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A B S T R A C T

Different heatwave types are linked to distinct physical processes; however, the influence of intra-seasonal 
oscillation (ISO) patterns on the variability and sub-seasonal prediction of daytime, nighttime, and compound 
heatwaves remains insufficiently understood. In this study, the underlying mechanisms for the three types of 
heatwaves over southern China (SC) during 1999–2022 and the major sources of their sub-seasonal prediction 
skill are identified. The results show that daytime heatwaves over SC are largely driven by extra-tropical ISO- 
induced anticyclonic circulation, creating hot and dry conditions. Nighttime heatwaves are primarily modulated 
by tropical ISO, which induces an anomalous anticyclone to the southeast of SC. The associated southerly flow 
transports excess moisture into the region, creating cloudy and moist conditions that facilitate nighttime heat
waves. Evaluation of outputs from the NCEP Climate Forecast System Version 2 and the European Centre for 
Medium-Range Weather Forecasts demonstrates that reliable forecasts for daytime and nighttime heatwaves 
rarely extend beyond a two-week horizon. In comparison, compound heatwaves exhibit more intense surface 
temperature and closer linkages with both tropical and extra-tropical ISOs, thereby maintaining superior sub- 
seasonal prediction skills than the other two heatwave types. Our study highlights that the enhanced influ
ence of intra-seasonal oscillations, especially those of tropical origin, offering a promising avenue for sub- 
seasonal predictions of regional heatwaves.

1. Introduction

The frequency, intensity, and duration of heatwaves increase rapidly 
across widespread regions under global warming, exerting severe stress 
on agricultural production, socio-economic systems, and human health 
(Robinson, 2001; Meehl and Tebaldi, 2004; Robine et al., 2008; Gas
parrini and Armstrong, 2011; Perkins and Alexander, 2013; Sun et al., 
2014; You et al., 2017). According to statistics, the heatwave- 
attributable mortality consistently ranks one of the highest among 
climate extremes during the recent decades (Bell et al., 2018). Climate 
projections have indicated that the frequency and severity of heatwaves 
would continue to rise steadily (Chen and Li, 2017; Li et al., 2017; Wang 

et al., 2020). Understanding the underlying mechanisms and improving 
the prediction of heatwave occurrence are essential for disaster prepa
ration and climate adaptation.

Distinct mechanisms underlying different types of heatwa
ves—daytime, nighttime, and compound heatwaves—have been sub
stantially identified by previous studies (Chen and Lu, 2014; Lu and 
Chen, 2016; Luo et al., 2022; Luo et al., 2025; Wu et al., 2023). Typi
cally, daytime heatwaves are driven by persistent anticyclonic circula
tions that induce dry and clear-sky conditions, thereby enhancing 
surface absorption of incoming shortwave radiation and leading to a 
rising daytime temperature (Della-Marta et al., 2007; Dole et al., 2011; 
Schubert et al., 2011; Trenberth and Fasullo, 2012; Lau and Kim, 2012; 
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Gao et al., 2018b). The drivers of such high-pressure systems triggering 
heatwaves are complex and vary by regions (Loikith and Broccoli, 2012; 
Ding et al., 2010; Luo and Lau, 2017; Pfahl et al., 2015; Qian et al., 
2024). For nighttime heatwaves, they are generally characterized by 
humid and cloudy conditions, which enhance downward longwave ra
diation and prolong elevated temperatures throughout the night (Meehl 
and Tebaldi, 2004; Li et al., 2017; Thomas et al., 2020). Chen and Lu 
(2014) indicated that the occurrence of hot nights in Beijing was pri
marily attributed to northward moisture transport over eastern China. 
Compound heatwaves, which are herein defined as the concurrent 
occurrence of daytime and nighttime heatwaves, combine the charac
teristics of both types. They are typically driven by high-pressure sys
tems that lead to less cloud cover, and are coupled with increased water 
vapor transport (Hong et al., 2018; Li et al., 2020; Li et al., 2021; Luo 
et al., 2025). Despite the elucidation of the mechanisms responsible for 
the three types of heatwaves, a systematic comparison of their respective 
prediction skill and sources remains lacking.

Sub-seasonal prediction serves to bridge the gap between weather 
forecasts and climate predictions, offering important opportunities for 
improved risk management (Vitart et al., 2017; Vitart and Robertson, 
2018). Several studies have demonstrated that the low-frequency os
cillations, including the Boreal Summer Intra-seasonal Oscillation 
(BSISO)/the Madden-Julian Oscillation (MJO) and the 10–30-day quasi- 
biweekly oscillation (QBWO), are important sources of sub-seasonal 
heatwave predictability (Pegion and Sardeshmukh, 2011; Waliser 
et al., 2003; Xie et al., 2020; Yang et al., 2018; Wang et al., 2025). For 
instances, the sub-seasonal prediction skill of heatwave intensity and 
duration over the Yangtze River Basin highly depends on the model's 
performance in capturing intra-seasonal variability (Qi and Yang, 2019; 
Xie et al., 2020). Hsu et al. (2020) suggested that the sub-seasonal 
prediction of heatwaves over northeastern China is significantly influ
enced by the model capability in simulating the MJO. Models that better 
reproduce the intensity of the MJO in the western Pacific warm pool 
region tend to exhibit higher forecast skill at a lead time of 1–4 weeks 
(Hsu et al., 2020). However, how intra-seasonal oscillations and their 
phase-dependent atmospheric anomalies differentially influence various 
heatwave types and their predictions are not yet well understood.

Southern China, a hotspot for intense and frequent heatwaves, has 
become increasingly vulnerable due to its high climatological temper
atures and dense urbanization (Chen and Li, 2017; Gao et al., 2018a, 
2018b; You et al., 2017). Intra-seasonal oscillations such as the MJO/ 
BSISO and QBWO play essential roles in modulating the weather and 
climate variability, including regional heatwaves, over this region 
(Krishnamurti and Ardanuy, 1980; Annamalai and Slingo, 2001; Jia and 
Yang, 2013; Matsueda and Takaya, 2015; Diao et al., 2018; Dong et al., 
2020; Gao et al., 2020; Wang et al., 2025). Previous studies have indi
cated that different intra-seasonal oscillations and their varying phases 
exert distinct influences at different stages of southern China heatwaves 
(Chen et al., 2016, 2018; Zheng et al., 2022; Huang et al., 2025; Wang 
et al., 2025). Recently, Li et al. (2024) revealed the combined influence 
of 10–30-day tropical and mid–high latitude intraseasonal oscillations 
on the rapid increases of humid heatwaves in southern China. These 
systems drive changes in atmospheric circulations that modulate 
regional adiabatic heating and moisture flux transport (Jiang et al., 
2004; Mao and Chan, 2005; Lee et al., 2013; Oh and Ha, 2015; Fang 
et al., 2017; Wang et al., 2018), which may play distinct and yet unex
plored roles in modulating different types of heatwaves over southern 
China.

Based on these premises, this study aims to investigate the distinct 
physical mechanisms and sub-seasonal prediction of daytime, nighttime, 
and compound heatwaves over southern China, with a focus on the 
specific role of tropical and extra-tropical intraseasonal oscillations. The 
rest of the paper is organized as follows. Datasets and methods are 
described in Section 2. Section 3 presents the distinct features associated 
with three types of heatwaves. Section 4 depicts the role of intra- 
seasonal oscillations. Section 5 describes the influence of intra- 

seasonal oscillations on the sub-seasonal prediction of different heat
wave types. A summary of the main findings along with further dis
cussion are provided in Section 6.

2. Data and methods

2.1. Data

The daily maximum (Tmax) and minimum (Tmin) 2-m temperatures 
are obtained from the CN05.1 dataset with a horizontal resolution of 
0.25◦ × 0.25◦, which is constructed using daily observations from more 
than 2400 meteorological stations in China, covering the period of 
1961–2022 (Wu and Gao, 2013). Daytime, nighttime, and compound 
heatwave events are selected based on the CN05.1 in this study. The 
CN05.1 has been extensively validated and widely applied in climate 
change detection, extreme event analysis, and model performance 
evaluation (Wang et al., 2018; Zhou et al., 2014). In this study, we focus 
on the summer season (May–September, MJJAS) for heatwave-related 
assessments and model evaluations. To investigate physical processes 
associated with different heatwave types, we analyze daily atmospheric 
variables derived from the European Centre for Medium-range Weather 
Forecasts Reanalysis v5 (ERA5) at a horizontal resolution of 1◦ × 1◦

(Hersbach et al., 2020). These variables include outgoing longwave ra
diation (OLR), relative humidity, precipitation, surface latent heat flux, 
surface sensible heat flux, 500-hPa geopotential height, and 500-hPa 
and 850-hPa winds. The daily anomalies of variables are obtained by 
subtracting their respective climatologies for the corresponding day.

Outputs from the NCEP Climate Forecast System Version 2 (CFSv2) 
and the European Centre for Medium-Range Weather Forecasts 
Subseasonal-to-Seasonal (ECMWF S2S) prediction system are used for 
sub-seasonal prediction analysis (Saha et al., 2014; Vitart, 2014). The 
ECMWF system is initialized twice a week (on Mondays and Thursdays) 
at 0000, 0600, 1200, and 1800 UTC, whereas the reforecasts of NCEP 
CFSv2 are initialized at 0000, 0600, 1200, and 1800 UTC per day. 
Forecast verification is conducted using the ensemble mean of the four 
initializations on a given day for each S2S model. To more conveniently 
compare the prediction skills between the two models, we adopted a 
data processing method proposed by previous studies (Yang et al., 2018; 
Qi and Yang, 2019) to reprocess the twice-weekly data of the ECMWF 
model outputs to daily reforecast data (as in the NCEP models). Briefly, 
for a given lead time of N days, ECMWF forecasts from N − 2 to N + 2 
days are used to represent the N-day lead prediction. When two forecasts 
are available for the same lead time, an arithmetic mean is applied. 
Previous sensitivity tests have demonstrated that this reconstruction 
procedure does not alter the main conclusions derived from either the 
reconstructed daily reforecast data or the original twice-weekly outputs 
(Yang et al., 2018). We analyze daily outputs of Tmax, Tmin, zonal 
winds, and 500-hPa geopotential height from the 45-day reforecasts 
produced by the CFSv2 and ECMWF during the period 1999–2022. The 
lead time for a target day is up to 44 days. The 0-day (44-day) lead 
denotes that the model runs are initialized on the current day (44 days 
ago). For convenience, LD0, LD1, LD2, …, and LD44 represent the 
outputs of 0-day lead, 1-day lead, 2-day lead, …, and 44-day lead, 
respectively.

2.2. Definitions of heatwaves and BSISO

Currently, there is a lack of universally standardized definition of 
heatwaves across climate and public health disciplines (Robinson, 2001; 
Wang et al., 2017; You et al., 2017). In this study, different types of 
heatwaves are identified using percentile-based thresholds with dura
tion constraints, similar to those adopted in previous studies (Luo et al., 
2022; Luo et al., 2025). Specifically, compound heatwaves are identified 
if both daily Tmax and Tmin exceed their corresponding calendar 90th 
percentile values (derived from all summer days during 1999–2022) for 
at least three consecutive days. A daytime heatwave is defined as a 
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period of at least three consecutive days where daily Tmax exceeds its 
90th percentile, while the daily Tmin does not. A nighttime heatwave is 
defined analogously, with the roles of Tmax and Tmin reversed. Here, 
the relative threshold is defined as the 90th percentile of daily Tmax and 
Tmin, calculated from all summer days during the reference period of 
1999–2022. Heatwaves in observations and models are selected based 
on their respective observed and lead-time-dependent thresholds.

The boreal summer intraseasonal oscillation (BSISO) indices are 
constructed using a multivariate empirical orthogonal function (MV- 
EOF) of OLR and 500-hPa zonal wind (U500) anomalies analysis over 
the Asian summer monsoon domain (10◦S–40◦N, 40◦E–160◦E) (Jiang 
et al., 2004; Lee et al., 2013). Daily anomalies of OLR and U500 are 
obtained by removing the climatology over the 1999–2022. To extract 
intraseasonal variability, the anomaly fields are further band-pass 
filtered using a Butterworth filter (Selesnick and Burrus, 2002) for two 
frequency bands: 10–30-day and 30–60-day. The first two leading 
modes (PC1 and PC2) of the MV-EOF present the BSISO1-related signals 
with a period of approximately 30–60-day, which propagate north
wards/northeastwards from the tropical Indian Ocean towards East 
Asia. The third and fourth MV-EOF modes (PC3 and PC4) capture the 
northwestward propagating BSISO2 from the tropical central-western 
Pacific towards East Asia with a period of approximately 30–60-day. 
The life cycle of each BSISO component can be divided into eight distinct 
phases by constructing phase diagrams of the corresponding principal 
components (PCs). If a BSISO component has an amplitude less than 1, it 
is categorized as an insignificant BSISO signal. For model forecasts, 
BSISO indices are calculated from the initialized (raw) forecasts. Fore
cast anomalies at each lead time are obtained by removing a hindcast- 
based lead-time-dependent climatology. To ensure consistency with 
the observational BSISO definition, the predicted BSISO1 and BSISO2 
states were obtained by projecting the modeled OLR and U500 anom
alies at different forecast lead times onto the observed MV-EOF modes.

2.3. Methods

To diagnose the propagation of large-scale Rossby wave trains 
associated with different types of heatwaves over southern China, the 
horizontal Takaya-Nakamura wave activity flux (WAF) is applied, based 
on the ERA5 reanalysis dataset: 
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where the overbar and prime represent the climatological mean and 
anomaly. ψʹ denotes the perturbation streamfunction. The background 
flow (U, V) is defined as the daily climatological mean wind field at 500- 
hPa, calculated over the full study period. ∣U∣ represents the horizonal 
wind speed, φ is the latitude, λ is the longitude, and p is the pressure.

As shown in Eq. (2), the Heidke Skill Score (HSS; Heidke, 1926) 
quantifies forecast accuracy by estimating the proportion of correct 
predictions while adjusting for those that could occur by random chance 
(Hyvärinen, 2014). The HSS offers a clear evaluation of forecast skill 
relative to a reference value, and has been widely applied in previous 
studies on seasonal forecast verification (Barbero et al., 2017; Higgins 
et al., 2004; Kowal et al., 2023; Walker et al., 2019). Traditional skill 
scores such as the Threat Score and Equitable Threat Score are often 
sensitive to the base rate (i.e., the relative frequency of the event), and 
their values tend to decrease to zero as the event becomes more extreme. 
Because the frequency of extreme events varies significantly across re
gions due to local climate conditions, metrics like the Threat Score may 
not offer an objective assessment of forecast skill for extremes (Schaefer, 
1990; Stephenson, 2000). To address this issue, Ferro and Stephenson 

(2011) proposed the Extremal Dependence Index (EDI), which remains 
robust regardless of event rarity and does not rely on the base rate. 
Therefore, this study employs both the HSS and the EDI metrics to 
evaluate sub-seasonal prediction skill of heatwaves. The HSS and EDI 
are defined as follows: 

HSS =
2(ad − bc)

(a + c)(c + d) + (a + b)(b + d)
(2) 

EDI =
logF − logH
logF + logH

(3) 

F = b/(b+ d) H = a/(a+ c) (4) 

a, b, c, and d stand for hit, false alarm, miss, and correct rejection, 
respectively. F is the false alarm rate, and H is the hit rate. HSS and EDI 
range from − ∞ to 1, − 1 to 1 individually. A negative value indicates 
that the random forecast is better, while a value of zero means no skill. A 
perfect prediction obtains a value of 1.

To elucidate the basic physical mechanisms, composite analyses are 
performed for daytime, nighttime, and compound heatwaves. The sea
sonal cycle is removed by subtracting the climatological daily mean 
from each variable before constructing composites. All significance tests 
of the composite anomalies are conducted based on the Student's t-test. 
As these heatwave events are typically separated in time, and the in
fluence of serial autocorrelation is largely mitigated, temporal auto
correlation is not considered when estimating degrees of freedom for 
composite results. To assess whether the forecast skill exceeds that ex
pected by chance, statistical significance of HSS and EDI is evaluated 
using a bootstrap resampling approach.

3. Distinct features associated with three types of heatwaves

Fig. 1 shows frequencies and trends of daytime, nighttime, and 
compound heatwaves over southern China during MJJAS 1999–2022. 
Daytime heatwaves are primarily concentrated over the northern flank 
of southern China, with a regional-averaged frequency of 1.8 days per 
year (Fig. 1a). The occurrence of nighttime heatwaves is also limited 
during the recent two decades, with an area-averaged frequency of 2.4 
days (Fig. 1b). The occurrence of compound heatwaves is the most 
frequent in comparison, with a regional-averaged frequency of about 4 
days per year (Fig. 1c). While southern China is a hotspot for both the 
frequency and trend of compound heatwaves, the occurrence and trends 
of the other two heatwave types are notably less pronounced (Fig. 1). 
The occurrence dates of different heatwave types are presented in 
Fig. S1. Daytime heatwaves predominantly occur from August to 
September, whereas compound and nighttime heatwaves are concen
trated from June to August (Fig. S1). Notably, the temporal window for 
compound heatwave occurrences appears to be broadening (Fig. S1). 
This highlights the growing threat of compound heatwaves in the 
region.

Previous studies have indicated that distinct local mechanisms un
derlie different types of heatwaves (Luo et al., 2022; Luo et al., 2025; Wu 
et al., 2023). Fig. 2 displays several regional-averaged key variables 
linked to daytime, nighttime, and compound heatwaves over southern 
China. During daytime heatwaves, decreases in total cloud cover and 
relative humidity enhances downward shortwave radiation and surface 
net radiation (Fig. 2b–d). The elevated surface temperature is also 
accompanied by an increase in latent and sensible heat fluxes (Fig. 2e–f). 
In contrast, positive cloud cover and relative humidity anomalies are 
observed over southern China during nighttime heatwave period 
(Fig. 2b–c). These conditions lead to a reduction in daily net radiation 
(Fig. 2d) but induce significant positive anomalies in downward long
wave radiation at night, which mitigates surface heating during the 
daytime while sustains high temperatures at night (Chen and Lu, 2014; 
Luo et al., 2022; Luo et al., 2025; Wu et al., 2023). Correspondingly, 
nighttime heatwaves accompanied by negative anomalies of sensible 
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and latent heat fluxes (Fig. 2e–f). Local processes during compound 
heatwaves over southern China resemble those of daytime heatwaves, 
yet with markedly weaker negative anomalies in cloud cover and rela
tive humidity (Fig. 2b–f), allowing intense daytime heat persist into the 

night. In fact, compound heatwaves are substantially more intense than 
both daytime and nighttime heatwaves and tend to persist for longer 
(Fig. 2a).

These local anomalies are closely linked to distinct large-scale 

Fig. 1. (a–f) Climatological heatwave days (HWDs; days) and long-term trends (day yr− 1) of daytime, nighttime, and compound heatwaves in MJJAS over southern 
China during 1999–2022. (g) Time series of frequency of daytime (black), nighttime (blue), and compound heatwaves (red) during 1999–2022. Dashed lines of 
different colors represent linearly fitted results with respect to each type. The rectangle in (a-f) denote the domain of southern China (17.5◦–26◦N, 106.5◦–117◦E). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Composite anomalies of reginal-averaged (a) Tmax (◦C) and Tmin (◦C), (b) total cloud cover (%), (c) relative humidity (%), (d) surface net radiation flux (W 
m− 2; positive downwards), (e) surface latent heat flux (W m− 2; positive upwards), and (f) surface sensible heat flux (W m− 2; positive upwards) for daytime, 
nighttime, and compound heatwaves over southern China during MJJAS 1999–2022.
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atmospheric circulation patterns associated with different heatwave 
types (Fig. 3). During daytime heatwaves, southern China is situated at 
the southern edge of an anomalous upper-level anticyclone and the 
center of an anomalous lower-level anticyclone, which facilitates sub
sidence and maintains hot and dry conditions as indicated in Fig. 3a, d. 
The anomalous anticyclonic circulations are more likely induced by 
Rossby wave trains originating from mid-high latitudes, rather than 
from tropics (Fig. 3a, Fig. S2a–b). This southeastward-propagating wave 
train signal from mid-high latitudes is also evident prior to the onset of 
daytime heatwaves (Fig. S2a–b). After the onset, tropical-origin distur
bances appear to gradually replace the anomalous anticyclone over 
southern China with anomalous cyclonic circulation, which may 
contribute to the termination of daytime heatwaves (Fig. S2d–e and i–j). 
During nighttime heatwaves, the associated anticyclonic circulation 
anomalies are located to the southeast of southern China and are typi
cally driven by a “+ - +” Rossby wave pattern propagating northeast
ward from tropics (Fig. 3b, Fig. S3c). As a result, the southerly flow on 
the northwestern flank of the anticyclone brings anomalous moisture 
transport to the region, thereby facilitating the occurrence and suste
nance of nighttime heatwaves (Fig. 3e, Fig. S3h). Both the wave train 
signal and the circulation field weaken remarkably after the onset 
(Fig. S3 d–e, i–j). In the case of compound heatwaves, the associated 
anomalous anticyclone is located spatially between its counterparts 
linked to daytime and nighttime heatwaves, which consequently in
duces the anomalous moisture transport in an intermediate state 
(Fig. 3c, f, Fig. S4c, h). Compared to the other two types of heatwaves, 
compound heatwaves are accompanied by more pronounced geo
potential height anomalies, corresponding to a stronger thermal anom
aly. The associated anticyclonic system seems to be modulated by 
Rossby wave trains originating from both mid-high latitudes and low 
latitudes (Fig. 3c, f, Fig. S4). These signals dissipate rapidly after the 
onset (Fig. S4d–e, i–j).

4. Role of intra-seasonal oscillations

Previous studies have demonstrated that intra-seasonal oscillations 
could induce alternative anticyclonic and cyclonic circulations over 
southern China, and hence affect the occurrence of heatwaves (Chen 
et al., 2016, 2018). To investigate the contributions of intra-seasonal 
oscillations (10–60-day) to the occurrence of three types of heatwaves, 
we begin with analyzing the proportion of Tmax and Tmin anomalies 
attributable to the intra-seasonal component for daytime, nighttime, and 
compound heatwaves over southern China. For daytime heatwaves, 
intra-seasonal components contribute approximately 50% to Tmax but 
less than 20% to Tmin (Fig. 4a, d). In contrast, during nighttime heat
waves, their contributions to Tmax and Tmin are opposite (Fig. 4b, e). 
Compared to daytime and nighttime heatwaves, compound heatwaves 
exhibit higher contributions from intra-seasonal components (around 
60%) to both Tmax and Tmin (Fig. 4c, f).

We further perform a composite analysis on the intra-seasonal 
components (10–60-day, 10–30-day, and 30–60-day oscillations) of 
geopotential height and atmospheric circulation anomalies associated 
with the different types of heatwaves. Overall, the 10–60-day intra- 
seasonal component exhibit patterns largely consistent with the orig
inal signatures across all three heatwave types (Fig. 5a–c vs Fig. 3a–c; 
Figs. S2–S4 a–c vs Fig. S5), highlighting a crucial role of intra-seasonal 
oscillations in heatwave occurrences. Among the three heatwave 
types, the impact of intra-seasonal oscillations on compound heatwaves 
is the most pronounced (Fig. 5). We further decompose the intra- 
seasonal oscillation signals into high-frequency (10–30-day) and low- 
frequency (30–60-day) components (Fig. 5d–i). Both the high- and 
low-frequency components exhibit structures similar to those of the 
10–60-day intra-seasonal component. Nevertheless, the high-frequency 
component constitutes the dominant signal, while the influence of the 
low-frequency component is comparatively weaker (Fig. 5d–i).

The tropical intra-seasonal oscillations significantly influence heat
waves in southern China (Diao et al., 2018; Hsu et al., 2020), and 

Fig. 3. (a–c) Composite anomalies of (a) 500-hPa geopotential height (shading; m), winds (black vectors; m s− 1), and wave activity flux (purple vectors; m2 s− 2) for 
daytime (left), nighttime (middle), and compound heatwaves over southern China (right). (d–f) Same as in (a–c), but for 925-hPa winds (black vectors; m s− 1) and 
water vapor flux divergence (shading; kg m− 2 s− 1). Stippling areas indicate the values that are statistically significant at the 95% confidence level. The rectangle 
marks the domain of southern China.
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structures similar to the BSISOs are also observed in the above analysis. 
Therefore, based on the BSISO phase indices, we investigate the impacts 
of different BSISOs on the three types of heatwaves over the region. 
Fig. 6 displays frequency of daytime, nighttime, and compound heat
waves over southern China in different phases of BSISO1 and BSISO2. 
Compared to nighttime heatwaves, daytime heatwaves exhibit a weaker 
phase dependency, with a slightly higher occurrence during BSISO1 

phase-4 and BSISO2 phase-2 (Fig. 6a–b and d–e). On the other hand, 
nighttime heatwaves are more likely to occur in phase-2 of BSISO1 and 
phases 5–6 of BSISO2 (Fig. 6b, e), during which a high-pressure anomaly 
is induced to the southeast of southern China (Chen et al., 2018; Lee 
et al., 2013; Hsu et al., 2020). The likelihood of compound heatwaves is 
significantly higher during phase-2 of BSISO1, but less phase-dependent 
for BSISO2 (Fig. 6c, f). The weaker phase-dependent features of 

Fig. 4. (a–c) Proportion (%) of Tmax anomalies contributed by intra-seasonal components (10–60-day) for daytime (left), nighttime (middle), and compound 
heatwaves (right) over southern China. (d–f) same as in (a–c), but for the Tmin anomalies.

Fig. 5. (a–c) Composite anomalies of 500-hPa geopotential height and (shading; gpm) and wind (vectors; m s− 1) at 10–60-day intra-seasonal timescale for daytime 
(left), nighttime (middle), and compound heatwaves over southern China (right), respectively. (d–f) and (g–i) are the same as (a–c), but for 10–30-day and 30–60-day 
intra-seasonal components, respectively. Stippling areas indicate the values that are statistically significant at the 95% confidence level. The rectangle marks the 
domain of southern China.
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compound heatwaves might be attributed to the conducive circulation 
fields associated with multiple BSISO2 phases, and the interference from 
extra-tropical oscillations.

5. Influence of intra-seasonal oscillations on the sub-seasonal 
prediction of different heatwave types

The extent to which the intra-seasonal oscillations influence the sub- 
seasonal prediction of daytime, nighttime, and compound heatwaves 
remains unexplored. In this section, the skills of the NCEP CFSv2 and 
ECMWF models in predicting the three types of heatwaves over southern 
China are evaluated, and the role of intra-seasonal oscillations is 

investigated.
Fig. 7 displays the HSS and EDI of heatwave predictions at different 

forecast leads, derived from the NCEP CFSv2 and ECMWF. Only when 
the HSS and EDI values are statistically significant and positive can the 
model be considered effective in predicting heatwaves. The forecast 
skills of daytime, nighttime, and compound heatwaves decrease sharply 
as the lead time increases from 5 to 15 days (Fig. 7). Notably, both the 
NCEP CFSv2 and ECMWF show higher HSS and EDI values for com
pound heatwaves compared to daytime and nighttime heatwaves across 
most lead times (Fig. 7). While compound heatwaves can be effectively 
predicted approximately 20–35 days in advance, reliable forecasts for 
daytime and nighttime heatwaves rarely extend beyond a two-week 

Fig. 6. Frequency of southern China (a) daytime, (b) nighttime, and (c) compound heatwaves (right) in different phases of BSISO1. (d–f) are the same as (a–c), but 
for different phases of BSISO2. Red values indicate the ratio of heatwave frequency in each phase to the total heatwave frequency. Yellow values indicate the ratio of 
compound heatwave frequency in each phase to the total compound heatwave frequency captured by the NCEP CFSv2 at a 15-day lead. The red and blue makers 
denote the events successfully captured and missed by the NCEP CFSv2 at a 15-day lead, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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horizon. These findings suggest that the models retain a certain level of 
skill in forecasting compound heatwaves over southern China at sub- 
seasonal timescale, suggesting their superior predictability compared 
to daytime and nighttime heatwaves. The higher prediction skill of 
compound heatwaves may be partly attributed to their greater intensity 
(Fig. 2a) and stronger linkage to intra-seasonal oscillations (Fig. 4).

We further assess the impact of intra-seasonal oscillations on the sub- 
seasonal prediction of heatwaves. Given the lack of sub-seasonal pre
diction skill for daytime and nighttime heatwaves, the following analysis 
is focused exclusively on compound heatwaves. Based on the perfor
mance of the NCEP CFSv2 at a 15-day lead, we calculate the composite 
temperature anomalies and the contributions from intra-seasonal oscil
lations for both successfully forecasted (hit) and missed (not hit) com
pound heatwaves (Fig. 8). Slightly stronger temperature anomalies are 
observed over southern China for the “hit” group compared to the “not 
hit” group (Fig. 8a–b, and e–f). Furthermore, the contribution from 
intra-seasonal oscillations is more pronounced in these successfully 

forecasted cases, exceeding 70% in most areas (Fig. 8c–d, and j–h). 
Similar features can be obtained based on the ECMWF performance 
(figure not shown). These results suggest the significant influence of 
intra-seasonal oscillations on the sub-seasonal prediction of compound 
heatwaves.

A comparative analysis of the relevant circulation fields is conducted 
for “hit” versus “not hit” events to identify a potential sub-seasonal 
predictability window for compound heatwaves in southern China. 
Composite anomalies of 500-hPa geopotential height, winds, and wave 
activity fluxes on different intra-seasonal timescales for compound 
heatwaves successfully forecasted (hit) and missed (not hit) by the NCEP 
CFSv2 at 15-day lead are displayed in Fig. 9. In the “hit” group, a robust 
and well-organized intra-seasonal Rossby wave train is clearly observed 
propagating northeastward along East Asia from the low-latitudes 
(Fig. 9a). In contrast, the “not hit” group is accompanied by more pro
nounced signals from the mid-high latitudes, whereas a weaker north
eastward propagation of Rossby wave train from low-latitudes is 

Fig. 7. Heidke Skill Score at different forecast leads from 0 to 44 days for daytime (black), nighttime (blue), and compound (red) heatwaves over southern China 
derived from (a) the CFSv2 and (b) the ECMWF. (c–d) are the same as (a–b), but for the Extreme Dependency Index. Dots indicate the values that are statistically 
significant at the 95% confidence level based on a bootstrap resampling approach. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 8. Composite anomalies of (a) Tmax (◦C) and (b) Tmin (◦C) for compound heatwaves hit by the NCEP CFSv2 at 15-day lead. (c) Proportions of Tmax associated 
from 10 to 60-day component to total Tmax for compound heatwaves hit by the CFSv2 at a 15-day lead. (d–h) are the same as (a–d), but for compound heatwaves not 
hit by the CFSv2.
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observed (Fig. 9d). The intra-seasonal components of positive geo
potential height anomalies dominated over southern China are weaker 
in the “not hit” group than the “hit” group, contributed by both the 
weaker high-frequency and low-frequency components (Fig. 9). The 
composite results based on the performance of the ECMWF model show 
similar features, including more pronounced northeastward propagation 
of intra-seasonal Rossby wave train from low-latitudes and a more 
robust high-pressure system over southern China for the “hit” group 
compared to the “not hit” group (Fig. 10). The mid-high latitude signals, 
however, are also more pronounced in the “hit” group than the “not hit” 
group derived from the ECMWF results (Fig. 10). The above analysis 
suggests that the enhanced influence of intra-seasonal oscillations, 
especially those of tropical origin, offers a potential opportunity of sub- 
seasonal prediction for compound heatwaves in southern China. In fact, 
the accurately predicted compound heatwaves by the NCEP CFSv2 in 
15-day lead tend to be distributed in phases 2–3 of BSISO1 and Phases 
8–1 of BSISO2 (Fig. 6). By contrast, daytime and nighttime heatwaves 
are rarely successfully captured by the model with a 15-day lead, 
especially daytime heatwaves (Fig. 6). Interestingly, while successfully 
predicted nighttime heatwaves are concentrated when BSISO1 is 

insignificant, they are mostly detected in phases 5–7 of BSISO2, signi
fying the important influence of BSISO2 on the sub-seasonal prediction 
of nighttime heatwaves in southern China (Fig. 6).

6. Conclusion and discussion

As one of the most densely populated and climate-sensitive regions, 
southern China has been increasingly affected by frequent heatwaves in 
recent decades, especially compound heatwaves. Understanding the 
physical mechanisms and sources of predictability for such events, 
including how they differ from other heatwave types, is essential for 
improving regional heatwave forecasts. In this study, the distinct in
fluences of tropical and extra-tropical intra-seasonal oscillations on 
different heatwave types over southern China, along with their impli
cations for sub-seasonal prediction, are comprehensively investigated.

Our findings reveal that daytime heatwaves over southern China are 
more strongly influenced by extratropical wave trains and typically 
associated with clear-sky and dry conditions, which promote intense 
surface heating during daytime (Fig. 11a). Southern China is situated at 
the southern edge of an anomalous upper-level anticyclone and the 

Fig. 9. (a–c) Composite anomalies of observed 500-hPa geopotential height (shading; gpm), winds (vectors; m s− 1), and wave activity flux (purple vectors; m2 s− 2) at 
10–60-day, 10–30-day, 30–60-day intra-seasonal timescales for compound heatwaves hit by the NCEP CFSv2 at a 15-day lead. (d–f) Same as in (a–c), but for the “not 
hit” group. Stippling areas indicate the values that are statistically significant at the 95% confidence level. The rectangle marks the domain of southern China.

Fig. 10. Same as in Fig. 9, but for composite results based on predictions by the ECMWF at a 15-day lead.
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center of an anomalous lower-level anticyclone (Fig. 11a). In contrast, 
nighttime heatwaves are primarily driven by Rossby wave trains prop
agating northeastward from tropics, which induce anomalous anticy
clonic circulation to the southeast of southern China (Fig. 11b). The 
southerly flow on the northwestern flank of the anticyclone brings 
anomalous moisture transport to the region, with enhanced cloud cover 
and humidity, thereby suppressing nocturnal cooling (Fig. 11b). Com
pound heatwaves are characterized by the most intense surface tem
perature anomalies and strongest long-term trends among the three 
heatwave types. Dynamically, compound heatwaves are associated with 
Rossby wave trains originating from both tropical and extratropical re
gions (Fig. 11c). These wave trains are largely driven by intra-seasonal 
oscillations, with the 10–30-day component being predominant. 
Among the three heatwave types, compound heatwaves exhibit the 
largest proportion of intra-seasonal variability in both Tmax and Tmin. 
Nighttime heatwaves exhibit the most pronounced phase-dependent 
features compared to the other two heatwave types, which are most 
likely to occur during phase 2 of BSISO1 and phases 5–6 of BSISO2.

Utilizing the NCEP CFSv2 and ECMWF outputs, sub-seasonal pre
diction skill evaluated via the HSS and EDI shows that compound 
heatwaves over southern China maintain superior prediction skills 
compared to daytime and nighttime types. While the effective skill of the 
other two heatwave types is limited to weather timescales, compound 
heatwaves retain reliable skills at sub-seasonal range. The higher pre
diction skill of compound heatwaves may be partly attributed to their 
greater intensity and stronger linkage to intra-seasonal oscillations. 
Further composite analysis reveals that successfully forecasted com
pound heatwaves at a 15-day lead is accompanied by more pronounced 
northeastward propagation of intra-seasonal Rossby wave train from 
low-latitudes and a more robust high-pressure system over southern 
China compared to the events not captured by the models. This finding 

highlights a potential opportunity of sub-seasonal prediction for com
pound heatwaves in southern China, which arises from the enhanced 
influence of intra-seasonal oscillations, particularly those of tropical 
origin.

While predicting heatwaves beyond two weeks in advance remains a 
major challenge, the relatively high sub-seasonal prediction skill of 
recent, markedly intensified compound heatwaves offers a promising 
new avenue for extended-range early warnings. Despite these findings, 
several limitations should be acknowledged. Our study is confined to 
southern China to facilitate a detailed analysis, the broader applicability 
of our findings remains further research. Furthermore, while our study 
specifically focuses on the role of intraseasonal oscillations, the evolu
tion of heatwaves involves a combination of dynamical and radiative 
processes, driven by multi-scale climate systems (Ha et al., 2022; Luo 
and Lau, 2017; Miralles et al., 2014; Seo et al., 2021; Zscheischler et al., 
2020; Zhang et al., 2023). The initialization of land surface conditions, 
such as soil moisture, and the land–atmosphere feedbacks also pay 
important roles in affecting heatwaves and their sub-seasonal prediction 
(Perkins et al., 2015; Lyu et al., 2024; Zheng et al., 2025). For instance, 
Lyu et al. (2024) demonstrated that the ECMWF model exhibited limited 
skill in predicting soil moisture reduction and failed to accurately cap
ture land-atmosphere coupling, resulting in a severe underestimation of 
the 2023 heatwave intensity over Southeast Asia. A composite analysis 
of soil moisture for “hit” and “not hit” events in the 15-day lead forecast 
further underscores the critical role of soil moisture in the sub-seasonal 
prediction of compound extreme heatwaves (Fig. S6). Moreover, the 
peripheral subsidence and associated moisture transport prior to 
typhoon landfall may also contribute to the occurrence of heatwaves 
(Zhao et al., 2021; Zhang et al., 2024). Several heatwaves, particularly 
daytime and compound ones, were observed before landfall or dissipa
tion, such as the cases in 2008 and 2019 summers (Fig. S1). Whether and 

Fig. 11. Schematic of physical processes associated with daytime, nighttime, and compound heatwaves over southern China.
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how the interactions between typhoons and intraseasonal oscillations 
affect the sub-seasonal prediction of different types of heatwaves over 
southern China remains an open question. As the dominant signal on the 
interannual timescale, previous studies have indicated that ENSO can 
also significantly modulate both intraseasonal oscillations and heat
waves (Lin, 2019; Tang et al., 2023). How these various factors and their 
interplay influence different types of heatwaves and their sub-seasonal 
prediction remains poorly understood, warranting further 
investigations.
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