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Based on quality-controlled daily station data, long-term trends and variability of total and extreme precipitation
indices during 1955–2014 were examined for Thailand. An analysis showed that while precipitation events have
been less frequent acrossmost of Thailand, they have becomemore intense.Moreover, the indicesmeasuring the
magnitude of intense precipitation events indicate a trend toward wetter conditions, with heavy precipitation
contributing a greater fraction to annual totals. One consequence of this change is the increased frequency and
severity of flash floods as recently evidenced in many parts of Thailand. On interannual-to-interdecadal time
scales, significant relationships between variability of precipitation indices and the indices for the state of El
Niño–Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) were found. These results provide addi-
tional evidence that large-scale climate phenomena in the Pacific Ocean are remote drivers of variability in
Thailand's total and extreme precipitation. Thailand tended to have greater amounts of precipitation and more
extreme events during La Niña years and the PDO cool phase, and vice versa during El Niño years and the PDO
warmphase. Another noteworthy finding is that in 2011 Thailand experienced extensive flooding in a year char-
acterized by exceptionally extreme precipitation events. Our results are consistent with the regional studies for
the Asia-Pacific Network. However, this study provides a more detailed picture of coherent trends at a station
scale and documents changes that have occurred in the twenty-first century, both of which help to inform deci-
sions concerning effective management strategies.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Precipitation is a key component of the hydrological cycle and a de-
fining feature of Earth's changing climate. Of all meteorological vari-
ables, precipitation most likely affects life and civilization most
directly and significantly because variations in precipitation often
cause significant impacts on both human society and the natural envi-
ronment (e.g., Barretta and Santos, 2014; Pielke and Downton, 2000;
Guan et al., 2014; Trenberth et al., 2003). Over the last few decades, it
has become increasingly evident that the frequency and intensity of ex-
treme precipitation events have been changing especially under the an-
thropogenically induced climate warming (e.g., Allan and Soden, 2008;
Coumou and Rahmstorf, 2012; Donat et al., 2013; Min et al., 2011). For
the tropics and subtropics, the amount of research focused on extreme
precipitation events has recently progressed enormously. Based on a
daily rainfall dataset of 1803 stations, for example, Goswami et al.
(2006) discovered significant trends for increases in the frequency
andmagnitude of extreme rain events occurring over central India dur-
ing the monsoon seasons from 1951 to 2000. Endo et al. (2009)
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examined trends in precipitation extremes over Southeast Asia, and dem-
onstrated that the average precipitation intensity of wet days exhibited an
increasing trend at many stations. Analysis of daily data in the Philippines
for the period of 1951–2010 showed significant increases in both frequency
and intensity of extreme daily rainfall events at some stations (Cinco et al.,
2014). In addition, the results based on a series of regional workshops have
revealed that trends in precipitation extremeswere less spatially consistent
across the Indo-Pacific, Asia-Pacific and Arab regions (Caesar et al., 2011;
Choi et al., 2009; Donat et al., 2014).

It is recognized that a key aspect of the analysis of precipitation ex-
tremes is to distinguish the difference between the detection of a change
and the attribution of a change to some identifiable climate forcing factor
(Griffiths and Bradley, 2007; Hoerling et al., 2010). Several studies have
demonstrated that changes in extreme precipitation events are related
to atmospheric circulation patterns (e.g., Kenyon and Hegerl, 2010;
Caesar et al., 2011; Donat et al., 2014; McGree et al., 2014; Queralt et al.,
2009; Zhang et al., 2010). Kenyon and Hegerl (2010) demonstrated that
variations in global precipitation extremes are significantly affected by
ENSO and that these effects are most evident around the Pacific Rim.

Given the potentially significant social, economic and ecological im-
pacts of precipitation extremes, an up-to-date assessment at a local
scale is required to support the decision-making processes associated
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Fig. 1. Geographical distribution of the TMD's surface weather stations with long-running
quality controlled daily precipitation records for the period from 1955 to 2014. Locations
of the stations are basically divided into five topographic regions: 1) North, 2) Northeast,
3) Central, 4) East and 5) South, respectively.
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with the development of effective management strategies for agricul-
ture, water resources and disasters. In this study, particular attention
is paid to Thailand, a country for which the number of studies of changes
in extreme precipitation events is still limited. To the best of our knowl-
edge, only the works of Limjirakan et al. (2010) and Limsakul et al.
(2010)who examined the changes in daily precipitation extreme events
in the Bangkok Metropolitan area and along Thailand's coastal zones for
the period of 1965–2006 are found in the literature. In this study, precip-
itation indicesmostly focused on extreme events that are recommended
by the World Meteorological Organization–Commission for Climatology
(WMO–CCI)/World Climate Research Program (WCRP)/Climate Vari-
ability and Predictability (CLIVAR) project's Expert Team on Climate
Change Detection and Indices (ETCCDI) were calculated. The long-term
trends for these indices in Thailand during the period from 1955 to
2014 were then examined, using quality-controlled daily station data.
The relationships between the calculated precipitation indices and the
indices for the state of ENSO and PDO on interannual-to-interdecadal
time scales were further investigated.

2. Data and analytical methods

2.1. Daily precipitation data

Daily precipitation data from surfaceweather stations of the ThaiMete-
orological Department (TMD) covering the period from 1955 to 2014 pro-
vided the basis for this study. To analyze extreme climatic indices, rather
strict criteria were applied in selecting station data. These criteria include
the following: (i) a month is considered as having sufficiently complete
data if there are less thanor equal to5missingdays; (ii) a year is considered
complete if all months are complete according to item (i); (iii) a station is
considered to have complete data if the entire record has less than or
equal to 5 missing years according to (ii) (Griffiths and Bradley, 2007;
Moberg and Jones, 2005; Chu et al., 2010). Based on these criteria, a total
of 44 stations were selected for the subsequent quality control and homo-
geneity tests. Overall, the percentage of missing data ranged from 0% to
1.9%, with 15 stations that did not have any missing values.

2.2. Quality control and homogeneity checks

All selected records were subjected to a further statistical quality control
(QC) algorithm following the method outlined in Klein Tank et al. (2009)
and using the ETCCDI RClimDex software. Outliers identified by the QC
check were then evaluated by comparing their values to adjacent days, to
the same day at nearby stations and to the expert knowledge of local climate
conditions before being validated, edited or removed. As a second step, the
quality-controlled records were assessed for homogeneity, based on the pe-
nalized t-test (Wang et al., 2007) and the penalized maximal F-test (Wang,
2008) using the ETCCDI RHtestsV4 software. This method is capable of iden-
tifyingmultiple step changes in time series by comparing the goodness of fit
of a two-phase regressionmodelwith that of a linear trend for the entire base
series (Wang, 2008). In this study, homogeneity analyseswere performed on
themonthly total precipitation series using a relative test inwhich the candi-
date series was examined in relation to a reference series (e.g., Cao and Yan,
2012;Aguilar et al., 2003; Peterson et al., 1998). A set of homogeneousneigh-
boring stations thatwerewell correlatedwith the candidate stationwasused
as the reference series (Aguilar et al., 2003).Most of theneighbors (90%)used
to construct the reference series had high correlations (correlation
coefficients N 0.7) with the candidate series.

Homogeneity testing identified 3 stations with significant step
changes in their monthly total precipitation series. Based on informa-
tion available from station history metadata, possible explanations for
the causes of these step changes were unclear. No further attempt was
made to adjust the data because the adjustment of inhomogeneous
daily precipitation data is a complex problem with a number of uncer-
tainties (Domonkos, 2011; Aguilar et al., 2003), and a conservative ap-
proach was taken to exclude inhomogeneous data. On the basis of the
quality control and homogeneity tests, the daily precipitation data for
a set of 41 high-quality records spanning from 1955 to 2014 were pre-
pared for the calculation of precipitation indices (Fig. 1). Detailed infor-
mation of the stations is provided in Table 1.

2.3. Precipitation indices

Eleven extreme precipitation indices, including precipitation totals
(PRCPTOT) and the number of rainy days (RD; days with
precipitation ≥ 1 mm), as recommended by the WMO–CCI/WCRP/CLIVAR
project's ETCCDI, were computed for each of the stations (Zhang et al.,
2011). Data were processed using the ETCCDI RClimDex software. For the
percentile-based indices of very wet days (R95p) and extremely wet days
(R99p), the methodology uses bootstrapping to calculate the values for the
base period so that there is no discontinuity in the time series of the indices
at the beginning or end of the base period (Klein Tank et al., 2009; Zhang
et al., 2011). For comparativepurposewith theprevious studies, abaseperiod
of 1971–2000 was used when computing percentile-based indicators.

Table 2 provides a description of the eleven ETCCDI precipitation in-
dices. The R95p, R99p and maximum 1-day and 5-day precipitation
amount (RX1day and RX5day) indices characterize themagnitude of in-
tense rainfall events, whereas, simple daily intensity index (SDII) is a
measure of the mean total precipitation that falls on a wet day in a
given year. R95pT represents the contribution from the very wet days
to the annual precipitation totals. In this study, R20 (number of days
with precipitation ≥ 20 mm) is applied to assess the frequency of
heavy precipitation events because this threshold is more applicable
to tropical climates, which obviously have greater daily precipitation to-
tals than mid- and high-latitude regions. Finally, consecutive dry



Table 1
Details of the TMD's surface weather stations used in this study.

WMO Station name Latitude
(°N)

Longitude
(°E)

Elevation
(m)

Completeness
(%)

48400 Nakhon Sawan 15.80 100.17 34.0 99.97
48426 Lop Buri 14.80 100.62 10.0 100
48450 Kanchanaburi 14.02 99.53 28.0 100
48455 Bangkok Metropolis 13.73 100.57 3.0 99.85
48456 Donmuang 13.92 100.60 4.0 99.99
48430 Prachin Buri 14.05 101.37 4.0 100
48462 Aranyaprathet 13.70 102.58 47.0 99.87
48459 Chon Buri 13.37 100.98 1.0 99.99
48480 Chanthaburi 12.62 102.12 3.0 100
48501 Klong Yai 11.77 102.88 2.0 99.21
48353 Loei 17.45 101.73 253.0 99.95
48354 Udon Thani 17.38 102.80 177.0 100
48356 Sakon Nakhon 17.15 104.13 171.0 100
48357 Nakhon Phanom 17.42 104.78 146.0 99.94
48381 Khon Kaen 16.43 102.83 165.0 99.98
48383 Mukdahan 16.53 104.75 138.0 99.87
48405 Roi Et 16.05 103.68 140.0 100
48407 Ubon Ratchathani 15.25 104.87 123.0 99.99
48431 Nakhon Ratchasima 14.97 102.08 187.0 99.94
48432 Surin 14.88 103.50 146.0 100
48300 Mae Hong Son 19.30 97.83 268.0 99.22
48325 Mae Sariang 18.17 97.93 211.0 99.82
48303 Chiang Rai 19.92 99.83 394.0 99.73
48327 Chiang Mai 18.78 98.98 312.0 100
48328 Lampang 18.28 99.52 242.0 100
48330 Phrae 18.17 100.17 161.0 99.87
48331 Nan 18.78 100.78 200.0 99.87
48351 Uttaradit 17.62 100.10 63.0 99.87
48376 Tak 15.88 99.12 124.0 99.85
48375 Mae Sot 16.67 98.55 196.0 99.86
48378 Phitsanulok 16.78 100.27 44.0 99.85
48379 Phetchabun 16.43 101.15 114.0 99.87
48500 Prachuap Khiri Khan 11.83 99.83 4.0 99.88
48475 Hua Hin 12.58 99.97 5.0 99.88
48517 Chumphon 10.48 99.18 3.0 99.84
48532 Ranong 9.98 98.62 7.0 100
48552 Nakhon Sri Thammarat 8.47 99.97 4.0 100
48565 Phuket Airport 8.13 98.32 6.0 100
48567 Trang Airport 7.52 99.53 14.0 100
48568 Songkhla 7.20 100.60 4.0 100
48583 Narathiwat 6.42 100.82 2.0 98.10
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days (CDD) and consecutive wet days (CWD) are indices that quan-
tify the lengths of the wettest and driest parts of the year. PRCPTOT
and RD indices were also calculated for the rainy and dry seasons.
Taking the annual cycle of precipitation over most of Thailand into
account, the rainy season is defined as the period from May to Octo-
ber, while the dry season runs from November through April of the
next year (Takahashi and Yasunari, 2006). However, the May–Sep-
tember rainy season classification does not hold for the eastern
part of southern Thailand, where the wettest months are from No-
vember to February of the next year.
Table 2
Definitions of the eleven ETCCDI precipitation extreme indices examined in this study.

Index Descriptive name Definitions

PRCPTOT Annual precipitation total Annual precipitation
RD Number of annual rainy days Annual counts of day
SDII Simple daily intensity index Annual precipitation
RX1day Maximum 1-day precipitation amount Monthly maximum
RX5day Maximum 5-day precipitation amount Monthly maximum
R20 Number of heavy precipitation days Annual counts of day
R95p Very wet day precipitation Annual precipitation
R99p Extremely wet day precipitation Annual precipitation
CDD Consecutive dry days Maximum number o
CWD Consecutive wet days Maximum number o
R95pT Contribution from very wet days 100 * R95p/PRCPTOT

A rainy day is defined as a day when RR ≥ 1 mm, whereas a dry day is defined as one when RR
2.4. Trend calculations and regional average series

Linear trends were calculated from the annual and seasonal series of
precipitation indices using a non-parametric Kendall's tau-based slope
estimator (Aguilar et al., 2005; Zhang et al., 2005). This method is
more suitable for addressing non-normal distributions of data and ro-
bust to the effect of outliers in a series. A station-by-station analysis
was performed and mapped to explore spatial patterns. Regional time
series for the years 1955–2014 were also created for every index by av-
eraging the anomalies of each station to the base period from 1971 to
2000. Further examination showed that the magnitude of changes in
each precipitation index was insignificantly different, when regional
time series were calculated from the base periods between 1971–
2000 and 1981–2100. In the averaging procedure, the anomaly series
of each station wasweighted with the inverse of the number of stations
within its spatial de-correlation length using the method described in
Maraun et al. (2008). This procedure avoids any bias toward regions
with clusters of closely spaced stations.

2.5. ENSO and PDO relationship analysis

To examine the relationships of the precipitation indices with
interannual-to-interdecadal variability in large-scale atmospheric circu-
lations, correlations with the ENSO and PDO indices were calculated.
The Multivariate ENSO Index (MEI), calculated as the first unrotated
principal component of six observed atmospheric and oceanic variables
in the tropical Pacific (Wolter and Timlin, 1998), was used to represent
the state of ENSO. The MEI more fully reflects the nature of the coupled
ocean–atmosphere system because the MEI integrates more informa-
tion than other indices and, therefore, is more suitable for monitoring
the ENSO phenomenon than SOI or sea surface temperature (SST)-
based indices (Wolter and Timlin, 1998). The PDO index (PDOI) is de-
rived as the leading principal component of the mean monthly SST in
the Pacific Ocean north of 20°N (Mantua et al., 1997). The PDO is a pat-
tern of Pacific climate variability similar to ENSO in character, but which
varies over a much longer time scale (Mantua et al., 1997). During the
past century, there have been only two complete cycles of the PDO
(Mantua et al., 1997). Cool phases of the PDO have persisted from
1890 to 1924 and from 1947 to 1976, while warm phases persisted
from 1925 to 1946 and from 1977 through at least the late 1990s.
Spearman's rank-order correlations betweenMEI and PDOI and precip-
itation indiceswere calculated for individual stations and area averages.
The annual series of MEI and PDOI and precipitation indices were de-
trended before the correlations were calculated.

3. Results

3.1. Trends in annual/seasonal PRCPTOT

Precipitation varies greatly by season and region across Thailand, as
a result of complex interactions among the climate modes in the Indo-
Units

total of rainy days (RR ≥ 1 mm) mm
s when RR ≥ 1.0 mm Days
total divided by the number of annual rainy days (RR ≥ 1 mm) mm day−1

1-day precipitation mm
5-day precipitation mm
s when PRCP ≥ 20 mm Days
total of RR N 95th percentile mm
total of RR N 99th percentile mm
f consecutive days with RR b 1 mm Days
f consecutive days with RR ≥ 1 mm Days

%

b 1 mm.



Fig. 2. Spatial distribution maps of trends for (a) annual PRCPTOT, (b) May–Oct. PRCPTOT and (c) Nov.–Apr. PRCPTOT. The upward-pointing triangles show increasing trends, while the downward-pointing triangles indicate decreasing trends. Sig-
nificant changes at the 5% level are indicated by filled black triangles.
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Pacific sector in combination with orographic effects (Juneng and
Tangang, 2005; Misra and DiNapoli, 2014; Takahashi and Yasunari,
2006). In the long-term context, our results revealed that there was a
mixture of drying and wetting trends in the annual PRCPTOT in
Thailand (Fig. 2a), consistentwithwhat has been previously document-
ed in other Asia-Pacific Network countries (Caesar et al., 2011; Choi
et al., 2009; Endo et al., 2009). Compared with these regional studies,
however, our analysis based on a greater number of stations could
bring some interesting changes in PRCPTOT at a smaller spatial scale
in Thailand. About one-third of the total stations recorded significant
changes in annual PRCPTOT from 1955 to 2014, with 12.2% and 19.5%
exhibiting significant negative and positive trends, respectively. The sta-
tions with significant decreasing trends were generally located in Cen-
tral and East Thailand as well as along the Andaman Sea, whereas
significant increasing trends were observed at the stations situated in
the Northeast, the Gulf of Thailand's coast and Bangkok Metropolis
(Fig. 2a). Similar changes in the annual PRCPTOT along Thailand's coasts
and in Bangkok Metropolis were previously documented by Limjirakan
et al. (2010) and Limsakul et al. (2010).

The weighted regional-average anomalies of the annual PRCPTOT
series did not display any significant trends (Fig. 3a), owing to large
year-to-year fluctuations superimposed on prominent interdecadal var-
iations. For example, the years 1977, 1979, 1992 and 1993 were very
dry, while the years 1966, 1970, 1999 and 2011 were extremely wet
(Fig. 3a). The period from the late 1950s to the mid-1970s was mostly
wet, but the period between the late 1970s and mid-1990s was
Fig. 3.Regional-average anomalies of (a) annual PRCPTOT and (b) Nov.–Apr. PRCPTOT, and subr
of the South and (f) eastern part of the South. The solid lines represent linear trends, and the s
individual stations for PRCPTOT which the anomalies are departure from are in range of 981–4
obviously dry (Fig. 3a). From the early 2000s onward, the annual
PRCPTOT in Thailand as a whole returned to be higher than the long-
term average (Fig. 3a). Limsakul et al. (2007) showed that an unusual
decade-long deficit in annual PRCPTOT accompanied by a concomitant
reduction of rainy days from the late 1970s to the mid 1990 has oc-
curred coincidently with the tendency for the occurrence of more El
Niño and fewer La Niña events starting in the late 1970s and the
warm phase of the PDO (Mantua et al., 1997; Zhang et al., 1997).
Singhrattna et al. (2005) showed that theWalker circulation underwent
a persistent southeastward shift over the Thailand–Indonesia region in
the post-1980 period, leading to significantly reducing convection and
summer monsoon rainfall over Thailand. Takahashi and Yasunari
(2008) found that the significant decrease in September rainfall over
Thailand from 1951 to 2000 was related to a weakening trend of
westward-propagating tropical cyclones over the Indochina Peninsula.
Based on our result and previous evidence, it may suggest that, in addi-
tion to the dominant year-to-year timescale, PRCPTOT in Thailand ex-
hibits decadal/interdecadal variations in response to changes in
oceanic and atmospheric circulations in the Pacific Ocean.

When linear trends for four sub-regions were further considered,
noticeable decreasing/increasing changes in annual PRCPTOT were ap-
parent (Fig. 3c–f). Opposite trends (significant at the 95% level of confi-
dence) were found between the western part and the eastern part of
southern Thailand (Fig. 3e and f). Moreover, averaged trends for North-
east and East can be characterized by discernible increase and decrease,
respectively (Fig. 3c and d).
egional-average anomalies of annual PRCPTOT for (c) Northeast, (d) East, (e)western part
ignificance of the trends was assessed by Kendall's tau test. The 1971–2000 means at the
718 mm.
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On a seasonal basis, the distinctive features of the trends in PRCPTOT
differed between the wet season and the dry season (Fig. 2b and c).
There was an approximately equal number of stations with increasing
and decreasing trends in PRCPTOT from the May to Oct. period
(Fig. 2b). In contrast, the PRCPTOT trends from the Nov. to Apr. period
exhibited different spatial patterns, with comparatively larger magni-
tudes of changes observed in the lower part of the South (Fig. 2c) be-
cause this period corresponds to the rainy season in the eastern part
of southern Thailand. The majority of stations recorded increasing
trends in the Nov.–Apr. PRCPTOTs, with 34.1% of the stations revealing
a significant increase. The weighted regional-average anomalies of the
Nov.–Apr. PRCPTOT series displayed an upward trend of 10.8 mm per
decadewith significance at the 95% level of confidence (Fig. 3b). The re-
cent increase in the Nov.–Apr. PRCPTOT in southern Thailand appears to
have coincided with the changes in the decade-long variations in the
East Asian winter monsoon, especially the northward–southward shift
in its trough axis and the active outbreaks of cold surges (Wang et al.,
2009a). Climate variations associated with the East Asian winter mon-
soon often bring not only heavy precipitation events but also hydro-
meteorological disasters to Southeast Asia (Hong and Li, 2009;
Tangang et al., 2008). The severe floods that occurred in southern
Thailand and southern Peninsular Malaysia in November 2000, Decem-
ber 2006–January 2007 and March 2011 are the most recent devastat-
ing consequences of heavy precipitation events induced by the active
cold surge outbursts that are associated with strong East Asian winter
monsoons (Peterson et al., 2012; Tangang et al., 2008; Wangwongchai
et al., 2005).

3.2. Trends in annual/seasonal RD and SDII

The annual RD and May–Oct. RD (Fig. 4a and b) were dominated by
negative trends across most of Thailand. This result indicates that pre-
cipitation events, especially during the summer monsoon season
when the precipitation amounts account for 60%–90% of the annual to-
tals inmost parts of the country, have been generally becoming less fre-
quent. The significant decreasing trends in annual RD andMay–Oct. RD,
which ranged from−5.9 to−1.3 days per decade, were observed at 15
(36.6%) stations and 17 stations (41.5%), respectively, and were geo-
graphically concentrated in the Central, East and South (Fig. 4a and b).
When considering Thailand as a whole, the annual RD and May–Oct.
RD significantly decreased at the rates of 0.99 and 0.97 days per decade,
respectively (Fig. 5a and b).

Fig. 6a illustrates the spatial distributionmaps of the trends in annu-
al SDII. A noteworthy pattern evident in Fig. 6a is the dominance of in-
creasing trends in annual SDII (39 stations (95.1%)) across Thailand,
with statistically significant increases observed at 22 stations (53.7%).
The magnitudes of the significant positive trends in annual SDII ranged
between 0.24 and 0.73 mm day−1 per decade. An analysis also revealed
that there are a number of stations recording significant trends in SDII
in the wet season, with the majority of stations having a 0.33–
0.56 mm day−1 per decade. Our result reasonably suggests that the
widespread increase in SDII throughout most of Thailand reflects a re-
duction in the number of rainy days rather than an increase in the pre-
cipitation totals. When considering the entire country, the weighted
regional-average anomaly time series of annual SDII for the period
from 1955 to 2014 exhibited significant positive trends at the rate of
0.17 mm day−1 per decade (Fig. 5c).

A consideration of the observed trends in PRCPTOT, RD and SDII
together suggests that while precipitation has become less frequent
in most parts of Thailand, precipitation events have becomemore in-
tense. These findings agree with a number of previous studies illus-
trating increases in precipitation intensity in many parts of the
world (e.g., Alexander et al., 2006; Caesar et al., 2011; Endo et al.,
2009; Moberg et al., 2006) and also provide further insight into
how precipitation characteristics have changed at a smaller spatial
scale.
3.3. Trends in the magnitude and frequency of extreme precipitation events

A notable response was also evident for the index measuring the
magnitude of intense precipitation on verywet day events (R95p). Sim-
ilar to SDII, the R95p result revealed that the majority of stations had an
increasing trend toward wetter conditions (Fig. 6b). Statistically signif-
icant upward trends, which ranged from 21.0 to 86.8 mm per decade,
occurred at 36.6% of the stations (Fig. 6b). To further investigate the con-
tributions from very wet days to the annual precipitation totals, the
R95pT index, defined as the ratio of R95p/total precipitation was calcu-
lated, and a spatial map of the estimated trends is displayed in Fig. 6c.
Comparatively, the station-by-station trends in R95pT displayed similar
spatial distributions to those of R95p, and a large percentage (75.6%) of
stations recorded positive trends (Fig. 6b and c). There were 15 stations
(36.6%) that had significant increases, at an average rate of 1.8% per de-
cade, and half of these stations, which are distributed acrossmost of the
country, experienced a 1.7%–2.4% per decade increase in R95pT (Fig. 6c).

The dominance of positive trends for both the R95p and R95pT indi-
ces, therefore, resulted in significant increases in the region-wide
weighted average time series of R95p and R95pT of 71.4 mm and 2.9%,
respectively since 1955 (Fig. 7a and b). These results indicate spatially
coherent changes in precipitation extremes at local scale and the inten-
sity of heavy precipitation events contributed an increasing fraction of
the annual total precipitation. Similar increases in R95p and R95pT
have been previously detected over many regions for which high-
quality instrumental records were available (e.g., Alexander et al.,
2006; Caesar et al., 2011; Klein Tank et al., 2006). Alexander et al.
(2006) found that the R95p averaged over the global land area signifi-
cantly increased by 4.68 mm per decade from 1971 to 2003.
Moreover, significant positive trends in the occurrence of heavy precip-
itation events (top 10% by precipitation amounts)were found in the tro-
pics for the period from 1979 to 2003, based on an analysis of two
blended space-based and ground-based global precipitation data sets
(Lau and Wu, 2007). When examining the data further into the tail of
the precipitation distribution, significant changes were not detected
for the amounts of precipitation on extremely wet days (above the
99th percentile).

Fig. 8a and b show the spatial patterns for the trends in RX1day and
RX5day which represent, respectively, the maximum 1-day and 5-day
rainfall totals, which can have significant impacts on society (Kenyon
and Hegerl, 2010; Min et al., 2011). From Fig. 8a and b, it is evident
that the RX1day and RX5day indices exhibit irregular spatial trends.
The stations with a greater prevalence of positive (68.3% and 63.4%, re-
spectively) than negative trends were observed across the country. No-
table and significant coherent increases in RX1day andRX5day occurred
at two stations located along theGulf of Thailand (Fig. 8a and b). As a re-
sult of the greater fraction of positive trends and the exceptionally large
significant trend magnitudes, the weighted average anomalies of the
RX1day and RX5day series for Thailand as a whole displayed noticeable
upward trends, with statistical significances at the 90%–95% level of
confidence (Fig. 9a and b).

The varied patterns in which the number of stations with positive
andnegative trendswas comparable to those for PRCPTOTwere also ob-
servable for R20 (Fig. 8c). This pattern averaged out to a nonsignificant
negative trend in R20 for Thailand as awhole (Fig. 9c). Only 22.0% of the
station trends were significant at the 95% confidence level in either di-
rection, and these trends were geographically distributed across the
Central, East and Northeast (Fig. 8c).

3.4. Trends in the duration of extreme precipitation events

An analysis of the indices of the duration of extreme precipitation
events also provided evidence for a widespread reduction in CWD
throughout the region for the period from 1955 to 2014. Similar to RD
(Fig. 4a), a large percentage of stations exhibited downward trends in
CWD, with 36.6% of the stations recording significant decreases



Fig. 4. Same as Fig. 2 but for (a) RD, (b) May–Oct. RD and (c) Nov.–Apr. RD. Note the different scale in (c).
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Fig. 5.Regional-average anomalies of (a) RD, (b)May–Oct. RD and (c) SDII. Solid lines rep-
resent linear trends, and the significance of the trends was assessed by Kendall's tau test.
The 1971–2000 means at the individual stations for RD, May–Oct RD and SDII which the
anomalies are departure from are in range of 80.5–178.7 days, 66.5–141.6 days and
9.94–28.17 mm day−1, respectively.
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(Fig. 10a). Across Thailand, the statistically significant trends in CWD
were geographically concentrated in the central, southern and eastern
parts of the country (Fig. 10a). When averaging all stations together
for the 60-year period (1955–2014), the CWD in Thailand decreased
significantly by 0.27 days per decade (Fig. 11a). A significant decrease
similar to that detected in Thailand was also observed for CWD aver-
aged over the entire global land area for the period from 1971 to 2003
(Alexander et al., 2006).

The other duration indicator, CDD, generally exhibited the opposite
sign compared with CWD (Fig. 10b). The result of CDD revealed a gen-
eral drying pattern for the period from 1955 to 2014, with two stations
having statistically significant trends (Fig. 10b). Although the spatial
coverage of the increasing trends in CDD was consistent across most
of the region (Fig. 10b), there was no statistically significant regional
trend (Fig. 11b).

3.5. Relationships between precipitation indices and the ENSO and PDO

The Spearman's rank-order correlation coefficients calculated from
the de-trended annual series of the MEI and PDOI and the region-wide
weighted-average precipitation indices (Table 3) revealed significant
correlations for most of precipitation indices (PRCPTOT, RD, SDII,
R95p, R99p, RX1day, R20 and CDD). Correlation analysis showed that
stronger relationships were observed for the indices representing the
mean states of precipitation (PRCPTOT and RD) (Table 3, Fig. 12a, and
b). Both of these indices were negatively correlated at the 5% signifi-
cance level with the MEI and PDOI at many stations across the entire
country (Figs.13a, b and 14a, b). The observed relationships indicate
that positive/negative anomalies of PRCPTOT and RD on interannual-
to-interdecadal time scales appear to be in phase with the cold/warm
phases of the ENSO and PDO (negative/positive MEI and PDOI). During
the 5 exceptionally negative values of the MEI (1956, 1974, 1975, 1999
and 2011) and the PDO cool phase from1955 to 1976, Thailand not only
tended to have greater total precipitation amounts but also received
more frequent precipitation events (Figs. 15a, b and 16a, b). In contrast,
negative anomalies of PRCPTOT and RD were evident during the 5 pos-
itive MEI years (1977, 1982, 1987, 1992 and 1997) and the PDO warm
phase from the late 1970s to the mid 1990s (Figs. 15a, b and 16a, b).
Our results are consistent with the recent study of Ouyang et al.
(2014), showing that precipitation in the majority of China decreased
during El Niño/PDO warm phase periods and increased during La
Niña/PDO cool phase periods. Sen Roy and Sen Roy (2011) also showed
that precipitation patterns in Myanmar exhibited different responses in
El Niño periods during PDO warm/cool phases.

The scatter plots of the MEI versus the area-averaged PRCPTOT and
RD show a tendency for asymmetries in the relationships (Fig. 15a
and b). The magnitudes of El Niño years (positive MEI) exert a greater
influence on these precipitation indices than the strength of La Niña
years (negative MEI) does; the slopes of lines of best fit in both plots
are significantly different from zero only for El Niño years (Fig. 15a
and b). For RD, the asymmetric relationship with the PDOI was also ob-
served (Fig.16b). Itmay indicate that the asymmetry of decadal variabil-
ity in the relationship between the PDO and RD in Thailand is enhanced
during thewarmPDOregimeand is nonexistent during the cool PDO re-
gime. A symmetric relationship between ENSO and precipitation has
been previously observed in the whole of Australia where the strength
of El Niño events has little effect on precipitation across a season,
whereas the magnitude of La Niña events seems to play a major role
(Power et al., 2006). Our results are in line with the previous studies
which demonstrated that the precipitation anomalies in Southeast
Asia depend strongly on the phase of the ENSO and PDO phenomena
(e.g., Juneng and Tangang, 2005; Nguyen et al., 2014; Sen Roy and Sen
Roy, 2011; Singhrattna et al., 2005).

The correlations between MEI and PDOI and the other extreme pre-
cipitation indices (SDII, R95p, R99p, R20, RX1day and CDD)were gener-
ally weaker, but they were still significant when considering both
Thailand as awhole (Table 3, Fig. 12c and d) and at a number of individ-
ual stations (Figs. 13c, d, 14c and 15d). It should be noted that these ex-
treme precipitation indices had stronger relationships with the PDOI
than the MEI (Table 3). The relationships between the extreme precipi-
tation indices and the MEI and PDOI imply that for the El Niño (La
Niña) years and the PDO warm (cool) regimes, the interannual-to-
interdecadal variability in the frequency and magnitude of heavy and
more intense precipitation events tended to be reduced (enhanced). Sig-
nificant relationships between ENSO/PDO and variations of extreme
rainfall events were also reported in southern México, with extreme
events tending to occurmore frequently during La Niña periods and dur-
ing the positive phase of the PDO (Peralta-Hernández et al., 2009). The
results of ENSO-extreme precipitation index relationships are in agree-
ment with the study of Kenyon and Hegerl (2010), suggesting that the
extreme values of precipitation indices (RX1day, RX5day, R95p and
R99p) aremuch lower in Southeast Asia during an El Niño event. Consis-
tent changes were also reported by Caesar et al. (2011), who found that
extreme indices related to periods of heavy rainfall (R10 andR20) appear
to be positively correlated with a La Niña-like SST pattern over the Indo-
Pacific region. Note that no asymmetric relationships have been found
for R20, R95p (Figs. 15c, d and 16c, d) and other extreme indices. Unlike
eastern Australia, a nonlinear relationship between ENSO and extreme
rainfall has been observed. That is, the strength of a La Niña episode
has a much greater influence on the intensity and duration of RX5day
than the magnitude of an El Niño episode (King et al., 2013). The rela-
tionships between MEI and PDOI and CDD at both national and station
levels were marked by positive correlations (Table 3). That is, during La



Fig. 6. Same as Fig. 2 but for (a) SDII, (b) R95p and (c) R95pT.
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Fig. 7. Same as Fig. 5 but for (a) R95p and (b) R95pT. The 1971–2000means at the individ-
ual stations for R95p and R95pT which the anomalies are departure from are in range of
248.4–1261.1 mm and 22.4%–32.0%, respectively.
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Niña (El Niño) years and the PDO cool (warm) phases, the annual num-
ber of periodswith consecutive dry days in Thailand tended to be shorter
(longer) than normal, similar towhat has been observed in theHawaiian
Islands (Chu et al., 2010).

4. Discussions and conclusions

This study examined the variability and trends of a set of indices
mainly describing changes in total and extreme precipitation in
Thailand for the period from1955 to 2014. The indices represent a num-
ber of statistical-based characteristics that are both convenient and
easy-to-understand tools available to policy makers and non-
specialists (Peterson and Manton, 2008; Klein Tank et al., 2009; Zhang
et al., 2011). This detection method is also helpful for providing an im-
portant context for the interpretation of individual, complex-driven ex-
treme events and for evaluating the ability ofmodels to simulate events
that are affected by a number of different mechanisms (Peterson et al.,
2012).

Analysis of numerous series at a station scale can uncover some in-
teresting characteristics of ENSO- and PDO-related interannual-to-
interdecadal variability in total and extreme precipitation in Thailand
and also assess the significant, coherent long-term trends. From a
long-term perspective, the results indicate that while precipitation has
become less frequent in most parts of Thailandwith a significant reduc-
tion in the occurrence of consecutive wet days, precipitation events
have become more intense. The indices that measure the amount of in-
tense precipitation contributed by very wet day events and the maxi-
mum single-day precipitation amounts also indicated a trend toward
wetter conditions (Figs. 6b, 7a, 8a and 9a), with heavy precipitation
events contributing an increasing fraction of annual totals (Figs. 6c
and 7b). One consequence of changes in these indices is the increased
frequency and severity of flash floods, as recently evidenced in many
parts of Thailand (CRED, 2014; Dartmouth Flood Observatory, 2014;
GISTDA, 2014). Of the eleven indices examined for the period from
1955 to 2014, the PRCPTOT during the Nov.–Apr. period, RD, SDII,
R95p, R95pT, RX1day and CWD demonstrated spatially coherent pat-
terns, with the regional-average annual series exhibiting significant
trends (Figs. 2c, 3b, 4–7, 8a, 9a, 10a and 11a). The changes in precipita-
tion extremes reported in this study are generally consistent with the
regional results observed for the Asia-Pacific Network and Indo-Pacific
regions (Caesar et al., 2011; Choi et al., 2009; Cinco et al., 2014; Endo
et al., 2009). Compared with the regional studies of Endo et al. (2009),
Caesar et al. (2011) and Choi et al. (2009), however, this study provides
a more detailed picture of the spatially coherent trends in precipitation
extremes at a sub-national scale, and documents the more recent
changes that have occurred in the twenty-first century, which will
help inform decisions concerning effective management strategies
based on recent conditions.

On interannual-to-interdecadal timescales, observed significant re-
lationships between precipitation indices and the MEI and PDOI were
found (Table 3), providing additional evidence that large-scale climate
phenomena in the Pacific Ocean are remote drivers of variability in
Thailand's total and extreme precipitation. These results also support
previous statements that ENSO activity is the principal large-scale forc-
ing of the year-to-year precipitation variability in the Indo-Pacific
(e.g., Juneng and Tangang, 2005; Kenyon and Hegerl, 2010; Caesar
et al., 2011; Nguyen et al., 2014; Villafuerte et al., 2014). The negative
correlations between various precipitation indices and the MEI and
PDOI imply that Thailand tends to have abundant precipitation and
more extreme events in La Niña years and the PDO cool phase, whereas
there is a lower-than-normal amount of precipitation and fewer ex-
treme events during El Niño years and the PDO warm phase. It has
been suggested that shifts in theWalker circulation induced by anoma-
lous SST conditions in the eastern Pacific appear to be the dominant
mechanismwhereby ENSO events alter the convergence of atmospheric
moisture and convective cells in the Indo-Pacific sector and, conse-
quently, influence precipitation in Southeast Asia (Juneng and
Tangang, 2005; Nguyen et al., 2014; Singhrattna et al., 2005). Changes
in the large-scale vertical atmospheric motion associated with ENSO
events have also been reported to play an important role in weakening
monsoons and reducing precipitation over Thailand (Juneng and
Tangang, 2005; Singhrattna et al., 2005; Wang et al., 2003). A La Niña-
related increase in the formation of tropical cyclones and changes in
the storm tracks of the western Pacific is a possible explanation for the
increase in heavy precipitation days across the Indo-Pacific region
(Caesar et al., 2011). Interannual variations in extreme precipitation in-
dices in the Philippines were found to be influenced greatly by the
ENSO, and El Niño (La Niña) events were associated with statistically
significant drier (wetter) conditions (Villafuerte et al., 2014).
Krishnamurthy and Krishnamurthy (2014) found that changes in the
Walker circulation over the Pacific and Indian Oceans also depend on
the phase of the PDO. As a consequence, the mechanism by which the
PDO affects the Indian summer monsoon rainfall is determined by the
associated Hadley circulation in the monsoon region (Krishnamurthy
and Krishnamurthy, 2014). To extend our knowledge of the influences
of large-scale remote forcing on interannual-to-interdecadal variations
in total and extreme precipitation within the local contexts to which
Thai societies need to adapt, however, further investigation of physical
mechanisms underlying the ENSO- and PDO-extreme precipitation
linkage is required. Interdecadal modulations of the ENSO-extreme pre-
cipitation teleconnections related to SST patterns associated with the
PDO are not studied here but require further investigation as well.

Another noteworthy feature observed from this study is that
Bangkok Metropolis has experienced wetter and more intense condi-
tions and a concomitant increase in the frequency and magnitude of
heavy precipitation events (Figs. 2a, 6 and 8). Similar increases in pre-
cipitation and predominant changes in extreme precipitation events
have been documented in several urban areas across the globe, such
as large cities in the USA and India (Mishra and Lettenmaier, 2011;
Kishtawal et al., 2010; Pingale et al., 2014), Beijing, China (Wang et al.,
2009b), São Paulo, Brazil (Silva Dias et al., 2012) and Tokyo (Sato and
Takahashi, 2000). For example, Kishtawal et al. (2010) found a signifi-
cantly increasing trend in the frequency of heavy rainfall events over
urban regions of India during the monsoon season. Several factors, in-
cluding alternations in the hydro-meteorological and thermodynamic
conditions of urban environments, changes in the convective available
potential energy and urban heat island effects have been suggested as



Fig. 8. Same as Fig. 2 but for (a) RX1day, (b) RX5day and (c) R20.
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Fig. 9. Same as Fig. 5 but for (a) RX1day, (b) RX5day and (c) R20. The 1971–2000means at
the individual stations for RX1day, RX5day and R20 which the anomalies are departure
from are in range of 67–254 mm, 120–561 mm and 14.6–68.8 days, respectively.

Fig. 10. Same as Fig. 2 but fo

Fig. 11. Same as Fig. 5 but for (a) CWD and (b) CDD. The 1971–2000means at the individ-
ual stations for CDD and CWD which the anomalies are departure from are in range of
24.2–111.7 and 6.4–28.2 days, respectively.
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possible causes of the impacts of urbanization on precipitation
(e.g., Shepherd, 2005; Kishtawal et al., 2010). While the mechanisms
underlying the enhancement of precipitation in BangkokMetropolis re-
quire further study, the results indicate that this low-lying mega city is
likely to be at a greater risk of disasters associated with increased pre-
cipitation extremes, including coastal and flash floods.

The results also revealed that in 2011, when Thailand experienced
theworst andmost extensive flooding during the 60-year record exam-
ined, it was a year of exceptionally extreme precipitation events
(Figs. 3a, 5c, 7 and 9). van Oldenborgh et al. (2012) examined the vari-
ations in precipitation in the middle and upper Chao Phraya basin
r (a) CWD and (b) CDD.



Table 3
The Spearman's rank correlation coefficients between the de-trended annual series of the
Multivariate ENSO Index (MEI), PDO index (PDOI) and those of the all-station weighted
averages of precipitation indices.

MEI PDO

PRCPTOT −0.48⁎⁎ −0.48⁎⁎

RD −0.50⁎⁎ −0.49⁎⁎

SDII −0.25⁎ −0.26⁎

R95p −0.36⁎ −0.40⁎⁎

R99p −0.25⁎ −0.30⁎

RX1day −0.30⁎ −0.38⁎⁎

RX5day −0.22 −0.11
R20 −0.41⁎⁎ −0.43⁎⁎

CWD −0.05 −0.17
CDD 0.35⁎ 0.40⁎⁎

The sample size for each series used for correlation analyses = 60.
⁎ Significant at the 5% level.
⁎⁎ Significant at the 1% level.
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during 1915–2011 and found that the monsoon season in 2011was the
wettest on record. The total rainfall in the Chao Phraya Riverwatersheds
during the 2011 rainy season was 143% of the 1982–2002 average
(Komori et al., 2012), resulting from persistent monsoonal rains com-
bining with the remnants of a series of tropical storms and strong
low-pressure systems (Kure and Tebakari, 2012). The increased rainfall
doubled runoff which was over the total reservoir capacity of the gigan-
tic Bhumipol and Sirikit dams (Kure and Tebakari, 2012; Komori et al.,
2012). This flood caused tremendous damage, including seven industri-
al estates and 804 companies with inundation damage, and total losses
estimated at 1.36 trillion baht (Komori et al., 2012). Remarkable in-
creases in precipitation extremes in combination with other non-
meteorological factors, such as changes in the hydrology and land use
of the area as well as the reservoir operation policies, appear to be key
factors in determining the unprecedented scale of the 2011 Thailand
flood disaster. van Oldenborgh et al. (2012) pointed out that anthropo-
genic climate change was not a significant factor in the 2011 Thailand
floods. However, simulations by high-resolution regional climate
models may help to reveal the physical mechanisms underlying past
changes and to project future trends in precipitation extremes. Such at-
tribution studieswill provide scientific information in support of a mas-
ter plan on climate-induced flood management, in which the Thai
government will invest at least 10 billion USD in upcoming years
(NESDB, 2012).
Fig. 12. De-trended annual time series plots between (a) PRCPTOT andMEI, (b) R95p andMEI, (
weighted averages series.
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