and Rossby wave ray flux

We employ the Rossby wave ray tracing theory in a horizon-
tally non-uniform basic flow (Li and Li 2012; Li et al. 2015, 
2019; Zhao et al. 2015, 2019) to show Rossby wave propa-
gation. Based on the previous theory, the dispersion rela-
tionship of the Rossby wave frequency and wavenumber in 
a horizontally non-uniform flow can be written as (Karoly 
1983; Li and Nathan 1997):

𝜎𝜎 = 𝑢𝑢𝑀𝑀𝑘𝑘 + 𝑣𝑣𝑀𝑀𝑙𝑙 𝑙
𝑞𝑞𝑥𝑥𝑙𝑙 − 𝑞𝑞𝑦𝑦𝑘𝑘
𝑘𝑘2 + 𝑙𝑙2

� (5)

where 𝜎𝜎 is the wave frequency; 𝑘𝑘 and  are the zonal and merid-
ional wavenumbers, respectively; (𝑢𝑢𝑀𝑀, 𝑣𝑣𝑀𝑀) = (𝑢𝑢𝑢 𝑣𝑣) / cos𝜑𝜑 
is the Mercator projection of zonal and meridional winds; 
𝜑𝜑 is latitude; 𝑞𝑞 = ∇2

𝑀𝑀𝜓𝜓/ cos2 𝜑𝜑 + 𝑓𝑓 is the absolute vorticity 
of the background; 𝑞𝑞𝑥𝑥 and 𝑞𝑞𝑦𝑦 are the zonal and meridional 
gradients of 𝑞𝑞; 𝑃𝑃2 =

√
𝑘𝑘2 + 𝑙𝑙2 is the total wave number, and 

the zonal and meridional components of the group velocity 
take the form as:

𝑢𝑢𝑔𝑔 =
∂𝜎𝜎
∂𝑘𝑘 = 𝑢𝑢𝑀𝑀 +

(𝑘𝑘2 − 𝑙𝑙2) 𝑞𝑞𝑦𝑦 − 2𝑘𝑘𝑘𝑘𝑞𝑞𝑥𝑥
𝑃𝑃4

� (6a)

𝑣𝑣𝑔𝑔 =
∂𝜎𝜎
∂𝑙𝑙 = 𝑣𝑣𝑀𝑀 +

(𝑘𝑘2 − 𝑙𝑙2) 𝑞𝑞𝑥𝑥 + 2𝑘𝑘𝑘𝑘𝑞𝑞𝑦𝑦
𝑃𝑃4

� (6b)

When the background flow changes along the ray, wave-
numbers determined from the kinematic wave theory can be 
expressed as follows (Whitham 1960):

𝑑𝑑𝑔𝑔𝑘𝑘
𝑑𝑑𝑡𝑡 = −∂𝜎𝜎

∂𝑥𝑥 = −𝑘𝑘∂𝑢𝑢𝑀𝑀
∂𝑥𝑥 − 𝑙𝑙∂𝑣𝑣𝑀𝑀∂𝑥𝑥 − 1

𝑃𝑃2 (𝑙𝑙
∂𝑞𝑞𝑥𝑥
∂𝑥𝑥 − 𝑘𝑘

∂𝑞𝑞𝑦𝑦
∂𝑥𝑥 )� (7a)

𝑑𝑑𝑔𝑔𝑙𝑙
𝑑𝑑𝑡𝑡 = −∂𝜎𝜎

∂𝑦𝑦 = −𝑘𝑘∂𝑢𝑢𝑀𝑀
∂𝑦𝑦 − 𝑙𝑙∂𝑣𝑣𝑀𝑀∂𝑦𝑦 − 1

𝑃𝑃2 (𝑙𝑙
∂𝑞𝑞𝑥𝑥
∂𝑦𝑦 − 𝑘𝑘

∂𝑞𝑞𝑦𝑦
∂𝑦𝑦 )� (7b)

Equations (6) and (7) collectively form a complete wave ray 
tracing equation set. Given a starting point and an initial 
zonal wave number 𝑘𝑘, the corresponding local meridional 
wave number  is determined by the dispersion relation 
(Eq.  5). By numerically integrating these equations, the 
Rossby wave ray trajectory can be obtained. The inte-
grations were terminated to omit the small-scale Rossby 
waves once the local meridional wave length was less than 
1000 km.

Building upon the Rossby wave ray tracing theories in 
horizontally nonuniform basic flows mentioned above, Yang 
and Li (2025) introduce a new concept of horizontal Rossby 
wave ray flux (Li-Yang WRF) to diagnose local activity and 
propagation direction of Rossby waves. It represents the 
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flow amount of wave rays passing through a unit grid area 
per unit time as follows:

𝐺𝐺𝑊𝑊𝑊𝑊 =
1
𝑆𝑆𝜑𝜑

∬
𝑆𝑆𝜑𝜑

𝑉𝑉 𝑅𝑅𝑑𝑑𝑑𝑑𝜑𝜑 = (𝑢𝑢𝑅𝑅𝑖𝑖 + 𝑣𝑣𝑅𝑅𝑗𝑗𝑗� (8)

𝑢𝑢𝑊𝑊 =
𝑛𝑛

∑
𝑅𝑅𝑖1

𝑎𝑎 cos𝜑𝜑𝑅𝑅
𝛥𝛥𝛥𝛥𝑊𝑊𝑅𝑅
𝛥𝛥𝑡𝑡 � (9)

𝑣𝑣𝑊𝑊 =
𝑛𝑛

∑
𝑅𝑅𝑖1

𝑎𝑎𝛥𝛥𝜑𝜑𝑊𝑊𝑅𝑅
𝛥𝛥𝑡𝑡 � (10)

where 𝑆𝑆𝜑𝜑 is the area element of the grid integral, 𝑎𝑎 is the radius 
of the earth, 𝜑𝜑 is the latitude, 𝛥𝛥𝛥𝛥𝑊𝑊𝑅𝑅. and 𝛥𝛥𝜑𝜑𝑊𝑊𝑅𝑅 (𝑖𝑖 = 1, 2, 𝑖 , 𝑖𝑖𝑗 
represent the longitude and latitude distances of the wave 
ray trajectory passing through the given small grid, 𝛥𝛥𝑡𝑡 rep-
resents the duration of the period for the ray passing through 
the given small grid. The unit of the Li-Yang WRF is m s−1. 
The magnitude of the Li-Yang WRF denotes the strength 
of local Rossby wave activity, while its vectors indicate 
the direction of wave propagation. The Li-Yang WRF pro-
vides a clearer and more precise depiction of wave activity 
strength and propagation direction in a vectorial form.

In this study, the local activity and propagation direction 
of Rossby waves are diagnosed using the Li-Yang WRF 
rather than traditional methods such as the Eliassen–Palm 
(E–P) flux (Eliassen and Palm 1961; Andrews and McIntyre 
1976; Edmon et al. 1980; Trenberth 1986), Plumb wave 
activity flux (Plumb 1985), and Takaya–Nakamura (T–N) 
wave activity flux (Takaya and Nakamura 2001). This 
choice is motivated by two critical limitations of conven-
tional fluxes. First, while traditional methods effectively 
measure overall wave magnitude and direction within a 
region, they cannot isolate signals originating from specific 
wave sources. Because multiple excitation points can simul-
taneously contribute to the target area, using these fluxes 
complicates the causal analysis of interacting phenomena. 
Second, traditional methods tend to increase rapidly in the 
tropics due to the small Coriolis parameter there, making 
them generally unsuitable for analyzing tropical Rossby 
waves. In contrast, the Li-Yang WRF overcomes these con-
straints by bridging the Lagrangian perspective (focusing on 
wave motion trajectories) (Lagrange 1853) and the Eulerian 
perspective (quantifying local wave intensity) (Euler 1757). 
The unique advantage of the Li-Yang WRF is its ability to 
effectively represent influential waves strictly from a certain 
wave source, leaving relatively unrelated wave components 
distinguishable. By avoiding tropical distortions and isolat-
ing specific wave pathways, the Li-Yang WRF appears as a 
concentrated flux with a coherent overall direction, thereby 

ensuring the robustness and causal clarity of the identified 
wave train paths in our analysis (Yang et al. 2025).

2.2.3  Ranking attribution method (RAM)

Previous studies on individual extreme climate events have 
consistently demonstrated that extreme events are typically 
driven by extreme controlling factors. For instance, the 
strongest Australian High on record triggered the record-
breaking rainfall over South China in June 2017 (Sun et al. 
2018); the record-breaking northward shift of the Western 
Pacific Subtropical High led to the unprecedented 2018 
Northeast Asia heatwave (Ren et al. 2020); and the unprec-
edented melting of Barents Sea ice triggered severe heat-
waves in North America (Wei et al. 2024). Building on 
this premise, the Ranking Attribution Method (RAM) was 
proposed based on two core hypotheses (Sun et al. 2023). 
The first hypothesis is the physical basis: extreme events 
are intrinsically linked to extreme forcings. Thus, it is 
physically sound and feasible to identify potential drivers 
based on their historical extremity, which is quantitatively 
reflected by their ranked positions. The second hypothesis 
highlights the statistical perspective of RAM: if a genuine 
causal relationship exists between two physical variables, 
they may or may not exhibit a long-term linear correlation. 
The absence of a strong linear correlation often points to 
the influence of sudden, nonlinear, or infrequently occurring 
extreme factors. By focusing strictly on historical extreme 
rankings, RAM provides a powerful diagnostic approach to 
effectively capture these sudden extreme forcings that might 
not be prominently reflected in long-term linear correlation 
analyses.

In practice, for a given extreme event occurring in a 
specific year, RAM evaluates potential drivers by calculat-
ing their ranked positions within the complete historical 
record. Positive ranks (1 denotes the historical maximum) 
indicate descending order, and negative ranks (− 1 denotes 
the historical minimum) indicate ascending order. By filter-
ing potential extreme variables based on these rankings and 
subsequently confirming the drivers through detailed physi-
cal and dynamic diagnostics, RAM provides a highly rea-
sonable and easily comprehensible framework for extreme 
event attribution (Sun et al. 2023).

3  Results

3.1  Extremeness of Guangdong April precipitation

In April 2024, Guangdong Province experienced extreme 
precipitation. Generally, the April extreme precipitation 
showed two intense rainfall periods (P1: March 22 to April 
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8, and P2: April 17 to April 30) including four main extreme 
precipitation events (Fig.  3). The average precipitation 
across the province exceeded 500 mm, nearly three times 
the climatic average of 172 mm for April and the highest 
recorded since observations began in 1951. Maximum pre-
cipitation occurred in the north and central of Guangdong. 
We ranked the April precipitation data from 1951 to 2024 
for each station. In April 2024, the central and northeastern 
regions recorded their highest precipitation in 74 years, with 
the maximum single-station monthly precipitation reaching 
nearly 1200  mm (Fig.  1a). Additionally, the precipitation 
lasted for an extended period, with rainfall occurring on 
about 70% of the days in April. Northern Guangdong expe-
rienced frequent and successive extreme precipitation. This 
extreme rainfall event caused severe socioeconomic losses.

Meanwhile, 2024 was the warmest year in a multi-data-
set record of global temperature going back to 1850 ​(​​​h​t​​t​p​
s​​:​/​/​c​​l​i​​m​a​t​​e​.​c​o​​p​e​r​​n​i​c​​u​s​.​e​u​/​g​l​o​b​a​l​-​c​l​i​m​a​t​e​-​h​i​g​h​l​i​g​h​t​s​-​2​0​2​4​​​​​)​. 
The hottest region in the Eurasian continent in April 2024 
was over the Eastern Europe, Southeast Asia and Western 
tropical Pacific (Fig. 1b), where the 2m air temperature in 
April 2024 is ranked the hottest in the period 1951–2024. 
So, according to the RAM (Sun et al. 2023), the extreme 
Guangdong precipitation may attribute to the high tempera-
ture in the Eastern Europe, since both the April precipita-
tion in Guangdong and air temperature in east Europe reach 
the maximum in 2024. Moreover, the 21-year sliding cor-
relation between April 2m temperatures in Eastern Europe 
and precipitation in Guangdong from 1951 to 2024 shows a 
highly significant positive correlation since the late 1990s. 
However, it is worth noting that this teleconnection exhib-
its significant interannual instability prior to that (e.g., dis-
playing opposite trends around 1990, as shown in Fig. 1c). 
This complexity is likely attributed to decadal shifts in mid-
latitude background circulations and the competing effects 
of various climate forcings, a specific topic deferred to our 
future work. Despite this past instability, the recent decadal 
background firmly establishes the connection between Euro-
pean temperature and Guangdong precipitation, implying 
that the European extreme heat in 2024 may dynamically 
induce the downstream extreme precipitation. Furthermore, 
this remote dynamic linkage is highly seasonally dependent, 
primarily limited to the pre-monsoon period (April). Dur-
ing April, the southward-positioned subtropical westerly jet 
provides a favorable waveguide for Rossby wave propaga-
tion. As the South China Sea summer monsoon erupts in 
May and June, this jet rapidly weakens and shifts northward 
(Ding 1992; Schiemann et al. 2009), substantially weaken-
ing the direct dynamic influence from mid-latitude wave 
trains as tropical systems take over (Luo et al. 2017; Chi et 
al. 2005). Therefore, focusing on this specific time window, 
how exactly are these two remote regions connected? How 

does the upstream extreme heat trigger the downstream pre-
cipitation far away? We will explore the specific dynamic 
wave propagation mechanisms in the following sections.

3.2  Remote connection illustrated by large scale 
backgrounds

The April mean 300 hPa geopotential height anomalies in 
2024 show a stationary wave train from Europe to West 
Asia with high-low geopotential height anomaly centers at 
Eastern Europe and West Asia respectively (named as the 
EEWA wave train, hereafter), and the low pressure extends 
along north of the Qinghai-Tibet Plateau to southeast coast 
of China near Guangdong. The corresponding PPE anoma-
lies show positive and negative values at Eastern Europe 
and West Asia respectively (Fig. 2a). We noted that the PPE 
anomalies over the Bay of Bengal and the Indo-China Pen-
insula are also positive. That is, the surrounding potential 
energy near Guangdong is also high but is much weaker 
compared with the strong positive PPE anomaly over the 
Eastern Europe. Therefore, across the Eurasian continent in 
April, the maximum PPE anomalies were located in Eastern 
Europe, which is highly consistent with the record-breaking 
2m air temperatures observed in this region (Fig. 1b). The 
high ground surface temperature implies lower troposphere 
air is strongly heated which leads to an increase of horizon-
tal air temperature gradient and an upward shift of local air 
column gravity center thus the increase of the PPE.

The high PPE in Eastern Europe can be considered as the 
source of Rossby waves. To further investigate the dynamic 
pathways, we calculated the April mean wave ray fluxes (Li-
Yang WRF; Yang et al. 2025), along with the corresponding 
geopotential height and PPE anomalies (Fig. 2b). The cal-
culated Li-Yang WRF vectors explicitly illustrate the spatial 
distribution and propagation of the wave energy. The Li-
Yang WRF confirms that the wave energies originate from 
Eastern Europe and go southeastward to West Asia then 
go further eastward around the Qinghai-Tibet Plateau. The 
above results indicate that the low-pressure anomaly at West 
Asia and the high-pressure anomaly at Eastern Europe are 
connected by wave energy propagations thus constitutes a 
stationary wave train which also serves as a large-scale path 
of wave energy propagation from west to east. Therefore, 
the high temperature induced high PPE in Eastern Europe 
can influence the circulation near Guangdong through the 
wave train. Figure 2b further shows the mean time scale that 
the wave energy propagating from Eastern Europe to West 
Asia is nearly 3 days, to southeast China is nearly 6 days, 
and from West Asia to Southeast China is nearly 3–4 days.

The West Asia low pressure extends eastward to south-
east China, south of which lies a strong monthly mean 
westerly jet (Fig. 2c). The jet core is located west of Indian 

https://climate.copernicus.eu/global-climate-highlights-2024
https://climate.copernicus.eu/global-climate-highlights-2024
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Peninsula. So, the Guangdong Province is beneath the left of 
the jet-exit zone, where lies a strong jet induced divergence 
zone. The upper-level divergence leads to an strengthen of 
ascending which benefits the transition of local potential 
energy to kinetic energy (Zwack and Okossi 1986) that fur-
ther accelerating the ascending. The left of jet-exit zone is 
also a region where a barotropic critical region may exist. 
It is a specific place where barotropic development is likely 
to occur and baroclinic instability is likely to be triggered 
(Rivière and Joly 2006a, 2006b). Therefore, it is a region 
that favors the intensification of low-level convergence and 
cyclonic circulation through the release of the potential 
energy. While, the intensity of this upper-level jet relies on 
the strength of the West Asia Low. So, a spatial connection 
between the Eastern Europe high PPE and the Guangdong 
precipitation forms.

Besides the primary EEWA pathway, Fig. 2b reveals that 
the wave ray fluxes bifurcate from Eastern Europe. A north-
ern branch propagates eastward along the subpolar westerly 
jet, exciting a prominent anomalous anticyclone over the 
Sea of Japan. Located northeast of Guangdong, this anticy-
clone plays a crucial synergistic role in the extreme precipi-
tation through downstream "blocking" and local "steering" 
effects. On the one hand, it acts as a downstream block that 
impedes the eastward progression of upstream synoptic 
systems, allowing the precipitation-favorable divergence 
field to persist over Guangdong for an extended duration. 
On the other hand, northeasterly flows at its southern flank 
steer mid-latitude cold air southwestward into South China, 
which triggers intense frontal convergence with tropical 

warm-moist air (Figs. 3, 4, 5, 6, and 7) and strengthens the 
low-level cyclonic lifting. Therefore, the synergistic inter-
action of both the northern and southern wave trains jointly 
orchestrated the extreme precipitation event in Guangdong 
in April 2024.

The above discussions indicate that the upstream wave 
trains (especially the EEWA) act as a bridge that connects 
the Eastern Europe high PPE and circulation corresponding 
to Guangdong extreme precipitation in April 2024. Is this 
decadal pattern only a random case or belongs to a long term 
climate variation? Since Fig. 1c shows that the April mean 
2m air temperature has a significant positive correlation 
since the beginning of the twenty-first century, we regress 
the April mean 300  hPa geopotential height and the PPE 
anomalies to the GDP index in the period 2000–2023. The 
result (Fig. 2d) shows that the regressed circulation pattern 

Fig. 3  Normalized 7-day running mean Eastern Europe PPE anomalies 
(EEPPE, black line) and daily Guangdong precipitation (GDP, blue 
line) from 15 March to 2 May 2024

 

Fig. 2  a Anomalous PPE (shading, 106 J m−2) and 300 hPa geopotential 
height (contours, gpm), b mean wave ray fluxes originate from Europe 
(purple vectors, m s−1) and West Asia (green vectors, m s−1), the time 
of wave energy propagating (shading, day), and 300 hPa geopotential 
height anomalies (contours, gpm) in which the gray dots denote the 
sources of the wave energy, c anomalous zonal wind (black contours, 

m s−1) and its divergence (shading, 10–6 s−1, shown only between 15° 
and 30°N) at 300 hPa, with the yellow contour indicating zonal wind 
speeds exceeding 30 m/s, and d regressions of the PPE and 300 hPa 
geopotential height anomalies to April Guangdong precipitation from 
2000 to 2023, with the hatched area denoting above 95% confidential 
level
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is quite similar to the circulation in April 2024, which means 
that the EEWA wave train is a decadal pattern that prevails 
in early twenty-first century, thus is a long term background. 
While in 2024 this wave train is extremely amplified.

April mean circulation pattern in Fig.  2a and c shows 
the spatial connection between the Eastern Europe high 
PPE and upper-level divergence over Guangdong that 
plays an important role in extreme precipitation. We fur-
ther calculated the daily precipitation index by averaging 
the precipitation over all stations within Guangdong Prov-
ince (illustrated by heavy black line in Fig.  2a). Figure  3 
shows that the first extreme precipitation event occurs in 
early April (April 3–8). And the remaining three events are 
concentrated in mid-to-late April (April 17–May 1) after a 
nearly one-week no rain interval in mid-April (April 9–16, 
the dry Period). However, the intervals between the three 
precipitation peaks in mid-to-late April are short (1–2 days), 
which may be considered as one continuous varying precip-
itation process. So, daily variabilities of the April extreme 
precipitation show two time-scales, the low frequency part 
with two separated processes in one month (a time scale of 
nearly 2 weeks), and a typical time scale may be connected 
to planetary scale circulations. And the high frequency part, 

that is the variabilities within the two processes, indicates 
a period less than one week, which is connected with local 
synoptic or other smaller scale systems.

Since the high PPE over Eastern Europe and circulation 
near Guangdong is connected by the EEWA wave train, the 
time series of Eastern Europe PPE (EEPPE, the PPE averag-
ing over the Eastern Europe enclosed by the blue rectangle 
in Fig. 1b) is low-passed to show only the low frequency 
part that connected to the planetary scale variation (Fig. 3). 
The EEPPE increases more than 2 weeks before and reaches 
its maximum on March 30 nearly one week before the first 
Guangdong precipitation process at the beginning of April 
with its peak on April 5. Then the EEPPE keeps in a high 
value in April that is accompanied by intermittent extreme 
rains in Guangdong. As the EEPPE decays in the ending 
week of April, the Guangdong precipitation decays. Com-
paring the time series of the EEPPE and the Guangdong 
precipitation, it is shown that the low-frequency evolution 
of the precipitation in Guangdong is highly consistent with 
the 7-day running averaged regional-mean variation of the 
EEPPE, with the latter leading the former by more than one 
week. This confirms that the variation of the EEPPE serves 

Fig. 4  Mean wave ray fluxes origi-
nate from Europe (blue vectors, 
m s−1) and West Asia (green vec-
tors, m s−1), 300 hPa geopotential 
height anomalies (contours, gpm) 
and the PPE anomalies (shading, 
106 J m−2) during the P1 (a), P Dry 
(b) and P2 (c), in which the gray 
dots denote the sources of the wave 
energy
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Fig. 5  Anomalous PPE (color shading, 106 J m−2), 300 hPa geopoten-
tial height (contours, gpm), 300 hPa zonal wind (grey shading, m s−1), 
and 500 hPa vertical velocity near Guangdong (green shading, Pa s−1) 

for day − 5 (a and b), day − 3 (c and d), day − 1 (e and f) and day 0 (g 
and h) in the P1(a, c, e and g) and P2 (b, d, f and h)
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as a low frequency modulation on the Guangdong precipita-
tion through the planetary scale wave train.

3.3  Mechanism of Eastern Europe high PPE 
influencing extreme precipitation in Guangdong 
through the EEWA wave train.

3.3.1  Wave energy propagation in the two precipitation 
periods

The April mean circulation and Li-Yang WRF distribu-
tion shown in Sect. 3.2 indicated a connection between the 
extreme high temperature in Europe and upper troposphere 
circulation near Guangdong. To look further into how this 
connection forms during the temporal-spatial variation pro-
cess, we calculate the period mean wave ray flux (Li-Yang 
WRF) (Yang et al. 2025) and the corresponding geopotential 
height and PPE anomalies over the periods from March 22 
to April 8 (P1), and from April 17 to April 30 (P2) respec-
tively (Fig. 4a and c). Both in the P1 and P2, the positive 
PPE anomalies expand from northern to southern Eastern 
Europe with the high PPE zone located more eastward in P2 
than in P1. In P1, the Li-Yang WRF show the wave energy 
originated over northern Eastern Europe goes eastward 
mainly along the subpolar wave guide. The continuously 

Fig. 7  Vertically integrated (1000–850 hPa) moisture flux divergence anomalies (shading, 10–4 kg m−2 s−1), 850 hPa temperature anomalies (con-
tours, °C) and wind anomalies (vectors, m s−1) for Day − 1 (a–c) and Day 0 (d–f) in the P1 (a, d), P Dry (b, e) and P2 (c, f)

 

Fig. 6  Lead-lag correlations between the daily variabilities of: the 
EEPPE and 300 hPa zonal wind over West Asia (SAU300, the mean 
300 hPa zonal wind velocities averaging over the area enclosed by the 
blue box in Fig. 2c, deep blue line), the SAU300 and the 500 hPa verti-
cal velocity averaging over Guangdong (GDW500, light blue line), the 
EEPPE and the amplitude of southerly wind to Guangdong (GDV850, 
850 hPa meridional wind amplitudes averaging along the red line in 
Fig. 7a, orange line), and the GDV850 and regional mean PPE anoma-
lies over Guangdong (GDPPE, pink line), dotes/black circled dotes 
denotes significant values at the 95%/99% confidence levels
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downstream propagations of the Li-Yang WRF lead to exis-
tence of wave train along the Li-Yang WRF path at high 
latitudes. However, the Li-Yang WRF originated at south-
ern Eastern Europe go southeastward to West Asia, major of 
which is obstructed by the Tibetan Plateau and show a con-
vergence of the Li-Yang WRF west of the Tibetan Plateau, 
eventually leads to an existence of the West Asia low. The 
other part of the Li-Yang WRF go further eastward along 
north of the Tibetan Plateau to Guangdong and contribute to 
the shaping of the low-pressure center there. The quasi-sta-
tionary West Asia low action center can act as a secondary 
wave source that relays the origin high PPE induced wave 
source in Eastern Europe. So, we further calculate the Li-
Yang WRF from the West Asia low (gray green vectors in 
Fig. 4a and b), which show wave energy paths along both 
the south and north of the Tibetan Plateau to Guangdong 
and leads to a downstream low pressure center there. There-
fore, the development of the low-pressure anomaly near 
Guangdong is the result of both the wave energy directly 
from Eastern Europe and that from the wave action center 
at West Asia. The PPE distribution and the Li-Yang WRF 
path in P2 are similar to that in P1. However, due to the 
continuous propagation of the wave energy, both the East-
ern Europe and the West Asia wave action center intensify 
and move slightly eastward in P2 but still trapped at west 
of the Ural Mountains and the Tibetan Plateau. While, the 
waves rapidly develop downstream both along near 50°N 
and 30°N. As a conclusion, the period mean Li-Yang WRF 
further reveals the sub-month variation between the two 
extreme rain periods, illustrating how the wave energy from 
Eastern Europe induces the development of the West Asia 
low which then acts as a second wave energy source and 
how the low-pressure center near Guangdong develops.

To complete the picture of the planetary‑scale circula-
tion adjustment in April, we also computed the 7‑day mean 
300 hPa circulation and the Li‑Yang WRF vectors for the 
no‑rain period (April 9–16). The results show that during 
the two rain periods (P1 and P2), large perturbed potential 
energy (PPE) exists over Eastern Europe, accompanied by 
strengthened downward wave energy propagation (large 
WRF vectors) and amplified downstream wave action cen-
ters including the upper‑level trough near Guangdong. In 
the dry period between P1 and P2 (Fig. 4b), the high‑pres-
sure anomaly and PPE over Europe weaken and narrow; 
correspondingly, the WRF vectors weaken and the wave 
energy propagation paths shorten, leading to a retreat of the 
eastern edge of the South Asian low‑pressure band and the 
appearance of a weak ridge over Guangdong. Thus, owing 
to the variability of PPE over Europe, the upper‑level plane-
tary‑scale waves exhibit a developing‑decaying‑developing 
process in April.

3.3.2  Mechanism revealed by the daily variabilities

The PPE, 300 hPa geopotential height anomalies, and west-
erly jet accompanying the Asia low on the 5, 3, 1, 0 days 
preceding (denoted as the day − 5, day − 3, day − 1 and day 
0) the maximum precipitation in P1 and P2 are then further 
pictured respectively in Fig.  5 to show how upper tropo-
sphere large scale circulations evolve and how the telecon-
nection between the Europe high PPE and local circulations 
corresponding to Guangdong extreme precipitation forms 
day by day based on the wave energy connection shown in 
the above.

The evolutions of circulation corresponding to the pro-
ceeding days of the two extreme precipitation periods show 
much similarities. Accompanying the continuous down-
stream wave energy propagation, the positive geopotential 
height and PPE anomalies over the Eastern Europe decay 
and go eastward in P1, and the negative geopotential height 
and PPE anomalies develop over West Asia and downstream 
regions continuously. Accompanying the developing of the 
low-pressure centers, the westerly jet intensifies gradually 
which is accompanied by a gradually intensification of an 
upper-level divergence zone over Guangdong.

The rain-stop period from April 9 to April 16 separate the 
two extreme precipitation processes, which makes the evo-
lution of the two processes show much independence. The 
similarity of the two synoptic evolution process confirms 
that they are under the control of a quasi-stable background, 
that is, the whole April precipitation is under the influence 
of the EEPPE through the EEWA wave train, which is both 
indicated by the spatial circulation pattern and temporal 
relationship between the EEPPE index and the GDP index 
(Figs. 3 and 4). However, they are not isolated, the later pro-
cess is still shown to be connected with the earlier process 
through the down-stream wave energy propagation. Fig-
ure 4 shows that the PPE anomalies and the corresponding 
Li-Yang WRF are stronger in the P1 than P2. During the 
early developing days of the P1, the West Asia low amplifies 
gradually as the wave energy continuously converges there, 
after that the EEWA wave train forms. Whereas, for the P2, 
since the EEWA wave train has formed during the P1, the 
influence of the variability of PPE over Eastern Europe on 
the circulation related with the precipitation over Guang-
dong would be faster. This explains why the EEPPE index 
leads the GDP index longer in the P1 than in the P2 (Fig. 3). 
Moreover, the Li-Yang WRF indicates that wave energy 
propagations are along both the subtropical and subpolar 
wave guides (Fig. 4). So, the Eastern Europe high also var-
ies both in the amplitude and location.

To show how the connection between the EEPPE and 
the Guangdong precipitation constructs, we further cal-
culate the daily indices of the south Asia jet (SAU300, the 



1 3

  421   Page 12 of 19 Y. Diao et al.

mean 300 hPa zonal wind velocities averaging over the area 
enclosed by the blue box in Fig. 2c, which covers the core 
of the South Asian westerly jet, lies exactly at the southern 
periphery of the Tibetan Plateau, and represents the dynami-
cally sensitive region with the most concentrated positive 
zonal wind anomalies), the vertical velocity and the PPE 
over Guangdong (GDW500 and GDPPE, 500  hPa vertical 
velocity and PPE averaging over Guangdong Province), and 
the amplitude of southerly wind to Guangdong (GDV850, 
850  hPa meridional wind amplitudes averaging along the 
red line in Fig.  7a) in the period from March 15 to May 
2. Based on these daily indices, the lead–lag correlations 
between the EEPPE and the SAU300, the SAU300 and the 
GDW500, the EEPPE and the GDV850, and the GDV850 and 
the GDPPE are calculated (Fig. 6).

The correlations indicate the EEPPE has a maximum 
leading of 6 days and 5 days for the SAU300 and GDV850. 
This is consistent with the time scale of the wave energy 
propagation from Eastern Europe to the vicinity of Guang-
dong along north of the Tibetan Plateau (Figs. 2b and 4). 
Moreover, the EEPPE leads the SAU300 longer than the 
GDV850. This may be associated with the factor that the 
wave energy can reaches southeast China directly, while, the 
EEPPE influence the SAU300 through energy propagation 
route along south of the Tibetan Plateau, involving the relay 
effect of the West Asian low-pressure center thus taking a 
longer time (Figs. 2b and 4). Furthermore, the variabilities 
of GDV850 and GDPPE show a significant correlation when 
the former leads by 0–1 day. This suggests that local GDPPE 
intensifies almost immediately as the 850  hPa circulation 
strengthens, due to the key role of warm advection in modu-
lating PPE (Li et al. 2023). Meanwhile, the enhancement 
of SAU300 leads the intensification of local vertical veloci-
ties for 1 day indicating a fast response of air rising to jet 
variabilities. The intensification of air rising contributes not 
only to precipitation increase but also to the conversion of 
PPE into kinetic energy. Therefore, the EEPPE influence the 
local dynamic condition through two paths. One modulates 
the upper troposphere jet in a direct dynamic path. The other 
influence the local GDPPE through thermal advection that 
induced by variability of local horizontal velocity field. So, 
the EEWA wave train serves as a planetary scale modulator.

3.3.3  Low level conditions for extreme precipitation

To investigate how the upper-level EEWA wave train 
dynamically modulates the local thermodynamic environ-
ment for the extreme precipitation over Guangdong, the 
low-level circulations and moisture convergence on day − 1 
and day 0 in P1 and P2 are shown in Fig. 7.

Comparing Figs. 5 and 7, the velocity fields present a 
typical baroclinic frontal cyclone structure (Holton and 

Hakim 2013). Specifically, the 850 hPa wind vectors show 
a cyclonic circulation around Guangdong, located directly 
beneath the 300 hPa low-pressure anomaly center. It is cru-
cial to note that the development of this low-level cyclone is 
not an isolated event; rather, it is a direct dynamic response 
to the upper-level divergence field induced by the down-
stream propagation of the EEWA wave train at the jet exit 
zone (Figs. 2c and 5).

Driven by this coupled cyclonic circulation, the cold, dry 
northerly winds from the continent converge with the warm, 
moist southerly winds from the ocean, forming a distinct 
moisture convergence zone along the temperature front. This 
intense low-level thermal advection and moisture conver-
gence, mechanically forced by the upper-level wave train, 
play an essential role in the rapid accumulation of local PPE 
over South China. With the continuous assistance of upper-
level divergence, the vertical motion is further enhanced, 
establishing a high-low level coupled dynamic structure that 
perfectly translates the remote planetary wave forcing into 
optimal local conditions for extreme precipitation.

Conversely, during the dry period, as the upper-level 
trough retreats westward (Fig. 4), the 850 hPa cyclonic cir-
culation and the associated cold/warm fronts completely 
disappear, leading to the cessation of rainfall over Guang-
dong. The contrast between the precipitating and non-pre-
cipitating periods further demonstrates that the temporal 
evolution of the low-level circulation and moisture transport 
is strictly consistent with the modulation of the upper-level 
planetary waves.

3.4  Relationship between local energy transform 
and extreme precipitation

The above section revealed that the PPE and vertical veloci-
ties over Guangdong can be influenced by the increase of 
the PPE over Eastern Europe about one week before. In this 
section we discuss how these local dynamic conditions are 
connected with the occurrence of extreme precipitation. 
Figures  1a and 8 show that the rank 1st April precipita-
tion is accompanied by the rank 1st PCpe (PCpe is nega-
tive), which indicates that the extreme precipitation can be 
attributed to the extremely large transformation of the PPE 
to kinetic energy (Zhang et al. 2023). To investigate how 
the PCpe increases and contributes to extreme precipitation, 
we show the daily variabilities of the precipitation and the 
vertical sections of the PPE and PCpe averaging over the 
precipitation region in Guangdong (GDPPE and GDPCpe) 
from 27 March to 2 May 2024 (Fig. 9).

The GDPPE keeps positive at upper and lower tropo-
sphere for 3–4 days before the beginning of the first pre-
cipitation period (April 4–8) (Fig. 9). During these days, the 
GDPCpe shows weak positive above 850 hPa (solid black 
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contours in Fig. 9). As the GDPCpe transiting from posi-
tive to negative (dashed black contours in Fig. 9), indicating 
the transition from potential energy to kinetic energy, the 
precipitation begins. And the precipitation increases with 
the amplification of the negative GDPCpe. Meanwhile, the 
intensifying of negative GDPCpe is accompanied by the 
gradual decreases of the GDPPE from strong positive to 
negative. Therefore, the acceleration of velocity field is a 
result of transition of GDPPE to kinetic energy.

As the GDPPE keeps a negative value from surface to 
the upper troposphere for nearly one week, no precipitation 
occurs. After that, the GDPPE re-increase 4–5 days before 
the beginning of the second precipitation process (April 
17–30). However, the second precipitation process persists 
longer and is accompanied by a longer persistence of local 
positive GDPPE, which is composed of three sub-cycles 

with short temporal intervals between the precipitation 
peaks. In the evolutions of the second precipitation process, 
the energy evolution and transition are similar to the first 
precipitation process. The above discussion shows that the 
increase of precipitation is a result of the transition of the 
local strong GDPPE to kinetic energy, which is modulated 
by the variation of the PPE over Eastern Europe as indicated 
by the results in Figs. 3, 4, 5, and 6. The GDPPE leads the 
GDPCpe for a longer period of 4–5 days (Fig. 10), which 
indicates that relationship between the GDPPE and the 
GDPCpe involves more complex process, that the PPE may 
accumulate till a suitable dynamic condition trigger the con-
version from the PPE to kinetic energy. To show the role the 
south Asia jet acted in the precipitation process, we further 
calculate the lead-lag correlations between the precipitation, 

Fig. 10  Lead-lag correlations between the daily variabilities of: the 
SAU300 and the PCpe over Guangdong (GDPCpe, purple line), GDPPE 
and GDPCpe (green line), and GDPCpe and precipitation anomalies 
over Guangdong (GDP, blue line). Dotes/black circled dotes denotes 
significant values at the 95%/99% confidence levels

 

Fig. 9  Vertical section of the daily variation of the PPE (shading, 
J m−2) and the PCpe (contours, W m−2) from 27 March to 2 May 2024, 
with the blue line being the daily variabilities of the precipitation (blue 

line, mm) over Guangdong, the blue dashed lines indicating the clima-
tological mean daily precipitation

 

Fig. 8  The PCpe anomalies (contours, W m−2) with its ranking (color 
shading) over Guangdong in April 2024, where the stippled areas 
denote above the 99% confidence levels
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the SAU300, and the GDPCpe. The GDPCpe/SAU300 is most 
significant correlate with the precipitation/GDPCpe when 
the former leads by 0–1 day, which indicates that precipita-
tion is an immediate result of the decrease of the GDPCpe, 
and the increase of the south Asia jet also has a fast influ-
ence on the GDPCpe by inducing air rising. Therefore, the 
GDPPE, GDPCpe and the south Asia jet construct a local 
thermal-dynamic system which varies in a transient time 
scale.

4  Conclusion and discussions

4.1  Conclusion

We discussed the extremeness of the April precipitation in 
2024 in the Guangdong Province and the possible cause. 
The RAM attributes the Guangdong extreme precipitation 
to the extreme strong local PPE-kinetic energy transition, 
and the remote extreme high temperature in Eastern Europe 
(Figs. 1a, b, and 8). Further investigations explain how the 
remote extreme high temperature and PPE in Eastern Europe 
and the high temperature surrounding Guangdong jointly 
influence the extreme precipitation in April by tracing wave 
energy propagation, large scale circulation evolution, and 
local PPE-kinetic energy conversion processes. The EEWA 
wave train occurred in April 2024 is an extreme amplifi-
cation of the long term background wave train pattern that 
exists in recent two decades (Figs. 1c and 2d). The persistent 
extreme high temperature in April 2024 in Eastern Europe 
is accompanied by anomaly high PPE and high-pressure 
anomaly center, which act as a Rossby wave energy source. 
The wave energy go southeastward from Eastern Europe 
to West Asia then go further eastward around the Qinghai-
Tibet Plateau, in which the development of the West Asia 
low acts as a second wave energy source. The downstream 
propagation of wave energy maintains the EEWA wave train 
and the south Asia westerly jet upstream of the Guangdong 
Province (Figs. 2a–c and 4). the EEWA wave train acts as a 
planetary scale modulator (Figs. 3, 4, 5, 6, and 7) and influ-
ences the local thermal-dynamic process in Guangdong 
through two paths (Figs. 5, 6, and 7). In the direct path it 
leads to the variability of westerly jet above Guangdong that 
influence the vertical velocity directly. In the indirect path, 
it also impacts the local PPE by modulating the local ther-
mal advection. The local energetic analysis further reveals 
the local cause of the extreme precipitation in Guangdong. 
The increase of precipitation is a result of the transition of 
the local PPE to kinetic energy which is triggered by upper 
troposphere jet-induced air rising. The local PPE, PCpe and 
the south Asia jet construct a local thermal-dynamic sys-
tem which varies in a transient time scale. While this local 

thermal-dynamic system is modulated by the low frequency 
variabilities of the remote PPE in Eastern Europe.

Based on the investigation in this study, the occurrence of 
the long-lasting April extreme precipitation is under the con-
tral of the joint influence of the EEWA wave train induced 
by remote extreme heat and local thermodynamic processes. 
The former acts as a slow modulator and long-leading pre-
cursor, while the latter shows a transient reaction to local 
dynamic, heat, and moisture conditions. As synthesized in 
the schematic diagram (Fig. 13), this comprehensive physi-
cal mechanism can be explicitly summarized into two main 
stages. (1) Remote Influence: The buildup of perturbation 
potential energy over the extreme heat in Eastern Europe 
acts as a wave source, sustaining the quasi-stationary EEWA 
wave train. The downstream propagation of this wave train 
intensifies the South Asia westerly jet and the frontal cyclone 
near Guangdong, which in turn enhances moisture and heat 
transport from the surrounding warm oceans, leading to an 
increase in local PPE and moisture convergence. (2) Local 
Intensification: At the jet-exit zone, the upper-level diver-
gence and the warm air ascent at the cyclone front trigger 
the rapid release of the accumulated local PPE. This pro-
cess violently accelerates the ascending motion, ultimately 
resulting in the extreme precipitation over Guangdong.

4.2  Discussion

Since the April 2024 extreme rains in Guangdong are fron-
tal rains (Fig. 7), the intensity of the cold air intruding and 
warm humidity air transport are both important. The results 
revealed in this study shows that the influence from the mid-
latitude circulations have a critical importance. The midlati-
tude circulations act as one side role of this frontal extreme 
precipitation in April 2024. The upper troposphere cyclonic 
circulation at the eastern end of the EEWA wave train trans-
ports cold air southeastward and induces intensification of 
front and emerging of low troposphere cyclone (Fig. 7). It 
also contributes to the accumulation of local PPE through 
the low level wind fields. And the EEWA wave train influ-
ences the strength of West Asia jet, which triggers the local 
energy transition, and the release of local PPE (intensifica-
tion of the PCpe) at the left of the jet-exit zone (Figs. 2a 
and 5). This connection structured by the EEWA wave train 
explains why the extremeness of the April 2024 precipita-
tion in Guangdong can be attributed to the extremeness of 
Eastern Europe high temperature and local PCpe. More-
over, the EEWA wave train that connects the remote PPE 
anomalies and the local circulation in Guangdong makes 
the variation of the PPE in Eastern Europe an intraseasonal 
scale precursor for the occurrence of extreme precipitation 
in Guangdong. The existence of the EEWA wave train also 
implies a decadal-scale background state that enables the 
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influence of high temperatures in Europe on precipitation 
in Guangdong.

Warm and moisture air transportations are found to be 
mostly attributed to Western Pacific Subtropical High and 
the MJO and can be influenced by SST anomalies over 
India Ocean and Western tropical Pacific (Ding 1994; Yang 
and Lau 2004; Wan et al. 2009; Xu et al. 2019; Bai et al. 
2011). Zhang et al. (2025) attributed the 2024 April extreme 

precipitation to the influence of MJO and the anti-cyclonic 
circulation over the Western North Pacific (ACC). Their 
study explains the water vapor source for the April 2024 
extreme precipitation.

To evaluate the influence of the MJO on the April 2024 
extreme precipitation process, the temporal evolution of 
the MJO phase and intensity are shown in Fig. 11g and h. 
The multi-day mean 500 hPa geopotential heights, the OLR 

Fig. 12  The normalized indices of the MJO (yellow line), Guangdong precipitation (GDP, green line) and the 21-year running correlation coef-
ficients (grey line) between them

 

Fig. 11  Anomalous OLR (shading, W  m−2), 500  hPa geopotential 
height (contours, gpm), vertically integrated (1000–850  hPa) mois-
ture flux (vectors, kg m−1  s−1) and MJO phase in the P1 (a and b), 
P Dry (c and d) and P2 (e and f); g MJO phase from 30 March to 30 
April 2024. Black-bordered dots mark the start (30 March) and end (30 

April) dates. Red dots indicate days with daily precipitation exceeding 
5 mm; and (h) normalized 7-day running mean Eastern Europe PPE 
anomalies (EEPPE, grey line), Guangdong precipitation (GDP, blue 
line) and MJO amplitude (dark red line) from March to 30 April 2024
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and the moisture flux vectors in the Period 1, Period 2 and 
Period dry are further illustrated to show the influence of the 
MJO on the precipitation process in April (Fig. 11a–f). The 
results show that the April precipitation events are accom-
panied by the evolution of MJO (Fig. 13g and h). Generally, 
the MJO can induce anticyclonic/cyclonic circulation to 
northeast/northwest of the convergence zone. For example, 
during April 4–8, the MJO is in phase 5. The convergence 
near the Maritime continent can induce a 850 hPa anticy-
clonic circulation east of Guangdong, which contributes the 
moisture transport to Guangdong. However, the upper level 
(500 hPa) midlatitude trough over Guangdong and anticy-
clone near Japan also induce southeast flow and moisture 
transport to Guangdong at 850 hPa (Fig. 11b). So, in this 
case, both the MJO and the midlatitude upper-level circula-
tion make contribution to the precipitation.

The MJO seems not to be a dominant factor, based on 
the following reasons. First, nearly half of the precipita-
tion days are connected with the weak and untypical phase 
MJO (Fig.  11g and h). Second, the similar MJO phases 
are corresponding to the converse moisture transport pat-
tern (Fig. 11a and d). Finally, the MJO lags the precipita-
tion during the majority of the precipitation days (Fig. 11h) 
which implies that the MJO might not act as the main cause 
in many of the precipitation days. However, in the ending 
week of April, the MJO is intensified and leads the pre-
cipitation for two days. The MJO induced convergence in 
Indian Ocean contributes to the intensifying the moisture 

transport from South China Sea to Guangdong in this period 
(Fig. 11f). By contrast, the EEPPE variation lags the pre-
cipitation, which implies that the EEPPE involved upper 
level wave train may not act as the dominant role in the pre-
cipitation. However, the upper level trough keeps its loca-
tion above Guangdong (Fig. 11e and f) during the whole 
P2 period which provide a persistent dynamic support for 
the low level cyclone. As both of the two factors decay, the 
precipitation decays too. Therefore, in this period, the pre-
cipitation is a result of the joint impacts of the MJO and the 
upper level wave train, in which the MJO is more important. 
Furthermore, Fig.  11 show that, the intensity of the MJO 
in April 2024 is very weak compared with other years in 
the period 1950–2024. So, the MJO does not contribute the 
extremeness of the April 2024 precipitation in Guangdong. 
As a contrast, the air temperature over east Europe reaches 
the highest in the period 1950–2024. According to the above 
discussion, we can draw a conclusion that, the MJO contrib-
utes to the extreme April 2024 precipitation in Guangdong 
but the midlatitude wave train (the EEWA wave train) plays 
a more important role.

Through the perspective of the PPE, our study reveals 
a physically consistent chain from remote PPE genera-
tion, EEWA wave-train maintenance, and South Asian jet 
enhancement to local PPE accumulation and subsequent 
PPE-to-kinetic-energy conversion thus make a further 
understanding of the dynamic and energetic processes 
underlying the extremeness of the April 2024 precipitation 
in Guangdong. This study also reveals the unprecedented 
Eastern European heat anomaly as a key upstream forcing 
source. These findings suggest that remote Eurasian thermal 
anomalies can serve as valuable intraseasonal precursors for 
extreme spring rainfall in South China and provide a new 
framework for understanding and predicting compound cli-
mate extremes across Eurasia.

Furthermore, it is important to place this "Hot-flood tele-
connection" within the context of ongoing global climate 
change. Our sliding correlation analysis demonstrates that 
the significant positive teleconnection between Eastern 
Europe and Guangdong has persisted robustly over the past 
two decades. Under the background of global warming, if 
no abrupt decadal phase shift occurs to alter the current cir-
culation regime, the continuous and accelerated warming 
over Eastern Europe is expected to inject greater perturba-
tion potential energy (PPE) into the atmosphere. Such an 
amplified upstream thermal wave source could potentially 
increase the intensity and frequency of the EEWA wave 
train, thereby exerting an even more profound and destruc-
tive impact on extreme precipitation in South China. There-
fore, utilizing CMIP6 multi-model datasets to project the 
future evolution trends of this teleconnection mechanism 

Fig. 13  Schematic Diagram of the Physical Mechanism Linking 
Extreme High Temperatures in Eastern Europe to Extreme rainfall in 
Guangdong (GD). (1) Remote Influence: The buildup of perturbation 
potential energy (PPE +) over the extreme heat in Eastern Europe (EE) 
acts as a wave source, sustaining the quasi-stationary EEWA wave 
train. This wave’s downstream propagation intensifies the South Asia 
jet and the frontal cyclone near Guangdong. The cyclone enhances 
moisture and heat transport from the warm South China Sea and the 
Bay of Bengal, leading to an increase in local PPE and moisture con-
vergence over Guangdong. (2) Local Intensification: At the jet-exit 
zone, upper-level divergence and warm air ascent at the cyclone front 
trigger the release of accumulated local PPE. This accelerates air ris-
ing, which results in extreme precipitation over Guangdong
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under different warming scenarios represents a highly 
essential direction for our future research.
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