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Regional assessments of trends in climate extremes are necessary for countries to
make informed decisions about adaptation strategies and to put these changes into
a global context. A workshop bringing together several Southeast Asian countries
has delivered a new set of daily weather observations suitable to analyse the
changes in temperature and precipitation extremes between 1972 and 2010. The
use of a consistent and widely tested methodology in this study allows a direct
comparison with results from other parts of the world. Trends in a range of climate
extremes indices were assessed focusing on spatial variation in these trends. For
most locations temperature trends obtained in this study appear broadly consistent
with previous assessments; for some locations stronger trends have been detected
through the inclusion of new data. In contrast to earlier studies, evidence of trends
in precipitation extremes is emerging, with significant increasing trends in both
regional and subregional data. In addition, large correlations between regional
rainfall extremes and large-scale features such as El Niño-Southern Oscillation
and the Indian Ocean Dipole were identified. Finally, the observed trends are com-
pared with a regional climate model reconstruction of the historical period. It was
found that the model captures very well the trends and spatial variation of temper-
ature extremes across the region, albeit with an underestimation of the more
extreme indices. In contrast, the trends in precipitation extremes are largely over-
estimated, particularly in the western side of Southeast Asia.

KEYWORDS

climate model evaluation, observations, rainfall extremes, Southeast Asia,
temperature extremes

1 | INTRODUCTION

Extreme climate events such as droughts, intense rainfall
and prolonged high temperatures are known to have high
social, economic and ecological impact (Intergovernmental
Panel on Climate Change, 2012). In addition, it is expected
that any future changes in extreme events will have greater
negative impacts on these systems than changes in the mean
climate (Katz and Brown, 1992; Choi et al., 2009). In recent
years there has been an observed increase in extreme events

in many parts of the world (Manton et al., 2001; Alexander
and Arblaster, 2009). However, whether this is due to
global warming, to shorter-term natural variations in the
Earth’s climate or to human factors such as increasing popu-
lations in vulnerable locations is unclear.

Changes to the mean state of the climate over the past
century, and in particular over the past 50 years, have been
well documented and global and regional trends are fairly
well established (Intergovernmental Panel on Climate
Change, 2007, 2013). However, analysing observed changes
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in extreme precipitation and temperature is a much more
recent development due to difficulties in collecting the high
spatial and temporal resolution climate data necessary for
these studies. In addition, there are currently large areas of
the world with sparse data coverage, which makes analysis
of low-frequency climate events problematic and prevents
the quantification of trends in extreme events over the 20th
century (Easterling et al., 1999).

The Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report greatly benefitted from
an international effort to improve this situation through a
series of workshops (Peterson and Manton, 2008) coordi-
nated by the Expert Team on Climate Change Detection
and Indices (ETCCDI) which is sponsored by the World
Meteorological Organisation (WMO) Commission for Cli-
matology, the Joint Commission for Oceanography and
Marine Meteorology (JCOMM) and the Research Pro-
gramme on Climate Variability and Predictability
(CLIVAR). The ETCCDI workshops aim to gather partici-
pants from countries within a data-sparse region to improve
the data record and enhance capability. Previous workshops
in the Southeast Asia (SEA) region have been held in 1998,
1999 (Manton et al., 2001) and again in 2007 (Caesar et al.,
2011). Results from these workshops showed strong and
consistent trends in temperature, with particular increases in
the frequency of warm nights (Manton et al., 2001), and
faster reductions in cold days and cold nights. Precipitation
trends were much harder to interpret, and few significant
trends were identified at a regional scale.

As a basis for the present work, workshops were held in
Singapore in May 2011 and June 2012 with participants
from across SEA. The workshops aimed to update previous
records with new station data and improved quality records
and also to investigate some features in more detail. One
objective of this work was to consider the relationship
between station trends and the internal variability modes of
the El Niño-Southern Oscillation (ENSO) and the Indian
Ocean Dipole (IOD). These relationships were investigated
globally by Kenyon and Hegerl (2008; 2010), who found
that ENSO showed a particularly clear influence on
extremes around the Pacific Rim. Similarly, Alexander
et al. (2009) found that global sea surface temperature
anomaly patterns influence the modulation of extreme tem-
perature and precipitation around the globe. In general, pro-
longed drought conditions in SEA are associated with El
Niño while severe floods tend to be associated with La
Niña. However, previous studies have shown considerable
spatial and strong seasonal variation in these relationships
(Nicholls, 1981; Chang et al., 2003; Tangang and Juneng,
2004). The variability in landfall of tropical cyclones in the
region is particularly dependant on the phase of ENSO (Liu
and Chan, 2003; Goh and Chan, 2010). In addition to
ENSO, the IOD is known to drive climate variability in
SEA, although the mechanisms by which this occurs are

less well understood. The IOD is generally associated with
temperature and rainfall variability in two modes, whereby
one causes anomalously low rainfall over countries on the
eastern rim of the Indian Ocean, and the other causes
enhanced rainfall over the Asian monsoon trough (Saji and
Yamagata, 2003). Here we investigate further the regional
and subregional influences of both ENSO and the IOD, and
the evidence for relationships with the extremes observed in
the data. Any strong correlations here will have implications
for the predictability of extremes in the region and therefore
are of significance to modellers and ultimately decision
makers.

Climate models are now being used to project potential
changes to extreme events in many regions of the world.
Studies comparing model results to the observational record
have long suggested that models do not represent well the
occurrence of climatic extremes and therefore add consider-
able uncertainty to future projections (e.g., Meehl et al.,
2007; Sillman and Roeckner, 2008; Alexander and Arbla-
ster, 2009), although more recent studies have pointed to
model achieving a similar degree of uncertainty in past cli-
mate model simulations than in observations (Gervais et al.,
2014; Alexander and Arblaster, 2017). Global climate
models are unable to simulate realistically the variability of
the climate and in particular extreme climate events due to
their coarse resolution as compared to the scales on which
many events occur (particularly precipitation extremes).
Therefore, as part of this study we use a regional climate
model (RCM) to downscale the modelled climate to a more
suitable resolution of 25 km. We compare the observational
record with the results from a reanalysis data-driven RCM
experiment in order to question how realistic the additional
detail from downscaling is.

In this article, we begin by describing the daily climate
data gathered at the 2011 and 2012 workshops and methods
used (section 2) before describing results (section 3) from
both the station data and comparison with large-scale modes
of variability and the model. We then discuss the relevance
of this study (section 4).

2 | DATA AND METHODS

2.1 | Station data

Invitation were sent to all countries within the ASEAN
region (Association of Southeast Asian Nations, a geopoliti-
cal and economic organisation of countries) to contribute to
this study. A total of 146 stations of climate indices were
received from 8 out of 10 ASEAN countries: Brunei, Indo-
nesia, Malaysia, Myanmar, Philippines, Singapore, Thailand
and Vietnam. Some indices, such as the 90th percentile of
daily Tmax (TX90p), require a base period over which to
compute them. The period of 1972–2010 was used in this
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study as a baseline for all stations where the data covered
this period. The station data supplied by Indonesia and
Myanmar did not cover the entire base period and therefore
were not considered. In this study we present the regional
climate indices, computed using daily time series of temper-
ature (maximum and minimum) and precipitation for a total
of 121 stations from six countries (Brunei, Malaysia, Philip-
pines, Singapore, Thailand and Vietnam; shown in
Figure 1). Data supplied included daily maximum and mini-
mum temperatures, and daily precipitation totals. Data from
individual countries can be accessed by direct request to the
relevant National Meteorological Service.

All data used in the study have been quality controlled
using the procedures in the RClimDex software (the RClim-
Dex packages can be downloaded from the ETCCDI web-
site http://cccma.seos.uvic.ca/ETCCDI/); the quality control
was conducted by each individual country and evaluated
during the workshop to ensure consistency across the
region. Errors such as negative daily precipitation amounts
due to manual keying errors were removed and both daily
maximum and minimum temperatures set to a missing value
if daily maximum temperature is less than daily minimum
temperature. In this study, outliers are defined as lying out-
side four standard deviations (SD) from the climatological
mean of the value for the day, that is, mean ± 4 SD. Daily
temperature values outside of this range were manually
checked and edited on a case by case basis by authors who
are knowledgeable about their own daily data.

Unlike many previous regional indices workshops,
where final quality control and indices processing for all
stations from the regions was completed centrally, this study
took the approach of having the quality control performed
independently by scientists in each of the participating
countries. A set of uniform guidelines was supplied to each
participant, and efforts were made to ensure objective deci-
sions on data quality were made consistently. Part of the

workshop process was to identify whether any results may
have been influenced by this process and stations with ques-
tionable quality were removed. Following quality control,
the extremes indices were calculated using RClimDex
before being collated for this study. In term of data com-
pleteness, to be considered in this study, any stations had to
have less than 20% of the missing data in any given year
during the analysis period.

The stations were divided into four climatically similar
subregions: northwestern (NW), southwestern (SW), north-
eastern (NE) and southeastern (SE) (Figure 1). SEA as a
whole has a more homogeneous climate than the larger
regions considered previously (Manton et al., 2001; Caesar
et al., 2011); however, there are key subregional differences
which are usefully delineated here. Data from all available
stations were combined to produce regional and subregional
mean time series for each index.

SEA is under the influence of monsoon winds of sea-
sonal character. The northeast monsoon affects the region
from October to February, and the southwest monsoon from
May to October. Tropical storms also have direct impacts
on the weather conditions over NW and NE. NW is affected
by only about three to four tropical storms a year, while a
large proportion of the rainfall over NE is due to the influ-
ence of tropical storms. Tropical storms do not affect
directly SE, and only minimal and indirect effects are felt
(Chan, 2005).

There is a relatively large seasonal variation of tempera-
tures over NW. The maximum temperatures usually reach
near 40 �C and temperatures may be near or below 0 �C in
winter at high-elevation locations. Temperatures over SE
and SW are far more uniform throughout the year because
of the maritime and tropical characteristics of this region.
The characteristic features of the climate over SE and SW
are uniform temperature, high humidity and copious rainfall.
There is no distinct wet or dry season, but rainfall is

NW NE

SESW

20°N

10°N

0

100°E 110°E 120°E

3800
3600
3400
3200

3000

2800
2600
2400

2200
2000
1800

1600
1400
1200

1000
800
600

400
200

0

FIGURE 1 Location of the 121 stations
assessed for this study and the limits of the
four subregions. Background is the region
orography
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characterized by high intensities (measured in mm/hr) due
to small to mesoscale convection cells of thunderstorms and
squall lines.

2.2 | Indices

A total of 27 indices, based upon recommendations of the
ETCCDI, were calculated using RClimDex. The ETCCDI
website lists the complete set of indices and their defini-
tions, and Table 1 lists the indices presented in this study.
Monthly indices were computed, from which seasonal or
annual indices were derived. Discussions were held at the
workshop to assess how useful the available indices were to
users, and this informed the selection in Table 1. In addi-
tion, threshold measures were adapted to reflect the climate
of the region, for instance R10mm was not considered
“heavy rain” by the participants so R20mm was chosen
instead. Absolute value thresholds were preferred to charac-
terize extreme rainfall events instead of percentiles-based
one for their simplicity and common understanding.

2.3 | Trend calculation and regional series

Ordinary least squares method was used to calculate the
trends of the indices. Caesar et al. (2011) indicated that a
simple least squares method might not be appropriate for
indices data that do not follow a Gaussian distribution. To
investigate the appropriateness in using least squares
method in computing the trends, a comparison was made
between the least squares estimator and Kendall’s slope esti-
mator used for the same purpose by Caesar et al. (2011). In
general, statistically significant trends in the indices were

consistently identified by both approaches. Regional (and
subregional) linear trends averaged across the weather sta-
tions were computed to examine the overall trends across
SEA. In averaging the trends, however, no area-based
weighting corrections are made, so areas with a high data
density will be over-represented in the regional averages.
Thus, spatial maps of the trends at individual weather sta-
tions are also provided in this study. In this study, a trend is
considered to be statistically significant if it is significant at
the 5% level.

2.4 | Relationships between extreme indices and large-
scale atmospheric phenomenon

To investigate the relationship between the extreme indices
and large-scale atmospheric phenomena such as the ENSO
and IOD, we computed the Pearson product–moment corre-
lation between the indices and the Southern Oscillation
Index (SOI) and Dipole Mode Index (DMI).

The SOI is calculated using the pressure differences
between Tahiti and Darwin and gives an indication of the
development and intensity of El Niño or La Niña events in
the Pacific Ocean (SOI is available from the NOAA Climate
Prediction Center website (http://www.cpc.ncep.noaa.gov/
data/indices/soi). Sustained negative values of the SOI often
indicate an El Niño episode; sustained positive values of the
SOI are typical of a La Niña event. In view that May and
June often represent a time of the year of transition of the
ENSO state, that is, when ENSO episodes are ending or
new episodes are just beginning to grow (Webster and
Yang, 1992; Ju and Slingo, 1995; Turner et al., 2005), the
relationship between the indices and SOI anomalies, on an

TABLE 1 Climate indices computed as part of this study

Index Indicator name Units

TX90p Warm days (above the 90th percentile) Percentage of days

TX10p Cool days (below the 10th percentile) Percentage of days

TN90p Warm nights (above the 90th percentile) Percentage of days

TN10p Cool nights (below the 10th percentile) Percentage of days

TXx Max Tmax
�C

TXn Min Tmax
�C

TNx Max Tmin
�C

TNn Min Tmin
�C

DTR Diurnal temperature range �C

PRCPTOT Annual total wet-day precipitation mm

SDII Simple daily intensity index (average rainfall on days with ≥1 mm rain) mm/day

CDD Consecutive dry days (days with ≤1 mm rain) Days

CWD Consecutive wet days (days with ≥1 mm rain) Days

RX5day Maximum 5-day precipitation mm

RX1day Maximum daily precipitation mm

R99p Precipitation total due to extremely wet days (above the 99th percentile of days with ≥1 mm rain) mm

R95p Precipitation total due to very wet days (above the 95th percentile of days with ≥1 mm rain) mm

R40mm Extremely heavy precipitation days (≥40 mm) Days

R20mm Heavy precipitation days (≥20 mm) Days
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annual basis, was investigated based on the averages of the
indices between July and the following June.

The intensity of the IOD is represented by anomalous
SST gradient between the western equatorial Indian Ocean
(50�–70�E, 10�S–10�N) and the southeastern equatorial
Indian Ocean (90�–110�E, 10�S–0�N); this gradient is
named as the DMI. During a positive IOD year, the eastern
Indian Ocean is colder than normal while the western
Indian Ocean is warmer than normal. Because the DMI is
defined as a difference between the western and the eastern
Indian Ocean, DMI is positive during a positive IOD year
and vice versa. DMI data up to September 2010 are avail-
able from the Japan Agency for Marine-Earth Science and
Technology http://www.jamstec.go.jp/frcgc/research/d1/iod/
DATA/dmi_HadISST.txt.

2.5 | Model comparison

We ran the 25-km resolution RCM HadRM3P (Jones et al.,
2004) driven by ERA40 reanalysis data (Uppala et al.,
2005) over the study region within a spatial domain from
90� to 135�E and 28�N to 10�S. This area was selected to
encompass as much of the ASEAN region as possible and
capture important regional climatic features while maintain-
ing a manageable size appropriate for running an RCM of
this resolution (for more discussion on the appropriate selec-
tion of domain size for RCM experiments, see Bhaskaran
et al., 1996). Initial conditions were taken from ERA-40
instantaneous 3D assimilation for the day and time at the
start of the RCM integrations. The model has 19 vertical
levels and 5-min time steps; the full model setup can be
accessed from the PRECIS website and technical report
(Wilson et al., 2015). The model has proven useful in repro-
ducing regional climate and has been used extensively
across the ASEAN region to study regional impacts of cli-
mate change (e.g., change in tropical cyclone over Vietnam
(Redmond et al., 2015) or change in rainfall over Malaysia
(Loh et al., 2016). No specific simulation was run for this
study, instead it was decided to make use of an existing
simulation which was run from 1959 to 2002 and therefore
overlaps most of the observational data time series (results
from this simulation were incomplete for the year 1992
which is therefore omitted in the result section). For calcula-
tion of trends requiring a baseline period, we recalculated
the station data trends to use the same baseline of
1972–2001 for comparison purposes. A single RCM simula-
tion was available, preventing any possibility to assess inter-
nally generated variability.

The grid boxes containing each of the station points
used in this study were then extracted to form time series
equivalent to those for each station. These were then used
to calculate indices (see method above) and combined to
produce regional and subregional model mean time series
for each index. By using this method, we ensure that only
the areas where station data are available were sampled

from the model. However, this raises the issue of comparing
point data (e.g., the stations) with smoothed model grid
boxes, which will undoubtedly impact the comparison of
extreme values. For instance, we would expect the model to
consistently underestimate the tails of a distribution as the
values are averaged over an area, rather than recording the
highest value at a point. For regions where high-resolution
gridded daily data products are available (e.g., the European
E-OBS data set) (Haylock et al., 2008), a more complete
validation of modelled extremes can be attempted (see,
e.g., Herrera et al., 2010). However, in many regions of the
world, including much of the study region used here, sparse
and incomplete data records make this unsuitable. For this
reason, while we do calculate correlations between station
data and model values, we focus more on whether the spa-
tial and temporal trends are represented adequately in the
model; furthermore, results are evaluated at the subregional
level to limit the pertinence of this limitation. The influence
of station density on the evaluation of gridded data from
RCMs is discussed more thoroughly in Hofstra
et al. (2009).

3 | RESULTS

3.1 | Trends in temperature indices

Initially, we considered trends in four percentile-based tem-
perature indices (the 10th and 90th percentile of both daily
maximum and minimum temperature) at individual stations.
These are compared to examine the extent to which the
magnitudes of their changes are consistent with the region
as a whole. We find there is a statistically significant
upwards trend in the occurrence of warm days for 55% of
the stations (Figure 2 top left; p < .05 for the remainder of
the article). Of those stations indicating significant upwards
trends, half of them indicate an increase of more than 5%/
decade in the number of warm days. A similar increase in
warm nights is also detected across the region (Figure 2,
bottom left). Fifty-four percent of stations show statistically
significant decreasing trends in the occurrence of cool days
(Figure 2, top right). For two stations there is a greater than
5% decrease in cool days.

Of the indices considered, the frequency of warm and
cool nights (TN90p and TN10p) show the most consistent
pattern with large areas showing strong increasing and
decreasing trends, respectively (Figures 2, right). Eighty
percent of the stations show statistically significant upwards
trends in the occurrence of warm nights. Seventy-nine per-
cent of the stations show significant downwards trends in
cool night’s occurrence. In contrast to daytime temperatures,
these results show evidence of a greater decrease in cool
nights than the equivalent increase in warm nights. This is
in agreement with previous literature (Caesar et al., 2011).
The consistency of trends in night-time temperature also
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suggests that there is limited effect from the urban
environment.

Figure 3 shows regional and subregional mean time
series for warm days (TX90p). All subregions, except NE,
show significant (p < .05) increments in the number of
warm days between 1972 and 2010. The regional and subre-
gional series display annual peaks coincident with El Niño
episodes; in particular, 1998 stands out. NE appears to lack

the increasing trend as evident in other subregions, particu-
larly in the last decade. It is observed that NE and SE show
weaker trends than SW and NW. One possible reason is the
moderating effect of the large ocean surrounding the Philip-
pines and eastern Malaysia on the local signature of global
warming.

Table 2 lists the regional and subregional trends for all
the temperature indices examined in this article. When aver-
aged over the region, almost all of the temperature indices
show significant changes over the 1972–2010 period. For
the percentile-based indices, we see general agreement in
the sign and significance of trends in all regions, except for
a non-significant upwards trend in the occurrence of warm
days over NE. In general, over the entire region, the fre-
quency of warm nights has increased and the frequency of
cold days and nights has decreased.

Trends in absolute temperature indices (TXx, TXn, TNx,
TNn and DTR) reflect significant increasing trends in both
the maximum and minimum annual daily minimum tempera-
tures (TNx and TNn). Trends for annual maximum daily
maximum temperature (TXx) are generally non-significant
over the region with an exception over SW which showed a

Decrease > 10%/decade 

Decrease > 5%/decade 

Decrease < 5%/decade 

Non-significant decrease 

Increase > 10%/decade 

Increase > 5%/decade 

Increase < 5%/decade 

Non-significant increase 

TX90p TX10p 

TN90p TN10p 

FIGURE 2 Station trends for percentage of (top left) warm days, cool days (top right), warm nights (bottom left) and cool nights (bottom right) for the
period 1972–2010. In all charts, positive trends are represented by triangles, negative trends by circles. Symbol size and colour are proportional to the
magnitude of the trend. Coloured (white) symbols indicate trends significant (non-significant) at the 5% level, respectively
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FIGURE 3 Regional and subregional time series for TX90p (units: %) for
SEA average and subregions. Straight line indicates ordinary least squares
fit based on SEA average
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significant rate of increase of 0.2 �C/decade. The magnitude
of the trends is also generally greater for minimum tempera-
ture (TXn and TNn) related extremes. Annually, the largest
change in extremes corresponding to an increase in mini-
mum daily minimum temperature is 0.79 �C/decade
over NW.

These results are largely in agreement with those found
by Caesar et al. (2011) in a previous study for SEA, with
minimum temperatures showing a stronger increase than
maximum temperatures (thereby reducing DTR). Some indi-
ces show much higher trends, however, with night-time
indices (TN90p and TN10p) approximately double the pre-
vious estimate, possibly suggesting a sharp increase of
trends in the recent decade. We find that on the whole
trends are strongest in SW and weakest in SE and NE as
previously discussed. It is also important to note that there
are fewer stations in the SW and SE and therefore trends
are likely to be more skewed by the data from one station.

The decadal trends for the seasonal occurrence of warm
days and nights are shown in Table 3. Warming is observed
in all seasons, and in particular it is noted that significant
night-time warming trends are observed in all seasons and
all subregions. The largest changes in night-time tempera-
tures are found in DJF. In all seasons and for both indices,
we see a significant warming over SW. There is no signifi-
cant change in the occurrence of warm days over NE for
1972–2010 periods in all seasons. For MAM there is no sig-
nificant change over SEA or the subregions, except for SW.

3.2 | Trends in precipitation indices

There is a relative lack of spatial coherence of trends in the
precipitation indices (Figure 4). We observe only 16 and
13% of the stations showing statistically significant (p

< .05) upwards trends in the annual total wet-day precipita-
tion (PRCPTOT) and R95p index, respectively. Less than
3% of the stations (3 out of 121) indicate significant down-
wards trends in both precipitation indices. Figure 4 (bottom)
shows that the number of stations with significant trends in
either direction is low for the maximum daily precipitation
amount (RX1day); only eight and four of the stations show
significant upwards and downwards trends, respectively.

The trends found in this study, particularly increases in
RX1day in the Philippines and central Vietnam, are quite
large in some locations but lack spatial coherence and may
be related to trends in tropical cyclone activities in the
region (for further discussion see, e.g., Chan and Shi, 1996;
Ho et al., 2004; Liu and Chan, 2008). Significant trends
also stand out on the Malay Peninsula and Singapore.

The regional and subregional trends for all the precipi-
tation indices examined in this article are listed in Table 4.
The regional time series for the fractional contribution to
the annual total precipitation due to very wet days (R95p)
(Table 4) show a statistically significant upwards trend as
well as but this is limited to NW and SW. We find a gen-
eral increase in precipitation indices, except for consecu-
tive dry days (CDD) and consecutive wet days (CWD) for
which trends are not statistically significant (as well as
RX5day, RX1day and R99p). When compared with tem-
perature changes, we see a less spatially coherent pattern
of statistically significance changes. However, there are
significant regional trends (PRCPTOT, SDII, R95p
R40mm and R20mm) that have not been found in previous
studies.

Over the equatorial subregions (SE and SW), we see a
significant increase in both of the frequency-based precipita-
tion indices, that is, the R40mm and R20mm indices. There
is also a significant increase in the annual total wet-day

TABLE 2 Trends in temperature indices for the period 1972–2010; trends significant at the 5% level are highlighted in bold

Index SEA NW NE SE SW Units/decade

TX90p 3.05 3.80 0.72 1.81 4.63 Percentage of days

TX10p −1.82 −2.31 −1.11 −1.03 −2.12 Percentage of days

TN90p 4.82 4.41 3.72 5.31 6.63 Percentage of days

TN10p −4.91 −3.70 −4.2 −6.71 −6.82 Percentage of days

TXx 0.09 0.08 0.002 −0.01 0.20 �C

TXn 0.16 0.18 0.20 0.08 0.16 �C

TNx 0.18 0.14 0.11 0.16 0.29 �C

TNn 0.60 0.79 0.49 0.45 0.53 �C

DTR −0.11 −0.07 −0.16 −0.2 −0.14 �C

TABLE 3 Seasonal trends in warm days (WD) and warm nights (WN) for the period 1972–2010 expressed as percentage of days/decade; trends significant
at the 5% level are highlighted in bold

Season
SEA NW NE SE SW
WD/WN WD/WN WD/WN WD/WN WD/WN

DJF 4.8/8.3 6.0/9.0 2.3/5.1 1.9/8.2 6.8/10.5

MAM 1.9/6.6 2.5/5.4 0.3/5.8 1.8/7.0 4.1/9.3

JJA 3.1/6.3 4.5/6.5 1.3/4.4 3.1/7.4 4.7/8.4

SON 4.6/6.8 6.6/6.3 1.0/4.6 2.3/7.3 6.1/9.6
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precipitation (PRCPTOT) and the average rainfall on days
with ≥1 mm rain (simple daily intensity index [SDII]).
Northern subregions show few significant changes in pre-
cipitation indices.

In most seasons, there is an increase in the annual maxi-
mum daily rainfall total (RX1day) over the region as a

whole (Table 5). There is an exception of decreasing trends
in this index over SE in June–August; however, we note
that these trends are non-significant. In contrast to the tem-
perature changes, there are very few areas of significant
change in precipitation. We observed only significant
increases in RX1day over the NW in MAM and over SW

Increase > 100 mm/decade (non-significant) 

Increase < 100 mm/decade 

Increase < 100 mm/decade (non-significant) 

Decrease < 100 mm/decade (non-significant) 

Decrease < 100 mm/decade 

Decrease > 100 mm/decade 

PRCPTOT 

R95p 

RX1day 

Increase > 300 mm/decade 

Increase > 200 mm/decade 

Increase > 100 mm/decade 

Increase > 100 mm/decade 

Increase >  50 mm/decade  

Increase >  50 mm/decade (non-significant) 

Increase <  50 mm/decade 

Increase <  50 mm/decade (non-significant) 

Decrease < 50 mm/decade (non-significant)   

Decrease <  50 mm/decade   

Decrease >  50 mm/decade (non-significant) 

Decrease >  50 mm/decade   

Increase > 50 mm/decade 

Increase >  10 mm/decade   

Increase >  10 mm/decade (non-significant) 

Increase <  10 mm/decade 

Increase <  10 mm/decade (non-significant) 

Decrease < 10 mm/decade (non-significant)     

Decrease < 10 mm/decade   

Decrease >  10 mm/decade (non-significant) 

Decrease > 10 mm/decade   

FIGURE 4 Station trends for annual
total wet-day precipitation (top),
precipitation total due to very wet days
(middle) and annual max daily total
precipitation (bottom) for the period
1972–2010. Coloured (white) symbols
indicate trends significant (non-
significant) at the 5% level, respectively

TABLE 4 Trends in precipitation indices for the period 1972–2010; trends significant at the 5% level are highlighted in bold

Index SEA NW NE SE SW Units/decade

PRCPTOT 59.6 27.2 49.6 88.1 123.3 mm

SDII 0.2 0.3 −0.02 0.3 0.3 mm/day

CDD −1.8 −2.2 −1.3 −1 −1.3 Days

CWD −0.08 −0.01 −0.30 0.01 −0.06 Days

RX5day 2.3 2.7 2.3 2.1 −1 mm

RX1day 1.6 2.4 −1.3 0.8 2.1 mm

R99p 0.002 0.002 −0.001 0.003 0.004 mm

R95p 0.006 0.007 0.0002 0.004 0.009 mm

R40mm 0.5 3.2 0.5 0.9 0.7 Days

R20mm 1 0.5 1 1.8 1.4 Days
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and SE in June–August (Table 5). There is no significant
change in the maximum daily rainfall over NE in any
seasons.

3.3 | Relationship with ENSO and IOD

The ENSO and IOD are two dominant modes of climate
variability in the tropical Pacific and Indian Oceans. Both
modes are shown to influence the climatic conditions of
several parts of the world (Diaz et al., 2001; Saji and Yama-
gata, 2003). Being located in between those two basins, cli-
mates in SEA are expected to be influenced by both
phenomena. In this study, we investigate the influences on
extremes indices arising from different phases of ENSO and
IOD and consider how the relationships evidenced here sup-
port our existing understanding of how these phenomena
affect both mean and extreme climates in the region
(Alexander et al., 2006; Kenyon and Hegerl, 2008; 2010). It
is well recognized in the literature that the two phenomena
investigated here are significantly correlated (Allan et al.,
2001; Behera et al., 2005), and this should be appreciated
when considering relative relationships between each and
the trends in extreme temperature and rainfall in the region.
Correlations were computed for all indices considered in
this study. For the sake of brevity only the most significant
correlations observed are reported in the following section;
in this section only correlations of magnitude larger than .3
are significant at the 5% level.

3.3.1 | Relationship with SOI

The correlation map between TN90p and SOI anomalies
shows a cluster of relatively strong (−.2 < ρ < −.6) nega-
tive correlation over NW, SW and SE (Figure 5), indicating
that an increase in the number of warm nights can be
expected with El Niño episodes. This relationship holds true
for other temperature indices and is in agreement with the
literature (Caesar et al., 2011), supporting the driving mech-
anisms of variability previously identified. We see more
mixed signals over NE and the Philippines as a whole, with
more positive correlations in evidence around the northern
islands.

The seasonality of ENSO is such that it is expected to
have greatest influence in this region in December–
February. In all seasons except September–November
(SON) negative correlations are noted over the equatorial
part of the southern subregions (not shown). Over these

subregions, the strongest negative correlation is noted dur-
ing the winter monsoon period (DJF), that is, a very high
possibility for an increase in the frequency of warm nights
over the equatorial region is expected with El Niño episodes
during this season (not shown). In the northern subregions
(NW and NE), positive relationships are evident during DJF
which indicates an increase in the frequency of warm nights
over this region may be expected with La Niña episodes.
Over NW, we generally observe mixed relationships
throughout the seasons, although more negative relation-
ships are evident during the March–May season. Region-
ally, the frequency of warm nights is less influenced by
ENSO episodes during the SON season.

The correlation pattern between RX1day and SOI anom-
alies (Figure 6) highlights the strong relationship between
rainfall and ENSO over NE and SE. Strong (ρ > .6) posi-
tive correlation (i.e., an increase in the maximum daily pre-
cipitation amount with La Niña episode) is evident over
NE. NW and SW indicate relatively weaker correlations (ρ
< .6) between the variables and the relationship also
weakens towards the equator. Again, the results found here

TABLE 5 Seasonal trends in annual maximum daily rainfall total
(RX1day) for the period 1972–2010; trends significant at the 5% level are
highlighted in bold

Season SEA NW NE SE SW Units/decade

DJF 2.9 1.2 4.7 3.1 4.6 mm

MAM 3.3 3.2 5.2 2.5 2.2 mm

JJA 1.5 1.2 −0.2 3.3 2.7 mm

SON 1.0 0.6 3.2 −0.2 0.7 mm
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FIGURE 5 Correlation between annual mean (from July to June) of
TN90p and the SOI
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FIGURE 6 Correlation between annual mean (from July to June) of
RX1day and the SOI
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support the existing literature and understanding of ENSO
teleconnections in this region (Caesar et al., 2011). The
strong response over the Philippines in RX1day also con-
curs with the expectation that tropical cyclone activity will
increase in La Niña episodes.

At the seasonal timescale (not shown), stronger relation-
ships are seen in general between ENSO and the maximum
daily total precipitation over the SE and NE, in particular in
the Philippines data. Over NE, the strongest positive corre-
lation is observed during the winter monsoon period (DJF),
that is, a very high possibility for an increase in the maxi-
mum daily rainfall total over this region is expected with La
Niña episodes during this season. We generally expect an
increase in the maximum daily rainfall total over NE with
La Niña episodes in all, except the June–August (JJA) sea-
sons. Over NW, the effect of ENSO is less clear.

An increase in the maximum daily rainfall total over SE
with the intensification of the La Niña episodes is seen in
all except MAM seasons, where a switch in the relation-
ships (positive to negative) along the western coastal region
is observed from DJF to MAM. A coherent positive correla-
tion over SW during the SON season exists, which indicates
an increase in the maximum daily rainfall total with La Niña
episodes. Positive correlations are reduced during DJF and
further more in MAM and limited to the northern parts.
There is no consistent relationship during the JJA season
over SW.

3.3.2 | Relationship with IOD

The majority of stations (84%) show positive correlations
between TN90p and DMI (all correlations are based on syn-
chronous values and no lagged correlations are shown).
Figure 7 indicates that in general warmer temperatures are
expected in a positive IOD year, that is, when the eastern
Indian Ocean is colder than normal. All, except one, stations
in the southern subregions, show positive correlations (.2 <
ρ < .6) between the indices. A cluster of stations along the

eastern coast of NW indicate an increase in the frequency of
warm nights with the intensification of negative IOD years
(−.4 < ρ < −.2), and the relationship is weaker over
NE. Strongest relationships with IOD are expected in the
regions directly bordering the Indian Ocean. It is interesting
to note the area on the east coast of Vietnam showing strong
negative and spatially consistent correlation for annual
values indicating that positive IOD years lead to colder tem-
peratures along this stretch of the Vietnam coast in opposi-
tion to the surrounding area inland.

When compared with the temperature index, we see a
weaker correlation between the maximum daily rainfall total
and the DMI. We observed only two stations with ρ > .4
and ρ < −.4, respectively (Figure 8). Apart from a number
of stations over NE and along the eastern coast of SW indi-
cating an increase in the maximum daily rainfall total with
the intensification of negative IOD years (−.4 < ρ < −.2),
we see mixed relationships over other subregions.

When considering the seasonal cycle, we see weaker
relationships between the climate indices and the IOD than
we did with the ENSO (not shown). IOD episodes have the
strongest influence on the occurrence of warm nights over
southern subregions during the DJF season. This is particu-
larly evident over SW and SE. The IOD has least influence
on temperatures in the region during the MAM season.

We observe positive correlations in all seasons over SW
in TN90p. An increase in the number of warm nights is also
observed during a positive IOD year in all seasons except
MAM over SE. Over NW, an increase in the number of
warm nights is observed with the strengthening of positive
IOD year in all seasons with exception of a small group of
stations in the north of Thailand during DJF. Results for NE
are again mixed, with a more coherent negative relationship
in DJF than in SEA. An increase in warm nights during
positive IOD events is however expected in JJA. Being fur-
thest from the Indian Ocean temperature indices in NE are
less likely to be influenced by the IOD, and the results here
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FIGURE 7 Correlation between annual mean (from July to June) of
TN90p and the IOD
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FIGURE 8 Correlation between annual mean (from July to June) of
RX1day and the IOD
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may in fact be a manifestation of ENSO and IOD co-
evolution.

As with the annual totals the seasonal relationship (not
shown) with precipitation is much less spatially coherent
than with ENSO. Strongest relationships are seen in DJF
and MAM, with some indication of a negative relationship
over the Philippines in DJF, and a positive relationship over
much of Thailand in MAM. Relationships are weakest in
SON, and in SE and SW in JJA.

3.4 | Representation of extremes in a RCM

In order to assess how useful modelled climate projections
for the future are, we need to know how well the model per-
forms in a historical context. By comparing indices calcu-
lated from a RCM run (Met Office Hadley Centre
HadRM3P) with the station data over the same period, we
can get an estimate of our confidence in the model. Table 6
presents the trends in model data compared to station data
trends from 1972 to 2001. Note that this preliminary investi-
gation has been achieved using a single RCM simulation,
preventing any possibility to assess internally generated var-
iability; results may also be different if a different RCM is
used or if the same RCM is driven by a different reanalysis.

3.4.1 | Representation of temperature extremes

The model reproduces well the inter-annual variability of all
temperature indices, with Pearson’s coefficient greater than
.8 except for TXn (not shown). Indices for warm and cool
days, warm and cool nights (Tx90, Tx10, Tn90 and Tn10)
are closely related across the region. Trends in TX90p and
TX10p are well reproduced for the region as a whole; how-
ever, there are subregional differences, with trends overesti-
mated on the whole in NE and SE and underestimated in
NW and SW, particularly for TX90p (Table 6). TN90p and
TN10p capture the significant trends found in the station
data, although again slightly overestimate the trends in the
eastern half of the region.

The more extreme maximum temperature indices are
well represented in the model for both TNn and TNx. As
with the observations, trends in the model TXx and TXn

show low significance; subregional differences are however
well correlated with the station results. The result of this is
an overall underestimate of the DTR (Figure 9) which in
magnitude is particularly poor for SE. In contrast the trend
in DTR is well reproduced by the model, for the region as a
whole and in particular for NE, albeit with a strong underes-
timation of the DTR absolute value by the model. The exist-
ing literature (see, e.g., Stone and Weaver, 2002) suggests
that trends in DTR are not well represented in models in
general; this study results suggest otherwise. The trends
apparent in the model (which does not contain land use
change or urbanization) also provide added confidence that
observed trends in DTR, as shown in Figure 9, are not due
to urban influences.

3.4.2 | Representation of precipitation extremes

Grid box averages of the model are not expected to capture
the exact magnitude of extreme values found in station
point data. This is particularly true for rainfall extremes as
precipitation tends to be more spatially and temporally het-
erogeneous. This means a lower level of agreement between
station and model data is understandable. In addition, it is
worth noting that the model will underestimate the magni-
tude of threshold-based indices R40mm and R20mm
because it uses an area average rather than a point. This will
have a compounded effect on correlation coefficients by
affecting the largest (most extreme values) the most. There-
fore, we focus here on whether the model is able to capture
spatial and temporal trends in precipitation extremes.

The trends in precipitation totals (PRCPTOT) are over-
estimated in all regions, and this is a feature of most of the
precipitation indices (Table 7). The overestimation is signif-
icant, across the region, it is more than threefold what has
been observed and equal to about 10% of the mean rainfall.
R99, R95, RX1day and RX5day all show the model consis-
tently overestimating station data trends. This is particularly
true for NW and SW. However, importantly, where the
observed data indicated a statistically significant trend, the
model also indicates a statistically significant trend of the
correct sign. In particular, SDII is represented well, and the
statistically significant negative trends are captured,

TABLE 6 Modelled trends in temperature indices for the period 1972–2001. Observed trends are given in brackets for comparison; trend significant at the
5% level are highlighted in bold

Index SEA NW NE SE SW Units/decade

TX90p 2.31 (3.32) 0.82 (4.40) 4.42 (1.73) 3.22 (1.23) 2.02 (4.73) Percentage of days

TX10p −1.42 (−1.83) 0.6 (−2.21) −2.80 (−1.22) −3.51 (−1.00) −2.03 (−2.01) Percentage of days

TN90p 6.32 (4.70) 3.62 (3.72) 8.53 (3.71) 7.50 (6.14) 7.82 (6.23) Percentage of days

TN10p −4.91 (−4.40) −2.23 (−3.22) −5.51 (−3.23) −6.92 (−6.43) −7.52 (−5.91) Percentage of days

TXx 0.06 (0.11) −0.02 (0.12) 0.15 (0.0007) 0.16 (0.07) −0.03 (0.17) �C

TXn 0.01 (0.18) −0.14 (0.09) 0.24 (0.28) 0.15 (0.21) −0.06 (0.20) �C

TNx 0.2 (0.18) 0.09 (0.11) 0.23 (0.05) 0.24 (0.31) 0.26 (0.33) �C

TNn 0.3 (0.68) 0.14 (0.97) 0.47 (0.51) 0.34 (0.55) 0.35 (0.59) �C

DTR −0.2 (−0.14) −0.23 (−0.08) −0.15 (−0.15) −0.12 (−0.28) −0.27 (−0.17) �C
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FIGURE 9 Regional (top) and subregional (bottom four panels) time series (1972–2001) for DTR (units: �C). Straight line indicates ordinary least squares
fit, model results are in red and station data in blue

TABLE 7 Modelled trends in precipitation indices for the period 1972–2001. Observed trends are given in brackets for comparison; trend significant at the
5% level are highlighted in bold

Index SEA NW NE SE SW Units/decade

PRCPTOT 182.0 (56.7) 142.9 (17.3) 156.3 (74.4) 205.0 (31.7) 254.9 (104.9) mm

SDII −0.2 (−0.14) −0.23 (−0.08) −0.15 (−0.15) −0.12 (−0.28) −0.27 (−0.17) mm/day

CDD −3.0 (−0.8) −3.4 (1.9) −4.0 (−2.4) −1.0 (−1.2) −2.8 (−2.8) Days

CWD 3.5 (−0.2) 2.8 (−0.06) 4.4 (−0.2) 2.3 (−0.1) 4.3 (−0.2) Days

RX5day 15.6 (−0.01) 19.4 (5.1) 7.5 (−8.9) 17.0 (−8.4) 16.3 (2.8) mm

RX1day 7.4 (1.6) 10.4 (3.4) −1.6 (−3.1) 10.6 (−2.5) 9.0 (4.1) mm

R99p 0.009 (0.002) 0.01 (0.002) −0.005 (0.001) 0.01 (0.003) 0.02 (0.004) mm

R95p 0.03 (0.006) 0.03 (0.007) 0.01 (0.0002) 0.02 (0.004) 0.04 (0.01) mm

R40mm 0.66 (0.59) 0.67 (0.3) 0.65 (0.93) 0.7 (0.2) 0.53 (0.84) Days

R20mm 3.1 (1.0) 2.7 (0.5) 2.6 (1.4) 3.2 (0.9) 4.3 (1.7) Days
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although spatial distribution is not quite correct. There are
some other variations in the subregional trends (Table 7);
for instance, the significant negative trends found in the SE
and NE (Table 7) are not represented so well in the model.
It is also interesting to note that in some instances the model
produces extreme rainfall trends where there are no signifi-
cant trends evident in the station data, for instance in
RX5day and R95p, R20mm and R40mm (Table 7). No sig-
nificant trends are found in the CDD apart for SW which is
captured by the model as are other subregional variation
except for NW. As with other indices, trends in CWD
(Table 7) are overestimated across the region. For SEA,
NW and NE the model produces significant increasing
trends, whereas the station data show insignificant decreas-
ing trends.

4 | DISCUSSION AND CONCLUSIONS

In this article we have presented the results from a new and
updated data set of climate extremes in six countries in
SEA. The data set presents indices calculated from station
data not used in previous studies, which have been subject
to consistent quality control procedure and allow up-to-date
assessment of temperature and precipitation extremes.

Our findings complement previous studies by Manton
et al. (2001) and Caesar et al. (2011), providing further evi-
dence of increases in temperature extremes. Statistically sig-
nificant trends are found across the region and are
particularly strong in the SW part of SEA. As with previous
studies (Alexander et al., 2006; Klein Tank et al., 2006;
Choi et al., 2009) we find that the increasing trend in warm
nights is the most spatially coherent index, although the
trends found in this study tend to be greater than those
found previously. As with Caesar et al. (2011) we find that
trends in precipitation indices are less coherent than temper-
ature trends. However, results shown here give greater evi-
dence of increasing trends both at a regional and
subregional scale than found previously. In general, and in
agreement with the global results (Alexander et al., 2006;
Donat et al., 2013) the trend is towards wetter conditions.

We also considered the relationship between extremes
indices and two modes of internal climate variability known
to influence the climate of this region. Our results show par-
ticularly strong correlations between indices and ENSO,
with the strongest relationships in precipitation over the
Philippines. Relationships across the region with IOD are
less coherent; however, the data here show the strongest
influence in regions bordering the Indian Ocean.

By comparing the trends in indices from station data
with those from the Met Office Hadley Centre RCM
(HadRM3P), we find that temperature trends are very well
simulated by the model, and as we expect, due to the influ-
ences of ENSO and IOD (in both the observations and
model boundary conditions), the inter-annual variability in

this region is strongly correlated with the station data. Previ-
ous analysis (Intergovernmental Panel on Climate Change,
2013) has found higher uncertainty in model projections of
precipitation than temperature; this has been found true also
for simulating present-day extremes, particularly in the Tro-
pics and subtropics (Kharin et al., 2007). This is also evi-
dent here, while precipitation extremes are not well
captured by the model, majority of trends are overestimated.
At subregions level, results are mixed.

The results presented here are part of an ongoing effort
to provide more useful and robust records of the current cli-
mate, as well as assess influences of the future climate on
extreme weather conditions. The new analysis performed as
part of this workshop and updated results from previous
workshops will allow decision makers to plan adaptation
structures that will increase resilience to extreme events that
we have observed to be increasing in frequency (i.e., both
warm days and warm nights are increasing and the latter are
increasing faster, similarly extreme rainfall are also increas-
ing) and are predicted to become more frequent or intense,
as well as maximize any benefits that may result from
trends such as a reduction in extreme cold. The investiga-
tion of extremes as simulated by the RCM suggests that this
will be a useful tool when considering future changes to
temperature extremes, although important biases were noted
and would need to be taken in consideration. In some smal-
ler regions information about future precipitation extremes
can start to be gleaned, although further investigation using
a range of regional-scale models, and investigation of what
is driving the model performances noted here would be
worthwhile.
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