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Abstract
As one of the most populated agricultural habitats in the world, Southeast Asia has been highly exposed to extremes of 
weather and climate, posing great importance to figure out the trend and variability characteristics of extremes over there. 
The annual extreme precipitation and temperature over Southeast Asia during 1981–2017 are analyzed in this study using 
datasets based on daily observations derived from thousands of meteorological stations. Results show that the wet extremes 
decrease over the areas surrounding the South China Sea and increase over the south of the Philippines and Indonesia with the 
most significant trends detected over the east of Indochina and New Guinea. Extreme high temperatures decrease significantly 
over the middle of New Guinea and increase over Indochina, Sumatra, Java, and Kalimantan. Moreover, empirical orthogo-
nal function (EOF) analyses show that the first principal components for most precipitation extremes are characterized by 
significant decadal changes relevant to the Atlantic Multidecadal Oscillation and Pacific Decadal Oscillation, and the second 
principal components exhibit significant interannual variability associated with oceanic systems such as El Niño–Southern 
Oscillation (ENSO). As for temperature extremes, the leading EOF modes show non-significant trends or decadal variations, 
but significant interannual variations related to ENSO and the Indian Ocean Dipole are detected.

1 Introduction

Since the 1950s, due to rapidly increasing concentrations 
of greenhouse gases (Brohan et al. 2006; IPCC 2013), the 
warming world has led to rising sea levels, shrinking snow 
and ice covers, inducing variations in the trends, frequency, 
and intensity of climate extremes globally (Alexander et al. 
2006; Fan et al. 2014; Fischer and Knutti 2015; Schleussner 
et al. 2016). These extremes include extraordinary tempera-
ture and precipitation, which have never been evenly dis-
tributed for either temporal or spatial aspects (Donat et al. 
2013).

Southeast Asia, consisting of Indochina and the Malay 
Archipelago, is a key area connecting Asia with the Indian 
Ocean and the Pacific Ocean. Being densely populated and 
highly agriculture-reliant, the lives and economies over 
Southeast Asia are under great impacts of both precipitation 
and temperature extremes (Zander et al. 2019). Projections 
on the future under different global warming levels show 
that the most obvious extreme changes would predominantly 
occur in the coastal areas, and higher global warmings are 
more likely to induce stronger extremes (Manton et al. 2001; 
Endo et al. 2009; Caesar et al. 2011; Zhu et al. 2020). So 
far, previous studies have mostly concentrated on how the 
Southeast Asia climate extremes change in the future, while 
the trends and variabilities during the recent decades have 
not yet been comprehensively investigated.

It is widely known that variability of the Asian climate 
is profoundly impacted by internal variability of oceanic 
systems such as the Atlantic Multidecadal Oscillation 
(AMO), Pacific Decadal Oscillation (PDO), El Niño–South-
ern Oscillation (ENSO), and Indian Ocean Dipole (IOD) 
(Nicholls et al. 2005; Della-Marta et al. 2007; Si and Ding 
2016; Thirumalai et al. 2017; Cheong et al. 2018; Li and 
Yuan 2019; Qian and Zhang 2019). ENSO and IOD are two 
important modes over the Pacific and the Indian Ocean, 
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respectively, modulating variations of the temperature and 
precipitation anomalies over Southeast Asia mainly through 
exciting anomalous circulations over the western North 
Pacific (Thirumalai et al. 2017; Cheong et al. 2018; Fan et al. 
2019). Moreover, changes of the AMO and PDO are demon-
strated to modulate the South China Sea summer monsoon 
and summer precipitation over Southern China via modu-
lating ENSO variability and propagation path of mid-high-
latitude Rossby wave activities (Zhou and Wu 2016; Fan and 
Fan 2017; Fan et al. 2019). Notably, whether these natural 
variabilities emerge significant modifications in extreme cli-
mates over Southeast Asia remains unclear. Therefore, the 
relationships between these large-scale atmosphere–ocean 
systems and the extremes of precipitation and temperature 
over Southeast Asia are to be explored in this study.

The article is organized as follows. The data and methods 
are briefly described in Sect. 2. Section 3 provides the spatial 
and temporal characteristics of temperature and precipitation 
extremes over Southeast Asia. In Sect. 4, the general rela-
tionships between the extremes and oceanic factors such as 
the AMO, PDO, ENSO, and IOD are investigated. Finally, 
the conclusion and discussion are given in Sect. 5.

2  Data and methods

Observations of daily temperature and precipitation over 
Southeast Asia for the period of 1981–2017 are provided by 
the Southeast Asia Climate Assessment and Dataset project 
with a horizontal resolution of 0.5° × 0.5°, which are referred 
to as the SA-OBSv2.0 dataset (van den Besselaar et al. 2017; 
Ge et al. 2021). This dataset is derived, with the qualities 
strictly controlled, from the observations of meteorological 
stations (Fig. 1).

Monthly Sea Surface Temperature (SST) data are the 
Extended Reconstructed SST V5 provided by the U.S. 
National Oceanic and Atmospheric Administration with a 
horizontal resolution of 2° × 2° during 1981–2017 (Huang 
et  al. 2017). Geopotential height and wind datasets are 
obtained from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) ERA5 with a horizontal reso-
lution of 0.25° × 0.25° (Hersbach et al. 2019).

Following the recommendations of the Expert Team on 
Climate Change Detection and Indices (ETCCDI), 11 indi-
ces quantitatively describing temperature and precipitation 
extremes are listed in Table 1. More details can be found 
at the ETCCDI website (http:// etccdi. pacifi ccli mate. org/ 
indic es. shtml). In addition, the monthly series of the AMO 
index, the PDO index, the ENSO Index, and the IOD index 
are obtained from the U.S. National Oceanic and Atmos-
pheric Administration Physical Sciences Laboratory (https:// 
psl. noaa. gov). The AMO index is calculated by averaged 
SST anomalies in the Atlantic north of the equator. PDO 
is obtained through the leading principal component of 
monthly SST anomalies in the North Pacific Ocean (pole-
ward of 20° N). ENSO is monitored using the Niño 3.4 SST 
index which is the average SST anomalies over east-cen-
tral Tropical Pacific SST (5° S–5° N and 170°–120° W). 
The IOD is represented with the dipole mode index (DMI) 
which is the difference of the area mean SST anomalies in 

Meteorological Station

Fig. 1  The study area and spatial distribution of meteorological sta-
tions

Table 1  Definitions of extreme indices

ID Index name Definitions Units

SDII Daily precipitation intensity Total precipitation divided by the number of wet days (PRCP ≥ 1 mm) mm/day
R10mm Number of heavy precipitation days Number of days when PRCP ≥ 10 mm/year days
R20mm Number of very heavy precipitation days Number of days when PRCP ≥ 20 mm/year days
RX5day Maximum 5-day precipitation Maximum consecutive 5-day precipitation per year mm
CDD Consecutive dry days Maximum number of consecutive days with daily precipitation < 1 mm/year days
CWD Consecutive wet days Maximum number of consecutive days with daily precipitation ≥ 1 mm/year days
TXx Maximum of daily maximum temperature The maximum value of daily maximum temperature per year °C
TNx Maximum of daily minimum temperature The maximum value of daily minimum temperature per year °C
TXn Minimum of daily maximum temperature The minimum value of daily maximum temperature per year °C
TNn Minimum of daily minimum temperature The minimum value of daily minimum temperature per year °C
DTR Daily temperature range The difference between daily maximum and minimum temperature per year °C

http://etccdi.pacificclimate.org/indices.shtml
http://etccdi.pacificclimate.org/indices.shtml
https://psl.noaa.gov
https://psl.noaa.gov
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the western equatorial Indian Ocean (W-IO) (50°–70° E and 
10° S–10° N) and the southeastern equatorial Indian Ocean 
(E-IO) (90°–110° E and 10° S–0°).

Aiming at investigating the spatial and temporal variation 
characteristics of the precipitation and temperature extremes 
over Southeast Asia, the Empirical Orthogonal Function 
(EOF) analysis is employed, which is a method analyzing 
the structural characteristics of matrix data and is widely 
used in climate-related studies. The running t test is utilized 
to detect the decadal variation of extreme temperature and 
precipitation. The trends of the extreme indices from 1981 
to 2017 are calculated by simple linear regression. Pearson 
correlation coefficients between extremes indices and the 
typical ocean systems are calculated to analyze the possi-
ble underlying influences of oceanic factors on extremes in 
Southeast Asia.

3  Results

3.1  Precipitation extremes

3.1.1  Climatological means

Spatial distributions of the climatological means of extreme 
precipitation indices over Southeast Asia during 1981–2017 
are shown in Fig. 2. It is indicated that New Guinea and 
western Indochina are characterized by generally more 
intense drought extremes than Kalimantan and eastern 
Indochina. The consecutive dry days (CDD) are lower than 
60 days over Malaysia, Kalimantan, the southern Philip-
pines, and northern Sumatra, while greater than 100 days 
over central New Guinea indicating its longer range of dry 
season (Fig. 2a). On the other hand, it shows higher consecu-
tive wet days (CWD) values over Kalimantan and relatively 
lower over most areas of New Guinea (Fig. 2b). The number 
of heavy precipitation days (R10mm) values is greater than 
60 days over Kalimantan, the center of the Philippines, and 
some parts of Sumatra, while less than 60 days over west-
ern Indochina and New Guinea (Fig. 2c). Meanwhile, the 
number of very heavy precipitation days (R20mm) (Fig. 2d) 

Fig. 2  Spatial distributions of 
the climatological mean a CDD, 
b CWD, c R10mm, d R20mm, e 
RX5day, and f SDII over South-
east Asia during 1981–2017
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and the daily precipitation intensity (SDII) (Fig. 2f) both 
show similar spatial distribution patterns to the R10mm. 
The maximum 5-day precipitations (RX5day) greater than 
160 mm are mainly located over northeastern Indochina, the 
western of Malaysia, and the northern Philippines (Fig. 2e), 
and those lower than 140 mm are over most areas in west-
ern Indochina, Indonesia, the eastern of Malaysia, and New 
Guinea.

3.1.2  Trends

The linear trend distributions of precipitation extremes over 
Southeast Asia during 1981–2017 represented by the coef-
ficients of extremes indices regression on time are displayed 
in Fig. 3. The CDD shows a significantly decreasing trend 
at a rate of 0–4.0 over southern Indochina and the middle 
of Sumatra. In addition, more conspicuous decrease can be 
detected over New Guinea by 4.0–12.0 (Fig. 3a). In con-
trast, the CWD slightly increases over almost the whole area, 
with significant trends mainly distributed over Sumatra and 
New Guinea (Fig. 3b). The R10mm increases by 0–3.0 over 
Indochina, northern Malaysia, and partial southern Indone-
sia, while decreases significantly at a rate of 1.0–2.0 over 

the north part of Indochina and of around 3.0 over New 
Guinea (Fig. 3c). The R20mm trends show similar spatial 
distributions to those of the R10mm (Fig. 3d). The RX5day 
decreases significantly over the northeastern Indochina, 
while generally increasing over the other areas, with the 
most significant increasing trends of approximately 3.2 
located over New Guinea (Fig. 3e). The SDII is found to 
increase over the whole region except for northeastern Indo-
china, with its significant trends of > 0.2 over Kalimantan 
and New Guinea (Fig. 3f).

Overall, during the past several decades, areas surround-
ing the South China Sea tend to be drier, and the southern 
Philippines and Indonesia wetter. The east of Indochina and 
New Guinea are undergoing the most significant variation 
trends.

3.1.3  Spatiotemporal characteristics

Aiming at obtaining the typical spatial characteristics of 
extreme climate and its annual variation, the leading EOF 
modes and the corresponding time series are analyzed in 
this section. The first leading EOF mode (EOF1) of CDD 
accounts for 62.5% of the total variance, with negative values 

Fig. 3  Spatial distributions of 
the linear trends of a CDD, b 
CWD, c R10mm, d R20mm, e 
RX5day, and f SDII over South-
east Asia during 1981–2017. 
Dotted areas are significant 
at the 0.01 significance level 
according to the Student’s t test
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mostly over the whole of Southeast Asia (Fig. 4a). The first 
principal component (PC1) of CDD shows a considerable 
increasing tendency according to the linear tendency analy-
sis (Fig. 4b) and has experienced a significant decadal vari-
ation around 2001 according to the running t test (Fig. not 
shown). On the other hand, the EOF1 of CWD accounts for 
24.0% of the total variance with positive values over most 
of Southeast Asia (Fig. 4c). The PC1 of the CWD increases 
significantly and has experienced a significant decadal vari-
ation around 2000 (Fig. 4d). With respect to the R10mm, 
the EOF1 accounts for 37.9% of the total variance, with 
positive values over Indonesia, the Philippines, and New 
Guinea, but negative values over the northeast of Indochina 
(Fig. 4e). The PC1 of R10mm increases significantly and 
has experienced two decadal changes around 1992 and 2005, 
respectively, with an average of − 0.9 during 1981–1991 
and 1.1 during 2006–2017 (Fig. 4f). The EOF1 of R20mm 
accounts for 33.2% of the total variance with positive values 
over Indochina and Malaysia, while with negative values 
over Indonesia, the Philippines, and New Guinea (Fig. 4g). 
The PC1 of R20mm shows a significantly decreasing trend at 
a rate of 0.7 per decade (Fig. 4h) and experiences a decadal 
variation around 2000. The EOF1 of RX5day accounts for 
33.2% of the total variance with positive values over Kalim-
antan, the southern Philippines, and New Guinea (Fig. 4i). 
The PC1 of RX5day increases significantly at a rate of 0.6 
per decade with a decadal variation around 2002 (Fig. 4j). 
The EOF1 of SDII accounts for 38.0% of the total variance 

with positive values over the northeastern Indochina and 
Malaysia (Fig. 4k), with the corresponding PC1 significantly 
decreased by 0.6 per decade (Fig. 4l), experiencing two dec-
adal variations around 1991 and 1998, with an average of 
0.5 during 1981–1991, 0.9 during 1993–1997, and − 1.0 
during 2005–2017.

The second leading EOF mode (EOF2) of the CDD 
explains 9.5% of the total variance with positive values 
over most of Southeast Asia (Fig. 5a). As shown in Fig. 6b, 
the second principal component (PC2) of the CDD shows 
a decreasing trend with no decadal change according to the 
running t test (Fig. 5b). The EOF2 of the CWD explains 
13.2% of the total variance (Fig. 5c), with positive values 
over Indochina and Malaysia but negative values over Indo-
nesia and New Guinea. The PC2 of CWD decreases signifi-
cantly (Fig. 5d) with a decadal variation around 1993. The 
EOF2 of R10mm explains 16.7% of the total variance with 
negative values over most of Southeast Asia, but positive 
values over the south of Indochina, middle Sumatra, and 
New Guinea (Fig. 5e). The PC2 of R10mm shows no statisti-
cally significant trend (Fig. 5f) but experienced a significant 
decadal variation around 1998, with an average of − 0.1 
during 1981–1997 and 0.1 during 1999–2017. The EOF2 
of R20mm explains 15.3% of the total variance with posi-
tive values over Indonesia and eastern Indochina (Fig. 5g). 
The PC2 of R20mm shows no significant tendency (Fig. 5h) 
but experiences a significant decadal variation around 2000. 
The EOF2 of RX5day explains 12.0% of the total variance, 

Fig. 4  Spatial patterns of the first leading EOF (EOF1) mode and the 
time series of the first principal component (PC1) of the a, b CDD, c, 
d CWD, e, f R10mm, g, h R20mm, i, j RX5day, and k, l SDII over 

Southeast Asia during 1981–2017. The marks of * and ** over the 
letter y represent that the linear regression equation is significant at 
0.05 and 0.01 significance levels, respectively
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with positive values over most of Indochina and Malay-
sia (Fig. 5i). The PC2 of RX5day shows a non-significant 
decrease with an average of 0.3 mm during 1981–1991, 
− 1.3 mm during 1996–2000, and 0.1 mm during 2007–2017 
(Fig. 5j). The EOF2 of SDII explains 14.1% of the total 
variance with positive values over Indonesia, New Guinea, 
and some parts of Indochina (Fig. 5k). The PC2 of SDII 
increases significantly at a rate of 0.3 per decade, with a 
significant decadal variation around 2001 (Fig. 5l).

3.2  Temperature extremes

3.2.1  Climatological means

The spatial distributions of the climatological mean of 
temperature extremes in Southeast Asia during 1981–2017 
are shown in Fig.  6. The distribution of temperature 
extreme is related to the terrain, for mountainous areas 
with high altitudes, such as the east of Indochina, the west 
of Sumatra, the central of Kalimantan, and the center of 
New Guinea, and the value of the temperature extreme is 
relatively lower than elsewhere. The minimum of daily 
minimum temperature (TNn) (Fig. 6a), maximum of daily 
minimum temperature (TNx) (Fig. 6b), minimum of daily 
maximum temperature (TXn) (Fig. 6c), and maximum 
of daily maximum temperature (TXx) (Fig. 6d) over the 
above-mentioned areas are lower than 16 °C, 20 °C, 22 °C, 
and 30 °C, while over the rest of Southeast Asia they are 

larger than 20 °C, 22 °C, 24 °C, and 31 °C, respectively. 
The areas with a relatively larger daily temperature range 
(DTR) are distributed in the middle of Indochina, the east 
of Sumatra, the central and south of Kalimantan, Sulawesi, 
and the center of New Guinea, with the largest values 
located in the northwest of Indochina (Fig. 6e).

3.2.2  Trends

The regression coefficients between time series and tem-
perature extremes in Southeast Asia during 1981–2017 are 
calculated to show the variation trends (Fig. 7). The TNn 
increases significantly at a rate around 0.03 over most of 
Southeast Asia and decreases remarkably at a rate around 
0.1 over the middle of New Guinea (Fig. 7a). Moreover, 
the trends of TNx and TXx show similar spatial distribu-
tions as that of the TNn (Fig. 7b, d). The TXn increases 
over the middle of Indochina and decreases in the southern 
Philippines (Fig. 7c). The DTR decreases notably over 
western Malaysia, the center of Sumatra, and western 
Kalimantan, and increases over northeast Indochina, the 
northern Philippines, and West Sulawesi (Fig. 7e).

3.2.3  Spatiotemporal characteristics

The EOF analyses are also utilized in this section to illustrate 
the typical spatial characteristics of temperature extreme and 

Fig. 5  Spatial patterns of the second leading EOF (EOF2) mode and 
the time series of the second principal component (PC2) of the a, b 
CDD, c, d CWD, e, f R10mm, g, h R20mm, i, j RX5day, and k, l 

SDII over Southeast Asia during 1981–2017. The marks of * and ** 
over the letter y represent that the linear regression equation is signifi-
cant at 0.05 and 0.01 significance levels, respectively
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its temporal variation. The EOF1 of TNn explains 34.1% of 
the total variance (Fig. 8a) with positive values over most 
of Southeast Asia. The PC1 of TNn increases significantly 
and has experienced a significant decadal variation around 
2000 (Fig. 8b). The EOF1 of TNx explains 42.6% of the total 
variance with positive values over most of Southeast Asia 
(Fig. 8c). The PC1 of TNx increases and has experienced 
a significant decadal variation around 2001 (Fig. 8d). The 
EOF1 of TXn explains 23.6% of the total variance (Fig. 8e) 
with positive values over Indochina, eastern Malaysia, and 
Indonesia, and negative values over the Philippines and New 
Guinea. The PC1 of TXn shows no statistically significant 

trend but has experienced two variations around 1993 
and 2005, respectively, with an average of 0.4 °C during 
1981–1992 and 0.01 °C during 2006–2017 (Fig. 8f). The 
EOF1 of TXx explains 48.6% of the total variance (Fig. 8g) 
with positive values over most of Southeast Asia. The PC1 
of TXx shows no statistically significant tendency (Fig. 8h) 
but has experienced a decadal variation around 1993. The 
EOF1 of DTR explains 23.0% of the total variance (Fig. 8i) 
with positive values over most of Southeast Asia but exhibits 
negative values over Malaysia, central Sumatra, and west-
ern Kalimantan, consistent with areas that decreased signifi-
cantly in the linear trend of DTR. The PC1 of DTR increases 

Fig. 6  Spatial distribution of the climatological mean of a TNn, b TNx, c TXn, d TXx, and e DTR over Southeast Asia during 1981–2017
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significantly at a rate of 0.6 °C per decade (Fig. 8j) with a 
decadal variation around 1991.

The EOF2 of TNn accounts for 23.1% of the total variance 
with positive values over most of Southeast Asia (Fig. 9a). 
The PC2 of TNn increases significantly (Fig. 9b) and has 
experienced two decadal variations around 1991 and 2007, 
respectively, with an average of − 1.1 °C during 1981–1990 
and 0.5 °C during 2008–2017. The EOF2 of TNx accounts 
for 18.0% of the total variance with negative values over 
most of Southeast Asia (Fig. 9c). The PC2 of TNx decreases 
significantly at a rate of 0.6 °C per decade (Fig. 9d) and 

has experienced two significantly decadal variations around 
1991 and 2009, respectively, with an average of 1.1 °C dur-
ing 1981–1990 and − 0.5 °C during 2010–2017. The EOF2 
of TXn explains 22.3% of the total variance (Fig. 9e) with 
positive values over most of Southeast Asia. The PC2 of 
TXn (Fig. 9f) shows no significant tendency but experiences 
a decadal variation around 1992. The EOF2 of TXx clari-
fies 9.4% of the total variance (Fig. 9g) with positive values 
over southern Indonesia, western New Guinea, and Kalim-
antan, and negative values over Indochina, the Philippines, 
and Malaysia. The PC2 of TXx decreases significantly at 

Fig. 7  The spatial trends of a TNn, b TNx, c TXn, d TXx, and e DTR over Southeast Asia during 1981–2017. Dotted areas are significant at the 
0.01 significance level according to the Student’s t test
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a rate of 0.4 °C per decade (Fig. 9h) and has experienced 
two decadal variations around 1993 and 2007, respectively, 
with an average of 0.8 °C during 1981–1992 and − 0.3 °C 
during 2008–2017. The EOF2 of DTR describes 20.4% of 
the total variance (Fig. 9i) with negative values over most 
of Southeast Asia. The PC2 of DTR shows no significant 
tendency (Fig. 9j) but has experienced a decadal variation 
around 1999.

In conclusion, over most of Southeast Asia, both the 
extremes defined by minimum temperature and those of 
maximum temperature show significant increasing trends. 
Besides, the changes in the maximum temperature extremes 
are smaller than those of the minimum temperature, which 
explains the decreasing trend of the daily temperature range.

4  Possible impacts from oceanic systems

Plenty of studies have indicated that changes in tempera-
ture and precipitation extremes are influenced by anomalous 
atmospheric circulations under the modulation of large-scale 
oceanic systems such as AMO, PDO, ENSO, and IOD (Lu 
et al. 2006; Yu et al. 2016; Gao et al. 2017, 2019; Shi et al. 
2018). Therefore, to detect possible impacts of oceanic sys-
tems on the extremes over Southeast Asia, the correlations 
between the detrended PC1 and PC2 of the extremes and 
indices of these oceanic systems are calculated in this study 
and shown in Tables 2 and 3.

As a prominent sea surface temperature anomaly in 
the tropical Pacific Ocean, ENSO has critical impacts on 
atmospheric circulation and precipitation as well as extreme 
events throughout the world (Kenyon and Hegerl 2008; Zhou 
and Wu 2016; Gao et al. 2017). Specifically, the anoma-
lous anticyclone induced by El Niño-associated warm sea 
surface temperature anomalies over the eastern Pacific is 
likely to reduce the precipitation and increase the heat risks 
over Southeast Asia. Almost all extreme high-temperature 
events over the Indochina peninsula occur in El Niño years 
(Thirumalai et al. 2017). Significant relationships between 
ENSO and extremes over Southeast Asia have been detected, 
especially for the precipitation extremes over the Philippines 
(Cheong et al. 2018; Liao et al. 2021). The Niño 3.4 index 
is employed here in this study to represent the ENSO inten-
sity, which is found significantly correlated with the PC1s of 
CWD and R10mm in Table 2 as well as the PC2s of CDD, 
R10mm, DTR, TXn, and TXx in Table 3. A close relation-
ship is hence demonstrated between ENSO and the extremes 
of precipitation and temperature over Southeast Asia.

AMO is a basin-wide sea surface temperature anomaly 
over the North Atlantic Ocean, whose phase changes could 
modulate the summer precipitation over Southeast Asia (Fan 
et al. 2019). AMO can influence the circulation background 
field in Southeast Asia by regulating the Eurasia telecon-
nection and the mid-high-latitude wave activities (Della-
Marta et al. 2007; Zhou and Wu 2016). In addition, through 
a series of air–sea interactions, AMO regulates the Walker 

Fig. 8  Spatial patterns of the first leading EOF (EOF1) mode and the 
time series of the first principal component (PC1) of the a, b TNn, c, 
d TNx, e, f TXn, g, h TXx, and i, j DTR index over Southeast Asia 

during 1981–2017. The marks of * and ** over the letter y represent 
that the linear regression equation is significant at 0.05 and 0.01 sig-
nificance levels, respectively
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circulation, and therefore, induces anomalies circulation 
over the Pacific (Kucharski et al. 2016; Sun et al. 2017) 
as well as SST anomalies which influence the intensity of 
ENSO (Lu et al. 2008) and finally modulates the climate 
background over Southeast Asia. As shown in Table 2, 
AMO is significantly correlated with the PC1s of R10mm 
and R20mm indices.

As a long-lived sea surface temperature pattern over 
North Pacific, PDO can indirectly affect the regional cli-
matic extremes through its influence on ENSO (Vimont 
et al. 2003; Higgins et al. 2007). Due to the asymmetric 

influence of PDO, El Niño events (Pierce et  al. 2000; 
Wang and Liu 2016) are usually stronger in PDO warm 
phases than cold phases and the influences of El Niño on 
weather and climate in Southeast Asia are enhanced in 
PDO warm phases (Krishnamurthy and Krishnamurthy 
2014; Fan and Fan 2017). PDO has a significant nega-
tive correlation with the PC1 of CWD, and a significant 
positive correlation with the PC2 of R10mm. Besides, 
non-significant relationship is detected between PDO and 

Fig. 9  Spatial patterns of the second leading EOF (EOF2) mode and 
the time series of the second principal component (PC2) of the a, b 
TNn, c, d TNx, e, f TXn, g, h TXx, and i, j DTR index over South-

east Asia during 1981–2017. The marks of * and ** over the letter y 
represent that the linear regression equation is significant at 0.05 and 
0.01 significance levels, respectively

Table 2  Correlation coefficients of the detrended PC1 and PC2 
for the precipitation extreme indices and the climate indices during 
1981–2017

Only indices with at least one correlation passing the significance test 
are presented
*Significant at the 0.05 significance level
**Significant at the 0.01 significance level

Extreme indices AMO PDO ENSO

PC1
 CWD 0.24 − 0.40* − 0.36*
 R10mm 0.40* − 0.26 − 0.44**
 R20mm − 0.36* − 0.05 0.07

PC2
 CDD − 0.17 0.21 0.72**
 R10mm − 0.04 0.40* 0.45**

Table 3  Correlation coefficients of the detrended PC1 and PC2 for 
the temperature extreme indices and the climate indices during 1981–
2017

Only indices with at least one correlation passing the significance test 
are presented
*Significant at the 0.05 significance level
**Significant at the 0.01 significance level

Extreme indices ENSO IOD W-IO E-IO

PC1
 TXn − 0.29 − 0.28 − 0.36* − 0.09
 TXx 0.00 0.10 0.16 0.37*

PC2
 DTR − 0.43** − 0.27 − 0.21 − 0.01
 TNn 0.17 0.24 0.38* 0.20
 TNx − 0.24 − 0.27 − 0.40* − 0.16
 TXn 0.33* 0.32* 0.32* 0.17
 TXx − 0.42** − 0.29 − 0.43** − 0.11
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the temperature extremes, reflecting the greater impact of 
PDO on precipitation extremes than temperature.

Illustrating the sea surface temperature gradient 
between the W-IO and the E-IO, IOD has significant 
impacts on local temperature and precipitation over South-
east Asia. It is pointed out that the IOD would influence 
the climate globally (Saji and Yamagata 2003), and posi-
tive phase of IOD often appears with El Niño, increasing 
the number of warm nights over Southeast Asia (Allan 
et al. 2001; Saji and Yamagata 2003; Behera et al. 2005; 
Chen et al. 2018). In this study, the correlations between 
extreme indices and IOD, as well as the W-IO and the 
E-IO are presented in Tables 2 and 3. Indian Ocean SST 
anomalies show significant impacts on temperature 
extremes (Table 3), consistent with previous investigations 
(Cheong et al. 2018).

To make further investigation on the relationship between 
the ocean systems and the extremes, the spatial distribution 
of correlation coefficients between the principal compo-
nents (PCs) of EOF modes and the detrended SST as well as 

lower level circulations and geopotential height are analyzed 
(Figs. 10, 11). To be noticed, only the PCs with correlations 
significant at the 0.01 significance level (Tables 2, 3) are 
presented. In details, the PCs meeting the above requirement 
are the PC1 of R10mm, PC2 of CDD, PC2 of R10mm, PC2 
of DTR, and PC2 of TXx. As shown in Figs. 10 and 11, cor-
relations between SST and the PCs all show similar patterns 
over the tropical Pacific area: precipitation and temperature 
extremes accompanied by ENSO-like SST anomalies over 
the tropical Pacific, geopotential height anomalies located 
over the marine-time continent, and zonal wind anomalies 
over Southeast Asia, indicating that the anomalous Walker 
circulation induced by ENSO is critical for the variation 
of extremes. To be noticed, the PC1 of R10mm also shows 
a significant relationship with the SST over North Atlan-
tic (Fig. 10a and Table 2). Previous studies found that the 
warmer (colder) Atlantic alters the zonal circulation, result-
ing in anomalous ascending (descending) motion in the 
Atlantic and descending (ascending) motion in the central 
Pacific, inducing anomalous pressure and wind anomalies 

Fig. 10  The correlation coef-
ficient between SST and the 
a PC1 of R10mm, b PC2 of 
CDD, c PC2 of R10mm, and the 
correlation coefficients between 
850 hPa geopotential height 
(shaded), 850 hPa wind (vec-
tor) and the d PC1 of R10mm, 
e PC2 of CDD, and f PC2 of 
R10mm during 1981–2017. 
Dotted areas and plotted wind 
vectors are significant at the 
0.05 significance level accord-
ing to the Student’s t test
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over the South China Sea through a series of air–sea interac-
tions (McGregor et al. 2014; Kucharski et al. 2016). Besides, 
AMO would excite Eurasia teleconnection anomaly through 
modulating Rossby wave activity, resulting in an anomalous 
vertical motion, lower level zonal wind, and water vapor 
transport over the Indo-China Peninsula (Gui et al. 2021). 
As shown in Fig. 10d, the significant correlations between 
R10mm and the geopotential height and lower troposphere 
wind over Eurasia and central North Pacific indicate the 
possible influence from AMO. The T-N wave activity flux 
(Takaya and Nakamura 2001) anomalies and geopotential 
height anomalies at 700 hPa level under the influence of the 
AMO (Fig. S1) indicate that positive (negative) phase of the 
AMO tends to stimulate eastward propagating Rossby wave 
anomalies from North Atlantic to East Asia, resulting in pos-
itive (negative) geopotential height anomalies over the north 
(south) part of Southeast Asia. For negative (positive) geo-
potential height anomalies at lower level troposphere being 
advantageous (disadvantages) to upward motion and precipi-
tation, the above-mentioned relationship might explain why 
positive AMO favors less (more) precipitation extremes over 
the north (south) part of Southeast Asia (Table 2 and Fig. 4). 

In conclusion, the variations of wet extremes are corre-
lated with the AMO, PDO, and ENSO, while dry extremes 
are only significantly related to ENSO. Extreme high tem-
peratures exhibit a considerable relationship with ENSO 
and IOD at interannual time-scale, while low temperatures 
present significant correlations with IOD. Notably, IOD is 
characterized by more obvious influences on the tempera-
ture extremes than the precipitation extremes over Southeast 

Asia, among which the equatorial western Indian Ocean has 
a greater contribution. Moreover, AMO and PDO tend to 
modulate the precipitation extremes rather than the tempera-
ture extremes.

5  Conclusion and discussion

The climatological means, trends and spatial–temporal vari-
ations of the precipitation and temperature extremes during 
1981–2017 over Southeast Asia are analyzed in this study, as 
well as the possible influences from oceanic systems. Results 
are concluded as follows:

1. Spatial distributions of the climatological means of 
extreme indices indicate that New Guinea and the 
western Indochina are characterized by generally more 
intense precipitation extremes than Kalimantan and the 
eastern Indochina. The distributions of temperature 
extremes are found to be related to the terrain. Over the 
higher altitude mountainous areas such as the east of 
Indochina, the west of Sumatra, the central of Kalim-
antan, and the center of New Guinea, the temperature 
extremes are relatively lower than elsewhere.

2. From 1981 to 2017, areas surrounding the South China 
Sea tend to be drier while the southern Philippines 
and Indonesia tend to be wetter. Significant trends are 
detected over the east of Indochina and New Guinea. 
Besides, extremes defined by temperatures of daily max-

Fig. 11  The correlation coef-
ficient between SST and the a 
PC2 of DTR, b PC2 of TXx 
and the correlation coefficients 
between 850 hPa geopotential 
height (shaded), 850 hPa wind 
(vector) and the c PC2 of DTR 
and d PC2 of TXx during 1981–
2017. Dotted areas and plotted 
wind vectors are significant 
at the 0.05 significance level 
according to the Student’s t test
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imum and minimum show significant increasing trends 
in most of Southeast Asia. The changes in the maximum 
temperature extremes over most of Southeast Asia are 
smaller than those of the minimum temperature, being 
consistent with the decreasing trend of the daily tem-
perature range.

3. The typical modes of both precipitation and tempera-
ture extremes show uneven spatial distributions accord-
ing to the EOF analysis, and the corresponding PCs 
exhibit different temporal variations. The PC1 and PC2 
of extremes mainly present decadal and interannual 
variations, respectively. The PC1s of most precipitation 
extremes show significant increasing trends and signifi-
cant decadal variations around the late 1990s. Accord-
ing to the correlations between oceanic systems and the 
PC1s of the extreme EOFs, the modulation of decadal 
variations could be associated with the AMO and PDO. 
Moreover, most of the PC2s of the low-temperature 
extremes exhibit significant relationships with Indian 
Ocean for interannual variations, whereas high-temper-
ature extremes are in relationship with ENSO.

Studies indicate that global warming does affect climate 
extremes in Southeast Asia. Most of the extreme precipi-
tation and temperature indices increase significantly over 
Indochina Peninsula and maritime continent in a warming 
world (Ge et al. 2019). In the dry season, DTR decreases in 
the central areas of Indochina and increases in other areas, 
while increasing significantly over most of Southeast Asia 
in the wet season (Zhu et al. 2020). Besides, the declining 
Arctic sea ice shows significant influence on hot and drought 
over the East Asia (Gao et al. 2015; Li et al. 2018; Ji and 
Fan 2019). The variation of Northern Hemisphere sea ice 
extent is in close relationship with the PC2 of temperature 
extremes such as the TXx (Tables S1 and S2) and the related 
mechanisms are to be explore in the future work. Moreover, 
the El Niño and Indian Ocean Dipole events will occur more 
frequently with the continuous global warming, which in 
turn brings larger variability over the climate in Southeast 
Asia (Zheng et al. 2013; Chen et al. 2014; Cai et al. 2014, 
2018; Geng et al. 2019). Therefore, how the extremes change 
in a global warming world would be further analyzed.
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