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Abstract

Guided by the Paris Agreement, the IPCC Special Report on Global Warming of 1.5 °C
reported potential risks of climate change at different global warming levels (GWLs). To
provide fundamental information on future temperature extremes over Southeast Asia
(SEA), projected changes in temperature extreme indices are evaluated for different
seasons at 1.5 °C and 2 °C GWLs against the historical reference period of 1976-2005
based on the ensemble of CORDEX simulations. Results show that the temperature
indices increase significantly across the Indochina Peninsula and Maritime Continent at
both GWLs except for decreasing daily temperature range (DTR) in the dry season, with
more pronounced magnitudes at 2 °C GWL. Moreover, the regionally averaged ensemble
medians of the indices show various changes over different subregions. At 1.5 °C and
2 °C GWLs, most pronounced increases of threshold indices. i.e. summer days (SU) and
tropical nights (TR), are projected in Sumatra and Sulawesi for both wet and dry seasons.
The warm spell duration (WSDI) increases generally, with strongest magnitudes for
Sumatra and Sulawesi (Philippines and Sulawesi) in the wet (dry) season. On the other
hand, significant increases of warm days and nights can also be observed at 2 °C GWL
compared to 1.5 °C, particularly in the dry season, suggesting the high sensitivity of
temperature extremes over the SEA. The projected potentially conspicuous temperature
extremes under global warming of 1.5 °C and 2 °C primarily concentrate on the densely
populated coastal regions of the main islands, showing the necessity of restricting global
warming to 1.5 °C aiming at the eradication and reduction of regional climate stress for
the human system in the developing countries over the SEA.
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1 Introduction

The 2003 European heat wave, the hottest record-breaking summer since 1500, caused over
70,000 deaths and a significant reduction in primary productivity (Luterbacher et al. 2004;
Ciais et al. 2005; Robine et al. 2008). The extremely hot weather in summer 2010, with around
55,000 deaths and 15 billion dollars of economic loss in Russia (Barriopedro et al. 2011;
Rahmstorf and Coumou 2011), is attributed to Greenhouse gas emissions and predicted to
intensify and become more common in the future (Schar et al. 2004). A heavy heat wave in
India and Pakistan from May to June 2015 resulted in 4100 deaths (WMO 2016). Even
devastating forest fires are attributed to extreme heat events (Hudson et al. 2011). Among
others, these events motivated the accelerated formulation of climate protection goals adopted
in the 21st Conference of Parties (COP21) of the United Nations Framework Convention of
Climate Change (UNFCCC) in 2015, also known as the Paris Agreement (UNFCCC 2015),
with the central aim of keeping a global temperature rise in this century below 2 °C above pre-
industrial level and to pursue efforts to limit the temperature increase even further to 1.5 °C.

Following the Paris Agreement, the Intergovernmental Panel on Climate Change (IPCC) Special
Report on Global Warming of 1.5 °C (SR15) has been released on 6 October, 2018, which assesses
the effects of global warming of 1.5 °C above pre-industrial levels and strengthens the global
response to potential risks of climate change (IPCC 2018). With respect to another target of limiting
the increase in the global mean annual surface air temperature (GMAT) to “well below 2 °C” in the
Paris Agreement, it has also been reported that the climate consequences of a 2 °C world are far
greater than that of 1.5 °C (Schleussner et al. 2017; Dosio and Fischer 2018; IPCC 2018).

In most cases, global warming is closely associated with increases of extremes, including both
temperature and precipitation, severely impacting the human systems especially in less-developed
countries (Zhou et al. 2014; Mitchell et al. 2016; Sillmann et al. 2017; IPCC 2018). Previous studies
have pursued a lot of efforts to evaluate the projected extreme events on the globe (Dosio et al. 2018)
and also for the majority of populated land regions (Ma et al. 2018; Nikulin et al. 2018; Warnatzsch
and Reay 2019). However, with regard to Southeast Asia (SEA), an area characterized by relatively
low resilience and adaptive capacity for most countries, there are limited studies quantitatively
investigating temperature extremes of 1.5 °C and 2 °C global warming (Tangang et al. 2018; Ge
et al. 2019b). In fact, the IPCC Fifth Assessment Report (ARS) has revealed that SEA has already
been exposed to extreme events with higher frequency and intensity induced by the significant
climate warming, which is even likely to continue in the future (IPCC 2013, 2014), with critical
influences on the local water resources, food security, agricultural production etc. Taking the high
vulnerability to the climate change together with the high popularity into consideration, the further
projection for the SEA is explicitly crucial for the local governments to implement related
adaptations and mitigations (Hoang et al. 2019; Tang 2019).

It is known that reliable projections are of great importance in evaluating climate change
information and the mitigation and adaptation measures (Moss et al. 2010; Xie et al. 2015;
Holden et al. 2018). There have been plenty of investigations on the climate change impacts
using a set of global climate models (GCMs) driven by several representative concentration
pathway (RCP) scenarios, such as models included in the Coupled Model Intercomparison
Project 5 (CMIPS; Knutti et al. 2013). However, the GCMs are featured by deficiencies of
relatively coarse spatial resolutions and physical parameterizations (Gu et al. 2018).
Responding to the higher demand of climate information at the regional scales, regional
climate models (RCMs) have been increasingly applied in the climate detections focusing
on a region of interest (Giorgi et al. 2009). Accordingly, the Coordinated Regional
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Downscaling Experiment (CORDEX; Jones et al. 2011) under the World Climate Research
Programme (WCRP) has been carried out based on a series of state-of-the-art RCMs, aiming at
advancing and coordinating the science and application of regional climate downscaling
through global partnerships (Giorgi et al. 2012; Li et al. 2018). It provides a sufficient avenue
for researchers and policymakers to find a better understanding of the regional climate change
(Gutowski et al. 2016).

As mentioned above, in view of ensembles of climate models from worldwide frameworks
such as CMIP5 and CORDEX, plenty of information regarding regional climate changes has
been provided (Hulme 2016; Schleussner et al. 2016; Li et al. 2019; Warnatzsch and Reay
2019). Nevertheless, the results obtained are mostly based on the annual time scale. There is
still information missing on the seasonal details of the local response to the global warming,
particularly for the vulnerable areas and the areas with robust seasonal climate signals (Hasson
et al. 2016), which cannot be ignored. Therefore, the present study intends to provide detailed
information of future regional climate over SEA as well as the subregions, and to examine the
seasonal conditions and the changing magnitudes of temperature extremes under global
warming levels (GWLs) of 1.5 °C and 2 °C, which are policy-relevant for countries in this
area. The orography of SEA is shown in Fig. 1, including the five subregions, i.e., Indochina
Peninsula (ICP; 6°N-23°N, 95°E-110°E), Philippines (PH; 5°N-20°N, 118°E-130°E), Su-
matra (SUM; 8°S—6°N, 95°E-108°E), Kalimantan (KAL; 4°S—-6°N, 109°E-118°E), and
Sulawesi (SUL; 6°S-3°N, 118°E-126°E).

This paper is structured as follows. Section 2 briefly describes data from the models,
reanalysis and the methods. In Section 3, we evaluate the performance of the used CORDEX
RCM:s. Afterwards, the projected temperature extremes in different seasons under the global
warming of 1.5 °C and 2 °C are also analyzed in the same section. Finally, the summary and
discussion are presented in Section 4.

2 Data and methods
2.1 Datasets
The data used in this study are derived from the current available CORDEX ensemble with the

high resolution of 25 km. In the CORDEX framework (Giorgi and Gutowski 2015), the RCM
runs initiated for both Southeast Asia and East Asia cover the SEA region, consisting of four

Fig. 1 The orography (Unit: m) of 20°N
SEA and the geographical

locations of the five subregions 15°N
(ICP: Indochina Peninsula, 6°N—

23°N, 95°E-110°E; PH: 10°N
Philippines, 5°N-20°N, 118°E— 5°N
130°E; SUM: Sumatra, 8°S—6°N,

95°E-108°E; KAL: Kalimantan, 0°
4°S-6°N, 109°E-118°E; SUL:

Sulawesi, 6°S-3°N, 118°E-126°E) 5°S
10°S

100°E  110°E  120°E 130°E  140°E

1 100 300 500 1000 2000
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and six RCMs, respectively (Table 1) which, for the projection over the SEA, compose the
ensemble of 10 models in total. Hereinafter, an individual model run is referred by the RCM
followed by the parentheses with the corresponding driving GCM inside, e.g., RegCM4 (MPI-
ESM-MR) represents the simulation from the regional model RegCM4 driven by the global
model MPI-ESM-MR.

Additionally, in order to validate the historical simulations of the RCMs for the reference
period of 1976-2005, the daily mean, maximum, and minimum temperatures from the CERA-
20C, i.e., the ensemble of European Centre for Medium-Range Weather Forecasts (ECMWF)
air-sea coupled climate reanalysis of the twentieth century (1901-2010), are taken as obser-
vations, which have been proved to be able to improve the representations of geophysical
process for both atmosphere and ocean and to reconstruct the past weather and climate of the
Earth system (Laloyaux et al. 2018). The CERA-20C reanalysis data are derived with a
horizontal resolution of 0.25° % (0.25° from the ECMWF data server at https://apps.ecmwf.
int/datasets/.

2.2 Definition of the 1.5 °C and 2 °C GWLs

The GWL of a specific RCM dynamical downscaling is determined on the corresponding
driving GCM from CMIP5. So far, several approaches have been involved to identify the
GWL timing, which show only few differences (King et al. 2017; Chen and Sun 2018). In this
study, we use 30-year time slices to eliminate the interannual climate variability and to
represent a stabilized climate (Zhu et al. 2016). The pre-industrial climate is taken from
1881 to 1910, which is included in all CMIPS5 historical simulations. First, a 30-year running
mean is performed to smooth the time series of the GMAT from GCMs. Afterwards, the 30-
year periods of the running means reaching 1.5 °C and 2 °C higher than the pre-industrial
baseline are identified as the corresponding GWL tracking periods under the scenarios (for
more information see Kjellstrom et al. 2018 and Nikulin et al. 2018). For instance, the CCLMS5
(CNRM-CMS5) model reaches its 1.5 °C and 2 °C GWLs at 2021-2050 and 2043-2072 under
the RCP 4.5 scenario, and at 2015-2044 and 2030-2059 under the RCP 8.5 scenario,

Table 1 Brief information of the climate model simulations from CORDEX applied in this study

RCM GCM Model Scenarios
domain (RCP)
Model Institution Model Institution
RegCM4-3 ICTP, Italy EC-EARTH ICHEC, SEA 45,85
Netherlands/Ireland
RCA4 SMHI, HadGEM2-ES MOHC, UK SEA 45,85
Sweden
RegCM4-3 ICTP, Italy IPSL-CMS5A-LR IPSL, France SEA 45,85
RegCM4-3 ICTP, Italy MPI-ESM-MR  MPI-M, Germany SEA 45,85
HIRHAMS DMI, EC-EARTH ICHEC, EAS 45,85
Denmark Netherlands/Ireland
HadGEM3-RA MOHC, UK  HadGEM2-AO MOHC, UK EAS 45,85
CCLM5 CLMcom CNRM-CMS5 CERFACS, France EAS 45,85
CCLM5 CLMcom EC-EARTH ICHEC, EAS 45,85
Netherlands/Ireland
CCLM5 CLMcom HadGEM2-ES MOHC, UK EAS 45,85
CCLM5 CLMcom MPI-ESM-LR MPI-M, Germany EAS 45,85
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respectively. It is worth noting that a given year is allowed to contribute to both of the two
GWLs, since we do not assume independence between the two GWL worlds (Bhowmick et al.
2019).

It has been revealed that the GWL results are relatively independent to the RCP scenarios
(King and Karoly 2017; Dosio and Fischer 2018), which illustrates that different RCP
experiments do not vary a lot in temperature patterns at the same GWL for most parts of the
world. Thus, aiming at the detection of future climate change over the SEA, there are 10 RCMs
all assuming RCP 4.5 and 8.5, which overall present results from 20 ensemble members for
each GWL. The climate warming consequences are presented as the differences between the
GWLs and the historical 30-year reference period of 1976-2005.

2.3 Index representation of temperature extremes

A total of 27 indices characterizing climate and climate change are recommended by the World
Meteorological Organization (WMO; Karl et al. 1999) and the Expert Team on Climate
Change Detection and Indices (ETCCDI; Zhang et al. 2011; Sillmann et al. 2013a), including
16 for temperature extremes and 11 for precipitation extremes. However, they are not all
applicable for regions with tropical climate features. Hence, eight of them (Table 2) are
selected to quantify the temperature extremes over the SEA based on daily maximum and
minimum of surface air temperature. More detailed information on the indices can be found at
the ETCCDI website http://etccdi.pacificclimate.org/indices.shtml.

2.4 Model performance metrics

Confidence in climate projections depends on the adequacy of the climate models for these
projections. The most common method of assessing a climate model is the quantitative
assessment of “model-fit”; that is, how well the model results match observation-based data
(empirical accuracy) and match other models or model versions (robustness). In this paper, we
are using the metrics relative root mean square error (RMSE') and signal to noise ratio (SNR)
to quantify the empirical accuracy and the robustness, respectively.

Given the large number of indices and models presented in the study, the relative error is
applied to assess the model capability in climate simulation, which is represented by the
RMSE' (Gleckler et al. 2008; Zhou et al. 2014; Dong et al. 2015) defined as follows. Firstly,

Table 2 The selected extreme temperature indices recommended by the ETCCDI. (7X daily maximum temper-
ature; 7N daily minimum temperature)

Index Definition Unit
SU Number of summer days (TX >25 °C). day
TR Number of tropical nights (TN >20 °C). day

WSDI Warm spell duration index (number of the days summed by periods where at least 6 consecutive day
days when TX > the calendar day 90th percentile centered on a 5-day window for the base
period 1961-1990).

DTR  Daily temperature range (difference between TX and TN). °C
TXx  Monthly maximum value of TX. °C
TNx  Monthly maximum value of TN. °C
TXn  Monthly minimum value of TX. °C
TNn  Monthly minimum value of TN °C
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the root mean squared error (RMSE) is calculated for each model index from an individual
RCM relative to the CERA-20C observations:

RMSE = y/(X-Y)? (1)
where X and Y are the temperature extreme indices derived from the model simulation and
observation, respectively. All RMSEs are then used to derive the RMSE’ of each model:

(RMSE-RMSEedian)
RMSEMedian

RMSE = (2)
with RMSEyeqian being the ensemble median of all model RMSEs. Generally, a negative
(positive) RMSE’ of a model indicates that it has better (worse) performance than half of the
total members.

Furthermore, the SNR is calculated to examine the credibility of projection results from the
ensemble via the formula (Shi et al. 2018):

SNR = x|/ 31, () o)

where x; represents the simulated index from a single model, x, denotes the ensemble result, and 7 is
the ensemble size. Therefore, SNR > 1 implies that the signal (numerator) is greater than the noise
(denominator), indicating the considerable consistency and reliability of the projection.

In addition, all statistical significances are tested at the 95% confidence level by the two-
tailed Student’s # test. The consequences of global warming are presented as the differences
between the climate over GWL periods and the historical reference period of 1976-2005.

In contrast to the four seasons in the Northern Hemisphere defined as spring (March-May),
summer (June—August), autumn (September—November), and winter (December - subsequent
February) and vice versa for the Southern Hemisphere, tropical areas experience a rainy season
from April to September and a dry season from October to the subsequent March. Seasons
defined as “wet season” and “dry season” are used in this study for the SEA (Nguyen et al.
2014; Villafuerte and Matsumoto 2015; Ge et al. 2017; Ge et al. 2019a).

3 Results

The results are presented in terms of (1) the assessment of CORDEX RCM simulated
temperature extreme indices compared to observations, (2) the spatial patterns of projected
changes of temperature extremes in wet and dry seasons for the 1.5 °C and 2 °C GWLs over
the SEA, the regionally averaged temperature indices of the individual main islands are
presented by box-and-whisker plots, and (3) the temperature extreme changes due to an
additional 0.5 °C GWL between wet and dry seasons.

3.1 Evaluation for CORDEX RCMs
The RMSE' of individual models in simulating the temperature extremes compared with the CERA-

20C observations are shown in Fig. 2. The results indicate that the model simulations differ to a great
deal in the indices of SU (summer days), TR (tropical nights), WSDI (warm spell duration index),
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and DTR (daily temperature range). As for the other four indices of TXx (monthly maximum value
of daily maximum temperatures), TNx (monthly maximum value of daily minimum temperatures),
TXn (monthly minimum value of daily maximum temperatures), and TNn (monthly minimum
value of daily minimum temperatures), the model performances are similar, with their RMSE’
ranging from — 0.05 to 0.05. In general, HIRHAMS (EC-EARTH) and RegCM4 (IPSL-CM5A-LR)
simulate the indices fairly well in the wet season, while CCLMS (EC-EARTH) and HIRHAMS
(EC-EARTH) show better results in the dry season. Relatively weak overall performances occur in
simulations from CCLM5 (CNRM-CMS5), CCLM5 (HadGEM2-ES), and CCLM5 (MPI-ESM-
LR) in the wet season, whereas RegCM4 (IPSL-CM5A-LR) and CCLM5 (MPI-ESM-LR) perform
poorly in the dry season, with positive RMSE’ values for most indices. That is, the model
performances differ not only for different indices but also in different seasons, which further
confirms the necessity to investigate the model ensemble on the basis of eight indices and two
seasons, respectively.

Thus, the RMSE’ of the ensemble medians are shown in Fig. 2 (last row). In order to avoid
the influences by abnormally large model errors (outliers), the model ensemble median is
chosen to represent the deterministic ensemble result rather than the mean value. It is
demonstrated from Fig. 2 that the ensemble median outperforms individual models for all
indices in both wet and dry seasons, which diminishes the structural model uncertainties to a
great extent. Therefore, the ensemble median can be considered to reasonably represent the
future projections in the study.

3.2 Projected changes of temperature extremes in wet and dry seasons at 1.5 °C
and 2 °C GWLs

The seasonal spatial distributions of projected changes of ensemble medians in extreme
temperature indices over the SEA at the 1.5 °C and 2 °C GWLs are presented in Figs. 3 and
4. In both wet and dry seasons at the 1.5 °C GWL (Fig. 3), the indices are projected to
significantly increase across ICP and Maritime Continent, except DTR. It is noteworthy that
the projected changes indicate prominent increases with disproportionally large spatial extents

(a) Wet (b) Dry

CCLM5 (CNRM-CMS5)

CCLMS5 (EC-EARTH)

HIRHAMS5 (EC-EARTH)

RegCM4 (EC-EARTH

)
HadGEM3-RA (HadGEM2-AO)

CCLMS (HadGEM2-ES)

RCA4 (HadGEM2-ES)

RegCM4 (IPSL-CM5A-LR)

CCLMS5 (MPI-ESM-LR)

RegCM4 (MPI-ESM-MR)

Ensemble Median

T T T T T T T T
SU TR WSDIDTR TXx TNx TXn TNn SU TRWSDIDTR TXx TNx TXn TNn

[ ) I N I B B |
-0.2 -0.1 0 0.1 0.2
Fig. 2 Raster diagrams of the relative RMSEs (RMSE') of extreme temperature indices simulated by CORDEX
models versus the observation during the period of 1976-2005 for a wet and b dry seasons. The labels at the X-
axis denote the used extreme indices, which are introduced in Table 2. The labels at the Y-axis represent the
specific model runs, referred by the RCM followed by its corresponding driving GCM in the parentheses
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Fig. 3 Projected CORDEX ensemble median changes in extreme temperature indices at the 1.5 °C GWL relative
to 19762005 for wet (a-h) and dry (i-p) seasons. The black dots indicate statistical significance at the 95%
confidence level. All SNRs are greater than 1 over the area

and magnitudes in the ICP and KAL at the 2 °C GWL compared to the 1.5 °C GWL in both
wet and dry seasons (Fig. 4).

Abnormal decreases of DTR mainly appear over the central areas of ICP in the dry season
for both GWLs (Figs. 31 and 41). Conversely, it shows partially significant increases over the
northern mountainous areas of ICP in the wet season (Figs. 3d and 4d). DTR is always
considered a useful index of global and local climate change, which could be explained by
inconsistent rapid increase of maximum and minimum temperatures (Easterling et al. 1997;
Braganza et al. 2004; Vose et al. 2005; Alexander and Arblaster 2009; Yao et al. 2013).
Reduced DTR in the dry season occurs mainly over the central and coastal ICP, while the
increased DTR in the wet season concentrates in the mountainous northern ICP and the
Southwest KAL, which resembles the results extracted from the model simulations and
projections in CMIP5 (Lewis and Karoly 2013; Lindvall and Svensson 2015).

On the other hand, SU and TR indicate consistent increases in both seasons at 1.5 °C and
2 °C GWLs over the whole ICP and Maritime Continent. The four indices of TXx, TXn, TNx,
and TNn, which are simply derived from maximum and minimum temperatures, are projected
to increase constantly in wet and dry seasons over SEA at 1.5 °C and 2 °C GWLs. The
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Fig. 4 Same as Fig. 3, but at the 2.0 °C GWL

increased WSDI implies the warm spell duration to become longer over SEA, especially at the
2 °C GWL. Generally, the results suggest that the temperature extremes would establish in
both seasons at both 1.5 °C and 2 °C GWLs. This is likely to have potential negative impacts
on human systems in the developing countries with large coastal population densities in the
ICP and Maritime Continent.

El Nifio—Southern Oscillation (ENSO) could also modulate the extreme events over the
SEA: The numbers of warm days and warm nights, which are closely associated with the daily
maximum and minimum temperatures increase substantially during the El Nifo decaying year,
whereas the cool days and cold nights are significantly decreasing (Manton et al. 2001;
Nicholls et al. 2005). Moreover, the change of nighttime warming exceeding that of daytime
occurs over the most of ICP during the recent several decades (Marjuki et al. 2016). Lately, it
has been reported that the extreme drought over the ICP in April 2016 is predominately caused
by the super El Nifo event during 2015-2016. ENSO events would occur more frequently
under the continuous global warming in the future, which, in turn, brings more record-breaking
surface air temperatures over the SEA (Thirumalai et al. 2017; Lehner et al. 2018).

During the dry season, the decreased DTR over the ICP could be related to the changes of
surface air temperatures associated with El Nifio events and the enhanced greenhouse gases

@ Springer



Climatic Change

(Zhou et al. 2010), which is also consistent with our results of an increasing number of summer
days (SU) and tropical nights (TR). During the wet season, larger high-confidence area of
increasing TXx can be observed under the two GWLs compared with that during the dry
season, while the magnitude of increasing TNn is lower than that in the dry season. This
suggests the range between daily maximum and minimum temperatures, which is the DTR, to
be larger. In addition, precipitation also plays a crucial role in DTR changes over the tropics
(Portmann et al. 2009). Significantly amplified convective precipitation over the ICP and
Maritime Continent in the rainy season at 1.5 °C and 2 °C GWLs tends to suppress an
increasing of daily minimum temperature and thus to favor DTR increase (Zhou et al. 2009;
Ge et al. 2019b). Explanations of the projected DTR changes have been provided in previous
studies, which reveal that DTR is affected by plenty of processes and its change cannot be
attributed to a single parameter. That is, which of the possible underlying mechanisms, such as
cloudiness, water vapor content, and atmospheric stratification, is dominant depends on the
regional climatological setting and still requires further examination in the future.

To identify the detailed climate response to the two GWLs in wet and dry seasons, projected
percentage changes of the indices averaged over each subregion over the SEA are presented in
the boxplots of Figs. 5 and 6. In general, threshold indices (SU and TR) and duration indices
(WSDI) indicate distinctly larger spreads than the other ones simply derived from the daily
maximum and minimum temperatures. However, it is noted that the ensemble medians of the
index changes are all greater than 0 except DTR, which implies increasing trends of temper-
ature extremes compared to the reference period of 1976-2005.

The more pronounced increases of SU are projected in the dry season compared to the wet
season, while it shows the reversed case for SUL. TR, based on the fixed 20 °C threshold for
the nighttime, increases robustly for all subregions, especially over ICP and SUL in the dry
season with the percentage magnitudes of 93.5% and 97.1% (150.4% and 239.4%), respec-
tively, at the 1.5 °C (2 °C) GWL. It is implied that almost the entire area will be characterized
by nighttime temperatures above 20 °C at the 2 °C GWL, suggesting the critical long-term
warming in the SEA if the warming continues. Besides, as for the WSDI index, the most
pronounced increases can be found over SUM and SUL in the wet season at the 2 °C GWL
with the magnitudes of 165.1% and 203.9%. Over PH and KAL, the strong increases of WSDI
mainly occur in the dry season. Actually, WSDI is revealed by previous studies (Sillmann et al.
2013b) to be more sensitive to the magnitude of maximum temperature changes, especially in
tropical regions with the low short-term tropical temperature variability.

According to projected changes in the absolute temperature values (TX and TN), it exactly
shows relatively low variation at 1.5 °C and 2 °C GWLs over the SEA, which corresponds
well with the results described above. But even for slight changes of the maximum and
minimum temperatures between 1.5 °C and 2 °C GWLs, the climate impacts over the SEA
could be huge. In addition, the projected percentage changes feature relatively large ensemble
spreads for all the indices at the 2 °C GWL, which is probably due to the stronger regional
land-atmosphere feedbacks and larger differences between the models at the higher GWL.

3.3 Differences of temperature extremes between 1.5 °C and 2 °C GWLs for the two
seasons

The differences between 2 °C and 1.5 °C GWL in each season are shown in Fig. 7 to
investigate the potential impacts of the additional 0.5 °C GWL over the SEA, as well as their

seasonal differences in Fig. 8.
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Fig. 5 Boxplot of the projected percentage changes of temperature extreme indices averaged over each subregion
of SEA at the 1.5 °C GWL relative to 1976-2005 for wet (blue) and dry (red) seasons. Boxes indicate the
interquartile model spread (25th and 75th quantiles) with the horizontal line indicating the ensemble median and
the whiskers showing the extreme range of the ensemble

It is clearly indicated that the regional ensemble median changes of threshold indices (SU and
TR) reveal general increases over most areas of ICP and Maritime Continent in either wet or dry
seasons. Besides, they are mainly characterized by negative differences between wet and dry seasons
(Fig. 8a, b), indicating more pronounced changes of SU and TR in the dry season. That is, more
warm days and nights are expected in the dry season compared with the wet season due to the
additional 0.5 °C GWL. WSDI changes are projected to increase constantly over the whole SEA in
both seasons (Fig. 7¢, k), with the seasonal differences mainly positive over ICP and central KAL,
suggesting the higher sensitivity of WSDI changes in the wet season. On the other hand, DTR
changes induced by the additional 0.5 °C GWL show opposite patterns between wet and dry
seasons, although most of them are not significant.

Corresponding to the additional GWL of 0.5 °C, the absolute indices of TXx, TNx, TXn,
and TNn show general increasing trends over the whole SEA, with relatively higher magni-
tudes in TXx and TNx than the other two indices. It is also notable that their changes are
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Fig. 6 Same as Fig. 5, but at the 2.0 °C GWL

extensively greater in the wet season than in the dry season over the SEA especially ICP
because of the warmer globe of 0.5 °C, which are consistent with the spatial patterns in Figs. 3
and 4. In general, the temperature extremes would be characterized by higher intensity and
longer duration as a response to the additional 0.5 °C GWL. It would also have potential
influences on growing crops, especially for the growth of rice seedling during the wet season.
Additionally, these results also indicate that changes of the ensemble median temperature
extreme indices vary independently over the SEA, suggesting a region- and season-dependent
high sensitivity of heat stress to the additional 0.5 °C GWL.

4 Conclusions and discussion

In this study, the projected changes in temperature extremes at 1.5 °C and 2 °C global warming
levels (GWLs) have been evaluated for Southeast Asia (SEA) based on temperature extreme
indices from ETCCDI (Table 2) using the latest available CORDEX simulations. For the first
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Fig. 7 Differences between the ensemble median changes of extreme temperature indices at the 1.5 °C and 2 °C
GWL in wet (a-h) and dry (i-p) seasons. The black dots indicate statistical significance at the 95% confidence
level. All SNRs are greater than 1 over the area

time, the results provide detailed information on the future climate changes expected for the
subregions in the SEA, with the frequency and intensity of temperature extremes being
strengthened in wet and dry seasons under the global warming conditions guided by the Paris
Agreement. The main findings are summarized as follows:

The ensemble medians of temperature indices show significant increases across ICP and
Maritime Continent at 1.5 °C and 2 °C GWLs except for the decreasing DTR in the dry
season. Additionally, predominant changes in most of the indices are more significant at
the 2 °C GWL than at the 1.5 °C GWL, while seasonal differences of the changes mainly
concentrate on the four indices of SU, TR, WSDI, and DTR.

The regionally averaged medians of the indices show various changes over different
subregions. At both GWLs, the most pronounced increases of SU are projected in SUL
with the percentage magnitude of 31.7% and 19.7% (47.2% and 31.3%) at the 1.5 °C
(2 °C) GWL for wet and dry seasons, respectively, while TR increases robustly over SUM
and SUL. The warm spell duration (WSDI) increases generally, with strongest magnitudes
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Fig. 8 Differences between the wet and dry seasons for the extreme temperature index changes due to the
additional 0.5 °C GWL. The black dots indicate statistical significance at the 95% confidence level. All SNRs are
greater than 1 over the area

for SUM and SUL (PH and SUL) in the wet (dry) season. On the other hand, projected
changes in the absolute indices (TX and TN) are featured by lower variations at 1.5 °C and
2 °C GWLs over SEA.

3. Robust differences of temperature extremes can be found over the SEA in both wet and dry
seasons for the additional global warming of 0.5 °C. The most pronounced increases for the
threshold indices (SU and TR) appear in the dry season over ICP at the 2 °C GWL compared to
the lower one. WSDI is projected to increase consistently over the whole SEA in both seasons,
while DTR shows non-significant increase and decrease tendencies in wet and dry seasons,
respectively. The changes of absolute indices (TX and TN) are generally greater due to the
warmer future climate at the 2 °C GWL. Therefore, more warm days and nights are expected
due to the additional 0.5 °C warming, particularly in the dry season. The temperature extremes
under the global warming of 1.5 °C and 2 °C levels as well as their differences mainly
concentrate on the main islands in the densely populated coastal regions, suggesting more
conspicuous impacts on the human system in the less-developed countries over the SEA.

In the context of strengthening the global response to the potential threat of climate change, the
IPCC SRI15 has pointed out that limiting warming to 1.5 °C is already barely feasible, but the
window of opportunity is not yet closed, which is a wake-up call about the huge challenges induced
by the escalating threats from rising temperatures. For the SEA, where it is highly venerable to the
climate change due to the complex orography and the relatively fragile human system, the climate
stress under the global warming could never be ignored (Liobikiené and Butkus 2018). It has been
noticed that several studies have been carried out to project the precipitation extremes over the SEA
at different GWLs (Tangang et al. 2018; Ge et al. 2019b), which further inspires the present
investigation on the potential temperature extremes over the SEA, indicating the necessity of
restricting global warming on the eradication and reduction of regional climate extreme events.
Climate change risks should not only be considered in terms of the occurrence probability of
extreme events, but should also include population exposure and local vulnerability (Chen and Sun
2019) which, in addition, vary across temporal and spatial scales and depend on economy, sociality,
geography, demography, culture, and governance (IPCC 2012, 2018). Climate change is reported to
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pose generally profound threats on public health (Wang et al. 2019), energy supply (Cortekar and
Groth 2015), agriculture (Naylor et al. 2007), wildfire (Sun et al. 2019b), and many other factors.
Although different RCP scenarios generally do not vary a lot on projected extreme patterns,
abnormal characteristics might occur with hotspots over specific areas (Shi et al. 2018). To promote
sustainable development on human systems under constant global warming, more complex aspects
are still on the way to be addressed such as to what extent do anthropogenic activities attribute to the
climate change over SEA (Marotzke et al. 2017; Cai et al. 2019). Additionally, considering the
intrinsic model characteristics, more work remains to be carried out regarding comparisons between
model ensembles with and without bias correction, as well as among multiple bias correction
methods (Maraun et al. 2017; Guo et al. 2018; Sun et al. 2019a). More well-developed climate
models including both GCMs and RCMs are also of great importance in the ongoing future analysis
on climate change.
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