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Abstract

Variations in rainfall characteristics have been received a lot of attention in
lowland areas while they were not clear in mountainous areas. This research first was
to explore spatial and temporal variation of rainfall characteristics in the mountainous
and lowland areas in Taiwan. As well, this research forecasted time series using
ARIMA models, and then discussed possible impacts on hydrological cycles. To these
aims, rainfall amount (Pr), daily rainfall intensity (1), and ratio of rain days (A)
between 1978 and 2008 from 120 stations in Taiwan were presented including annual
spatial variation, temporal variations, and marginal long-term trend. In both of annual
and seasonal time-scale analysis, spatial variation in Pr was highly explained by n at
mountainous stations and by both n and A at lowland stations, regardless of annual or
seasonal datasets. The temporal variation of Pr was determined from m than A at each
station, this was consistent with mountainous and lowland areas. Long-term analysis
showed that significantly increases in Pr were not distributed evenly in Taiwan and
the changes were not a general phenomenon for the low ratio of total stations. Stations
with changing rainfall characteristics located in the west of the central mountain range
rather than the east. Further, in annual analysis, the ratio of these changing stations in
the mountainous areas was almost same as those in the lowland areas. While I had
found different spatial pattern of the long-term trend of Pr, n and A in each season.

Even so, long-term changes of rainfall were still uncommon phenomenon in Taiwan.

Keywords: Climate change, Mountainous, Lowland, Daily rainfall intensity, Rain

days, Time series analysis.
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Introduction

1.1 Motivation of this research

Water plays the essential role in life, hydrology, water resource management, and

relative study fields. As a Chinese poet, Li Bai, wrote in his famous poem, “can t you

see the Yellow River comes from the sky, running toward the ocean and never comes

back”? In hydrology, rainfall is regarded as the total input of the terrestrial

hydrological cycles, and governs the spatial and temporal availability of water. As

well as rainfall amount, rainfall characteristics such as rainfall intensity and rainfall

duration contribute considerable effects on hydrological processes such as rainfall

interception (e.g., Gash et al., 1995) and runoff regime (Beven, 2001; Wilby and

Harris, 2006). More importantly, rainfall characteristics may determine available

water resources and its planning and management. Hydrological models such as

stochastic models require the rainfall characteristics as input for calculating the

terrestrial water dynamics (e.g., D’Odorico et al.,, 2000; Porporato et al., 2004;

Shinohara et al., 2010).

In recent decades, climate change greatly affects global hydrological cycle, water

resources, even agriculture (Haskett et al., 2000; Oki and Kanae, 2006; Piao et al.,

2009). The changing patterns of climate change, such as temperature and rainfall,

8



have received much attention (Yu et al., 2002; Wada et al., 2004; IPCC, 2007; Liu et

al., 2009). Furthermore, changes in rainfall characteristics have been reported in

various regions around the world (IPCC, 2007). Therefore, besides examinations of

spatial and temporal variations in these characteristics assuming the steady state,

examinations on temporal trends in these parameters are important as well (Yu et al.,

2002; Wada et al., 2004; IPCC, 2007; Liu et al., 2009). Clarifying the spatial and

temporal variations in rainfall characteristics, and their long-term trends are

indispensable for understanding of possible changes in terrestrial hydrological cycle

responding to changes in rainfall regime (Yu et al., 2002; Wada et al., 2004; IPCC,

2007; Liu et al., 2009).

Rainfall characteristics in mountainous areas are regarded to be different from

those in lowland areas. The orographic effect makes rainfall amounts in mountainous

areas to be higher than lowland areas generally (Kerns et al., 2010; Teng et al., 2000).

In mountainous areas, spatial and temporal variation in rainfall receives great concern

in previous studies with a complicated topography (Shinohara et al., 2010; Qin et al.,

2010).

Indeed, Taiwan is a highly mountainous island country. Either mountainous areas

> 1000 m or 100-1000 m accounts for about one of third of Taiwan, respectively

(Teng et al., 2000; Lin et al., 2010). Especially, the highest peak reaches nearly 4000



m in the central mountain range (CMR) of Taiwan. The CMR stretches across the

island from north-northeast to south-southwest; the mean height of the CMR is 2000

m, and there are over 200 peaks with heights above 3000 m (Guan et al., 2009). As

Taiwan is characterized by the CMR and unusually heavy rainfall, such as typhoons,

considerable spatial and temporal variations can be expected. However, few studies

have reported the rainfall characteristics and their long-term trends all over Taiwan.

Yeh and Chen (1998), Chen and Chen (2003) examined the spatial variation in

rainfall amount using data recorded at 808 meteorological stations all over Taiwan,

their analysis was based on only two months for a specific year (10 May to 27 June in

1987), and rainfall intensity and duration was not investigated. On the other hand, Hsu

and Chen (2002) examined spatial and temporal variations in the rainfall

characteristics (i.e., the numbers of rain days and heavy rain days) using data recorded

at eight major meteorological stations in major cities over the past 100 years. They

reported changes in the rainfall characteristics for some of the eight stations; in which,

the annual rainfall increased in three stations, the number of rain days decreased in

five stations, and the number of heavy rain days increased in three stations. Note that

increases in rainfall and rainfall intensity were implied to have a correlation in their

result. However, due to the limited number of the stations, it is still unclear whether

changes in the rainfall amount and the rainfall characteristics are common in Taiwan
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or not. In addition, the rainfall characteristics in mountainous areas are generally

different from those in lowland areas (Shinohara et al., 2010; Qin et al., 2010).

Consequently, the results reported in Hsu and Chen (2002) based on lowland-station

data might not be applicable to mountainous areas in Taiwan.

This thesis aimed at researching the nature of variations in rainfall characteristics

in Taiwan using data recorded at 120 meteorological stations including both lowland

and mountainous areas for the period between 1978 and 2008. Here I first examined

spatial variations and then year-to-year variations in the mean annual rainfall, rainfall

intensity, and the mean number of rain days for the 31-year study period. Then I

would examine trends in these parameters during the period. As well, I would discuss

about our results with other researches. Throughout the analysis, I focused on the

following two points: (i) whether the variation in annual rainfall was caused by the

variation in rainfall intensity or the number of rain days; and (ii) whether the results

differed between lowland and mountainous areas.

Aimed at providing the basis of knowledge in this thesis, this chapter introduced

a brief review on hydrological processes, brief review on relative literatures, and then

presented the structure of this thesis.
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1.2 Hydrological processes
Water properties

The hydrosphere contains about 1.4x10'® metric tons of water, which would be
plenty enough to cover the Earth to a depth of 2.7 km in liquid water (Lee, 1980).
Water, also known as H,O in chemical formula, is a pure chemical substance
combined of one oxygen atom linked to two hydrogen atoms (Lee, 1980; Zumdahl,
2005; Holliday et al. 2008). Water changes its state among gas, liquid, or solid at
various places, which may take few seconds to millions of years to circulate in the
hydrological cycle (Fig. 1) (Lee, 1980; Hewlett, 1981; Chen, 1990; Tsukamoto, 1992;
Chang, 2006; USGS, 2010).

Polar water molecules attract other polar molecules and themselves. By this
characteristic, not only water provides cohesion and adhesion on physical mechanism,
e.g. capillary action, but also supports solutions’ forming and lots of biochemical
processes as the most common solvent. In addition, water has a large standard
vaporization heat (i.e., the standard vaporization enthalpy, or latent heat) equivalent to
40.7 (kJ/mole) (597.3 Cal/g). (Johnson, 2003; Zumdahl, 2005; Holliday et al. 2008).
During cold days, water on land surface or in soils would freeze. Ice, snow, and liquid
water have some differences in their properties.

When water vapor cools down and compresses in volume, the vapor molecules

12



re-form a liquid; this process is called ‘condensation’. Condensation is the reverse of
vaporization. When the gas molecules release the latent heat, the water molecules will
cluster instead of flying away from one another (Lee, 1980; Zumdahl, 2005; Holliday
et al. 2008). In the atmosphere, the convection process brings gas water climbing
toward sky, and then the condensation occurs by the temperature cools down, starting
a hydrological cycle. In addition, the condensation in the air is a series of chemical
process with aerosols as well. These kinds of study are, in detail, discussed in
atmospheric particles science (Harrison and van Grieken, 1998). In a planetary view,
water covers a thin layer on the surface of the planet, about 2.7 km in depth. Water in
the world contains about 1.4x10" tons; the most of water (97.398% of total water) is
kept in ocean as saline water, and the rest freshwater accounts for about 3.6x10'° tons
(2.602% of total water). In which, 77.2% of fresh water exists as ice; 22.4% of
freshwater remains in underground or soils; the rest 0.4% is in lakes, rivers, and the
air (Lee, 1980; Tsukamoto, 1992).

In a living world, almost all organisms on Earth rely on water and solar energy to
survive directly or indirectly. Consisting all of the organisms and the abiotic factors in
a given environment, an ecosystem relies on water to burst with life (Johnson, 2003;
Nabors, 2004; Chen, 2006; Oki and Kanae, 2006). On the other hand, water supports

crops to grow. When rainfall changes significantly, the agriculture and related
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economic business probably would face impacts. Potential risks on water resources

were discussed (e.g., Oki and Kanae, 2006; IPCC, 2007), such as heavy rainfall

events increased more frequently on most land areas; water stress on hundreds of

millions of people; decreased water availability; and more droughts in mid-latitudes

and semi-arid low latitudes. Consequently, water resources might be a critical

problem to people in the world (Oki and Kanae, 2006; Mays, 2011), thus it has been

concerned widely in areas of study, such as hydrology, biological sciences,

engineering, physical sciences, social sciences, and their related braches. These topics

are widely discussed in economic and agricultural sciences as well (Adams et al.,

2004; Mendelsohn and Neumann, 2004; Fisher et al., 2005; Piao et al., 2009).

Hydrological cycle

Hydrological cycle consist of continuous processes of the mass movements and

phase changes of water, in which water is evaporated or condensed among

atmosphere, land surface, and oceans (Fig. 1). The hydrological cycle begins with

condensation, wherein water vapor is cooled and forming small droplets as it is cooled

in the atmosphere, and thus clouds are formed (Burton, 2008).
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Evapotranspiration
(306)

Subsurface
runoff (108

Figure 1. The terrestrial hydrological cycle with estimations in Taiwan.

Adapted from Chen (2006) and USGS (2010)
The unit of the numbers in Fig. 1 is 10°m’

Illustrated by Li-yuan Liu

The budget in the terrestrial hydrological cycle can be represented as:

Pr=FE+T+R+AS+AG+AL

...Equation 1

in which, Pr is the precipitation, E is the evaporation, T is the transpiration, R is the

runoff, AS and AG are the changes in soil moisture and ground water storage over the

15



period of measurement, respectively, and AL is the leakage into or out of the

catchment (Chang, 2006; Chen, 2006; Fleischbein et al., 2006).

Water evaporated from water surface on lands or oceans, then moves as moist air

masses inland to the interior of the continent by wind. Then the air masses form

convection and hence produce precipitation (Pr) falling on lands as they pass over

coastal and interior mountain ranges (Lee, 1980; Chen, 1990; Bedient et al. 2008).

On the land surface, a proportion of precipitation returns to atmosphere via

evaporation (E), E is indeed the process of water changes of state from liquid state to

water vapor, and E is also occurring on water surface, such as river, pond, and other

water bodies (Bedient et al. 2008).

The other portion of precipitation returns to atmosphere via transpiration (7).

Plants can uptake vital water in soil and then transport water through their bodies.

Finally, water loss from plants bodies via stoma on leaves or tissues to the

surrounding area, resulting in increased humidity in the air. This loss of water from

leaf surfaces is called transpiration. (Nabor, 2004; Bedient et al. 2008; Burton, 2008).

E and T can be combined and called evapotranspiration (ET); ET is a maximum

value of water loss as water vapor, while water supply in the soil is adequate at all

times (Bedient et al. 2008). Some water enters the soil system as infiltration, and turns

out as subsurface runoff, or ground water flow; the remaining portion of precipitation
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becomes surface flow, also known as runoff. Driven by the gravity, runoff runs
downward to the river, or a reservoir, and then goes to the ocean, restarting a
hydrological cycle once again (Chen, 1990; Bedient et al. 2008).

Note that forests spread broadly in mountainous Taiwan, which accounted for the
60% of the total land area (Su, 1984; Hsieh et al., 1994; Cheng et al., 2002) The
hydrological processes in a forest is not as same as in other areas (Chen, 1996). Hence,
the forest hydrology is an important study field in Taiwan. Consequently, I would

introduce some basic ideas on forest hydrology in following sections.

Hydrological process in a forest

Forests cover about 3.95x10° ha in the Earth. This is about one-third of total land
area of the Earth surface, 1.3x10'" ha (Lee, 1980; Johnson, 2003; FAO, 2009). A
forest is a dynamic ecosystem consisting of biological community and the non-living
environment (Young, 1982; Burton, 2008). The Food and Agriculture Organization of
the United Nations (FAO) makes a clear statement that a forest is an area > 0.5 ha
with dominant species as trees, with the height > 5 m and the canopy cover >10%
(FAO, 2009).

The precipitation derives from rainfall, snowfall, or fog drips. Here, the

precipitation amount in a forest is regarded to be higher than open areas due to
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additional input by the fog, which is also called occult precipitation, horizontal
precipitation, or cloud interception (Lee, 1980; Geiger et al., 2003; Chang, 2006;
Chen, 2006). In a sub-tropical island like Taiwan, the snow would not be a main
source of precipitation; thus, I assumed that the precipitation was mainly contributed
by rainfall steadily while I also neglected the effect by fog.

Due to the structure of a forest, the hydrological processes would be different in a
watershed view (Fig. 2). The partitioning of rainfall, such as throughfall, stemflow,
and interception, is considered with rainfall characteristics, meteorological conditions,
and vegetation structure (Gash et al., 1995; Staelens et al., 2008). The difference
between Pr and the sum of throughfall (Ty) and stemflow (Sy) is called canopy

interception (I,).

1.=Pr-(T+S))

...Equation 2

Ic is an important component of the hydrological budget of terrestrial ecosystems,
and is significant in ET, owing to its later evaporation to the atmosphere (Crockford
and Richardson, 2000; Staeclens et al., 2008). While the litterfall would also intersect

part of P, denoted as I;.
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In a forest, when rainfall amount exceeds the soil infiltration or percolation

capacity, surface runoff would occur, while the subsurface flow runs. Infiltration (F)

is the downward movement of water through the soil, F is also an important

hydrological process because it marks the transition from fast-moving surface water

to slow-moving soil and ground water. In a forest, F is affected by soil physical

properties such as degree of compaction, moisture, permeability of subsurface layers,

relative purity of infiltrating water, and soil microclimate (Lee, 1980). Therefore the

quick runoff can be derived from:

Qd=P-(IC+If+F)

...Equation 3

F could be important input in mountainous area, however, our understanding on F

have been still limited in Taiwan. Therefore, here 1 excluded fog precipitation

elements from this study.
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Figure 2. Rainfall partitioning in a forest

1.3 Relative studies about variations in rainfall

Global scale

IPCC (2007) showed that rainfall in lots of regions in the Earth increased in the

past, while decreases showed in few regions. As well, anomalies in averaged rainfall

occurred around recent decade frequently. Results from [PCC implied that rainfall

amount became higher in most of regions during past decade; however, the intrinsic

variation in finer spatial scales did not be considered. On the other hand, Zhang et al.

(2007) simulated global rainfall trends using latitudinal zones per 10 degrees all over

the world, it neglects the spatial variation among longitudes; the results showed that
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rainfall was increasing in high latitudes, but tropical-subtropical regions in north

hemisphere showed neutral even declines.

Under-regional scale

Tesemma et al. (2010) investigated the Blue Nile basin during the period

1964-2003; they covered the average monthly basin-wide rainfall and monthly

discharge data. At the Sudan—Ethiopia border, a rainfall-runoff model examined the

causes for observed trends. There was no significant trend in seasonal and annual

rainfall amount, significant increases in discharge during the long rainy season (June

to September) were observed at all three stations.

In Japan, Xu et al. (2003) investigated step change and monotonic trend in 46 rain

gauges during one century. Mann—Kendall and Mann—Whitney tests are applied to the

averaged rainfall time series to detect trend. They indicated several step changes

occurred in rainfall, but the time series did not exhibit significant evidence of

monotonic trend during the past century. On the other hand, Shinohara et al. (2010)

examined spatial and temporal variations in rainfall at mountainous areas in Japan.

Their research examined spatial and temporal variations in rainfall data during

summertime from 1976 to 2007, for 28 stations in mountain areas. They examined

amount of annual rainfall, mean daily rainfall intensity, and ratio of rain days. 30-year
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period mean in rainfall amount and those in daily rainfall intensity had strong

correlation for their 28 stations, indicating the spatial variations in rainfall amount are

primarily related to daily rainfall intensity. In addition, year-to-year variations

between time series indicate that rainfall amount series are primarily related to daily

rainfall intensity series. Long-term trends are not common in mountain areas of Japan

through their analysis.

In China, Qin et al. (2010) examined spatial and temporal trends by using the

Mann—Kendall trend test in temperature and rainfall from 136 stations in southwest

China for 50 years, including Tibet, Heng-duan mountains area, and west Sichuan

Plateau. Annual rainfall showed insignificant trend, but statistically significant

increasing trend has been detected in wintertime and autumn significant decreasing

trend, indicating the trends were different under annual and seasonal time scale.

1.4 Structure of this thesis

In this chapter, I had emphasized the importance of understanding on rainfall

characteristics in terms of hydrological cycles and showed our objectives of this

study.

Chapter 2, Methods and material, introduces the dataset, statistical methods, and

other techniques used in this thesis. I would present main analytical ways for time
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series and associated tools. As well, I have acquired the rainfall dataset from the

Water Resource Agency (WRA), its attributes and period would be introduced in the

chapter.

Chapter 3 presented the results and discussion with “Annual variations in rainfall

characteristics”. It reported both the nature and related analysis of annual rainfall

characteristics, such as spatial distributions, relationships between characteristics,

year-to-year variations, and long-term trends.

Chapter 4 presented result and discussion with “Seasonal variations in rainfall

characteristics”. In this chapter, the data were collected during four seasons, i.e.,

spring (March, April, and May), summer (June, July, and August), autumn

(September, October, and November), and winter (December, January, February).

Chapter 5, Rainfall time series forecasting, was based on the results in previous

chapters and applied the time series analysis. This chapter aimed at finding a general

model fitting and forecasting seasonal and monthly rainfall series. In this chapter, I

would use two cases in seasonal and monthly rainfall amount in terms the

applicability of this thesis. In Addition, I’d like to discuss possible impacts of

long-term changes in rainfall characteristics on hydrological cycles.
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Chapter 6, Conclusion and prospects, is a summary of this thesis, describing the

main contribution of this thesis to our knowledge of hydrological processes. As well,

a brief vision in future studies would be derived.
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2

Methods and Material

This chapter would report on data set, collection statistical analysis, and tools
used in this study. Statistical methods included the Mann-Kendall (MK) test with the
Trend-free Pre-whitening (TFPW) process (Yue et al., 2002). The MK test and TFPW
process were used to address the trends in the time series data. On the other hand,

Pearson’s » helped us to observe the relationships between time series.

2.1 Dataset and parameters
Definition of the mountainous and the lowland areas

To know the difference between the 120 stations including altitudes, this study
used 1000 m as a threshold and separated all stations into two altitudinal groups,
mountainous stations above 1000 m, and lowland stations below 1000 m.
Nevertheless, according to Taiwan’s legislative definition, the Soil and water
Conservation Act, the mountainous areas should be areas with either altitudes larger
than 100 m, or the slope larger than 5% (Executive Yuan, 2003). In addition, the Land
Restoration Act of Taiwan and the National Spatial Development Plan (CEPD, 2010)
restricted the mountainous areas as where the altitude is higher than 1500 m. Actually,

the land between 100-1000m accounts for 33% of Taiwan, and areas above 1000 m
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another 33% of Taiwan (Lin et al., 2010), and the areas above 1000 m tends to have

foggy forests and weather conditions, while it varies from the north to the south

Taiwan (Su, 1984; Hsieh, 1994). Therefore, it was hard to follow above specific or

legislative standard to distinguish the mountainous and the lowland areas in a

scientific way, thus, this research used 1000 m as the border due to the standard from

Shinohara et al. (2010).
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Figure 3. Spatial distribution of the 120 WRA stations
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Rainfall data

Rainfall dataset were collected from the official records published by the Water

Resource Agency (WRA) of Taiwan. The WRA installed 233 rain gauge stations

around the island for water resource management (WRA, 2009). There are about 173

stations’ data with hourly data and generally available for the period between

1978-2008. At these stations, rainfall is recorded with a resolution of 0.1 mm.

I excluded 113 stations due to incomplete records more than three years during

the study period; in which, I assumed a missing month as the missing data was more

than three days, and I regarded the data for the year as missing when the missing

months exceeded three. Consequently, I remained 120 stations for the analysis (Fig. 3).

The stations covered the whole Taiwan. There are 16 and 104 stations locating in the

mountainous areas with the altitude of > 1000 m and the lowland areas with the

altitude of < 1000 m, respectively. As well, among the 120 stations, 95 and 25 stations

located in the west and the east of the Central Mountain Region (CMR), respectively.

Rainfall parameters

Here I use two parameters for examining rainfall characteristics, the daily rainfall

intensity (1) and the ratio of rain days (A). Theoretically, rainfall amount is a function
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of the two parameters (e.g., Katz and Parlange, 1998; Furrer and Katz, 2008), which

are useful not only for studying rainfall variation, but also for hydrological

applications, e.g. soil moisture dynamics (Kumagai et al., 2009; Shinohara et al.,

2010).

The daily rainfall intensity (n) is derived from the amount of rainfall in a given

period. The ratio of rain days (A) is calculated from the ratio of rain days to a given

period, A is therefore proportional to rain days, representing the rainfall duration in a

given period. The two parameters are given by:

_Pr
77 DPr
...Equation 4
4D
D
...Equation 5

According to the definition by the Central Weather Bureau (WRA, 2009), Pr is the

amount of rainfall (mm) in a given period, D is the number of days in a given period,

and Dp;, is the number of rain days in a given period. In this case, a rain day is defined

as a day when the daily rainfall exceeds 0.1 mm/day.

Aimed to know spatial and temporal variations of rainfall, the parameters would

be examined in following processes. First, this study calculated Pr, n, and A at each
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station for each year from rainfall records; and then averaged to obtain 31-year mean
Pr, n, and A at each station from 1978 to 2008, i.e. Pr, 5, and 4.

Then, this study examined the correlations not only between Ppr and 5 , but
also between py and . This helps this study to examine whether inter-annual
rainfall variation is determined by spatial variation in rainfall intensity (n), or in ratio

of rain days (M), this is in accordance with Shinohara et al. (2010).

2.2 Relationship analysis

Here, I would first examine spatial variations in Pr, n, and A. To this aim, I
calculated Pr, 1, and A at each station for each year from raw rainfall data, and then
averaged to obtain the period mean Pr, n, and A at each station from 1978 to 2008, i.e.,
Pr. n,and /, respectively. On the basis of these data, I had mapped the interpolated
rainfall characteristics to represent spatial variations in Pr, 5, and 4 for the whole
Taiwan. I finally examined the correlation between Py and n and between Py and
1 to determine whether the spatial variation in Py was explained by 7 or 4
(Shinohara et al., 2010).

Second, I examined year-to-year variations in Pr, 1, and A for the study period. I
verified the correlations between Pr and n and between Pr and A for each station to

determine whether the year-to-year variation in Pr was explained by 1 or A (Shinohara

30



etal., 2010).

Third, I examined temporal trends in Pr, 1, and A during the period (Shinohara et
al., 2010). As well, I evaluated the trends using the Mann-Kendall test (Mann, 1945;
Kendall, 1975; detailed in Section 2.3) and investigated whether significant trends
were commonly observed or not. Then, I would examine the correlation in
Mann-Kendall‘s statistical parameter between Pr and n, and between Pr and A to
determine whether the trends in Pr were explained by 1 or A. Throughout the analysis,

I investigated whether the results differed between lowland and mountainous areas.

2.3 Trend analysis

To analysis the trend in a time series, there are many statistical approaches
available, such as Mann-Kendall (MK) test (Mann, 1945; Kendall, 1975), intervention
analysis model (Pena et al., 2000; Box et al., 2008), and Hilbert-Huang transform
(Wu et al., 2007; Huang and Wu, 2008; Rudi et al., 2010). This study applied the MK
test, which is a rank-based non-parametric statistical method and very useful to detect
trend in time series. As well, the MK test provided the statistic of a trend, based on
statistical principle, and I might verify whether the trend was significant or not,
further, the MK test is widely used in hydrological researches, while other trend

analytical methods were not. In addition, Yue et al. (2002) and Rivard and Vingneault
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(2009) report that serial correlation, which refers to a non-independent residual

besides a trend, would disturb results of the MK test, leading to a disproportionate

rejection of no trend. Therefore, to avoid the wrong recognition of a trend, the

trend-free pre-whitening (TFPW) procedure is suggested to apply on uni-variate

hydrological time series (see Yue et al., 2002). Here this study assumed a series, X,

and the TFPW procedure is show below (Shinohara et al., 2010).

Trend-free prewhitening procedure

First, remove the trend in X, using Sen’s slope, b, and get the residual, X,

X,'= X, —bt

...Equation 6

...Equation 7

Second, prewhitening the residual (X’;) using the lag-1 autocorrelation coefficient,

@,, thus we can get the prewhitened residual Yz,

Y't = Xt - ¢1X't—l

...Equation 8
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where

n—1

cov(X,, X,,)) Z[X’_E(Xt)][Xm_E(XJ]
#= var(X,) - " ,
’ 21X, —E(X)]

t=1

...Equation 9

Note that the Y, is actually a residual series with less AR(1), i.e., more like an

independent series. I did not apply a complicated prewhitening procedure, such as the

transfer function in Box and Jenkins (2008) or Tiao (Pena et al., 2000), which would

be much rigor with rigorous mathematical and statistical procedures. While I followed

the methodology of Yue et al. (2000), the effectiveness is to verify the trend and

reduce influences by the residual with autocorrelation.

Third, put back b in the pre-whitened series,

~
Il

Y '+ bt

t t

...Equation 10

Mann-Kendall test

Finally, we may apply the MK test on the processed series, Y, to detect the

significance of trend. The null hypothesis Hj is that a series is independent and
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identically distributed; the alternative hypothesis H; is that a monotonic trend existing

in a series. The statistics of standardized test Z is

...Equation 11

n(n—-1)(2n+5)— Zn: t, m(m—1)(2m+S5)
var(S) = o

18

...Equation 12

in which the statistic of Kendall’s tau, S, is,

n-1 n
§=2 2 sen(Y, - ¥)

i=1 j=n+l
...Equation 13
1,if0>0
sgn(@)=<0,if =0
-1,if6<0

...Equation 14

Note that 7 is the number of data points, m is the number of tied groups (a tied

group is a set of sample data having the same value), and ¢, is the number of data
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points in the m™ group. E.g. in a sequence {1, 9, 4, 9, 4, 4, 5}, this study have n=7,
m=2, t;=2 for the tied value 9, and #,=3 for the tied value 4.

The probability value, p, is

...Equation 15

The standardized MK statistic Z follows the standard normal distribution with
mean of zero and variance of 1. The null hypothesis Hy is accepted if _Zl_% sZs Zl_% ,
where iZl_% are the 1-0/2 quantiles of the standard normal distribution
corresponding to the given significant level, o, for the test. E.g. for an 0=0.05, z e

equals to 1.96. Herein this study use a depending on the situations as 0.1, 0.05, and

0.001 in this study.

2.4 Time series analysis and forecasting

I had induced the TFPW procedure to obtain the tendency, which was upward or
downward, in a time series of rainfall, but I would like to infer its future changes.
Thus, the time series analysis was applied. Time series analysis is a classical method
to build stochastic models, and it is suitable for uni-variate and multivariate statistics

widespread in environmental studies, economic models, business estimation, and
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engineering, etc. (Tiao et al., 1975; Box et al., 2008; Mills et al., 2011). Box et al.
(2008) 1illustrate five areas of application, including forecasting series, transfer
function for input and output variable, intervention for uncommon events,
interrelationships among related variables, and control schemes. Here I simply
introduced the processes for analyzing and building a stochastic model through time

series analysis.

Tentative specification on data

First of all, I observed the time-series plot to check the pattern leaning to
stationary or non-stationary, which leads to whether the differencing is required or not,
e.g. first-order differencing, V'Z =7 -6Z _, =(-#B)Z,, (d=1, ¢=1). Note that
the B is hence called backward operator, which refers a backward differencing and
follows rule of linear calculation (see Box et al., 2008); further, @, is a white noise
and identically distributed (i.e., 1.i.d.) with mean and variation of the series. Second, I
examined the autocorrelation function at lag-k (ACF, p,, Eq. 16) and partial

autocorrelation function (PACF, ¢, Eq. 17) of the series.

p,=cov[Z,,Z, ]

...Equation 16
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...Equation 17

If either of the two functions had cutouts within a specific time lag, e.g., k
period, I might fit a lag £ moving-average (MA) or an auto-regressive (AR) model
according to the ACF or PACF cut-out, respectively. An AR(k) model forms as
¢(B)Z~t =a, toward Z,; and a MA(k) model forms like Z: =0(B)a, toward a.y.
Note that since a, is identically distributed, the ACF and the PACF of a, should be

very insignificant or near zero for all time lag (for any lag period).

Fit model and estimate parameters

With the order of differencing, ACF, and PACF cut-off, I would fit a model
combining AR and MA model. Thus a general form, autoregressive integrated moving
average model (ARIMA) with AR (P), MA (Q), and a differencing order (d), is
derived as @#(B)V'Z, =O(B)a,. E.g. (1-0.5B)(1-B’)Z=(1-0.2B-0.23B")a, is called a
ARIMA (1,2,4) model for the AR order as one, differencing order is two, and the MA
order as four. The parameters of an ARIMA model could be estimated from such as
Bayesian, conditional likelihood, exact likelihood, or maximum likelihood, etc.

Herein this study, I took the exact likelihood the most for parameter estimation in
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fitted ARIMA model. Note that the parameters in an ARIMA model should exceed the
significant level (i.e., t value >1.96 at 0.05 level); on the other hand, the R’ of the
model would not be critical comparing to linear model owing to the model should

revised according to the residual (Box et al., 2008).

Diagnosis check on residual

A fitted ARIMA model has same properties with other statistical model, which is
the residual analysis. If the residual did not present as independent series, i.e., both
ACF and PACF were insignificant, then, the model should be modified. The method
of modifying a model is simply; first fit another model to the residual series, and then
apply the residual to the original model. E.g. a model, (1-B)Zt=(1+0.6B)c,, while the
residual c¢; is not independent and could be fitted as (71-B)c,=(1-0.8B)a;, where a; is

independent. Thus, we might obtain (1-B)(1-B)Z,=(1+0.6B)(1-0.8B)a,.

Intervention analysis

Uncommon events in a time series play as outliers easily, their influences can be
categorized in three types, which are additive outlier (AO), innovational outlier (10),
and level shift (LS), these outliers can be added into a fitted ARIMA model.

According to the study by Box and Tiao (1975), at given time, 7, when outlier appears,
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AO is a pulse as wP,”, where w is the magnitude of the pulse, and P would be 1
when =T, and 0 otherwise; 10O is a w(1 -5B)" PV where the § controls the IO to be a
line or curve, and P,” would be 1 when =T, and 0 otherwise; LS is a step upward or
downward with a time series, the component of LS appears as the 10 one, while the
P/” would be 1 when t is larger than or equals to T. However, the outliers should be
some abnormal incidents during the study period, and we could acquire outliers in
time series according to fitted model. Note that here the T refers to time; do not

confuse this with the transpiration one in former introduction part.
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3

Annual variations in rainfall characteristics

This chapter analyzed spatial and temporal variations in annual rainfall
characteristics in Taiwan. First, this chapter reported on spatial variation and
year-to-year relationship between rainfall characteristics. Second, it was to find
differences in rainfall characteristics relationships between lowland and mountainous
areas. Third, it examined long-term trends of rainfall characteristics to look at whether
a significant trend existed or not at each station. Finally, we could discuss about some
potential impacts of changes in rainfall characteristics on hydrological cycle in

Taiwan.

3.1 The patterns of long-term period means of rainfall characteristics

Figure 4 showed spatial distributions of pr, ﬁ and mean Dp,, which was
proportional to 1. Pr ranged between 1214 mm for station #42 and 4749 mm for
station #11, the former was in the central-west and the latter was in the north. 7
varied between 11.7 mm/day for station #102 and 34.5mm/day for station #82; the
former was in the north, and latter was in the southwest. ] ranged between 0.19 (i.e.,
Dp,=68 days) for station #57 at central-west and 0.58 (i.e., Dp, = 213 days) for station

#11. The larger values of Pr, E and mean Dp, were mostly found around the
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mountainous areas along the central mountain region (CMR) (Fig. 4).
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Figure 4. Contour map for annual rainfall characteristics of pr (mm), 7 (mm/day),

and mean D, at 120 stations through 1978 to 2008.

In addition, I had obtained significant relationships in Py -altitude (r=0.34,
p<0.01) and ] -altitude (r=0.68, p<0.01), while the relationship in 7 -altitude (+=0.08,
p>0.1) and 7 -, (r=0.08, p>0.1) were not significant (see Table 1). Large Pr
values were observed at stations on slopes in the west of the CMR, which would be
partly explained by the prevalent wind (e.g., northeastern and southwestern monsoon)
in the mei-yu season, typhoons, and orographic rain (Chen and Chen, 2003; Guan et
al., 2009). In addition, we could see localized heavy rainfall events in mountainous
areas owing to the orographic effects, such as orographic lifting, orographic blocking,

and thermally driven circulations (Chen et al., 1991; Johnson and Bresch, 1991;
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Akaeda et al., 1995; Li et al., 1997; Chen, 2000; Yeh and Chen, 2002).

On the other hand, large Pr values observed in northeastern hilly areas would
be partly explained by the advection, and the frontal systems (e.g., Mei-yu season) in
these areas (Yeh and Chen, 1998; Chen and Huang, 1999; Yen and Chen, 2000; Chen
and Chen, 2003; Yeh and Chen, 2004; Chen et al., 2005). These different
meteorological systems occurring between mountain and lowland could be a reason

for the differences of the determining factors of the spatial variations in Pr.

Table 1. Correlation matrix for 31-year period mean rainfall characteristics and

spatial variables

Pr 5 4 Elevation (m) Longitude (E) Latitude (N)

Pr 1.00
n 0.54 1.00

2 0.72 -0.08 1.00

Elevation (m) 0.34 0.08 0.68 1.00

Longitude (E) 049 -0.34 0.70 0.11 1.00
Latitude (N) ~ 0.18 -0.33 0.35 0.03 0.63 1.00

On the other hand, large Pr values observed in northeastern hilly areas would

be partly explained by the advection, and the frontal systems (e.g., Mei-yu season) in
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these areas (Yeh and Chen, 1998; Chen and Huang, 1999; Yen and Chen, 2000; Chen
and Chen, 2003; Yeh and Chen, 2004; Chen et al., 2005). These different
meteorological systems between mountain and lowland could be a reason for the

differences of the determining factors of the spatial variations in Pr.

Cue of the pattern of Prinn or A

To examine factors determining spatial variations in Py, I calculated their Pearson
correlation coefficients () between Pr , 7, A and the altitude. In all 120 stations,
significant and positive relationships were found in pr-n (=0.54, p<0.01), Pr-A
(r=0.72, p<0.01), Pr-altitude (r=0.34, p<0.01), and A -altitude (r=0.68, p<0.01).
Note that the relationship between Pr-4 was stronger than pr-7, thus I would
suggest that annual rainfall amounts were generally more dependent on number of
rain days than daily rainfall intensity in annual and whole Taiwan scale. The
correlation coefficients (r) of Pr-altitude and A -altitude suggested that rainfall
amount and rain days normally increased with increases in elevation probably owing

to the orographic effects.

3.2 Comparison between the mountainous and the lowland areas

To understand the differences in the spatial variations between the mountainous
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and the lowland areas, I examined the relationships in rainfall characteristics between
the mountainous stations and the lowland stations (Fig 5). I observed a stronger
correlation between pr and 2 (7=0.72, p<0.01) than between pr and 5 (r=0.54,
p<0.01) when using the whole dataset for the 120 stations. In lowland areas (Fig. 5c
and 5d), I obtained different results from those of mountainous areas (Fig. 5a and 5b).
The correlation was stronger for the relationship between pr and 7 (R*=0.646,
p<0.001) than between pr and 1 (R’=0.0615, p>0.05) These results suggest that
n and ) both explained the spatial variation of Py in the lowland areas, but only

n primarily explained the spatial variation of Pr in the mountainous areas; this

meet equivalently results from the previous study, e.g., Shinohara et al. (2010)

The orographic effects along the CMR could have strong impacts on spatial
distribution of rainfall and been reported in Taiwan (Teng et al., 2000; Wu et al., 2002;
Chen and Chen, 2003; Kerns et al., 2010). Owing to the orographic lifting, orographic
blocking, and thermally driven circulations, I could see localized heavy rainfall events
in mountainous regions (Chen et al., 1991; Johnson and Bresch, 1991; Akaeda et al.,
1995; Li et al., 1997; Chen, 2000; Yeh and Chen, 2002). Further, tropical storms and
typhoons affect spatial distribution of rainfall in Taiwan (Lee et al., 2006; Tsai and
Lee, 2009). For example, Typhoon Herb (31™ July, 1996) brought considerably large

amounts of rainfall in Taiwan with the maximum rainfall of 1094 mm/day in the
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western slopes of the CMR (Chen and Chen, 2003). On the other hand, lowland hills

in the north tend to have higher rainfall because of the effects of the advection and the

frontal systems with the relatively larger-spatial and longer-time scale (Yeh and Chen,

1998; Chen and Chen, 2003). There different meteorological system between

mountain and lowland could be a reason for the differences of the determining factors

of the spatial variations in Pr.
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Figure 5. Relationships between period mean rainfall amount (Pr), period mean

daily rainfall intensity (7 ), and period mean ratio of rain days )

3.3 Year-to-year variation at each station

Aimed to see the changes at each station during the research period, I examined
inter-annual correlations among annual Pr, m, and A series at each station. Here I
obtained significant (p<<0.01) correlations between Pr and n for 91 stations (76%), and

between Pr and A for 58 stations (48%). The correlation was generally stronger in the
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relationship between Pr and n than in what between Pr and A (Fig. 6). In Figure 6, the

solid line represented the ratio of 1:1, and most stations located at the right-hand side

of the line. Here, among the 120 stations, 110 stations (91.7%) had larger » value in

Pr-n than those in Pr-A, including 15 mountain stations and 95 lowland stations. Thus,

the year-to-year variations in Pr were primarily explained by the year-to-year

variations in 1 rather than by those in A for both lowland and mountainous areas.
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Figure 6. Comparison of correlation coefficient (+°) between rainfall amount (Pr),
ratio of rain days (1) (+* of Pr-}), and daily rainfall intensity () (+* of Pr-n) at 120 rain

stations.
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3.4 Trends in annual rainfall characteristics

Aimed to detect whether a rainfall series had a significant trend or not, this study

applied the MK test on Pr, n, and A series at 120 stations through TFPW (Fig. 7).

Figure 7 also showed the spatial distribution of long-term trends and their statistics in

Pr, n, and A, respectively. Among the 120 stations, I observed significant (p < 0.05)

trends in Pr for 13 stations; increased trends for 12 stations (10.0% of the total stations)

and the decreased trend for one station (0.8% of the total stations). However, I did not

observe significant trends in Pr for the other 107 stations. I observed significant trends

in n for 37 stations (30.8% of the total stations) and in A for seven stations (5.8% of

the total stations). Thus, significant trends in Pr were not observed for most stations.

These results were consistent for mountainous areas.

Among the 16 stations in the mountainous areas, I observed significant trends in

Pr for only two stations. On the other hand, significant trends in 1) were observed for a

number of stations. The stations with significant trends in Pr, n, or A were generally

located in west of the CMR. All the 13 stations with significant Pr trends were located

in the west. Thirty-six among the 37 stations with significant n were located in the

west. Two among the seven stations with significant A trends were located in the west.

Note that the long-term trends of Pr were not found at most of the stations (89.2 % of

the total station), thus I would suggest that the change in Pr was not a general
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phenomenon in Taiwan.

Trends in Pr represented by Z statistics (Zp,) was more strongly correlated with
trends in m represented by Z statistics (Z,) than with trends in A represented by Z
statistics (Z;) (Fig. 8a, 8b). These results were consistent for the lowland and
mountainous areas. Thus, trends in Pr were mainly corresponded to those in n rather
than A at most stations. Hsu and Chen (2002) examined trends in Pr for eight lowland
stations in Taiwan. They observed significant increased trends in Pr for two stations
with n. These trends were primarily caused by the trends in 1, which agrees with our

results.

49



(c)A

Figure 7. MK test of Pr, 1, and A trends’ statistics of each station with TFPW process
through 1978 to 2008. The plus (+) or minus (-) signs showed positive or negative
trends without significant (p>0.05); at p<0.05 for solid triangles (A, V¥); gray color

indicated the mountainous areas.
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Figure 8. MK statistics comparison, (a) Zp; to Z, and (b) Zp, to Z,; the solid line

indicated the significant level (p<0.05) for each axis.
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4

Seasonal variations in rainfall characteristics

In earlier chapter, I had examined annual rainfall characteristics during the past 31

years. In this chapter, I would like to analyze the variation in seasonal scale.

According to previous study (e.g., Kumagai et al., 2010), I divided one year into four

seasons; i.e., (i) the spring, March-April-May (ii) the summer, June-July-August, (iii)

the  autumn, September-October-November, and (iv) the  winter,

December-January-February. This chapter first presented the spatial variation in

rainfall characteristics of each season. It analyzed the spatial tendency of Pr with its

relationship to n or A in each season. Then I would examine the temporal variation in

rainfall characteristics to find out whether the Pr associated with ) or A in each season.

As well, T used the TFPW process to test the trends in each seasons and its

relationships with annual and seasonal variation, that is, aimed to clarify the question:

which season’s long-term rainfall changes could cause annual time-scale long-term

rainfall changes?
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Figure 9. Seasonal period mean rainfall amount (Pr) (mm), period mean daily

rainfall intensity () (mm/day), and period mean ratio of rain days (7) at 120

stations through 1978 to 2008.
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4.1 Spatial variation in seasonal rainfall characteristics
Spatial distributions of the 31-year period mean rainfall characteristics in each

season were shown as Fig. 9. The large p, 5, and 7 showed along the CMR,
similar to the annual results in our previous chapter. To verify whether the spatial
patterns in p, was corresponding to ; or 7, I examine the relationships between
Pr> 5 , and 7 in the four seasons (Fig. 10, 11, 12, and 13). In the mountainous
areas, ﬁ-; had a strong correlation (R?=0.7509 in spring, R?>=0.717 in summer,

R*=0.5272 in autumn, and R’=0.7784 in winter; p<0.05). By contrast, p; -7

(R*=0.002 in spring, R?=0.0025 in summer, R?=0.4763 in autumn, and R*=0.0266 in
winter; p>0.1) did not show significance in their correlations (Fig. 10a, 11a, 12a, and

13a; and 10b, 11b, 12b, and 13b).

In the lowland areas, both ﬁ-; (R>=0.3151 in spring, R*=0.5118 in summer,
R’=0.5272 in autumn, and R*=0.6493 in winter; p<0.05) and p;-7 (R’=0.4935 in
spring, R*=0.232 in summer, R>=0.4763 in autumn, and R*=0.3928 in winter; p<0.05)
showed strong correlations (Fig. 10c, 11c, 12c, and 13c; 10d, 11d, 12f, and 13d).
Consequently, during the four seasons, the spatial variation of Pr in the mountainous
areas was explained by mn, while n and A determined the spatial variation in the
lowland areas. Note that the 7 in summer time had larger values (about 120 mm/day

at most) compared with other seasons (nearly 40 mm/day).
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Figure 10. Relationships between the period mean rainfall amount ( Py ),the period

mean daily rainfall intensity (7 ), and the period mean ratio of rain days (7)) in spring.

Note that the white and black dots represented the mountainous stations and the lowland stations,

respectively.
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Figure 11. Relationships between the period mean rainfall amount ( Pr), the period

mean daily rainfall intensity (7 ), the period mean ratio of rain days (7) in summer.

Note that the white and black dots represented the mountainous stations and the lowland stations,

respectively.
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Figure 12. Relationships between the period mean rainfall amount ( Pr ), the period

mean daily rainfall intensity (7 ), and the period mean ratio of rain days (7) in

autumn.

Note that the white and black dots represented the mountainous stations and the lowland stations,

respectively.
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Figure 13. Relationships between the period mean rainfall amount ( Py ),the period

mean daily rainfall intensity (7 ), and the period mean ratio of rain days (7) in winter.

Note that the white and black dots represented the mountainous stations and the lowland stations,

respectively.
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4.2 Year-to-year seasonal variation

To verify whether the year-to-year variation of seasonal Pr was in accordance
with ) or A, I examined correlation between Pr, 1, and A in each season at each station
(Fig. 14). I calculated the correlation coefficients on Pr, 1, and A series in the 31 years,
and every dot in Figure 14 represented one station. I obtained significant (p<0.05)
correlations between Pr and n for 120 stations (100%) in spring, 116 stations (97%) in
summer, 118 stations (98%) in autumn, and 120 stations (100%) in winter. Significant
(p<0.05) correlations between Pr and A were found in 108 stations (90%) in spring,
109 stations (91%) in summer, 110 stations (92%) in autumn, and 114 stations (95%)
in winter, respectively. The correlation was generally stronger in the relationship
between Pr and 1 than in what between Pr and A (Fig. 14). The dots in Fig. 14 were
mostly located in the right-hand side of the 1:1 line, leaning to the » of Pr-n side; these
results were consistent for lowland and mountainous areas. Thus, the year-to-year
variations in seasonal Pr were primarily explained by the year-to-year variations in

seasonal 1 rather than by those in seasonal A for both lowland and mountainous areas.
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Figure 14. Comparison of correlation coefficient () between seasonal rainfall amount

(Pr), seasonal ratio of rain days (L) (r of Pr-A), and seasonal daily rainfall intensity (1)

(r of Pr-n) at 120 rain stations.

4.3 Trends in seasonal rainfall characteristics

To detect whether seasonal rainfall series had significant trends or not, I applied

the MK test on Pr, n, and A series at 120 stations through TFPW (Fig. 15). The results

of trend analysis in the four seasons showed different patterns with those of annual

time-scale (Fig. 7). Figure 15 showed the spatial distribution of long-term trends and

their statistics in seasonal rainfall characteristics in spring, summer, fall, and winter,

respectively.
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Trends analysis

Among the 120 stations, I first observed significant (p<0.05) trends in

year-to-year seasonal Pr; nine stations (7.5% of all stations) decreased in spring, five

stations (4.2% of all stations) increased in summer, five stations (4.2% of all stations)

increased and two stations (1.7% of all stations) decreased in winter.

Second, in examinations of long-term seasonal 1, we may see one stations (0.8%

of all stations) had increased trends and eight stations (6.7% of all stations) decreased

in spring, nine stations (7.5% of all stations) increased in summer. Four stations (3.3%

of all stations) increased in autumn. As well, 11 stations (9.2% of all stations)

increased and one station (0.8% of all stations) decreased in winter.

Third, in A examinations, we may find 15 stations (12.5% of all stations)

decreased in spring while one stations (0.8% of all stations) increased. Four stations

(3.3% of all stations) increased in summer while five stations (4.2% of all stations)

decreased. Two stations (1.7% of all stations) increased in autumn while 11 (9.2% of

all stations) stations decreased. As well, three stations (2.5% of all stations) increased

while six stations (5% of all stations) decreased in winter.

I could not suggest significant trends in seasonal rainfall characteristics as a

general phenomenon in the whole Taiwan. In Pr, the most changed stations showed in
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spring accounting for 7.5% of total stations, while the rest 92.5% of stations did not

changed. On the other hand, the low ratios of changed stations in 1 and A also met that

the change was not widespread in the whole Taiwan. On the other hand, we could see

different long-term trends in each season. Although long-term trend in Pr in spring

showed mostly decreasing trends, the long-term trend in Pr in summer, winter showed

mostly increasing trends. Overall, characteristics of long-term trend of rainfall and

their spatial distribution could be different between annual and seasonal time-scale.
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Figure 15. Seasonal trends in rainfall amount (Pr), daily rainfall intensity (n), and
ratio of rain days (A). “+7, “-”, “A”, and “ V¥ ”showed positive, negative, significant

positive, and significant negative (p<0.05); gray indicated the mountainous areas.
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Comparison between the mountainous and the lowland stations

In annual analysis, we did not obtain obvious discrepancy of significant trends

between the mountainous and the lowland stations. Here 1 examined the seasonal

trends and their spatial distribution between the mountainous and the lowland stations.

In the 16 mountainous stations, we obtained only one station showed significance in

summer Pr, winter Pr, summer 1, winter n, and spring A, respectively. The rest stations

with significant trends were located in the 104 lowland stations. Therefore, the

changes in seasonal rainfall characteristics were located in the lowland areas rather

than the mountainous areas. Nevertheless, the number of stations in the mountainous

arecas was essentially less than the lowland one, thus, in order to understand the

mountainous case, more rain stations would be necessary.

Cue of trends in seasonal Pr with those in seasonal ones

The trends in annual Pr had strong relationships with those in annual 1, and hence

we could consider the seasonal case as the annual one as well. To see the relationships

among seasonal rainfall characteristics, here 1 made a tentative diagnosis using

correlation coefficients between trends of Pr, 1, and A at each station (Fig. 16 and 17).

In the seasonal trends analysis, Pr in each season showed significant (p<0.05)
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relationships with m and A equivalently, in which seasonal Pr had stronger

relationships with seasonal 1 than seasonal A generally (Fig. 16, 17).
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Figure 16. Comparison of seasonal trends statistics (Z) between Pr and n
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Figure 17. Comparison of seasonal trends statistics (Z) between Pr and A

4.4 Qualitative categories of changes in annual and seasonal rainfall

characteristics

Despite the change in rainfall characteristics was not a general phenomenon in
statistics and the significant stations distributed unevenly in Taiwan, we could see that

the spring Pr showed a negative tendency during the study period, while other seasons
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showed a positive trend in summer, autumn, and winter. In previous chapter, I
mentioned the annual analysis, which showed Pr increased in 12 stations. As the 12
stations increased their annual Pr, I was curious about which season contributed the
changes in annual Pr the most. To seek the fact, here I would like to categorize the

relationships between annual trends and seasonal trends.

Applicability of slopes or statistics in categorizing

Before qualitatively categorizing the different groups in changing Pr, we needed
to decide which of trend parameters would be used, i.e. the slope (b) or the trend
statistics (Z). Theoretically, the larger the slope was, the more significant the
equivalent statistic of trend would be, in terms of positive or negative. In order to
verify whether the trend statistics (Z) could represent the trend slope (b), I checked
the relationship between Z and b (Fig. 18). The results showed that Z and b were
strong correlated, where their R’ were 0.8583 in Pr, 0.8881 in 1, and 0.8906 in A,
respectively. In addition, choosing either b or Z would not change the sign of trend.
Thus, we might apply either to classify the qualitative categories of relationships in

annual and seasonal Pr.
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Figure 18 Relationships between trend slope (b) and trend statistics (Z) in seasonal

rainfall characteristics.

Qualitative categories in changes of annual Pr with seasonal Pr

No matter using b or Z in accordance of classifying, the patterns of qualitative
categories in annual and seasonal Pr showed as the same (Table 2). Most of the 120
stations were positive in annual Pr trend, in which, 38% of stations (44% of positive
annual Pr stations) showed increasing potential in Pr in summer, autumn, and winter,
while spring Pr tended to decrease (category no. 6). Here, 15% of stations (17% of
103 positive annual Pr stations) showed positive slopes in Pr in summer and winter,
while spring and autumn Pr sloped down (category no. 2). However, there were over
half (54%) of the 103 positive stations showed a tendency with positive summer and
winter b or Z (category no.l, 2, 6 and 8). Consequently, this implied the increasing
tendency in annual Pr might be contributed by those in summer and winter Pr in most

of cases.
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On the other hand, in annual trend, 17 of our 120 stations had negative b and Z;

in which, they showed negative b and Z in spring (category no. 13 to 20 in Table 3)

for 8 categories (94% of 17 negative stations). Therefore, the decreasing tendency in

spring Pr was highly related to decreases in annual Pr.

Table 2. Major categories of changing rainfall amount (Pr)

Category Long-term Pr slope ® Number Ratio of
No. Annual Spring Summer Autumn Winter of stations"”  total stations
1 + + + + + 1 1%
2 + + + - + 1 1%
3 + + + - - 2 2%
4 + + - = i 3 3%
5 + + - - 5K 2 2%
6 + - + + + 45(5) 38%
7 + - + g - 10 8%
8 + - + = + 18(2) 15%
9 + - + - = 4(2) 3%
10 + - = - + 6(1) 5%
11 + - - - + 11(2) 9%
12 - + - + + 1 1%
13 - - + + + 3 3%
14 - - + + - 3 3%
15 - - + - + 3 3%
16 - - + - - 2 2%
17 - - - + + 1 1%
18 - - - + - 1 1%
19 - - - - + 1 1%
20 - - - - - 2(1) 2%

Note: (i) + or — sign in each category represented trends of Pr in annual, spring, summer,
autumn, and winter, respectively; (ii) I quoted the significant stations in the parentheses, there
were 12 stations significant increases in Pr and only one decreased, while 103 stations showed

positive and 17 stations negative.
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Qualitative categories in changes of annual n with seasonal n

Most of the 120 stations were positive in annual n trend, in which, 44% of
stations (53 stations) showed increasing potential in 1 in summer, autumn, and winter,
while spring 1 tended to decrease (category no. 5, 7, 9, 11, etc. in Table 3). Here, 54%
of stations (65 stations) showed positive slopes in 1 in summer and winter (category
no. 5 and 7). However, there were over half (54%) of the 103 positive stations showed
a tendency with positive summer and winter b or Z (category no.6 and 8).
Consequently, this implied that the increases in annual n might be contributed by

summer and winter 1 in most of cases.

Qualitative categories in changes of annual A with seasonal \

To verify the combination in annual and seasonal trends in A, I conducted the
same work as former analysis. 23% (28 stations) of the 120 stations were negative in
annual and all seasonal A trends, in which, 6 stations showed significant decreases
(category no. 22 in Table 4). Here, about 47% of stations showed negative slopes in A
in spring, autumn, and winter (category no. 18, 21, and 22). Further, we might notice
that 75 stations decreased in both annual and spring trends, regardless of other seasons.
Therefore, this implied the decreasing tendency in annual A might be led by those in

spring mainly.
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Table 3. Major categories in trends of daily rainfall intensity (#)

Category of long-term slope Number Ratio of

® of stations™ total stations

1. +++++ 15 12%
2. +++-+ 2 1%
3. +++-—- 2 2%
4. ++-++ 3 3%
5. +-—+++ 53(16) 44%
6. +-++- 2 1%
7. +—+-+ 12(2) 10 %
8. +-—+-- 2 1%
9. +——++ 12(4) 10%
10.+-—+- | 1%
11.+--—+ 7(4) 5%
12 +-——- 1(1) 1%
13.——+++ 2 2%
14 ——+-+ 1 1%
15.——+-—- 1 1%
16.———++ 1 1%
17 . ———+- D, 2%
18 -—--- 1 1%

Note: (1) + or — sign in each category represented trends of # in annual, spring, summer,
autumn, and winter, respectively; (ii) I quoted the significant stations in the parentheses, there

were 37 stations significant increases in #.
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Table 4. Major categories in trends of number of rain days ().

Category of long-term slope Number Ratio of

® of stations” total stations

1. +++++ 4 3%,
2. +++-+ 2 204
3. ++——+ 1 1%
4. +—+++ 7 6%
5. +—++- 4 30,
6. +-+-+ 5 4%
7. +—+-- 5 4%
8. +——++ 1 1%
9. +-——+- 1 1%
10.+---+ 2 2%
11.+--—- 2 2%
12 —++++ ) 2%
13 -++-—- 6(1) 5%
14 —+-—- 3 3%
15 ——+++ 4 3%
16. ——++- 5 4%
17 . ——+—+ 5 4%
18.——-+-—- 19(1) 16%
19.——-++ 1 1%
20.———+- 3 3%
21 ———-+ 10 8%
22 ————- 28(6) 23%

Note: (i) + or — sign in each category represented trends of A in annual, spring, summer,
autumn, and winter, respectively; (ii) I quoted the significant stations in the parentheses, there

were 7 stations showed significant decreases in A.
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5

Rainfall time series forecasting

5.1. Rainfall time series forecasting

Herein this chapter, I would like to promote our results in previous chapter,
making a simple application on predicting the future data in short-term. As well,
aimed at conducting a general statistical model for Pr series, I applied the Box-Jenkins
time series analysis (see section 2.4) to conduct tentative diagnosis, find out the noise
pattern part, build an intervention model with our previous works, and finally
forecasting the future series. Here, I first analyzed the seasonal Pr series, and then

monthly Pr series.

5.1.1 Seasonal Pr forecasting

I first observed time series among the 120 stations. The seasonality in Pr series
was very strong, as well, I had obtained that trends existed probably in some seasons.
Thus, I derived an intervention ARIMA model as Equation 18, combining our results

with the time series analysis.
1-6,,B” i
Z = be. +Mat , where a, Dd(,u, ?)

T (1-¢,BY)

...Equation 18
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In Equation 18, the former (bx; )part was the trend part, assembled by trend slope

(b) in each season, and x a dummy variable, i.e. spring as [1,0,0,0] (i=1), summer as

[0,1,0,0] (i=2), autumn as [0,0,1,0] (i=3), and winter as [0,0,0,1] (i=4). The latter part

is the time series noise, which controls the seasonality term. The AR parameter (¢, )

and MA parameter (6,,) showed at lag 4 and lag 22, respectively. Thus, the model

indicated the cycle occurring at one year (for lag-4 as one year) and 5-6 year (for

lag-22 as 5.5 year), respectively.

Case: Station 010930

Take station 01Q930 (No. 110) as a sample, here I demonstrated the time series

analysis. First, time series were examined through its plot (Fig. 19) and tentative

model specification (ACF and PACF; Fig. 20a, 20b) The ACF showed strong in

Lag-2,4,6,7,9,11... with no cut-off, and the PACF showed a cut-off at Lag-4, hence I

fitted an AR(4) model and modified it. The parameters (Table 4) showed significances

in their t value. As well, the ACF and the PACF in the residual were beneath the error

limit (Fig. 21). Thus, the model was accepted.

Figure 22 contained the predicted series (red line) and its confident interval (blue

line). Note that the model had not intervened in seasonal trend parameters. The
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forecasted Pr went beneath the zero (mm) horizon referred to negative Pr values.
Therefore, this model was not reasonable. Consequently, I added the seasonal trends
to forecast the series, shown as Fig. 23. In Figure 23, the forecasting seemed to be

reasonable for there were no negative values.
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Figure 19. Time series plot of seasonal rainfall amount for a station
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Figure 20. (a) ACF and (b)PACF plots of seasonal rainfall amount for a station.
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Table 5. Summary of fitted seasonal model statistics for a station

Parameter Value tvalue

0., -.6421 -8.72

¢, 0.7294 12.11

Note: =116, *=0.446, residual standard error=507
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Figure 21. (a) ACF and (b) PACF plots of model residual for a station.
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Figure 22. Forecasting before intervention for seasonal rainfall amount for a station.
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Figure 23. Forecasting after intervention for seasonal rainfall amount for a station.

5.1.2 Monthly Pr forecasting

I did not precede the monthly rainfall characteristics analysis in previous chapters;
however, in this section, I would like to fit a model for monthly data. As the same as
the former section, I built an ARIMA model based on intervention analysis to fit the

monthly Pr data;

(1-6,B") iid
Z, :bexf"‘mat,where a, 0 (1,07)

...Equation 19

The lag-11 terms at both AR and MA parameters indicated the cycle at one year.

Here the dummy variable x; was a 12 by 12 matrix and much complicated than
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seasonal ones,

=
Il
o oo o -
S —
To
o
o

...Equation 20

Case: station 21C050

First, I examined time series through tentative model specification (ACF and

PACEF, see Fig. 24) The ACF showed a strong wave without any cut-off, and the PACF

showed a cut-off at Lag-11, thus, I would fit an AR(11) model then modified it to

Equation 19. The parameters (Table 5) in the model showed significances in their t

value, and hence I entered a diagnostic check with residual analysis through the ACF

and the PACF in the residual (Fig. 25).

Table 6. Summary of fitted monthly model statistics for a station

Parameter Value tvalue

6, 08812 2224

¢,  1.0000 164.70

Note: n=349 , 1’=0.280, residual standard error=161
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Figure 24. (a) ACF and (b) PACF plots of monthly rainfall amount in a station.
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Figure 25. (a) ACF and (b) PACF plots of monthly model residual for a station.

Figure 26 contained the predicted series (red line) and its confident interval (blue
line). Note that the intervention model (Fig. 26a) was similar to the model not
intervened (Fig. 26b). Here we might observe estimated parameters of the
intervention model, and we could see the monthly slopes, i.e., b in each month, were

not significant (Table 6). Thus, I would suggest the monthly data would not need
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using the intervention analysis, just normally ARIMA would be fine; furthermore, this

implied that the monthly trend might not be significant.
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Figure 26. (a) Intervention analysis and (b) normal ARIMA model forecasts in

monthly data of a station.
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Table 7. Summary of monthly intervention model statistics

Parameter Value t-value
Xy (n/a) (n/a)
X2 -20.1506 -0.59
X3 -42.6622 -1.08
X4 53.2118 1.35
Xs -16.9619 -0.43
X6 17.6016 0.45
X7 -38.3804 -0.98
X8 39.5157 1.01
X9 0.5557 0.01
X10 9.5343 0.24
X -10.3206 -0.26
X12 26.6857 0.78
g, 0.9661 38.02

0.9998  125.74
i

Note: x; was not available in SCA report due to unknown error.

5.2 Potential impacts on hydrological cycles

In previous chapter, I did not suggest the change in Pr as a general phenomenon
because significant stations allocated unevenly in Taiwan; on the other hand change in
daily rainfall intensity was popular in the west of Taiwan. However, our study
revealed that Pr could be more intense with heavy storms in some areas, especially, in
the west and the southwest parts, where the Pr were large and trends simultaneously.
These changes might have some impacts on hydrological cycles, thus we could

discuss about some possible impacts of changes in rainfall regime on the hydrological
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cycles and further studies required.

The canopy rainfall interception is also one of the important hydrological

components during and after rainfall in Taiwan (Chang et al. 2006). Note that forests

spread broadly in mountainous Taiwan, which accounted for the 60% of the total land

area (Su, 1984; Hsieh et al., 1994; Cheng et al., 2002). According to physical-based

models for the rainfall interception such as Gash model (Gash et al., 1995; Murakami,

2007), numbers of rainfall events and rainfall duration could determine total amount

of rainfall interception. While, heavy intensely storms might easily exceed

water-holding capacity of forest canopies and trunks, and hence most of the rainwater

could be discharged to the ground as the form of throughfall and stemflow (e.g.,

Manfroi et al., 2004; Manfroi et al., 2006; Kume et al. 2011). Therefore, total amount

of rainfall interception could be conservative in response to the increased Pr and n

without the increase of A. Although some previous studies reported rainfall

interception in various kind of ecosystems in Taiwan (e.g., Lin et al., 2000; Lai et al.,

2007), there are few studies examined long-term rainfall interception there.

Consequently, to understand the impacts of possible rainfall changes on rainfall

interceptions, long-term monitoring of rainfall interception should be required.

Total amount of Pr and m are primary important factors determining runoff

81



processes (Burns, 2001; McDonnell, 2003). Previous study suggested that a

combination of increased Pr and reduction in Dp, increased severity of floods (Singh

et al,, 2008; Cheng, 2010). Despite the change in annual Pr was not a general

phenomenon in Taiwan, annual Pr and annual n could increase simultaneously in the

west of CMR unevenly. This implied possible changes in 1 in finer time scale might

happen, and it would probably result in higher frequency of flood, which is normally

required finer temporal-scale analysis (< daily scale) (e.g., Norbiato et al., 2008;

Cheng, 2010; McMillan et al., 2010).

In addition, decreases in A might bring potential risks for water shortage in

Taiwan. We could see A had negative tendencies in trends at most stations while

number of stations with significant decreases was relative few in both annual and

seasonal analysis (Fig. 5c and 18). Notice that the spring Pr probably leaded to

deceasing in annual Pr and it had negative tendencies at most (92%) of total stations.

Less Dp, would lead to more frequent in dry periods in a year. Considering the

decreasing Pr, m, and A in spring, the water resource management might face a

challenge in future springtime.

Nevertheless, our studies used simple variables with a longer temporal resolution

dataset to conduct the analysis. Further studies including analysis in finer temporal
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resolution and its long-term trend in Pr would contribute to the understanding of

changes in the frequency of dry periods and hence the water resource management in

Taiwan. As well, data with finer resolution in time would be required to facilitate

flood controls in future, such as rain events analysis. In addition, the mountainous

areas had no much rain stations for records; this study had discovered the rainfall

characteristics were different between mountainous and lowland areas. For a general

management of national land, we have to consider mountainous areas as a necessary

part (CEPD, 2010). Thus, I sincerely suggested that it would be important to

promote more stations in mountainous areas for observation.

In addition, since the number of stations was limited in mountainous areas,

relative measurements would not be so easy to conduct. Recently, interdisciplinary

applications combines other study fields have been promoted to investigate the water

dynamics, such as time series analysis mentioned in this research, radar, and remote

sensing. For example, radar could help to simulate extreme hydrological events even

in areas of higher elevation (Biggs and Atkinson, 2011); to detect the

evapotranspiration, specific indices in spectrum properties are feasible (e.g., Nishida

et al., 2003; Glenn et al., 2007; Nagler et al., 2007; Anderson et al., 2008; Wu et al.,

2010). Therefore, by advances in collaboration, there would be prospective tools for

dedicating in hydrology in the future.
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6

Conclusion and Future Prospects

Changes in rainfall have been received lots of attention in climate change, also,
variations in rainfall characteristics were important for hydrological processes, while
few studies examine these in Taiwan, especially in mountainous areas. This thesis
were undertaken to study spatial and temporal variations in the rainfall amount (Pr),
rainfall intensity (1), and the number of rain days (A) based on rainfall data for 120
stations covering lowland and mountainous areas in Taiwan, from 1978 to 2008, in
terms of annual and seasonal time-scale. We may look at the relationships between Pr,
n, and A for their spatial distribution, year-to-year variation, and marginal long-term
trends. Based on these derived results, I fitted ARIMA models for time series
forecasts, and then tentatively discussed on potential impacts on hydrological cycles.

In annual time-scale analysis, we could see the cue of the spatial variation in
rainfall amount was different between the mountainous and the lowlands stations. The
spatial variation in Py was primarily explained by both 4 and 5 in the lowland
stations, but only by 5 for in the mountainous stations. Thus, the rainfall
characteristics seemed to be different between mountainous and lowland areas.
Temporal analysis showed that ) in most stations primarily explained the year-to-year

variation in Pr rather than A. We could also see that almost the same results in

84



seasonal time-scale analysis.

In addition, long-term trend analysis clarified that, among the 120 stations,

significant trends in Pr were found in less than 10% of total stations, regardless of

annual or seasonal time scales, thus the long-term trends in Pr were not popular in

Taiwan, while m increases in annual-time scale among 30% of the 120 stations.

Besides, noticed that Pr decreases in springtime were different with other three

seasons during the study period, the shortage in water resource could be expected and

require more researches and relevant policies to face the risks.

The previous study (Hsu and Chen; 2002) examined spatial and temporal

variations in rainfall characteristics in lowland areas in Taiwan. Although significant

changes in rainfall characteristics were reported for some of the eight stations,

implying such changes would be commonly observed in Taiwan. However, I did not

show that such changes were common. Despite the nature of long-term trends in

rainfall characteristics could be found in the west part rather than the east part,

stations with significant long-term trends were located unevenly in Taiwan. Further,

increases in Pr were simultaneous with number heavy rain days in their study; this

research obtained a similar result in trends of Pr and n, which had high correlation.

To forecast rainfall time series, I had developed a stochastic ARIMA (4,0,22) and

a ARIMA (11,0,11) models for seasonal and monthly intervention analysis,
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respectively, which combined our work in this thesis. As well, the intervention model

implied that the monthly trend might be insignificant through the study period, while

the seasonal slopes might be useful.

On the other hand, interdisciplinary applications combined other study fields,

such as radar and remote sensing, have been promoted to investigate the water

dynamics on terrestrial surface. By these collaborations, more tools could be expected

for researching hydrological processes in future.

This thesis contributed a better understanding of spatial and temporal variations

in rainfall characteristics based on numerous stations over the whole Taiwan including

mountainous areas. Nevertheless, mountainous areas showed different tendency of

rainfall amount, in which rainfall amount in the mountainous areas related to daily

rainfall intensity but daily rainfall intensity and rain days in the lowland areas, while

the number of stations was few and needed to promote. As changes in rainfall

characteristics might influence the water resource management and the hydrological

cycle, further studies were encouraged to combine interdisciplinary works, such as

hydrological processes, water resources, and ecology, in terms of different spatial and

temporal scales.
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Supplementary information

In main contents of this research, some information or tools were not stated for the
coherence of the thesis; these included the geographical data, tentative diagnosis on
correlations, software used in this research, and station information with their trend
statistics. Herein this part, these were presented as much as possible for further
researches or being as a reference. In addition, color figures are available in this part

as well.

Appendix 1: Additional material and tools
Digital Elevation Model Data

The altitudinal data, Global 30 Arc-Second Elevation (GTOPO30), is a public digital
elevation model (DEM) data. I acquired the data from the website of the Earth Resources
Observation and Science (EROS) Center of the U.S. Geological Survey, U.S. Department of
the Interior (http://eros.usgs.gov). This database offers a global DEM data with a horizontal

grid spacing of approximately 1 km (USGS, 2011). In which, Taiwan is classified under the
category, e100n40.

Correlation matrix

Despite the linear regression is classical to examine the relationship between two
variables, when the number of variables are large, it is not easy to describe the relationships
between each variable at once clearly. In the annual analysis case, | might approach the three
variables (Pr, n, and A) for 120 stations at a glance. When it came to seasonal analysis, I had
the three variables in four seasons, respectively; here the number of variables was 12. If |
considered the annual data simultaneously, the number of variables rises to 15, and the
number of relationships between each two variables would gain to 98, i.e., 98 relationship
assembles, which is hard to put in a one-page table.

To analyze such complicated correlations required a clean way, here the correlation
matrix was applied on. The correlation matrix consists of » between variables, offering a clean
table and its significance to examine degree to which the relationship was strong or not.

AnalystSoft ™ StatPlus®: Mac LE 2009 (StatPlus) is a free commercial application built
for Microsoft ™ Excel ®: Mac (Excel) to compensate lack of the Analysis Toolpak in Excel
in Macintosh. In this study, StatPlus was combined with Excel to examine the correlation

among different variables via Pearson's correlation matrix and probability of » and its
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significance in probability (based on Eq. 13), which is not available in its counterpart,

Analysis ToolPak of Excel in the Windows version.

#f StatPlus Spreadsheet m Data Charts Help
Basic Statistics and Tables
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Figure 27. StatPlus and Excel screeshot.

Geographic information system in computer

Programs used for mapping in this study included a commercial mapping application, Golden
Software ™ Surfer 10® (Surfer), and two open spatial information system, Quantum GIS
1.6.0 (QGIS) and OpenGeoDa (Aeslin et al., 2005).

In order to draw the spatial distribution of the 120 stations in this study, a series of data
processes was conducted to create the maps. At first, the geographic information of all
stations was summarized in Excel, including latitude, longitude, and altitude of each station.
Then the rainfall data was attached to each station, involving period mean parameters and its
trend statistics of the station. Finally, the work sheet would be transcribed into .DBF file and
inputted into geographic information systems; here, Surfer, QGIS, and OpenGeoDa were used
for interpolating data, showing sings, and transcribing data, respectively.

Despite Excel has removed the function of saving files in the database (.DBF) format, I
may save the .DBF files through Microsoft ™ Access ® 2010 (Access). Note that it needs to
save files as ASCII format in Excel and then export to the geographical information systems.
In addition, it was strongly recommended to use simple ASCII characters in data title, i.e.,
complex characters were not recommended to record the data, such as traditional Chinese

(BIG-5 coding) or other language (e.g. UTF-8, UTF-16) except for the Western codes.

SCA statistical system

The SCA statistical system (SCA) is a professional application for time series analysis and
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general statistics (Liu et al., 2002). In Windows ® 7, the SCA would meet some issues such as
bad commands and floating error, this is owing to 16-bit scripts in the package, hence I
strongly recommended to install the SCA in a Windows® XP or earlier versions of Microsoft
™ Windows ®. Here I specially thank to Professor George C. Tiao for his great helps in the
Academia Sinica, conferences, and the software consults.

Note that SCA can directly fit ARIMA models and other models like ARCH, GARCH, etc.,
and SCA need no optional suites for advanced time series analysis, which was not available in
the R Project or other statistical systems. In graphing and plotting, the traditional “graph”
command would fail in recent Windows® environment, hence the Scientific Computing
Association™ corporation recommends the “hgraph” command in terms of illustrating time
series plots or other statistical plots. SCA is available in Department of Economy and
Department of Finance of National Taiwan University, also you may buy it on the official

website.

File Edit View Layer Settings Plugins Vector Help

@& E@ & s ERFF ->OR=%B
2 e BEPRR eI [QAARAQRRK PO
Ao D oSO BRISXRD W N

Layers 0 1

2%, SEASONAL
W decrease

V/ decrease

- -0.385-0.425
+ 0425-1235
A\ gain

A increasing
+% Annual

W decrease

W/ decrease

,?_: About Quantum GIS ? 2

About What's New Providers Developers CEIE]

@ Quantum GIS (QGIS)
</
‘fou are using QGIS version 1.6.0-Capiapo built against code
revision exported.

This copy of QGIS has been built with GDALJOGR 1.5.4.
This copy of QGIS has been built with PostgreSQL support
(8.3.10).

This copy of QGIS has been built with Spatialite support (2.4.0).
This copy of QGIS has been built with QWT 5.1.1.

This binary was compiled against Qt 4.5.2,and is currently
running against Qt 4.5.2

Quantum GI5 is licensed under the GNU General Public License

http: /fwww.gnu.orgflicenses

Join our user mailing list
[w] ©0QGIS 2011
Close 125282719 |[scate |[1:4582674 |[@)] [ Renger |[iz]

Figure 28. Quantum GIS screenshot.
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Figure 29. Using OpenGeoDa to create shapefiles.
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Appendix 2: The 120 WRA stations and their 31-year period mean
rainfall amount, 31-year period mean daily rainfall intensity, and 31-year
period mean numbers of rain days Dp,.

Longitude Latitude Altitude Data __ — —

Number Station Pr n D,,
E) N) (m) years

1 00A130 121.66 24.99 250 31 3340 18.5 183
2 00F390 120.91 24.29 553 29 2660 20.8 143
3 00HS540  120.87 23.78 322 30 2111 17.3 129
4 00H710  120.77 23.83 215 31 2352 18.7 129
5 00J810 120.30 23.58 9 31 1330 17.8 73

6 00P470 120.48 22.88 64 31 2269 243 91

7 00Q070  120.47 22.65 25 31 2042 22.8 86

8 00S120 121.09 22.90 190 30 1799 16.6 113
9 01A160  121.38 25.08 250 30 2079 159 134
10 01A190  121.75 24.89 360 30 3824 18.3 210
11 01A200 121.75 24.98 380 31 4749 228 213
12 01A210 121.42 24.89 600 31 3423 20.1 184
13 01A220 121.36 24.94 33 31 2371 17.3 137
14 01A350 121.54 25.29 15 31 2173 151 139
15 01A380 121.80 25.11 101 31 4544 248 179
16 01A410 121.52 25.02 5 31 2283 17.5 126
17 01A420 121.54 25.16 605 31 4142 242 185
18 01A430 121.50 24.78 500 30 3377 192 186
19 01A440 121.56 24.88 916 30 4348 21.5 224
20 01A450 121.71 24.94 200 31 3596 20.3 178
21 01B030  121.70 25.08 16 31 3774 21.5 170
22 01C400  121.25 24.82 142 31 2363 184 129
23 01D100  121.15 24.63 940 30 2498 17.8 167
24 01D110  121.10 24.57 560 31 2447 19.2 141
25 01D180  121.21 24.68 560 31 2710 19.6 152
26 01D190  121.28 24.72 770 29 2915 20.2 162
27 01E030  120.97 24.47 550 31 2653 222 133
28 01E060  120.95 24.36 760 30 2594 21.9 140
29 01E080  120.99 24.40 1400 30 2679 21.3 169
30 01E120 120.90 24.71 42 31 1632 18.0 88

31 01E170 121.00 24.60 229 31 2628 20.7 130
32 01E230  120.81 2431 337 31 1915 19.3 107
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Longitude

Latitude

Altitude

Data

Number Station Pr n D,,
E) N) (m) years
33 01E240  120.96 24.69 45 31 1906 18.8 99
34 01E270  120.87 24.42 275 30 2173 20.6 112
35 01E290  120.77 24.41 269 31 1876 20.0 99
36 01E310  120.74 24.59 95 31 1555 179 86
37 01E330  120.73 24.43 190 29 1591 19.1 89
38 01E390  120.82 24.64 30 31 1579 174 88
39 01F350  121.03 24.28 2520 29 3770 254 221
40 01F680  120.81 24.12 480 30 2269 209 122
41 01G090  120.48 24.09 7 31 1254 164 75
42 01G240 12042 23.96 11 30 1214 162 74
43 O0IH110  120.66 23.64 231 31 2744 21.7 129
44 01H210 121.20 24.18 1585 29 2800 20.9 181
45 01H310 121.20 24.11 2303 30 3286 222 217
46 01H390 120.93 23.62 2200 30 2601 17.8 212
47 01H400 120.93 23.56 1135 31 1996 159 157
48 01H470  120.92 23.71 1666 31 2500 16.5 198
49 0IH590  120.64 23.93 420 31 1802 18.7 108
50 01H630  120.68 23.97 97 30 1616 18.0 91
51 01H680  120.89 23.99 330 31 2145 184 123
52 01H720  120.95 24.07 410 29 2159 19.8 121
53 01J100 120.46 23.80 30 31 1411 174 80
54 01J930 120.61 23.76 82 31 1882 18.5 101
55 01J960 120.62 23.63 205 31 2521 209 123
56 01J970 120.70 23.58 724 31 2623 20.8 144
57 01K060  120.31 23.70 13 30 1221 17.5 68
58 01L390  120.62 23.48 725 31 3359 264 145
59 01L480  120.60 23.53 545 30 3202 249 142
60 01L490  120.52 23.53 78 31 2096 21.0 97
61 01L910  120.52 23.57 95 31 2039 204 99
62 01IMO010 120.40 23.59 17 30 1391 17.1 81
63 0IN840  120.58 23.12 480 28 3017 26.7 126
64 0IN860  120.36 22.96 100 30 1985 233 86
65 010070  120.51 23.33 350 31 2939 255 120
66 010080  120.46 23.31 86 30 2338 23.1 101
67 010190  120.45 23.27 80 30 2182 221 99
68 010200 120.50 23.29 360 31 2865 259 117
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Longitude Latitude Altitude Data __ — —
Number Station Pr n D,,

E) N) (m) years
69 01P190  120.47 22.98 78 31 2406 245 96
70 01P260  120.72 22.91 458 31 3073 273 123
71 01P280  120.40 22.89 80 31 2143 245 86
72 01P390  120.40 22.81 90 31 2095 20.7 82
73 01P500  120.33 22.88 21 31 1915 23.7 78
74 01P660  120.59 23.08 355 31 2788 24.6 119
75 01P770  120.54 22.89 61 31 2745 25.0 107
76 01Q160  120.65 22.88 166 30 2949 256 117
77 01Q350  120.68 22.53 250 31 3543 31.8 114
78 01Q610  120.64 22.77 144 31 3038 264 116
79 01Q860  120.84 22.18 320 30 3043 20.7 153
80 01Q870 121.24 24.81 255 31 2468 24.6 106
81 01Q910  120.76 22.73 1320 31 3955 33.0 157
82 01Q920  120.69 22.68 750 29 4216 345 146
83 01Q930  120.65 22.71 150 31 2952 269 110
84 01S130  121.12 22.97 280 30 1912 164 124
85 01S210  121.00 22.69 100 30 2089 17.2 122
86 01S260  121.44 23.33 120 30 2138 16.8 131
87 01S270  121.46 23.40 120 30 2656 16.5 159
88 01S360  120.86 22.38 520 31 2398 18.6 142
89 015430  121.04 23.17 910 30 1717 143 147
90 01S440  121.13 23.13 420 31 1670 16.6 111
91 01S470  120.98 23.25 2400 31 3419 18.8 252
92 01S570  121.06 22.88 220 31 2003 17.7 117
93 01T220  121.27 23.30 210 31 1917 16.5 119
94 01T230  121.31 23.43 180 31 2108 14.7 143
95 01T240  121.28 23.42 940 30 3346 164 228
96 01T500  121.60 24.04 20 28 2107 15.5 128
97 01T560 12143 23.82 200 31 2631 16.5 159
98 01T730  121.52 23.60 30 30 2573 159 156
99 01U050  121.50 24.57 400 31 2562 152 174
100 01U060  121.53 24.61 295 31 2973 17.1 177
101 01U070 12145 24.53 585 28 2651 14.8 191
102 010080  121.38 24.44 1050 30 2428 12.1 227
103 010120  121.75 24.62 60 29 4390 234 180
104 010130  121.78 24.64 5 31 3499 20.6 163
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Longitude Latitude Altitude Data — —

Number Station Pr n D,,
(E) ) (m) years
105 01U190  121.75 24.68 16 29 2907 17.9 157
106 010230 121.74 24.33 48 31 2539 195 127
107 01U460  121.75 24.83 83 30 3027 16.7 175
108 01V060  120.82 23.27 850 30 2612 223 140
109 01vV080  120.70 23.22 530 31 2955 244 133
110 21C050 121.24 24.81 255 31 2784 20.6 141
111 21C110 121.31 24.80 350 29 2956 20.9 147
112 21C150  121.37 24.67 630 29 2260 17.6 144
113 21D120  121.28 24.67 1450 30 2523 18.5 181
114 21D140  121.29 24.62 840 29 2081 18.0 140
115 H00660 120.50 23.22 147 30 2715 249 111
116 H1M220 120.72 23.39 1550 30 2992 21.1 187
117 H1M230 120.82 23.47 2450 30 2483 17.6 216
118 H1M240 120.72 23.46 1850 30 2788 21.3 187
119 H1M250 120.60 23.34 1020 30 2707 22.7 148
120 H1P970  120.66 23.26 1100 30 2493  19.7 157

Appendix 3: Trends in annual rainfall amount (Pr), daily rainfall intensity
(1), and ratio of rain days () at 120 stations.

Note: + states for p<0.1, * for p<0.05, ** for p<0.01, *** for p<0.001.

Pr ] A
Station V4 Slope V4 Slope Z Slope
00A130 0.27 522 224 % 0.27 -1.29 -0.53
00F390 0.10 2.48 0.88 0.08 -1.50 -0.56
00H540 1.02 9.62 1.67 + 0.11 -1.05 -0.38
00H710 0.68 6.51 3.47 ¥*E0.25 -1.46 -0.66
00J810 0.68 6.95 3.13 *x 0.26 -1.53 -0.52
00P470 0.82 10.58 1.33 0.17 -0.37 -0.08
00Q070 1.05 13.34 2.38 * 0.31 -0.99 -0.37
00S120 0.58 7.51 1.53 0.15 -0.24 -0.07
01A160 -0.24 -3.36 1.12 0.07 -1.55 -0.58
01A190 0.27 9.01 1.73 + 0.18 -0.08 -0.02
01A200 0.75 19.88 1.77 + 0.17 -1.84 +  -0.50
01A210 1.56 27.15 1.05 0.09 -0.12 -0.04
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Pr n A

Station V4 Slope V4 Slope Z Slope
01A220 0.48 4.40 3.13 o 0.19 -1.73 -0.69
01A350 -0.44 -6.05 0.61 0.04 -1.09 -0.54
01A380 -2.01  * -31.11 0.14 0.00 -1.70 -0.54
01A410 1.63 16.44 0.95 0.07 0.44 0.13

01A420 0.10 1.33 -0.07 -0.01 -0.10 -0.05
01A430 0.99 23.86 1.78  + 0.18 0.21 0.12

01A440 0.79 20.72 1.28 0.10 -0.25 -0.14
01A450 1.36 28.44 1.12 0.10 -0.24 -0.08
01B030 0.00 0.26 0.48 0.06 -0.34 -0.07
01C400 0.51 8.75 1.02 0.08 -1.29 -0.34
01D100 0.71 8.71 .77 + 0.14 -1.73 -0.76
01D110 0.88 9.85 1.56 0.14 -2.04 -0.57
01D180 1.26 18.46 2.55 * 0.21 -1.09 -0.38
01D190 -0.86 -17.97 0.95 0.11 -0.78 -0.24
01E030 1.50 27.33 1.26 0.14 -1.10 -0.32
01E060 0.34 3.65 1.22 0.15 -1.33 -0.48
01E080 0.07 0.74 0.20 0.02 -1.46 -0.49
01E120 0.75 10.89 1180—4 + 0.18 -1.70 -0.31

01E170 2.04 * 2923 2.11 & 0.21 -1.60 -0.59
01E230 1.46 16.47 8O~ "=k 0.17 -0.14 -0.08
01E240 1.09 8.71 1300 & 7 0.18 -1.33 -0.22
01E270 0.65 9.50 1.50 0.17 -2.04 -0.64
01E290 0.27 2.48 1.67 + 0.16 -1.50 -0.43

01E310 0.75 5.80 1.46 0.11 -0.85 -0.23

01E330 -0.32 -4.52 0.00 0.00 -0.90 -0.17
01E390 1.19 10.54 1.90 + 0.18 -1.29 -0.30
01F350 -0.18 -6.90 0.85 0.10 0.00 -0.02
01F680 -1.22 -16.67 0.10 0.01 -0.65 -0.25

01G090 1.19 10.36 2.31 * 0.21 -0.71 -0.26
01G240 1.36 10.85 2.01 * 0.20 -1.44 -0.47
01H110 1.29 20.89 2.31 * 0.18 -0.88 -0.33

01H210 1.16 24.79 1.26 0.11 -0.37 -0.10
01H310 0.00 -1.63 0.24 0.01 0.41 0.19

01H390 1.87 + 29.84 2.38 * 0.20 -0.20 -0.11

01H400 2.14 * 0 26.59 1.73 + 0.15 0.82 0.28

01H470 0.65 11.04 1.63 0.10 -0.99 -0.32
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Pr n A

Station Z Slope Z Slope Z Slope
01H590 1.97 * 2151 2.79 *x 0.27 -1.34 -0.53
01H630 -0.03 -0.28 245 * 0.20 -2.01 -0.59
01H680 1.90 + 24098 2.38 * 0.22 -1.33 -0.40
01H720 0.14 1.13 -0.61 -0.09 0.68 0.28
01J100 .80  + 1599 3.30 031 -1.87 -0.56
01J930 0.14 1.46 241 * 0.15 -1.87 -0.66
01J960 2.01 * 2654 3.13 *x 0.22 -0.82 -0.41
01J970 1.80 + 28.44 2.04 * 0.25 -0.20 -0.08
01K060 194 + 16.61 1.84 + 0.16 -0.85 -0.24
01L390 1.16 26.20 1.36 0.18 0.51 0.24
01L480 1.67 + 33.71 2.31 * 0.25 -0.37 -0.15
01L490 2.07 * 0 27.62 2.92 o 0.26 -0.20 -0.05
01L910 1.94 + 2050 2.48 * 0.19 0.27 0.10
01MO010 0.78 6.98 2.14 * 0.17 -1.99 -0.63
01N840 0.75 19.80 1.36 0.22 -0.61 -0.17
01IN860 1.67 + 22.10 87 %[ ¢t 0.20 -0.88 -0.26
010070 0.71 16.26 P 2], A 0.20 0.31 0.10
010080 0.78 9.60 1.50 0.14 -0.78 -0.28
010190 1.36 20.14 2.45 & 0.26 -0.95 -0.31
010200 0.75 18.15 2.07 * 0.23 -0.27 -0.18
01P190 1.60 24.97 2192 i 0.37 -0.82 -0.37
01P260 1.97 * 0 41.01 1.67 + 0.27 1.09 0.31
01P280 1.50 23.47 2.55 * 0.35 -0.68 -0.25
01P390 1.67 + 2470 2.11 * 0.21 -0.31 -0.15
01P500 1.46 26.08 2.55 * 0.37 -0.51 -0.22
01P660 1.16 24.38 2.52 * 0.30 -1.14 -0.28
01P770 -0.07 -1.14 0.99 0.14 -0.95 -0.31
01Q160 2.18 * 4578 2.14 * 0.32 -0.82 -0.27
01Q350 1.63 32.45 1.80 + 0.28 0.17 0.06
01Q610 2.07 * 3342 0.68 0.10 1.16 0.36
01Q860 1.33 26.32 0.00 0.00 0.68 0.28
01Q870 0.75 10.22 0.07 0.02 0.65 0.25
01Q910 1.43 33.16 1.16 0.20 0.63 0.26
01Q920 1.97 * 0 66.13 1.56 0.50 0.03 0.02
01Q930 2.86 ¥ 48.83 2.99 o 0.44 -0.85 -0.27
01S130 0.41 3.88 0.78 0.06 -0.10 -0.02
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Pr n A
Station Z Slope Z Slope Z Slope
01S210 0.17 1.42 -0.34 -0.02 0.07 0.02
01S260 -1.05 -12.79 -0.82 -0.06 0.73 0.31
01S270 -0.51 -6.28 -1.19 -0.07 0.68 0.39
01S360 1.67 20.50 1.80 + 0.18 0.17 0.05
015430 0.82 6.77 1.56 0.12 -0.61 -0.19
015440 0.37 2.80 1.05 0.09 0.17 0.07
015470 0.58 9.37 1.50 0.10 -0.54 -0.22
01S570 -0.10 -1.48 0.85 0.07 -0.10 -0.10
01T220 0.03 0.11 0.07 0.01 0.05 0.00
01T230 0.20 2.98 0.00 0.00 0.39 0.22
01T240 -1.60 -23.39 -1.73 + -0.12 -0.27 -0.06
01T500 0.43 8.87 1.56 0.11 0.48 0.17
01T560 0.00 1.09 -0.14 -0.01 1.16 0.40
01T730 0.07 1.85 -0.07 -0.01 0.88 0.25
010050 0.27 5.52 0.75 0.07 -0.48 -0.16
010060 0.14 2.73 1.09 0.08 -1.43 -0.63
010070 1.18 19.69 1.26 0.09 -0.25 -0.17
010080 1.33 19.14 1.46 0.09 0.14 0.04
01U120 -0.04 -2.78 1.60 0.19 -0.41 -0.12
01U130 0.00 0.06 FEO- =k 0.12 -0.93 -0.36
01U190 -1.02 -14.64 0.41 0.02 241 *  -0.78
010230 1.50 32.99 1.16 0.10 1.43 0.53
01U460 0.82 10.72 2.52 * 0.18 -296  ** -1.14
01V060 0.79 18.82 0.21 0.04 0.86 0.37
01Vv080 1.43 31.31 1.29 0.18 0.61 0.30
21C050 2.11 25.64 2.18 * 0.19 -2.04 *  -0.85
21C110 1.53 25.31 2.38 * 0.20 0.24 0.11
21C150 1.77 27.20 235 * 0.30 -0.71 -0.25
21D120 2.07 28.83 1.87 + 0.19 -0.17 -0.05
21D140 -0.44 -6.85 1.60 0.16 -0.65 -0.25
H00O660 1.33 32.86 2.69 o 0.34 -1.84 +  -0.68
H1M220 1.29 30.91 1.39 0.19 -0.14 -0.04
H1M230 1.56 33.85 1.87 + 0.22 -0.46 -0.18
H1M240 1.12 27.90 0.92 0.13 0.31 0.18
H1M250 1.36 31.24 1.05 0.17 1.05 0.38
H1P970 1.36 34.86 1.12 0.16 1.09 0.29
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Appendix 4: Seasonal rainfall amount (Pr) trend statistics

Spring Summer Fall Winter

Time series Z b Z b V4 b V4 b
00A130 -0.81 -437  -0.36 -2.59 043 7.17 -0.24 -1.35
00F390 -1.59 -8.25  0.66 3.90 0.73 3.43 -0.69 -1.38
00H540 -0.96 -5.04 144 8.34 1.59 5.66 0.09 0.26
00H710 -1.97 * -10.55 174 + 9.80 1.44 5.84 -0.32 -0.36
00J810 1.63 3.59 340 ** 2049  0.02 0.09 -3.55 *** 910
00P470 -2.01 * 775 111 16.58  0.66 3.70 -0.24 -0.27
00Q070 -1.82 +  -622 144 21.82  0.28 1.31 0.32 0.34
00S120 0.47 1.83 0.66 5.82 0.84 5.65 0.32 0.44
01A160 -0.51 -2.93  0.88 6.92 -0.21 -1.24  -0.99 -6.00
01A190 0.51 4.80 2.27 gt 13.99 0.51 7.09 1.52 19.33
01A200 0.00 -0.01  1.22 13.34  1.52 1997 204 * 24.22
01A210 -0.21 -0.93 261 X%  22.05—0.54 4.86 0.84 8.07
01A220 0.47 233 298 ** 1926 0.28 2.90 1.89 + 8.45
01A350 -0.21 -1.05  -0.39 -348 -047 -3.38  -1.29 -7.45
01A380 -1.33 -19.53  -1.48 -12.46  0.02 0.35 -0.62 -4.94
01A410 0.17 1.05 2.61" flE—"20:69850.58 3.08 1.07 5.38
01A420 0.00 0.06 -0.02 -0.46  -0.02 -1.15 1.37 20.21
01A430 0.84 9.08 0.43 4.55 1.56 9.79 201 * 17.58
01A440 -0.51 -6.31  1.14 6.42 -0.06 -0.74  1.63 14.04
01A450 -0.32 -221 148 8.52 0.62 6.51 1.56 12.95
01B030 0.09 0.52 -1.59 -9.54  0.77 7.51 -0.02 -0.13
01C400 -0.32 -2.19 144 9.96 -0.81 -491 0.84 5.88
01D100 -0.96 -6.93  0.92 7.47 0.09 0.34 0.36 1.90
01D110 -0.43 -4.10 0.84 8.50 -1.97 * -16.04 0.62 6.12
01D180 0.09 0.95 1.44 13.50 0.21 2.57 0.62 7.76
01D190 -0.58 -5.37  0.17 1.85 0.43 4.44 -0.02 -0.40
01E030 -1.37 -12.56  0.69 7.50 0.47 4.75 1.26 8.55
01E060 -0.66 -4.60  0.09 0.90 -0.84 -13.01 0.06 1.12
01E080 -193 + -11.74 0.69 6.53 -1.07 -8.93  0.88 8.45
01E120 -0.24 -0.61  0.00 -0.04  -1.03 456 186 + 7.80
01E170 -1.07 -7.04  0.77 7.39 -0.06 -0.68 148 11.03
01E230 0.21 1.52 1.67 + 1485 -193 + -1548 0.92 6.08
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Spring Summer Fall Winter

Time series Z b Z b V4 b V4 b
01E240 -0.69 -445 0.73 4.89 -0.43 -3.34  0.69 433
01E270 0.96 4.59 1.22 8.98 -2.16 -16.18 -0.06 -2.22
01E290 0.32 1.81 -0.54 -429  -1.18 -9.89  0.06 0.70
01E310 -1.07 -745 182 + 12.27  -0.09 -0.36 141 491
01E330 -1.22 =791 -0.24 -1.44  -0.96 -4.64  0.54 3.20
01E390 -0.21 -041  1.07 6.37 -1.03 -5.65  0.81 2.88
01F350 -0.58 -542  1.29 18.64 -0.28 -6.62 036 4.54
01F680 -0.81 -6.22  0.54 5.21 0.06 1.21 -0.81 -8.17
01G090 -0.39 -1.63 223 % 1230  -0.62 -426 0.24 1.66
01G240 0.21 0.60 1.67 + 8.66 0.28 0.95 0.54 3.93
01H110 -0.36 -4.19  -1.33 -11.83  -0.09 -1.11  1.07 11.50
01H210 -0.73 -6.95  0.39 4.19 0.69 4.75 0.73 7.57
01H310 -0.96 -5.68 0.84 1241  0.32 5.13 0.21 2.13
01H390 -0.77 -8.64 148 12.37  -0.32 -3.08  1.07 10.63
01H400 -1.14 -9.12  -1.71 + -12.72  0.36 1.70 212 * 10.01
01H470 -0.58 -5.17  -0.21 -2.77  -1.03 -12.83 223 % 12.30
01H590 -0.32 -1.24 261 **  19.62 0.09 0.71 -0.32 -2.49
01H630 -0.96 -6.18  1.67 + 7.49 0.36 2.48 -0.13 -1.16
01H680 -1.26 -1023 234 % 17.70  0.92 7.26 0.96 7.65
01H720 -0.32 -2.84  0.17 1.37 -0.28 -1.20  0.69 3.09
01J100 -3.21 **  -17.86 1.44 9.57 0.77 5.12 0.88 3.35
01J930 -3.21 **  -21.16 0.51 4.70 -0.88 -6.24 047 2.88
01J960 -1.03 -6.29  0.06 0.38 -1.48 -17.83  1.37 15.20
01J970 231 *  -19.62 144 14.19 -0.62 -4.62  0.62 5.60
01K060 -1.18 -6.16  -0.09 -0.54  -0.17 -1.46  1.37 7.41
01L390 -1.82 +  -26.17 0.43 6.44 -0.21 -1.47  -0.24 -3.10
01L480 -1.26 -10.32  -0.06 -1.30  -0.02 -1.14 099 13.54
01L490 -2.72  *¥*  -13.08 1.44 1142 0.69 5.84 0.47 4.96
01L910 -1.86 + 952 054 5.97 -0.88 -6.90  0.58 5.94
01MO010 -1.71 + 856 -1.44 -9.32 1.11 5.83 1.11 4.12
01N840 -2.57 *  -3299 0.77 7.93 1.37 1450 1.33 16.12
01N860 -1.63 -15.87 -0.81 -6.74  -0.58 -3.93  0.17 2.67
010070 -1.11 -13.44 -178 + -18.56  -0.73 -5.19  1.07 11.28
010080 -1.71 + -18.40 -0.66 -6.24 043 5.01 0.66 8.07
010190 -1.82 + -15.74 -0.54 -6.04  -0.62 -6.84 092 11.51
010200 -1.07 =729 -1.29 -11.69 -0.43 -3.89  1.03 10.77
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Spring Summer Fall Winter
Time series Z b Z b V4 b V4 b
01P190 -0.88 -6.69  -0.28 -3.13  -0.84 -8.57  0.58 7.04
01P260 -1.26 -14.21 -0.02 -0.82  -0.28 -441  0.96 10.95
01P280 -1.03 -6.58  -0.62 -593  -0.69 -444  1.07 10.77
01P390 -0.54 -3.55  -0.51 -4.61 036 2.94 1.22 9.46
01P500 -0.73 -2.34  0.69 6.34 -0.62 -3.69  1.18 8.76
01P660 -1.11 =729 0.81 8.97 0.81 6.93 1.22 13.93
01P770 -1.33 -8.54 137 12.81 -0.32 -2.78  0.92 7.69
01Q160 -0.73 -6.11  0.39 491 -0.54 -3.34  0.24 3.05
01Q350 -0.62 =775 133 10.15  0.39 7.60 1.18 20.36
01Q610 -1.14 -9.05 144 1133  0.54 5.99 0.21 3.48
01Q860 -0.54 -3.95 141 10.67 0.92 1044 178 + 23.56
01Q870 -1.63 -10.92  0.62 5.38 0.58 5.01 1.26 10.40
01Q910 -0.99 -11.68 1.48 16.39  0.06 1.75 0.73 11.87
01Q920 -0.39 243 171 + 11.75 -0.96 -7.70  0.81 16.80
01Q930 -1.11 -8.31  1.63 1242 0.92 1047  0.58 7.61
01S130 -1.18 -5.72 1.18 6.20 0.00 -0.04  0.66 5.51
01S210 -0.58 -3.39  0.02 0.22 242 16.89 -0.77 -6.34
01S260 -0.54 -3.51 043 3.83 -0.28 -1.89  -0.62 -3.86
018270 -0.51 -3.12 0.88 6.78 0.84 6.08 -0.24 -0.92
01S360 -1.37 -11.08 0.96 7.81 0.58 2.38 249 % 21.32
01S430 -0.81 -3.84  1.26 5.63 -0.13 -1.21  0.54 3.61
01S440 -1.29 -6.00 1.26 6.02 0.24 1.52 1.03 8.81
01S470 -1.11 -11.22 1.07 7.30 -0.62 -7.15  0.62 6.64
01S570 -0.96 -6.71  1.07 4.98 0.09 0.82 1.14 8.04
01T220 -1.56 -739 1.86 + 8.64 0.32 1.67 1.52 9.88
01T230 -1.71 -8.39  1.59 9.79 -0.21 -0.70  1.37 12.17
01T240 -1.44 -11.43  -0.51 -3.09  0.58 5.10 212 % -14.52
01T500 -0.17 -0.91  0.28 0.97 0.54 2.79 1.63 10.86
01T560 -0.24 291 141 7.96 -0.06 -041 133 7.99
01T730 -0.24 247  1.56 7.32 0.21 1.56 201 * 14.48
01U050 -0.96 -5.01  1.26 9.43 -0.21 -0.76  0.13 0.63
010060 -0.88 -6.11  0.00 -0.06  0.02 0.27 -0.02 -0.06
010070 -2.57 -9.13  1.56 9.94 -0.09 -0.58  0.92 7.61
01U080 -1.41 -495 1.78 + 8.01 -0.73 296 216 * 9.96
01U120 0.24 1.34 -0.21 -2.57 054 8.54 1.07 10.46
01U130 -0.43 -293  -0.21 -0.90  0.51 3.91 0.96 11.68
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Spring Summer Fall Winter

Time series Z b Z b V4 b V4 b
01U190 -0.69 -493  -0.73 -4.66  1.26 6.85 0.88 3.46
010230 -0.54 -3.28  1.59 7.46 0.32 2.50 1.67 + 14.29
01U460 -1.33 -8.18  0.73 4.40 -0.84 -6.63  -0.02 -0.41
01V060 -0.99 -8.42  1.11 10.17  0.02 0.23 0.88 9.08
01Vv080 -0.99 -9.94  1.56 16.18  0.88 8.38 0.39 5.42
21C050 -0.73 287 197 * 18.25 -0.06 -1.94 223 % 13.44
21C110 -1.18 -8.79 242 % 2044 -0.17 -2.52 036 3.01
21C150 -0.88 -741  1.56 13.85 -0.24 -229 043 4.54
21D120 -1.11 -8.02 178 + 12.75  -0.77 -4.86  0.62 5.60
21D140 -1.67 +  -7.64 096 9.81 -1.37 -8.35  -1.26 -7.59
H00660 0.28 2.94 1.74 + 11.17  0.62 4.84 0.51 4.70
H1M220 0.02 0.03 1.78 + 22.11  0.66 4.87 0.51 6.81
H1M230 0.17 2.05 193 + 14.99  0.36 6.20 0.92 6.46
H1M240 0.17 1.48 1.41 11.33  0.66 8.07 0.51 5.38
H1M250 0.32 2.86 1.63 14.25 0.58 4.52 0.36 5.19
H1P970 0.17 1.29 1.44 11.80  0.54 3.46 0.51 8.22

Appendix 5: Seasonal daily rainfall intensity (1) trend statistics

Time series  Spring Summer Fall Winter
V4 b Z b zZ b Z b

00A130 -1.74 -0.35 047 0.11 1.22 042  -0.39 -0.05
00F390 -0.09 -0.01 0.28 0.23 -0.21 -0.05  -0.24 -0.08
00H540 -0.13 -0.05 -0.47 -0.25  0.66 0.10  -0.02 0.00
00H710 -0.62 -0.18  -0.69 -0.30  -0.02 -0.01  0.00 0.00
00J810 1.97 0.33 1.41 0.64  -0.39 -0.10  -3.55  **#* -0.61
00P470 -1.26 -0.33  0.13 0.13 -0.88 -0.35  -0.99 -0.05
00Q070 -2.57 -0.81  -0.39 -0.50  -0.51 -0.13  -0.96 -0.03
00S120 0.99 0.05  0.88 0.19 1.03 0.16 1.33 0.08
01A160 -0.02 0.00 1.37 026 036 0.06  0.13 0.03
01A190 0.99 022 231 * 036  0.69 0.11 1.41 0.34
01A200 0.17 0.04 219 * 036 268 *¥* 049 253 0% 0.57
01A210 -0.39 -0.06 2.64 *¥* 047 1.26 0.23 1.52 0.29
01A220 0.88 0.16 246 * 040 .74 + 031 276  ** 039
01A350 0.09 0.01 -0.39 -0.09  0.96 0.12  -0.24 -0.03
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Time series  Spring Summer Fall Winter
V4 b V4 b y/ b V/ b

01A380 -1.33 -0.22 -0.02 0.00 1.37 0.23 0.51 0.06
01A410 0.13 0.03 2.01 * 037 1.48 0.26 1.41 0.21
01A420 -0.43 -0.11  0.58 0.10 0.58 0.10 1.78  + 0.52
01A430 0.24 0.07 0.13 0.01 2.34 0.30 1.56 0.30
01A440 -0.47 -0.09 1.14 0.15 0.77 0.11 219 * 0.32
01A450 -0.28 -0.05 1.03 0.16 1.74 0.44 2.01 * 0.44
01B030 0.43 0.07 -0.32 -0.05 032 0.05 0.66 0.14
01C400 0.58 0.10 0.77 0.11 0.21 0.02 1.22 0.18
01D100 0.13 0.03 1.52 0.19 0.66 0.11 1.33 0.19
01D110 0.17 0.05 1.03 0.19 -2.01 -0.44  0.58 0.11
01D180 0.54 0.15 1.56 0.30 1.29 0.27 1.56 0.32
01D190 -0.32 -0.09  0.09 0.02 0.84 0.18 0.36 0.04
01E030 -0.58 -0.06 0.88 0.23 0.17 0.04 0.62 0.16
01E060 -0.88 -0.24 036 0.05 -0.51 -0.14  0.13 0.06
01E080 -1.11 -0.21  1.14 0.23 -0.69 -0.09  1.26 0.29
01E120 -0.21 -0.05 0.73 0.14 -0.73 -0.14 141 0.22
01E170 -0.39 -0.04 1.11 0.23 0.54 0.13 1.41 0.27
01E230 -0.21 -0.05 0.36 0.13 -1.48 -032 099 0.33
01E240 -0.69 -0.14  0.84 0.19 -0.17 -0.07  0.02 0.02
01E270 0.09 0.03 0.43 0.16 -1.22 -0.29 032 0.10
01E290 -0.13 -0.02  0.36 0.05 -0.62 -0.14  0.58 0.16
01E310 -1.71 -0.38  0.96 0.21 0.73 0.17 1.07 0.24
01E330 -0.99 -0.23  -0.02 -0.01  -0.62 -0.10 197 * 0.39
01E390 -0.32 -0.05  1.59 0.20 -0.43 -0.17  0.28 0.03
01F350 -0.51 -0.17 133 0.32 -0.81 -0.17  0.51 0.17
01F680 -1.22 -0.24  0.36 0.06 -0.21 -0.08 -1.11 -0.15
01G090 -0.28 -0.06 223 * 038 0.77 0.16 1.26 0.23
01G240 0.73 0.17 1.26 0.24 1.59 0.27 0.92 0.19
01H110 -0.13 -0.03  -0.43 -0.07 047 0.08 0.96 0.22
01H210 -1.14 -0.22  0.51 0.11 0.66 0.14 0.51 0.07
01H310 -1.41 -0.25 024 0.04 1.11 0.26 -0.06 -0.01
01H390 -1.22 -0.17  0.77 0.17 0.43 0.07 1.59 0.32
01H400 -1.14 -0.17  -1.07 -0.13  0.81 0.13 1.59 0.22
01H470 -1.33 -0.21  0.21 0.03 -0.06 -0.01 1.82 + 0.24
01H590 0.17 0.01 2.72 ** 053 1.29 0.30 -0.32 -0.08
01H630 -0.32 -0.04  1.67 + 030 0.99 0.16 1.11 0.19
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Time series  Spring Summer Fall Winter
V4 b V4 b y/ b V/ b

01H680 -1.44 -0.26  1.78 + 036 1.71 0.35 0.96 0.23
01H720 -0.17 -0.07 0.13 0.04 -1.33 -0.27  0.13 0.03
01J100 -3.10  ** 050 1.82 + 033 1.44 0.35 1.74 + 0.38
01J930 -3.25  * .055  1.26 0.21 -0.32 -0.06 133 0.18
01J960 -0.02 0.00 1.18 0.20 -0.69 -0.15 328 * 046
01J970 -223 *  -040 186 + 031 0.02 0.01 1.33 0.22
01K060 -0.66 -0.14  0.17 0.05 1.29 0.27 223 % 0.48
01L390 -1.63 -0.47  0.66 0.14 0.00 -0.01 047 0.25
01L480 -0.02 -0.01  -0.43 -0.09  0.66 0.15 1.29 0.44
01L490 -276  **  -043 0.88 0.19 1.71 0.40 1.56 0.31
01L910 -2.83  * -.040 0.62 0.11 0.36 0.05 1.74 + 0.32
01MO10 -1.82  +  -027 -0.58 -0.13  1.59 0.35 1.44 0.27
01N840 212 * 056 144 0.27 1.56 0.59 238 % 0.55
01IN860 -1.18 -0.31  -0.39 -0.08 -0.99 -0.16  1.48 0.37
010070 -1.33 -035  -0.73 -020 0.73 0.11 227 % 0.53
010080 -1.52 -032  0.17 0.02 0.84 0.22 193 + 0.48
010190 -1.48 -0.30  -0.13 -0.03 0.28 0.07 204 % 0.63
010200 -1.03 -0.22  -0.96 -0.29  -0.39 -0.10 133 0.44
01P190 -0.66 -0.12  -0.69 -0.14  -0.54 -0.15 186 + 0.56
01P260 -0.92 -0.21  -0.69 -0.14  -0.06 -0.03  0.96 0.27
01P280 -0.96 -0.28  -0.92 -022 -0.32 -0.10  1.37 0.42
01P390 -0.66 -0.16  -0.39 -0.09 0.73 0.19 1.67 + 0.46
01P500 -1.03 -0.23 047 0.16 0.06 0.01 2.01 * 0.65
01P660 -0.99 -0.30 0.84 0.28 1.22 0.31 212 * 0.69
01P770 -0.88 -0.21  1.03 0.32 -0.02 0.00 1.48 0.33
01Q160 -0.36 -0.06  0.62 0.15 -0.06 -0.01 1.56 0.60
01Q350 -1.56 -0.38  1.37 0.43 0.58 0.24 1.78  + 0.71
01Q610 -2.87 #0599 092 0.18 0.88 0.27 0.84 0.30
01Q860 -1.59 -0.29  0.84 0.19 0.54 0.14 0.69 0.15
01Q870 -1.78  +  -044 099 0.34 0.54 0.18 0.73 0.26
01Q910 -1.03 -0.26 0.84 0.33 0.24 0.06 0.58 0.25
01Q920 -0.77 -0.32  1.37 0.52 -0.69 -0.29  1.52 0.83
01Q930 -1.63 -033  1.63 0.35 1.07 0.30 1.78  + 0.49
015130 -0.99 -0.18  0.84 0.11 0.13 0.05 0.66 0.15
01S210 -1.07 -0.21  -0.62 -0.04 1.26 0.24 -0.24 -0.07
015260 -1.14 -0.16  -0.47 -0.09  -1.48 -0.22 -1.07 -0.21
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Time series  Spring Summer Fall Winter
V4 b V4 b y/ b V/ b

015270 -0.47 -0.08 0.24 0.03 0.17 0.03 -0.84 -0.11
015360 -0.84 -0.17  1.22 0.28 0.58 0.16 227 0% 0.59
015430 -0.32 -0.05  1.56 0.13 -0.24 -0.05  0.17 0.03
015440 -1.41 -0.19 174 + 025 -0.17 -0.04  0.69 0.16
015470 -1.11 -023  0.73 0.12 -1.18 -0.17  0.39 0.11
018570 -1.26 -0.23 047 0.12 0.02 0.03 0.73 0.25
01T220 -0.99 -0.11  1.97 * 029 0.24 0.03 1.03 0.26
01T230 -1.59 -0.19  1.78 + 020 0.32 0.04 1.52 0.30
01T240 -1.29 -0.15  0.09 0.02 0.21 0.03 -1.82  + -0.20
01T500 -0.43 -0.05  0.09 0.04 0.58 0.10 1.03 0.14
01T560 -0.39 -0.06 1.14 0.20 0.28 0.02 0.96 0.18
01T730 -0.32 -0.07 0.73 0.10 -0.17 -0.05 133 0.20
010050 -0.88 -0.11  1.37 0.18 0.73 0.07 0.51 0.08
010060 -0.69 -0.11  0.73 0.11 0.58 0.07 0.39 0.04
010070 -1.78 -0.16  1.78 + 0.18 0.17 0.02 1.03 0.12
010080 -0.81 -0.06 1.44 0.14 -0.66 -0.03 189 + 0.15
010120 0.13 0.01 0.51 0.11 1.78 0.43 2.87 ** 033
010130 0.47 0.04 0.17 0.03 1.11 0.25 1.44 0.28
010190 -0.77 -0.08  0.00 0.00  2.19 0.28 257 % 0.25
010230 -0.58 -0.13  0.84 0.17 0.17 0.03 1.03 0.21
010460 -0.13 -0.02  1.07 0.14 0.24 0.03 1.03 0.13
01V060 -1.11 -0.19  0.00 -0.01  -0.09 -0.01 096 0.16
01V080 -1.07 -0.27 099 0.28 1.18 0.38 0.81 0.15
21C050 0.39 0.06 1.93 + 030 0.62 0.11 238 % 0.37
21C110 -0.58 -0.10  2.01 * 0306 0.54 0.09 1.29 0.25
21C150 -0.51 -0.07  1.82 + 035 0.36 0.06 .82  + 0.27
21D120 -1.03 -0.13 174 + 0.18 0.17 0.03 0.02 0.03
21D140 -0.73 -0.07  0.96 0.16 -0.69 -0.13  -0.09 -0.03
H00660 -0.02 -0.01  2.04 * 048 1.48 0.29 1.29 0.42
HIM220 0.02 0.02 2.08 * 042 0.39 0.11 0.77 0.31
HIM230 0.09 0.01 1.86 + 022 0.81 0.18 1.48 0.26
HI1M240 -0.66 -0.14  1.11 0.25 0.51 0.15 0.81 0.28
HIM250 -0.24 -0.09 212 * 045 1.03 0.24 0.92 0.21
HI1P970 -0.17 -0.04 1.14 0.23 0.88 0.12 1.11 0.33
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Appendix 6: Seasonal ratio of rain days (A) trend statistics

Time series Spring Summer Fall Winter
V4 b V4 b V4 b V/ b

00A130 0.69 0.00 -1.29 0.00 -2.72 ** -0.01 -0.51 0.00
00F390 -0.88 0.00 -0.32 0.00 1.33 0.00 0.98 0.00
00H540 -0.51 0.00 1.18 0.00 1.63 0.01 0.17 0.00
00H710 -1.14 0.00 18 + 0.00 126 0.00 0.36 0.00
00J810 -1.41 0.00 0.02 0.00 -0.32 0.00 1.48 0.00
00P470 0.51 0.00 0.69 0.00 0.99 0.00 3.17 ** 0.01
00Q070 253 % 001 197 * 001 1.63 0.00 212 * 0.01
005120 -0.47 0.00 -0.36 0.00 0.00 0.00 -0.58 0.00
01A160 -0.54 0.00 -0.99 0.00 -0.86 0.00 -234 * 0.00
01A190 -2.14 * -0.01 -0.24 0.00 -0.73 0.00 0.02 0.00
01A200 -0.17 0.00 -1.67 + 0.00 -227 * 0.00 -0.99 0.00
01A210 -0.09 0.00 0.81 0.00 -2.83 ** -0.01 -0.66 0.00
01A220 0.09 000 242 * 0.01 -201 * 000 -0.81 0.00
01A350 -0.54 0.00 -0.13 0.00 -182 + 000 -1.74 + 0.00
01A380 -0.99 0.00 -2.79 ** -0.01 -1.82 + 0.00 -0.99 0.00
01A410 -0.77 0.00 1.48 0.00 -1.89 + 0.00 -0.84 0.00
01A420 1.44 0.00 -0.58 0.00 -2.61 ** -0.01 041 0.00
01A430 0.64 0.00 1.07 0.00 -1.56 0.00 1.01 0.00
01A440 0.96 0.00 0.81 0.00 -231 * 0.00 -I.11 0.00
01A450 0.39 0.00 219 * 0.00 -231 * 0.00 -0.54 0.00
01B030 -0.13 0.00 -2.79 ** -0.01 -0.54 0.00 -1.33 0.00
01C400 -1.67 + 0.00 1.22 0.00 -2.57 * -0.01 0.02 0.00
01D100 -0.96 0.00 -0.36 0.00 -0.51 0.00 -0.69 0.00
01D110 -1.69 + 0.00 -0.32 0.00 -0.51 0.00 0.56 0.00
01D180 -0.99 0.00 0.1 0.00 -2.16 * 0.00 -0.58 0.00
01D190 -0.73 0.00 1.07 0.00 -0.06 0.00 -0.36 0.00
01E030 242 * -0.01 -0.13 0.00 0.00 0.00 0.92 0.00
01E060 -0.36 0.00 0.21 0.00 -0.32 0.00 -1.07 0.00
01E080 -1.71 + 0.00 0.24 000 -223 * -0.01 -0.92 0.00
01E120 -0.73 0.00 -0.92 0.00 -0.69 0.00 1.18 0.00
01E170 -0.62 0.00 -0.69 0.00 -0.84 0.00 0.69 0.00
01E230 0.99 000 18 + 0.01 -208 * -0.01 038 0.00
01E240 -0.58 0.00 -0.92 0.00 -1.56 0.00 1.14 0.00
01E270 1.67 + 0.00 0.88 0.00 -253 * -0.01 0.06 0.00
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Time series Spring Summer Fall Winter

V/ b V4 b V4 b V/ b
01E290 0.62 0.00 -0.58 0.00 -1.29 0.00 -0.13 0.00
01E310 -0.39 0.00 0.69 0.00 -1.67 + 0.00 -0.13 0.00
01E330 -0.24 0.00 0.09 0.00 -1.11 0.00 -1.44 0.00
01E390 -0.02 0.00 0.02 0.00 -189 + 0.00 122 0.00
01F350 -0.39 0.00 1.22 0.00 0.08 0.00 -0.54 0.00
01F680 -1.11 0.00 0.60 0.00 0.92 0.00 -1.18 0.00
01G090 -1.14 0.00 0.28 0.00 -1.61 0.00 -0.69 0.00
01G240 -0.88 0.00 1.26 0.00 -1.26 0.00 -0.32 0.00
01H110 -1.41 0.00 -1.33 0.00 -0.36 0.00 0.28 0.00
01H210 -0.36 0.00 -0.69 0.00 0.13 0.00 193 + 0.00
01H310 -0.28 0.00 1.03 0.00 -0.75 0.00 0.17 0.00
01H390 -1.52 000 171 + 0.01 -036 0.00 -0.45 0.00
01H400 -1.37 0.00 -1.71 + 0.00 0.73 0.00 1.13 0.00
01H470 -1.56 0.00 -0.62 0.00 0.32 0.00 0.36 0.00
01H590 -1.22 000 174 + 001 -182 + -0.01 -0.81 0.00
01H630 -1.52 0.00 -0.06 0.00 -0.77 0.00 -197 * 0.00
01H680 -1.82 + -0.01 1.67 + 0.01 -0.51 0.00 0.21 0.00
01H720 0.62 0.00 -0.36 0.00 0.24 0.00 1.22 0.00
01J100 -2.61 **  -0.01 1.11 0.00 -0.62 0.00 -0.88 0.00
01J930 -3.66  *** .0.01 0.09 0.00 -1.82 + 0.00 -0.96 0.00
01J960 -1.41 0.00 -2.72 ** -0.01 -1.37 0.00 -0.92 0.00
01J970 -1.93 + -0.01 1.14 000 -242 * -0.01 -0.84 0.00
01K060 -1.52 0.00 -0.13 0.00 -1.11 0.00 0.81 0.00
01L390 -1.93 + -0.01 0.06 0.00 -1.03 0.00 -1.89 + 0.00
01L480 -1.97 * -0.01 -0.99 0.00 -0.58 0.00 -0.36 0.00
01L490 -249 * -0.01 178 + 0.01 -1.22 0.00 -0.43 0.00
01L910 -1.11 0.00 0.06 0.00 -0.62 0.00 -0.54 0.00
01MO010 -2.33 * 0.00 -1.11 0.00 -0.66 0.00 0.08 0.00
01N840 -2.79  * -0.01 0.51 0.00 1.07 0.00 0.00 0.00
01IN860 -3.13  **  -0.01 -0.69 0.00 -0.21 0.00 -0.99 0.00
010070 -1.33 -0.01 -2.76 ** -0.01 -0.23 0.00 -0.02 0.00
010080 -1.63 -0.01 -1.14 0.00 -1.11 0.00 -0.28 0.00
010190 -1.71 + -0.01 -0.84 0.00 -1.56 0.00 -0.47 0.00
010200 -1.37 -0.01 -1.14 0.00 -1.37 0.00 0.49 0.00
01P190 -2.16  * -0.01 -0.99 0.00 -0.96 0.00 -0.28 0.00
01P260 -1.67 + -0.01 0.06 0.00 -193 + 0.00 174 + 0.00
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Time series Spring Summer Fall Winter

V/ b V4 b V4 b V/ b
01P280 -1.18 0.00 -0.69 0.00 -0.58 0.00 1.52 0.00
01P390 -1.44 0.00 -0.24 0.00 0.06 0.00 0.56 0.00
01P500 -1.14 0.00 047 0.00 -0.58 0.00 -0.21 0.00
01P660 -1.07 0.00 0.39 0.00 -1.18 0.00 -0.54 0.00
01P770 -1.41 0.00 0.88 0.00 -0.99 0.00 -0.38 0.00
01Q160 -1.37 -0.01 -0.17 0.00 -0.54 0.00 -1.03 0.00
01Q350 -1.03 0.00 092 0.00 1.03 0.00 047 0.00
01Q610 -0.69 0.00 193 + 0.01 0.66 0.00 0.73 0.00
01Q860 1.44 0.00 279 ** 0.01 3.06 ** 001 272 ** 0.01
01Q870 -1.48 0.00 0.58 0.00 0.43 0.00 1.4l1 0.00
01Q910 -0.88 0.00 1.26 0.01 0.21 0.00 0.02 0.00
01Q920 -0.54 0.00 1.29 0.00 0.17 0.00 -0.86 0.00
01Q930 -1.48 0.00 1.03 0.00 0.09 0.00 -0.32 0.00
015130 -1.82 + 0.00 1.14 0.00 0.39 0.00 0.06 0.00
01S210 -0.24 000 193 + 0.00 1.59 0.00 -0.77 0.00
015260 1.48 0.00 201 * 000 18 + 0.00 0.77 0.00
015270 0.54 0.00 1.07 0.00 242 * 0.01 0.62 0.00
015360 -2.61 ** 000 0.23 0.00 0.17 0.00 0.79 0.00
015430 -1.78  + 0.00 0.54 0.00 -0.43 0.00 -0.09 0.00
015440 -1.82 + 0.00  0.39 0.00 1.35 0.00 1.11 0.00
015470 -1.71 + 0.00 0.66 0.00 -0.28 0.00 047 0.00
018570 -1.67 + 000 197 * 0.00 -1.59 0.00 0.17 0.00
01T220 -2.57 % -0.01 0.84 0.00 0.51 0.00 1.59 0.00
01T230 -2.04 * 0.00 0.62 0.00 -0.38 0.00 0.54 0.00
01T240 -1.71 + 0.00 -0.81 0.00 0.58 0.00 -1.78 + 0.00
01T500 -1.48 0.00 0.06 0.00 -0.24 0.00 219 * 0.00
01T560 -0.39 0.00 0.88 0.00 -0.49 0.00 0.86 0.00
01T730 0.92 0.00 167 + 0.00 -0.58 0.00 1.63 0.00
010050 -0.99 0.00 1.13 0.00 -1.56 0.00 -1.18 0.00
010060 -1.59 0.00 -1.71 + 0.00 -1.37 0.00 -0.73 0.00
010070 -291 **  -0.01 -0.06 0.00 -0.32 0.00 0.99 0.00
010080 -1.67 + 0.00 1.52 0.00 -1.18 0.00 1.63 0.00
010120 0.11 0.00 -1.18 0.00 -1.61 0.00 -1.52 0.00
010130 -1.56 0.00 -227 * 0.00 -1.03 0.00 -0.92 0.00
010190 -0.92 0.00 -234 * -0.01 -I.11 0.00 -234 * 0.00
010230 0.84 0.00 189 + 0.00 0.69 0.00 1.82 + 0.00
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Time series Spring Summer Fall Winter

V/ b V/ b V4 b V/ b
010460 -2.68 **  -0.01 -1.01 0.00 -197 * -0.01 -1.52 0.00
01V060 -0.28 0.00 208 * 0.01 032 0.00 043 0.00
01V080 -0.69 000 171 + 0.01 0.62 0.00 043 0.00
21C050 -2.08 * -0.01 092 0.00 -1.29 0.00 -0.17 0.00
21C110 -1.48 0.00 223 * 0.01 -1.52 0.00 -1.37 0.00
21C150 -0.88 0.00 0.81 0.00 -1.20 0.00 -242 * -0.01
21D120 -1.44 0.00 178 + 0.00 -171 + 0.00 -0.21 0.00
21D140 -1.41 0.00 1.29 0.00 -18 + 0.00 -2.72 ** -0.01
H00660 -1.22 0.00 0.88 0.00 -0.21 0.00 -0.58 0.00
H1M220 -0.21 0.00 1.56 0.00 -0.66 0.00 0.06 0.00
H1M230 -0.96 000 188 + 0.01 -0.69 0.00 -0.54 0.00
H1M240 -0.17 0.00 212 * 0.01 0.09 0.00 -0.02 0.00
H1M250 0.73 0.00 212 * 0.01 0.00 0.00 0.32 0.00
H1P970 -0.47 000 18 + 0.00 -0.32 0.00 0.19 0.00

Appendix 7: SCA codes used in this thesis

A.7.1 Seasonal ARIMA in SCA
/*Call seasonal data, here the time series is “z”, “bl” was given slope of trend made
by TFPW and MK test. “x1”, “x2”, “x3”, and “x4” were dummy variable for each
season. “x0” was a test variable which was included in data and hence I had to
define it or the SCA would not recognize all variables; and then I build a ARIMA
model, ml as (1-B*)z=(1-B*)a,. The parameters were estimated through the exact
likelihood function™/
input x0,z,x1,x2,x3,x4,bl1 file 'x:\pr\01q930.txt'
tsm m1.model (4)Z=(22)noise
estim m1 .method exact .hold resi (r1)
/*I added the dummy variable and their parameters, cl,c2,c3, and c4, to build the
intervention model. These parameters would be estimated through exact likelihood. */
tsm m1l.add (c1)x1+(c2)x2+(c3)x3+(c4d)x4
oestim m1 .method exact .hold resi (r1)
oforecast m1 .method exact .origins 100 .nofs 10 .hold forecast(fl),std_errs(s1)
oforecast m1 .hold forecast(f1),std _errs(s1)

uforecast m1 .method exact .origins 100 .nofs 10 .hold forecast(fl),std _errs(s1)
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hgraph z,f1,s1 .type fest
/* Here I plotted the forecasting graph with prediction and error, as well, I examined
the ACF and PACF in the residual. */

hgraph rl.type acf

hgraph rl.type pacf

hgraph z.type act

hgraph z.type pacf

A.7.2 Monthly ARIMA in SCA
/*Call monthly data, here the variables, “x;”, are the dummy variable for each month,
the model, m1, was built as Equation 19. */
input z,x1,x2,x3,x4,x5,x6,x7,x8,x9,x10,x11,x12 .file 'x:\pr\m21c050.txt'
tsm m1.model (11)Z=(11)noise
oestim m1 .method exact .hold resi (r1)
estim m1 .method exact .hold resi (r1)
/*the SCA would not take many variables added in the model at once, hence I revised
the model twice and then estimated the parameters™/
tsm m1l.add
@(cl)x1+(c2)x2+(c3)x3+(c4)x4+(c5)x5+(c6)x6+(c7)x7+(c8)x8+(c9)x9
tsm ml.add (c10)x10+(c11)x11+(c12)x12
uforecast m1 .method exact .origins 300 .nofs 100 .hold forecast(f1),std _errs(s1)
oestim m1 .method exact .hold resi (r3)
oforecast m1 .method exact .origins 300 .nofs 36 .hold forecast(f3),std errs(s3)

hgraph z,f3,s3 .type fecst
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Appendex 8: Color figures
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Figure 2. Rainfall partitioning in a forest
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Figure 3. Spatial distribution of the 120 WRA stations
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Figure 4. Contour map for annual rainfall characteristics of Pr (mm), 7

Prat 120 stations through 1978 to 2008.
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(c) A

Figure 7. MK test of Pr, n, and A trends’ statistics of each station with TFPW
process through 1978 to 2008. The plus (+) or minus (-) signs showed positive
or negative trends without significant (p>0.05); at p<0.05 for solid triangles (A,
V¥ ); gray color indicated the mountainous areas.
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Figure 14. Comparison of correlation coefficient (r) between seasonal rainfall
amount (Pr), seasonal ratio of rain days (A) (r? of Pr-A), and seasonal daily
rainfall intensity (n) (r? of Pr-n) at 120 rain stations.
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Spring Summer Autumn

Figure 9. Seasonal period mean rainfall amount (ﬁ) (mm), period mean daily

rainfall intensity (’7) (mm/day), and period mean ratio of rain days (1 ) at 120

stations through 1978 to 2008.
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Figure 15. Seasonal trends in rainfall amount (Pr), daily rainfall intensity (n),
and ratio of rain days (A). “+”, “7, “A”, and “V¥”showed positive, negative,
significant positive, and significant negative (p<0.05); gray indicated the
mountainous areas.
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