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ABSTRACT:

Eight rainfall indicators were used to analyze the 5 min. x 5 min. grid-based rainfall characteristics in
the central plain region of Thailand. The non-parametric statistics called Mann-Kendall test was
applied to 32-year (1980-2011) time series data, statically significant (p-value < 0.05) and Kendall’s
tau correlation maps were considered for informative examination. Annual rainfall showed increasing
trend in the upper basin and statically increasing by 35.8% of the whole basin. A number of rainy days
(RD) and number of consecutive wet days (CWD) showed increasing by 70.2% and 57.9% of the basin
for RD and CWD, respectively, while a number of consecutive dry days (CDD) exhibited decreasing
trend over 85.0% of the study area even only 13.8% satisfied at 95% statically significant. The simple
daily rainfall intensity (SDRI), heavy rainy days (HRD), max. 1-day, and max. 3-day demonstrated
upward trends. The findings suggest that the region is shifting towards wetter condition. The explicit
results of rainfall characteristics maps are expected to facilitate and allow various users to make better
water resources management and overcome reluctant interpretation rainfall changes/trends for areas
lacking of measured data as well as baseline information for climate change study.
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1. INTRODUCTION

Rainfall is classified as a stochastic variable in both time and space. Over a last few decades, a
number of evidences have been observed that rainfall characteristics are altering by the so called
anthropogenic factor. For example, torrential rainfall or consecutive dry spell of rainy days is
amplifying globally (Alexander et al, 2006 and IPCC, 2013).

Taking account for climate change inducing extreme rainfall events and disasters, many research
articles point out that the global increases in the observed frequency and intensity of extreme rainfall
events (e.g., Alexander et al., 2006; Donat et al., 2013; IPCC, 2013). For the global scale, the changes
in precipitation extremes were spatially more complex since topography influence. However, on
average, there was a trend towards wetter conditions for some precipitation indicators, for example,
the intensity, frequency, and duration of extreme precipitation are increasing (Donat et al., 2013). For
regional study, an article done by Herath et al. (2018) considering atmospheric temperature in
Australia to quantify the properties of extreme rainfall events showing that the Clausius-Clapeyron
relation was able to describe the extreme rainfall and daily maximum temperature. A study by Endo
et al. (2009) showed that average precipitation intensity of wet days exhibited an increasing trend for
many stations in the Southeast Asia. Manton et al. (2001) also pointed out that majority of the
analyzed stations across the Southeast Asia showed upward trend in annual rainfall with significant
decrease in the number of rainy days. Rainfall, especially an extreme event, has some links and
influence on people’s perception and their concerns (Pratoomchai et al, 2015).
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The latest report, Global Risks Reports, by the World Economic Forum (2018) points out that
extreme weather events, natural disasters, and failure of climate change mitigation and adaptation are
three out of the top five global risks in terms of livelihood and influence on global economic growth.

In Thailand, a few studies have been done on rainfall and temperature extreme indicators, but
those results were classified as station-based studies (Limjirakan et al, 2010; Limsakul et al, 2010;
Limsakul and Singhruck, 2016). An assessment will be more useful and applicable if high station
density was used and transformed a analyzed result to a map (King et al, 2013). To fulfil this
knowledge gap, this paper was carried out in order to analyze and construct the spatial distribution of
rainfall patterns and trends in the Chao Phraya River basin.

2. STUDY AREA

Chao Phraya River basin (CPRB) is located in the central plain region of Thailand as shown in
Fig. 1 (). It covers for 157,284 km?, This area is home for approximately 34 million people or 51.7%
of the country population and that shared for 73% of the overall country GDP because it includes
Bangkok, the capital city. The region can separate into upper basin which consists of the Ping, Wang,
Yom, and Nan Rivers and lower part has three tributaries, i.e., the Sakaekrang, Pasak, and Chao
Phraya Rivers. Flooding is a major dilemma problem in this area (GISTDA, 2018; Nusit et al, 2019).
Based on satellite imaged data which were analyzed by the Geo-Informatics and Space Technology
Development Agency or GISTDA (2018), approximately 1,500-25,560 km? of the CPRB were
classified as annual flood inundations over the period 2005 to 2016. Major driving factor associates
to this problem is torrential rainfall that will predominate the basin during May to October (rainy
season). In addition, rainfall in this region varies greatly by season as a result of complex interaction
among the climate circulation in the Indo-Pacific region together with orographic conditions (e.g.,
Misra and DiNapoli, 2014; Takahashi and Yusunari, 2006).

ey

Fig. 1 Chao Phraya River basin in Thailand: (a) upper part of the basin is mountainous range while the central
and lower parts are flood plain areas, (b) 2011-flood inundation area, and (c) IMPAC-T gaging stations used.

The CPRB is also considered as a climate change hotspot of Thailand. 2011 flood event was
recorded as the extremely historical flood disaster. As shown in the shading area of Fig. 1 (b), the
lower Yom and Nan Rivers and lower part of the basin including northern parts of Bangkok were
flooded for almost 2 to 4 months. Thus, this region has been selected as the study area to improve
understanding of spatial distribution of rainfall characteristics.
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3. METHODOLOGY

A non-parametric test called Mann-Kendall test, which is a practical and famous tool for
examining whether statically significant trend of hydro-meteorological time-series data (Helsel and
Hirch, 2002; Haidu and Magyari-Saska, 2009; Pravalie, 2014), was applied for this study.

Kendall’s tau (t) correlation is an index to measures the strength of the monotonic relationship
(directions) in time-series data (Kendall, 1975). Tau is a rank-based procedure and is therefore
resistant to the effect of a small number of unusual values. It is well-suited for variables which exhibit
skewness, e.g., rainfall, around the general relationship. The strength of the evidence whether
statistically significant exist is presented by p-value. Typically, in hydro-climatology trend test, if p-
value < 0.05 or at 95% confidence level it is presumed that statistically significant exist in the
examination data.

In this study, the Kendall Family of Trend Tests (Helsel et al, 2006), the Fortran source code,
which was developed by the U.S. Geological Survey, was modified to the grid-based rainfall. To
figure out grid-based rainfall characteristics in the CPRB, eight indicators as listed in Table 1 were
examined. Mostly, they are based on the recommendation by World Meteorological Organization-
Commission for Climatology (WMO-CCI)/World Climate Research Program (WCRP)/Climate

Variability and Predictability (CLIVAR) project’s Expert Team on Climate Change Detection Indices
(ETCCDI) (Zhang et al, 2011).

Table 1.
Rainfall indicators used in the study.
No Indicator name Definition Unit
1 Annual rainfall Annual total rainfall mm
2 Number of rainy days Annual count of days when rainfall > 1 mm Days
3 Number of consecutive wet days Annual maximum number of consecutive days with rainfall > 1 mm Days

4 Number of consecutive dry days Annual maximum number of consecutive days with rainfall <1 mm Days

5 Simple daily rainfall intensity Annual total rainfall divided by number of rainy days mm day™
6 Number of heavy rainy days Annual count of days when rainfall > 20 mm Days
7 Max. 1-day rainfall Annual maximum 1-day rainfall mm
8 Max. 3-day rainfall Annual maximum consecutive 3-day rainfall mm

4. FORCING DATASET

This study we used the 5 min. x 5 min. (approximately 9.3 km. x 9.3 km.) grid-based data that

was an outcome of the Integrated study on Hydro-Meteorological Prediction and Adaptation to
Climate Change in Thailand (IMPAC-T Project). Several achievements of the project were published
on the Hydrological Research Letters (Special Collection 2) which is available on
http://www.hrljournal.org/special-collections/special-collection-2. There are two datasets called K10

and T12 under the project archive (Kotsuki et al., 2014). Both of them are 5 min. x 5 min. horizontal

resolution which were created from measured gaging stations (Fig. 1 (c)). The K10 comprises of 7
climate dataset, i.e., rainfall, surface temperature, wind speed, specific humidity, long-wave and short-
wave radiations, and atmospheric pressure while the T12 is only rainfall data. However, T12 is
covered a 32-year historical data from 1980 to 2011 whereas the K10 is extended in 1981-2004 (24
years). Therefore, T12 data was used for this study since the main objective was only focused on
rainfall.
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5. RESULTS AND DISCUSSION

The entire area of the region was divided by grid size of 5 min. x 5 min. horizontal resolution
into 1,925 grids in total. A simple percentage was used to show a quantitative examination or general
trend of the study. Three types of spatial distribution maps, i.e., 32-year average value, Kendall's tau
correlation, and p-value, were created for all indicators. Results and discussion were made as follows:

5.1 Annual Rainfall

Generally, average annual rainfall in the area over the period 1981-2011 (32 years) was varied
between 871-1,608 mm (1,169 mm using area-averaged over the entire basin) as shown in Fig. 2 (a).
It was clearly seen that areas along the Yom and Nan Rivers were received more rainfall (1,200-1,400
mm) if compared to other tributary areas. Based on the isohyetal rainfall, approximately 1,000-1,100
mm were found over the Ping and Wang sub-basins except the upper Ping River that received higher
amount of 1,300-1,500 mm. Meanwhile, the lower part of the CPRB except Bangkok and her vicinity
areas was gained precipitated water approximately 900 mm, on average. For the capital city and
surrounding regions, which are located by the Gulf of Thailand, were subjected to rain water of 1,200-
1,400 mm.

©
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Fig. 2 Spatial distribution of the average annual rainfall (a), Kendall’s tau (b),
and Mann-Kendall statically test (c).

Based on the area-averaged, rainy season rainfall was 1,020 mm (ranged between 761-1,378
mm on average) which was considered for 87.2% of the average annual rainfall. Based on the findings,
it was noteworthy that 1,858 grids (96.5% of the whole basin) showed increasing trend.

Fig. 2 (b and c) show the examination of spatial distribution of Kendall’s tau and statistically
significant test (p-value). The findings indicated that annual and rainy season rainfall generally
showed in upward trend. And they were strongly increasing in the upper areas of the basin. 35.8%
and 38.0% of the basin areas were statically increasing in annual and rainy season, respectively.
However, there was a few percentage of the total area subjected to decreasing trend. Another point to
note on this finding is the areas long the Ping and Wang Rivers normally receiving less rainfall are
being got more annual rainfall progressively and statically. Using the area-averaged, a general trend
of annual rainfall linear regression was increase by 6.8 mm year* or 68 mm decade™. The quantitative
figures from our analysis could provide detail information at regional assessment.
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5.2 Number of Rainy Days

A number of rainy days (RD) are a day that measured rainfall > 1 mm. In the study area, there
were approximately 71-190 days, on average, in RD distributed over the basin annually. More wet
days in mountainous region and relatively low in the low-lying areas along the rivers especially in the

Chao Phraya River plain (Fig. 3 (a)). Based on the Kendall’s tau and p-value (Fig. 3 (b and c)), 1,352
grids (70.2% of the total area) showed increasing trend and 543 grids out of the RD increasing grids
were statically significant. Whereas about 29.8% of the basin showed decreasing in RD and statically
significant by with 89 grids or only 4.6% of the whole CPRB.

Overall, RD tended to increase by 0.44-day year! with the fluctuation between + 4.54
(increasing) and - 2.50-day year? (decreasing). This finding is not agreed with Limsakul and
Singhruck (2016) that found a general trend in decreasing of RD by 0.99-day decade™. Although there
is mixed spatial distribution pattern (upward or downward) on RD; however, it can be noted that an
area on the left by the middle Nan River is relatively wetter region than the others. In contrast, over
the upper-end of the Nan River the RD showed declining trend with statically significant and was
agree with Manton (2001).

Fig. 3 Spatial distribution of the average number of rainy days (a), Kendall’s tau (b),
and Mann-Kendall statically test (c).

5.3 Number of Consecutive Wet Days

The average of Number of Consecutive Wet Days (CWD) was varied between 7 to 64 days over
the study period. It is quite scatter spatial distribution from place to place. Relatively low CWD in
low land areas that lie along river valleys particularly by the Chao Phraya River plain, whereas the
watershed divide which is a mountainous range, CWD are relatively high. The spatial distribution of

Kendall's tau correlation of CWD revealing that the low land areas lie along the rivers are subjected

to increase in CWD. In addition, the regions that corresponding to positive Kendall's tau (increasing

in the CWD in the time series) with statically significant were about 418 grids or 21.7% of the basin.
On the other hand, the upper areas in the Pasak, Nan, Yom, Wang, and Ping Rivers were
corresponding to decreasing trend in CWD. Overall, 811 (126) grids or 42.7% (6.5%) of the CPRB
show negative trend (statically significant) in CWD. The rate of change of the trend analysis showed
that CWD ranged +1.49 (increasing) to -1.22-day year™ (decreasing) with the basin-wide averaged of
0.08-day year?. This grid-based examination of CWD in the study show a contrast finding by
Limsakul and Singhruck (2016) that show a 0.027-day year (based on 41 stations) downward trend
in CWD across Thailand.
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5.4 Number of Consecutive Dry Days
Consecutive dry days (CDD), was also included in the study. Basically, the consecutive no
rainfall days or dry days (rainfall < 1 mm) were ranged 40-84 days (almost 3 months for the
maximum) distributed over the entire basin. The longest prevailing dry areas were located in the upper

parts of the Ping, Wang, and Yom Rivers.
On the other hand, The Nan, lower Ping and Yom, and lower CPRB areas were relatively short
duration in CDD. However, the areas subjected to long duration in CDD were reducing. This signal

was interpreted from Kendall's tau and p-value. Overall, the linear regression of CDD was descending

by -0.33-day year. In the big picture, it was clearly to note that CDD was trending to decrease. 1,635
grids or approximately 85.0% of the total basin area showed CDD decreasing although only 267 grids
were satisfied with 95% confidence level.

5.5 Simple Daily Rainfall Intensity

Simple daily rainfall intensity (SDRI) is the total annual rainfall divided by the annual number
of rainy days. In general, the analysis revealed that SDRI was approximately 6 to 18 mm day™.
Furthermore, the intensity which was less than 10 mm day* were accounted for 1,838 grids (95.5%
of the CPRB) as illustrated in Fig. 4 (a). Considering of the general trend of annual rainfall, RD, and
SDRI altogether implied that the basin tends to wetter condition but rainfall intensity less than a 10

mm day* was predominating in the basin. The Kendall's tau and statically test are showed in Fig. 4
(b) and Fig. 4 (c) indicating that SDRI exhibited increasing trend. About 77.5% (1,493 grids) of the
basin were increasing trend and 628 grids out of 1,493 grids increasing with 95% confidence level.
However, there were some regions, especially in the Lower CPRB (floodplain area), showed
decreasing in SDRI. Approximately 157 grids from the entire basin were categorized in statically
significant deceasing.

Based on the trend analysis, overall signal of SDRI was slightly increasing by 0.02 mm day™
year* over the study period. The rate of change of the SDRI from our result is relatively closed to the
previous study (0.17 mm day decade?) by Limsakul and Singhruck (2016). In fact, there is no
monotonic SDRI trend in the complex topography and large basin, our analysis showed that the
fluctuation of SDRI across the CPRB were +0.33 and -0.70-mm day* year? for the maximum and
minimum of SDRI, respectively. For example, the observations of mountainous rainfall in the upper
Ping River are increasing with significant signal (Kuraji et al, 2009).

v
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Fig. 4 Spatial distribution of the simple daily rainfall intensity (a), Kendall’s tau (b),
and Mann-Kendall statically test (c).
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5.6 Number of Heavy Rainy Days

A day that receives rainfall greater or equal 20 mm is classified as a heavy rainy day (HRD). In
the study area, HRD exhibited between 4 to 26 days and relatively high in the upper Nan River. In
general, a number of HRD over the study period were increased by 1,554 grids (80.7% of the study
area) with 36.3% (699 grids) of the CPRB showed statically significant increasing. However, there
were some areas subjected to decrease in HRD and only a few percentage (4% of the basin) showed
statically significant decreasing. HRD is one factor relating to a degree of rainfall inducing natural
disaster. The regression analysis showed that HRD was increasing by 0.11 day year?, on average,

with the fluctuation range of + 0.67 day year. Based on the findings, Upper Nan River sub-basin is

the region that likely to be risky because there tends to increasing in rainfall amount, SDRI, and HRD
while decreasing in RD, CWD and CDD. Combination of the mentioned factors imply that the area
might face with extreme rainfall.

5.7 Maximum 1-Day and 3-Day Rainfall

Fig. 5 and Fig. 6 show the spatial distribution of maximum 1-day and 3-day rainfall,

respectively. The Kendall's tau and classification of p-value are also presented. 32-year average of 3-
mm.
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Fig. 5 Spatial distribution of the maximum 1-day rainfall (a), Kendall’s tau (b),
and Mann-Kendall statically test (c).

2w,

)

()
Fig. 6 Spatial distribution of the maximum 3-day rainfall (a), Kendall’s tau (b),
and Mann-Kendall statically test (c).
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It was clear from the figures that grids locations near by rivers, particularly upper Nan River, showed
more pronounced value of maximum rainfall. Majority of the whole basin subjected to an increase of

both max. 1-day and max. 3-day. These were interpreted from positive sign of the Kendall's tau maps.

Approximately 1,240 grids (64.4% of the basin) and 1,331 grids (or 69.1% of the basin) were
exhibited of increasing max. 1-day and max. 3-day, respectively. If considered in terms of statically
increasing or decreasing, there were not much different in the directions. 248 (174) and 134 (91) grids
or 12.8% (9.0%) and 7.0% (4.7%) of the entire basin satisfied with 95% confidence level of increasing
(decreasing) for the max. 1-day and max. 3-day, respectively.

6. CONCLUSIONS

This study focuses on spatial distribution and trends of rainfall characteristics using daily grid-
based rainfall. The Mann-Kendall test was used to identify the CPRB’s rainfall characteristics for
eight indicators as summarized in Table 2. The table shows percentage of the areas that subjected to
increase/decrease for two categories, increasing (overall trend) and statically increasing (satisfy at
95% confidence level). In short, the basin trends towards wetter condition especially over the upper
sub-basins (the Ping, Wang, and Nan sub-basins). 97.9% (35.8%) of the CPRB were subjected to the
increase (statically significant) of annual rainfall with the rate of 6.8 mm year*. Increasing of the RD
and CWD and decreasing of CDD for 70.2%, 57.3%, and 84.9%, respectively, pointed out the
likelihood wetter condition in this region. For the SDRI, max. 1-day, and max. 3-day indicators
showed upward trend and also predominated majority areas of the basin.

We would note that this was the first time for grid-based examination on rainfall characteristics
over the most important area in Thailand. Various spatial distribution maps for the 32-year average
and statically test provide the base values, probabilistic trends, and practical information towards
rainfall monitoring as well as the baseline data for climate change study. This local assessment will
provide a clearer perspective of rainfall characteristics and beneficial to various users as well as a
decision-making stage associated with water resources engineering and disaster mitigation in the
study area.

Table 2.
Summary of the rainfall characteristics in the study area.
Trends (% of the basin area) Trends/Changes year™
Rainfall indicators Increasing Decreasing . Area
owt b owt b T awen

Annual rainfall (mm) 97.9 35.8 2.1 nfa 216 -9.22 6.8
Number of rainy rays (Days) 70.2 28.2 29.8 4.6 454 -2.50 0.44
Number of consecutive wet days (Days) 57.3 35.6 2.7 6.5 1.49 -1.22 0.08
Number of consecutive dry days (Days) 151 na 84.9 13.8 0.55 -1.92 -0.33
Simple daily rainfall intensity (mm day™) 7.5 44.9 225 8.1 0.33 -0.70 0.02
Number of heavy rainy days (Days) 80.7 36.3 19.3 4 0.67 -0.67 0.11
Max. 1-day rainfall (mm) 64.4 12.8 35.6 9 1.66 -2.97 0.08

Max. 3-day rainfall (mm) 69.1 6.9 30.9 47 2.17 -3.18 0.18
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