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ABSTRACT 

Climate change as triggered by global warming is likely to significantly impact 

water resources and also the human life. As a result of global warming, snow is likely to 

melt at accelerated rates in many parts of the world, resulting in increased flow of rivers 

and rising sea levels. Extreme climate may cause increased flooding and drought in 

various regions. Increased flood and drought are causing many problems in human life 

and the decline in water quality. 

A large number of hydrologic models have been developed to simulate the 

response of a catchment. Among the various model types, physically based distributed 

model are the best to study the impacts of climate and land use changes. Geographic 

information systems (GIS) and model—GIS interfaces aid in efficient creation of input 

data files required by such models as well as display/presentation of results. One such 

model widely used by water resources professionals is the Soil and Water Assessment 

Tool (SWAT). SWAT is a river basin or watershed scale model developed to predict the 

impact of climate and land management practices on water, sediment, and agricultural 

chemical yields in large, complex watersheds with varying soils, land use, and 

management conditions over long periods of time. 

The study was aimed to evaluate the impact of climate change on stream flow in 

the Wonogiri catchment and on hydropower generation. The study was conducted using 

20 years of records (1984-2003) of climate variables and 10 years (1994-2003) of 

discharge. SWAT calibration was performed for the period of 1994 through 1999, while 

the data for the period 2000-2003 was used for validation. Mann-Kendal statistical 

method was used in this study to do trend analysis and this together with IPCC (2007) 

recommendations for South-East Asia were used to create future climate scenarios. Two 

type of scenarios were conducted: corresponding to the maximum change and the 

minimum change in precipitation and temperature. 

The conclusion of this study is that due to climate change, the stream flow at the 

Wonogiri catchment are likely to change by 0.4% to 0.37% in the medium-term (2024-

2043) scenario and by 14.62% to -9.61% in the long-term (2074-2093) scenario. 

Changes in stream flow cause changes in the energy that can be. generated by Wonogiri 
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hydropower plant. Accordingly, the energy generation is likely to change by 0.3% to - 

0.33% in the medium-term (2024-2043) scenario and it will change by 5.03% to 0.85% in 

the long-term (2074-2093) scenario. 
Mostly, the impact of climate change on the stream flow and hydropower 

generation at the study area is likely to increase, we can state that climate change impact 

need not always give negative impact. 
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CHAPTER I 
INTRODUCTION 

1.1. General 

Society is now beginning to feel the impact of climate change in various places 

around the world, starting from rapid melting of glaciers, rising sea levels, bigger storms, 

higher floods, less snow in the mountains and droughts. While bigger individual events 

can not be conclusive evidence of significant climate change, some events, natural 

observation, the observations by people living close to nature reveal the early signs of a 

likely major change. Climate is the context for life on earth. Global climate change and 

the ripples of that change will affect every aspect of life, from municipal budgets for 

snowplowing to the spread of disease. Climate is already changing, and quite rapidly. 

With rare unanimity, the scientific community warns of more abrupt and greater change 

in the future. Today we start seeing impacts of climate change appearing in many places 

around the globe - be it melting glaciers, rising sea levels, stronger storms, higher floods, 

less snow in the north and more drought in the south. While individual events cannot be 

proof of a serious climate change, the multiple events, the observations in nature, the 

observations by people living close to nature tell the tale. 

The earth's climate is dynamic and always changing through a natural cycle. What 

the world is more worried about is that the changes that are occurring today have been 

speeded up because of man's activities. These changes are being studied by scientists all 

over the world by collecting evidences from diverse sources such as pollen samples, ice 

cores, and sea sediments. The causes of climate change can be divided , into two 

categories - those. that are due to natural causes (such as continental drift, volcanoes, the 

earth's tilt, ocean currents, etc.) and those that are induced by human/anthropogenic 

causes (industrialization, land use and land cover change, transportation, etc.). Many 

studies show that anthropogenic causes have contributed more to the global warming in 

recent past. Among the human activities those that involve burning of fossil fuel have 

contributed to a rise in greenhouse gases in the atmosphere. 
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The increase in the average temperature of the earth is called global warming. 

Many of the scientists who study Earth's climate record have opined that human actions, 

especially the higher emission of greenhouse gases from the industrial, transportation, 

energy sector and deforestation are the main causes of global warming. 

Estimated shows that nearly 72% of the totally emitted greenhouse gases is 

carbon dioxide (CO2), 18% Methane and 9% Nitrous oxide (NOx). Consequently, the 

concentration of CO2 in the atmosphere is rapidly increasing. Carbon dioxide (CO2) 

emissions, therefore, are the most important cause of global warming. CO2 is inevitably 

released by burning of fossil fuels. One of the major sources of carbon dioxide is thermal 

power stations. Which emit large amount of carbon dioxide from burning of fossil fuels. 

Meanwhile, around twenty percent of carbon dioxide emitted to the atmosphere comes 

from burning of gasoline in the vehicle engine. 

Scientist over the world are trying to assess the negative impacts of global 

warming and the connecting of event (e.g. melting of glaciers, sea level increase, etc) 

which have taken place in some decades as an warning to global warming. An increase 

in earth's temperature in turn can cause to change of ecology, including an increasing of 

sea level and modify rainfall pattern and quantity. This modification can boost 

concentration and occurrence of extreme of climate event, like floods, famines, heat 

waves, hurricane, and cyclone. Other consequence may happen at increase or decreasing 

of agricultural production, degradation of stream flows at summer, species extinctions 

and improvement of disease. 

A modification of the present climate especially of temperature, solar radiation 

and wind velocity can affect the hydrological regime. Besides, changes in land use and 

land cover by human activities also affects hydrological regime, especially the pattern 

and magnitude of discharge.. The most vulnerable industries, settlements and societies 

are generally those located in coastal areas and river flood plains, and those whose 

economies are closely linked with climate sensitive natural resources. 

Currently there is considerable uncertainty about, climate change. As a result of 

climate change, the pattern and intensity of precipitation, amount and temporal 

distribution are likely to change. 
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As a consequence of climate change, air and water quality are being degraded, 

added again with improvement in waste and consumption in consequence of exponential 

growth in the area with environment problems. Increased extreme precipitation and 

flooding will increase erosion rates and wash soil based pollutants and toxins into 

waterways. Coastal surface and groundwater resources are likely to be contaminated due 

to sea level rise, resulting in saltwater intrusion into rivers, deltas, and aquifers. Increase 

in water temperatures will lead to more algal and  bacterial blooms that further 

contaminate water supplies and contribute to environmental health risks associated with 

water. For instance, changes in precipitation patterns are likely to increase flooding, and 

as a result mobilize more pathogens and contaminants. It is estimated that by 2030 the 

risk of diarrhea will be up to 10 percent higher in some countries due to climate change. 

The records of stream flows can be reflective of climate variation on the river 

basin as well as changes in land use / land cover. Dynamics of stream flows do not 

directly show the respond to existing atmospheric conditions but it can be represent a 

dampened account of meteorological action due to watershed. The most significant 

ability of stream flow records are to reflect variations climate condition with any 

anthropogenic activities, such as flow diversion, reduction of base flow by excessive 

pumping of groundwater reserves, regulation of stream flow by some containment 

structure, or other effects to the watershed such as widespread changes in land use/land 

cover by, for example, urbanization or clear cutting. Anthropogenic activity effects on 

stream flow have to get more attention if stream flow records are used to reflect climate 

variability and changes. 

The impacts of climate change on groundwater are far reaching and need to be 

investigated, especially in the area where most people rely on groundwater as a source of 

potable water and for other domestic uses. Groundwater is a vital water resource and 

awareness needs to be raised on its vulnerability to overexploitation, pollution and, most 

importantly, climate change. A few research studies have explored the effects of climate 

change on groundwater. Future simulations also indicate some seasonal variations in 

flows, whereby in the dry seasons almost all the river runoff will be entirely contributed 

by base flow. It is simulated that the recharge will intensify in the future, this being 



caused by the predicted intensification of rainfall. The mean annual daily discharge is 

expected to increase by 40-100% from the current in the coming 20-80 years. 

The world is faced with considerable risk and uncertainty about climate change. 

Particular attention has been paid increasingly to hydropower generation in recent years 

because it is renewable energy. However, hydropower is among the most vulnerable 

industries to changes in global and regional climate. Due to climate change, precipitation 

pattern in terms of intensity, annual magnitude and time distribution is likely to change. 

The hydrological regime of a basin is influenced strongly by water accumulation in the 

form of snow and ice and the corresponding melt process. 

	

1.2. 	Objectives of Study 

The objectives of this study are: 

i. To review literature related to climate change with particular emphasis on South 

Asia 

ii. To construct future climate scenario 

iii. To analyze the impact of climate changes on stream flow. 

iv. To analyze the impact of climate changes on hydropower generation for a project. 

1.3. Scope of the Work 

The scope of study includes the modeling of a catchment by employing ARC GIS 

9.3 and SWAT (2005) model. The simulation will focus on stream flows in case_ of 

climate change. Calibration will be done by comparing the outputs of the SWAT program 

with observed data. 

	

1.4. 	Dissertation Organization 

This dissertation is organized into six chapters. Below is the brief description of 

each chapter. 

Chapter 1 — Introduction 

An overview introduces the topic of the dissertation, including background, 

dissertation objectives and scope of the work. 

Chapter 2 — Literature Review 

This chapter presents a review of the literature pertaining to dissertation topic. 

The chapter provides review of introduction of a climate change and climate change 

impacts. 
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Chapter 3 — Catchment Modeling using SWAT Model 

The chapter provides an overview of the SWAT program, and modeling of 

catchments. 

Chapter 4 —Study Area and Data 

This chapter describes the study area and the data used in this study 

Chapter 5 — Result and Analysis 

The results of the SWAT program will be presented in this chapter. It also 

analyzes the impact of climate change on hydropower generation. 

Chapter 6— Conclusion 

This chapter draws conclusions from the dissertation and gives suggestions for 

further research. 
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CHAPTER II 
LITERATURE REVIEW 

2.1. 	General 

While no one event is conclusive evidence, of climate change, the relentless pace 

of severe weather — prolonged droughts, intense heat waves, violent windstorms, more 

wildfires and more frequent "100-year" floods — is indicative of a changing climate. 

Although the associations among greater weather volatility, natural cycles and climate 

change are debated, the rise in mega-catastrophes and prolonged widespread heat waves 

is, at the very least, a harbinger of what we can expect in a changing and unstable 

climate. 

Global Warming is defined as the increase of the average temperature on Earth. 

As the Earth is getting hotter, disasters like hurricanes, droughts and floods are getting 

more frequent. It is happening because of climatic effect of an increasing concentration 

of "greenhouse" gases, primarily carbon dioxide (CO2), methane and nitrous oxide. In 

the most general terms, these gases are transparent to incoming short-wave radiation, but 

they block outgoing long-wave radiation, leading to increase in both surface radiation and 

surface temperature. These increases in turn, it is hypothesized, lead to changes in 

climate. 

Climate change is the general term for any persistent change in climate, occurring 

over decades. Global warming is one particular type of climate change. 

2.2. Basic Concept of Climate Change 

2.2.1. General 

Climatic conditions significantly vary from one region to the other. In other 

words, there are spatial variations in the combinations of elements of weather_and climate 

(wind, temperature, air pressure, humidity, etc.) and hence different climate types_ are 

originated. The climate system is a complex, interactive system consisting of the 

atmosphere, land surface, snow and ice, oceans and other ,bodies of water, and living 

things. The atmospheric component of the climate system most obviously characterizes 

climate; climate is often defined as `average weather'. Climate is usually described in 
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terms of the mean and variability of temperature, precipitation and wind over a period of 

time, ranging from months to millions of years. (IPCC,2007b) 

Weather is the short-term and continually changing conditions in the atmosphere 

over a certain location that we experience on a daily basis. Weather events or phenomena 

include rain, sunshine, thunderstorms, and blizzards. The current weather is the result of 

meteorological conditions that quickly emerge and dissipate like a low-pressure system 

or a prevailing warm weather front. General weather situations are the weather 

conditions over large areas such as Europe or East Asia. Observed atmospheric 

conditions over a few days are also known as weather. Reliable weather forecasts are 

only possible for a few days and maximum up to a week. Climate refers to the 

characteristic developments in weather at a specific location or area over a longer period 

of time. Climate is therefore a statistic of weather in which short-lived fluctuations have 

little bearing. But climate is not just the "average" weather. Climate also takes into 

account the frequency of extreme weather events. Climate always refers to a particular 

place. 

2.2.2. Monsoon 

The word `monsoon' is used to indicate the winds in the areas where they change 

their direction twice each year. On this basis, the word monsoon was applied to all those 

winds of the globe which had directional change from summer season to _winter season 

and vice-versa. The regions that dominated by monsoon winds are called `monsoon 

climatic regions' which are more.  developed in Indian sub-continent, south-east Asia, 

parts of China and Japan. 

According to Singh (2005) monsoon is surface convective system which are 

originated due to differential heating and cooling of the land and water (oceans) and 

thermal variations. Regionally, monsoons are divided into 3 broad categories, namely, (i) 

Asian monsoons, (ii) African monsoons and (iii) American monsoons (Singh,2005). In 

the present study, our focus is on Asian monsoon, 

2.2.3. South Asian Monsoons 

The Asian monsoons are, on average, the outcome of large-scale seasonal shifting 

of pressure and associated wind belts and humidity. Asian monsoons are further divided 

into (1) South Asia monsoons, (2) South-East Asia monsoons and (3) East Asia 
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monsoons. Some significant variations in South Asian and South-East Asian monsoons 

are as follows. 

(1) There are variations in summer and winter monsoons over South and East Asia 

depending upon geographical locations. South Asian monsoons are located in 

tropical and sub tropical zones. 

(2) The Himalayas and their branches . become effective barriers in protecting the 

Indian subcontinent from the cold polar air masses originating from Siberian and 

Central Asian high pressure system during winter season. 

(3) The summer monsoons are much stronger in South Asia and are weak in East 

Asia because of maritime tropical air masses. In fact summer monsoon winds in 

South Asia are warmer, more humid and unstable. They yield torrential rainfall 

when they are force to ascend by mountain barrier (the Himalayas and their 

chains). 

2.3. Climate Change 

2.3.1. General 

Climate change is defined as variation and shifts in weather condition over space 

and time of different scales and magnitude. In fact, climatic change refers to drastic or 

secular change in heat balance of the earth-atmosphere system, moisture, cloudiness and 

precipitation caused by either external or internal factor (Singh,2005). 

The climochronology (history of paleoclimates) reveals the fact that.  climates have 

changed in the geological past and hence it is opined that the world's climates have 

changed in the past, are changing now and there is every reason to expect that they will 

change in future. The change of climate may be slow and gradual, rapid and catastrophic, 

periodic, semi-periodic or non-periodic, short-term or long term, may be at local, 

regional and global scales, it may be due to natural factors or anthropogenic factors. 

2.3.2. Causes of Climate Change 

The earth's climate is dynamic and always changing through a natural cycle. What 

the world is more worried about is that the changes that are occurring today have been 

speeded up because of man's activities. These changes 'are being studied by scientists all 

over the world who are finding evidence from tree rings, pollen samples, ice cores, and 
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sea sediments. The causes of climate change can be divided into two categories - those 

that are due to natural causes and those that are created by man. 

2.3.3.1. Natural causes 

There are a number of natural factors responsible for climate change. Some of the 

more prominent ones are continental drift, volcanoes, ocean currents, the earth's tilt, and 

comets and meteorites. 

A. Continental drift 

We may have noticed something peculiar about South America and Africa on a 

map of the world, they seem to fit into each other like pieces in a jigsaw puzzle. 

About 200 million years ago they were joined together. Scientists believe that back then, 

the earth was not as we see it today, but the continents were all part of one large 

landmass. Proof of this comes from the similarity between plant and animal fossils and 

broad belts of rocks found on the eastern coastline of South America and western 

coastline of Africa, which are now widely separated by the Atlantic Ocean. The 

discovery of fossils of tropical plants (in the form of coal deposits) in Antarctica has led 

to the conclusion that this frozen land at some time in the past, must have been situated 

closer to the equator, where the climate was tropical, with swamps and plenty of lush 

vegetation. 

The continents that we are familiar with today were formed when the landmass 

began gradually drifting apart, millions of years back. This drift also had an impact on the 

climate because it changed the physical features of the landmass, their position and the 

position of water bodies. The separation of the landmasses changed the flow of ocean 

currents and winds, which affected the climate. This drift of the continents continues 

even today; the Himalayan range is rising by about 1 mm (millimeter) every year because 

the Indian land mass is moving towards the Asian land mass, slowly but steadily. 

B. Volcanoes 

When a volcano erupts it throws out large volumes of sulphur dioxide (SO2), 

water vapor, dust, and ash into the atmosphere. Although the volcanic activity may last 

only a few days, yet the large volumes of gases and ash can influence climatic patterns 

for years. Millions of tones of sulphur dioxide gas can reach the upper levels of the 

atmosphere (called the stratosphere) from a major eruption. The gases and dust particles 



partially block the incoming rays of the sun, leading to cooling. Sulphur dioxide 

combines with water to form tiny droplets of sulphuric acid. These droplets are so small 

that many of them can stay aloft for several years. They are efficient reflectors of 

sunlight, and screen the ground from some of the energy that it would ordinarily receive 

from the sun. Winds in the upper levels of the atmosphere, called the stratosphere, carry 

the aerosols rapidly around the globe in either an easterly or westerly direction. 

.Movement of aerosols north and south is always much slower. This should give you 

some idea of the ways by which cooling can be brought about for a few years after a 

major volcanic eruption. 

Mount Pinatoba, in the Philippine islands erupted in April 1991 emitting 

thousands of tones of gases into the atmosphere. Volcanic eruptions of this magnitude 

can reduce the amount of solar radiation reaching the Earth's surface, lowering 

temperatures in the lower levels of the atmosphere (called the troposphere), and changing 

atmospheric circulation patterns. The extent to which this occurs is an ongoing debate. 

Another striking example was in the year 1816, often referred to as "the year 

without a summer." Significant weather-related disruptions occurred in New England and 

in Western Europe with killing summer frosts in the United States and Canada. These 

strange phenomena were attributed to a major eruption of the Tambora volcano in -

Indonesia, in 1815. 

Recent phenomenon is erupted of E15 volcano in Iceland on end of April 2010. 

As release by The Philadephia Inquirer at April 23 d̀  2010, many scientist believed that 

E15 eruption will not cause any large-scale climate change because they have not been 

lofted high enough. The other eruptions, such as Pinatubo in 1991 sent sulfur dioxide 

into stratosphere that causes dramatic sunset and a drop of 1°F in global temperatures 

(www.philly.com). 

C. The earth's tilt 

The earth makes one full orbit around the sun each year. It is tilted at an angle of 

23.5° to the perpendicular plane of its orbital path. For half of the year the northern 

hemisphere tilts towards the sun and experiences summer. In the other half when it is 

winter, the earth is tilted away from the sun. If there was no tilt we would not have 

experienced seasons. Changes in the tilt of the earth can affect the severity of the seasons 
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- more tilt means warmer summers and colder winters; less tilt means cooler summers 

and milder winters. 

The Earth's orbit is somewhat elliptical, which means that the distance between 

the earth and the Sun varies over the course of a year. We usually think of the earth's axis 

as being fixed, after all, it always seems to point toward Polaris (also known as the Pole 

Star and the North Star). Actually, it is not quite constant: the axis does move, at the rate 

of a little more than a half-degree each century. So Polaris has not always been, and will 

not always be, the star pointing to the North. When the pyramids were built, around 2500 

BC, the pole was near the star Thuban (Alpha Draconis). This gradual change in the 

direction of the earth's axis, called precession is also responsible for changes in the 

climate. 

D. Ocean currents 

The oceans are a major component of the climate system. They cover about 71% 

of the Earth and absorb about twice as much of the sun's radiation as the atmosphere or 

the land surface. Ocean currents move vast amounts of heat across the planet - roughly 

the same amount as the atmosphere does. But the oceans are surrounded by land masses, 

so heat transport through the water is through channels. 

Winds push horizontally against the sea surface and drive ocean current patterns. 

Certain parts of the world are influenced by ocean currents more than others. The coast of 

Peru and other adjoining regions are directly influenced by the Humboldt Current that 

flows along the coastline of Peru. The El Nino event in the Pacific Ocean can affect 

climatic conditions all over the world. El Nino is considered as a significant, weather 

event which occurs off the west coast of South America, mainly off the Peru Coast. 

While the occurrence of La Nina event is strengthens Southern Oscillation and walker 

circulation at the eastern Pacific Ocean off the Peru coast is characterized by more 

precipitation at south and south-east Asia (Singh,2005). 

Another region that is strongly influenced by ocean currents is the North Atlantic. 

If we compare places at the same latitude in Europe and North America the effect is 

immediately obvious. For example some parts of coastal Norway have an average 

temperature of -2°C in January and 14°C in July; while places at the same latitude on the 

Pacific coast of Alaska are far colder: -15°C in January and only 10°C in July. The warm 
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current along the Norwegian coast keeps much of the Greenland-Norwegian Sea free of 

ice even in winter. The rest of the Arctic Ocean, even though it is much further south, 

remains frozen. 

Ocean currents have been known to change direction or slow down. Much of the 

heat that escapes from the oceans is in the form of water vapor, the most abundant 

greenhouse gas on Earth. Yet, water vapor also contributes to the formation of clouds, 

which shade the surface and have a net cooling effect. 

Any or all of these phenomena can have an impact on the climate, as is believed 

to have happened at the end of the last Ice Age, about 14,000 years ago. 

2.3.3.2. Human causes 

Whether, and to what extent, one also changes the factors governing climate is a 

subject currently being hotly disputed. Probably people in earlier times already 

influenced the climate. An example of this is the complete clearance of timberland areas 

in middle Europe by the Greeks, Phoenicians, and later mainly by the Romans (ship 

building). However, the influence on the climate remained regionally Iimited; global 

effects cannot be deduced from this. 

But the basic changes caused by the developments in the wake of the Industrial 

Revolution in the 19th  century saw the large-scale use of fossil fuels for industrial 

activities. These industries created jobs and over the years, people moved from rural 

areas to the cities. This trend is continuing even today. More and more land that was 

covered with vegetation has been cleared to make way for houses. Natural resources are 

being used extensively for construction, industries, transport, and consumption. 

Consumerism (our increasing want for material things) has increased by leaps and 

bounds, creating mountains of waste. Also, our population has increased to an incredible 

extent. Up until this point in time, people for many centuries did not have many energy 

sources available. They used muscle power or draft animals, wind and water power 

(sailing boats, windmills, etc.) as well as firewood which were used as further sources of 

energy. The use of fossil fuels opened up a completely new dimension. Steam engines, 

combustion engines, the production and use of electricity as well as numerous other 

technical innovations replaced handicrafts; wind and water power, and caused an 
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largely to a rise in temperature, particularly during the summer and normally drier 
months. 

Table 2.2. Extreme Climate in Asia 
COUNTRY 	 KEY TREND 

heat waves 
Russia 1-seat waves broke past 22-year record in May 2005 
Mongolia 1-feat wave duration has increased by 8 to 18 days in last 40 years; coldwave 

duration has shortened by 13.3 days 
China Increase in frequency of short duration heat waves in recent decade, increasing 

warmer days and nights in recent decades 
Japan Increasing 	incidences 	of daily 	maximum 	temperature >35°C, 	decrease 	in 

extremely low temperature 
Korea Increasing frequency of extreme maximum temperatures with higher values in 

1980s and 1990s; decrease in frequency of record low temperatures during 1958 
to 2001 

India Frequency of hot days and multiple-day heat wave has increased in past 
century; increase in deaths due to heat stress in recent years 

South-East Asia Increase in hot days and warm nights and decrease in cold days and nights 
between 1961 and 1998 

 Intense Rains and Floods 
Russia 	 Increase in heavy rains in western Russia and decrease in Siberia; increase in 

number of days with more than 10 mm rain; 50 to 70% increase in surface 
runoff in Siberia  

China Increasing frequency of extreme rains in western and southern parts including 
Changjiang river, and decrease in northern regions; more floods in Changjiang 
river in past decade; more frequent floods in North-East China since 1990s; 
more intense summer rains in East China; severe flood in 1999; seven-fold 
increase in frequency of floods since 1950s 

Japan Increasing frequency of extreme rains in past 100 years attributed to frontal 
systems and typhoons; serious flood in 2004 due to heavy rains brought by 10 
typhoons; increase in maximum rainfall during 1961 to 2000 based on records 
from 120 stations 

South Asia Serious and recurrent floods in Bangladesh, Nepal and north-east states of India 
during 2002, 2003 and 2004; a record 944 nom of rainfall in Mumbai, India on 
26 to 27 July 2005 	led to loss of over 1,000 lives with loss of more than 
US$250 million; 	floods 	in 	Surat, 	Barmer and 	in 	Srinagar during summer 
monsoon season of 2006; 	17 May 2003 floods in southern province of Sri 
Lanka were triggered by 730 mm rain 

South-East Asia Increased 	occurrence 	of extreme 	rains 	causing 	flash 	floods 	in 	Vietnam; 
landslides and 	floods in 	1990 	and 2004 in the Philippines, and 	floods in 
Cambodia in 2000 

Droughts 
Russia Decreasing rain and increasing temperature by over 1°C have caused droughts; 

27 major droughts in 20th century have been reported 
Mongolia Increase in frequency and intensity of droughts in recent years; droughts in 1999 

to 2002 affected 70% of grassland and killed 12 million livestock 
China Increase in area affected by drought has exceeded 6.7 Mha since 2000 in 

Beijing, Hebei Province, Shanxi Province, Inner Mongolia and North China; 
increase in dust storm affected area 

South Asia 50% of droughts associated with El Nino; consecutive droughts in 1999 and 
2000 	in 	Pakistan 	and 	N-W 	India 	led 	to 	sharp 	decline 	in 	water tables; 
consecutive droughts between 2000 and 2002 caused crop 	failures, mass 
starvation and affected —11 million people in Orissa; droughts in N-E India 
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during summer monsoon of 2006 
South-East Asia Droughts 	normally 	associated 	with 	ENSO 	years 	in 	Myanmar, 	Laos, 

Philippines, Indonesia and Vietnam; droughts in 1997 to 98 caused massive 
crop failures and water shortages and forest fires in various parts of Philippines, 
Laos and Indonesia 

Cyclones/Typhoons  
Philippines On an average, 20 cyclones cross the Philippines Area of Responsibility with 

about 8 to 9 landfall each year; with an increase of 4.2 in the frequency of 
cyclones entering PAR during the period 1990 to 2003 

China Number and intensity of strong cyclones increased since 1950s; 21 . extreme 
storm surges in 1950 to 2004 of which 14 occurred during 1986 to 2004 

South Asia Frequency of monsoon depressions and cyclones formation in Bay of Bengal 
and Arabian Sea on the decline since 1970 but intensity is increasing causing 
severe floods in terms of damages to life and property 

Japan Number of tropical storms has two peaks, one in mid 1960s and another in early 
1990s, average after 1990 and often lower than, historical average 

Source : IPCC, 2007c 

2.3.5. Climate change impact in South Asia 

Asia is the largest continent on Earth and spreads over four climatic zones (boreal, 

arid and semi-arid, tropical and temperate). The region faces formidable environmental 

and socio-economic challenges in its effort to protect valuable natural resources. Land 

and ecosystems are being degraded, threatening to undermine food security. In addition, 

water and air quality are deteriorating while, continued increases in consumption and 

associated waste have contributed to the exponential growth in the region's existing 

environmental problems. Furthermore, the region is highly subject to natural .hazards, 

such as the 2004 Indian Ocean Tsunami, the 2005 Pakistan Earthquake, and the 2006 

landslides in the Philippines. 

There is evidence of prominent increases in the intensity and/or frequency of 

many extreme weather events such as heat waves, tropical cyclones, prolonged dry spells, 

intense rainfall, tornadoes, snow avalanches, thunderstorms, and severe dust storms in the 

region. Impacts of such disasters range from hunger and susceptibility to disease, to loss 

of income and livelihoods, affecting human survival and well-being. For example the 

extreme weather events in China during 2006 included major storms and flooding in the 

east and south, as well as heat and drought in central, western and northeastern regions, 

killing more that 2700 people and causing USD 20 billion in damages. Climate change 

will affect many sectors, including water resources, agriculture and food security, 

ecosystems and biodiversity, human health and coastal zones. Many environmental and 

developmental problems in Asia will be exacerbated by climate change (UNFCC, 2007). 
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2.4. Assessing Climate Change 

Climate change assessments are estimates of what might happen under specified 

scenarios. As such, they must be based on rigorous, well-documented methodology, and 

all the stages in the process must be credible and scientifically-supportable. In general 

framework for conducting a climate change impact assessment was prepared, under the 

auspices of the IPCC, by Carter et al (1994): They defined seven steps as shown on 

Figure 2.3. (Kates, 1985; Carter et al., 1994; Arnell, 1997). 

	

1 11 	DEFINE PROBLEM 

	

'?; 	SELECT METHOD 

3 'TEST METHOD/SENSIVITY 

LP__SELECT SCENARIO 

ASSESS BIOPHYSICAL IMPACTS 
ASSESS SOCIO-ECONOMIC IMPACTS  

LIILASSS AUTONOMOUS ADJUSMENT 

E VA L U ATE A I) A I'TATION STRATEGIES ~I 

Figure 2.3. Seven Steps in CIimate Change Assessment 
(Sources : Arnell, 1997) 

2.4.1. Special Report on Emission Scenario (SRES) 

Scenarios are images of the future, or alternative futures. They are neither 

predictions nor forecasts. Rather, each scenario is one alternative image of how the future 

might unfold. A set of scenarios assists in the understanding of possible future 

developments of complex systems. Some systems, those that are well understood and for 

which complete information is available, can be modeled with some certainty, as is 

frequently the case in the physical sciences, and their future states predicted. However, 

many physical and social systems are poorly understood, and information on the relevant 

variables is so incomplete that they can be appreciated only through intuition and are best 

communicated by images and stories. 
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Scenarios help in the assessment of Th 	ments in complex systems that 

are either inherently unpredictable, or that have high scientific uncertainties. In all stages 

of the scenario-building process, uncertainties of different nature are encountered. A 

large uncertainty surrounds future emissions and the possible evolution of their 

underlying driving forces, as reflected in a wide range of future emissions paths in the 

literature. The uncertainty is further compounded in going from emissions paths to 

climate change, from climate change to possible impacts and finally from these driving 

forces to formulating adaptation and mitigation measures and policies. The uncertainties 

range from inadequate scientific understanding of the problems, data gaps and general 

lack of data to inherent uncertainties of future events in general. Hence the use of 

alternative scenarios to describe the range of possible future emissions. 

For the current SRES scenarios, the following sources of uncertainties are 

identified: 

• Choice of Storylines. Freedom in choice of qualitative scenario parameter 

combinations, such as rainfall combined with discharge data, contributes to 

scenario uncertainty. 

• Authors Interpretation of Storylines. Uncertainty in the individual modeler's 

translation of narrative scenario storyline text in quantitative scenario drivers. 

Two kinds of parameters can be distinguished: 

• Harmonized drivers such as population, GDP, and final energy. Inter-

scenario uncertainty is reduced in the harmonized runs as the modeling 

teams decided to keep population and GDP within certain agreed 

boundaries. 

• Other assumed parameters were chosen freely by the modelers, consistent 

with the storylines. 

• Translation of the Understanding of Linkages between Driving Forces into 

Quantitative Inputs for Scenario Analysis. Often the understanding of the linkages 

is incomplete or qualitative only. This makes it difficult for modelers to 

implement these linkages in a consistent manner. 
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• Methodological Differences. 

• Uncertainty induced by conceptual and structural differences in the way 

models work (model approaches) and in the ways models are parameterized. 

• Uncertainty in the assumptions _ that underlie the relationships between 

scenario drivers and output, such as the relationship between average 

income and diet change. 

• Different Sources of Data. Data differ from a variety of well-acknowledged 

scientific studies, since "measurements" always provide ranges and not exact 

values. Therefore, modelers can only choose from ranges of input parameters for. 

For example: 

• Base year data. 

• Historical development trajectories. 

• Current investment requirements. 

• Inherent Uncertainties. These uncertainties stem from the fact that unexpected 

"rare" events or events that a majority of researchers currently consider to be "rare 

future events" might nevertheless occur and produce outcomes. that are 

fundamentally different from those produced by SRES model runs. 

2.4.2. General Circulation Models (GCMs) 

Numerical models (General Circulation Models or GCMs), representing physical 

processes in the atmosphere, ocean, cryosphere and land surface, are the most advanced 

tools currently available for simulating the response of the global climate system to 

increasing greenhouse gas concentrations. While simpler models have also been used to 

provide globally- or regionally-averaged estimates of the climate response, only GCMs, 

possibly in conjunction with nested regional models, have the potential to provide 

geographically and physically consistent estimates of regional climate .change which are 

required in impact analysis. 

2.4.3. Trend Analysis Using Mann-Kendall Method 

The Mann-Kendall test was performed to evaluate the trend of precipitation at 

rain gauge station 
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2.4.3.1. Calculation of the Mann-Kendall Statistic (S) 

The Mann-Kendall test is a non-parametric test for identifying trends in time 

series data. The test compares the relative magnitudes of sample data rather than the data 

values themselves (Gilbert, 1987). One benefit of this test is that the data need not 

conform to any particular distribution. Moreover, data reported as non-detects can be 

included by assigning them a common value that is smaller than the smallest measured 

value in the data set. The procedure that will be described in the subsequent paragraphs 

assumes that there exists only one data value per time period. When multiple data points 

exist for a single time period, the median value is used. The data values are evaluated as 

an ordered time series. Each data value is compared to all subsequent data values. The 

initial value of the Mann-Kendall statistic, S, is assumed to be 0 (e.g., no trend). If a data 

value from a later time period is higher than a data value from an earlier time period, S is 

incremented by 1. On the other hand, if the data value from a later time period is lower 

than a data value sampled earlier, S is decremented by 1. The net result of all such 

increments and decrements yields the final value of S. 

Let 1 x, 2 x, ... n x represent n data points where] x represents the data point at time j. 

Then the Mann-Kendall statistic (S) is given by 
n-1 n 

S= I I sign(X1  —xk ) ..............................................:...........................................(2.1).  
k=1  J=k+] 

where: 

sign(x1  — x,k ) = 1 if x. — xk _> 0 

=0 	if xJ  —xk  = 0 ............................................................................(2.2) 
=--1rfx1 —Xk <0 

A very high positive value of S is an indicator of an increasing trend,-and a very low 

negative value indicates a decreasing trend. However, . it is necessary to compute the 

probability associated with S and the sample size, n, to statistically quantify the 

significance of the trend. 
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2.4.3.2.. Calculation of Probability Associated with the Mann-Kendall Statistic 

Kendall (1975, p55) describes a normal-approximation test that could be used for datasets 

with more than 10 values, provided there are not many tied values within the data set. 

The test procedure is as follows: 

• Calculate S as described 

• Calculate the variance of S, VAR(S), by the following equation: 

s 
VARS(S)= 1 n(n-1)(2n+5)—Z t,(t p —1X2t p +5) .............................(2.3) 

where n is the number of data points, g is the number of tied groups (a tied group 

is a set of sample data having the same value), and t,, is the number of data points 

in the p h̀ group. 

• Compute a normalized test statistic Z as follows: 

Z= 
S-1 	

if S>0 
[VAR (S)]/ 

=0 	if S = 0 ........................................................................ (2.4) 

S+l _ 	 if S<O 
[VAR(S)], 2 

• Compute the probability associated with this normalized test statistic. The 

probability density function for a normal distribution with a mean of 0 and a 

standard deviation of 1 is given by the following equation: 

Z 
.f(z)= 

1 
e 2 ........................................................................................(2.5) 

2~r 

Microsoft Excel function, NORMSDIST(), was used to calculate this probability. 

• Decide on a probability level of significance (95% typically). 

• The trend is said to be decreasing if Z is negative and the computed probability is 

greater than the level of significance. The trend is said to be increasing if the Z is 

positive and the computed probability is greater than the level of significance. If 

the computed probability is less than the level of significance, there is no trend. 
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2.5. Impacts of Climate Change 

2.5.1. Impacts of climate change on hydrology 

The greatest attention has been directed towards changes in the mean climate, the 

variability of climatic inputs to the hydrological system are also likely to change. A 

simple rise in the mean of an input — such as precipitation — would affect the mean value 

of the output — such as stream flow — and could also affect the variance of the output 

because of the non—linear relationships between input and output. 

2.5.1.1. Change in precipitation 

Precipitation is the major driving force of the hydrological system. Changes in 

the amount, intensity, duration and timing during the year will all affect river flows and 

groundwater recharge, but to what degree will depend on the amount of change and the 

type of catchments. 

2.5.1.2. Change in evaporation 

Potential evapotranspiration is the evaporation and transpiration that would occur 

from an extensive short grass crop with unlimited supply of water. It is controlled by 

meteorological demand — as determined by inputs of net radiation, the ability of the air to 

hold moisture and the rate of renewal of air above the evaporating surface — and, plant 

physiological properties, which include aerodynamic resistance and stomatal 

conductance. Global warming will alter potential evaporation. The most immediate 

effect will. be an increase in the air's ability to absorb water as temperature rises. 

2.5.2. Impacts of climate change on river flow 

Climate change will have wide-ranging effects on the environment, and on socio-

economic and related sectors, including water resources, agriculture and food security, 

human health, terrestrial ecosystems and biodiversity and coastal zones. Changes in 

rainfall pattern are likely to lead to severe water shortages and/or flooding. Melting of 

glaciers can cause increasing in river discharge, flooding and soil erosion. 

Many catchments and rivers are heavily modified by human activities, which will 

complicate the effect of global warming. The most obvious human interventions are 

structures and procedures to manage the water (particularly reservoir and interbasin 

transfer) and abstraction from and return to water courses (all have direct impacts, 

intentional and unintentional on river flows). Human activities also effect catchments 
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land use, and these also can have significant effect on river regimes and water quality of 

the river. Land use decisions may be affected by global warming, farmers may alter 

cropping patterns or crop mixes (or at the extreme, abandon land or cultivate new land), 

different amounts of agricultural chemicals may be applied, and a policy of afforestation 

for carbon sequestration would affect catchment water balances. 

The variability in extreme discharges for climate change conditions increases with 

respect to the simulations for current climate conditions. This variability results both 

from the stochasticity of the precipitation process and the differences between the climate 

models. The total uncertainty in river flooding with climate change (over 40%) is much 

larger than the change with respect to current climate conditions (less than 10%). 

However, climate changes are systematic changes rather than random changes and thus 

the large uncertainty range will be shifted to another level corresponding to the changed 

average situation. (Booij,2005). 

2.5.3. Impact on Ground Water 

The impacts of climate change on groundwater are far reaching and need to be 

investigated, especially in the area where most people rely on groundwater as a source of 

potable water and for other domestic uses. Groundwater is a vital water resource and 

awareness needs to be raised on its vulnerability to overexploitation, pollution and, most 

importantly, climate change. However, there are still few research studies that have 

explored the effects of climate change on groundwater. Future simulations also indicate 

some seasonal variations in flows, whereby in the dry seasons almost all the river runoff 

will be entirely contributed by base flow. It is simulated that the recharge will intensify in 

the future, this being caused by the predicted intensification of rainfall. The mean annual 

daily discharge is expected to increase by 40-100% from the current in the coming 20-80 

years (Dragoni, 2008). Corresponding increases in mean annual daily base flows were 

found to range between 30 and 90% from the current base flow (69% of total runoff) 

(Dragoni, 2008). The results from their study Nyenje and Batelaan (2009) suggest that, 

in the future, the region will experience increased annual flooding and rising groundwater 

levels, especially in the wet, seasons, due to climate change. Thus, there is need for more 

hydrogeological studies in order to ensure more reliable recharge estimates. 
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2.5.4. Impact on Water Quality 

As a consequence of climate change, air and water quality are being degraded, 

moreover with improvement in waste and consumption in consequence of exponential 

growth in the area with environment problems. Increase extreme precipitation and 

flooding, which will increase erosion rates and wash soil based pollutants and toxins into 

waterways. Contaminate coastal surface and groundwater resources due to sea level rise, 

resulting in saltwater intrusion into rivers, deltas, and aquifers. 	Increase water 

temperatures, leading to more algal and bacterial blooms that further contaminate water 

supplies. Contribute to environmental health risks associated with water. For instance, 

changes in precipitation patterns are likely to increase flooding, and as a result mobilize 

more pathogens and contaminants. It is estimated that by 2030 the risk of diarrhea will be 

up to 10 percent higher in some countries due to climate change. Any change in 

precipitation regime will in turn have an effect on freshwater ecosystems. The functional 

responses of each ecosystem class in regard to climate change will differ due to the 

underlying differences in the structure and flow dynamics of such systems (Polhemus, 

2009). 

2.5.5. Impacts of Climate Change on Agriculture and Fisheries 

At present, 40% of the Earth's land surface is managed for cropland and pasture. 

Natural forests cover another 30% (3.9 billion ha) of the land surface with just 5% of the 

natural forest area (FAO, 2000) providing 35% of global roundwood. In developing 

countries, nearly 70% of people live in rural areas where agriculture is the largest 

supporter of livelihoods. Growth in agricultural incomes in developing countries fuels the 

demand for non-basic goods and services fundamental to human development. The 

United Nations Food and Agriculture Organization (FAO) estimates that the livelihoods 

of roughly 450 million of the world's poorest people-are entirely dependent on managed 

ecosystem services. Fish provide more than 2.6 billion people with at least 20% of their 

average per capita animal protein intake, but three-quarters of global fisheries are 

currently fully exploited, overexploited or depleted (FAO, 2004c). 

Global warming will confound the impact of natural variation on fishing activity 

and complicate management. The sustainability of the fishing industries of many 

countries will depend on increasing flexibility in bilateral and multilateral fishing 



agreements, coupled with international stock assessments and management plans. 

Increases in seawater temperature have been associated with increases in diseases and 

algal blooms in the aquaculture industry. 

Under climate change, predicted rainfall increases over most of Asia, particularly 

during the summer monsoon, could increase flood-prone areas in East Asia, South Asia 

and Southeast Asia. In Central and South Asia, crop yields are predicted to fall by up to 

30 per cent, creating a very high risk of hunger in several countries. Global warming is 

causing the melting of glaciers in the Himalayas. In the short term, this means increased 

risk of flooding, erosion, mudslides and GLOF in Nepal, Bangladesh, Pakistan, and north 

India during the wet season. Because the melting of snow coincides with the summer 

monsoon season, any intensification of the monsoon and/or increase in melting is likely 

to contribute to flood disasters in Himalayan catchments. In the longer term, global 

warming could lead to a rise in the snowline and disappearance of many glaciers causing 

serious impacts on the populations relying on the 7 main rivers in Asia fed by melt water 

from the Himalayas. Throughout Asia one billion people could face water shortage 

leading to drought and land degradation by the 2050s (UNFCC:2007). 

In recent years, enormous pressures have been put on Asia's ecosystems to 

support the ever growing demand for natural resources.. The most affected areas are 

coastal and marine ecosystems, forests and mountainous regions and the flora and fauna 

within them. Climate change will have a profound effect on the future distribution, 

productivity, and health of forests throughout Asia, for example northeast China may 

become deprived of conifer forest.17 Grassland productivity is expected to decline by as 

much as 40 — 90 per cent for an increase in temperature of 2 — 3°  C, combined with 

reduced precipitation, in the semi-arid and and regions of Asia. 

Fisheries in both fresh water and sea water could be affected. Fisheries at higher 

elevations are likely to be adversely affected by lower availability of oxygen due to a rise 

in surface air temperatures. In the plains, the timing and amount of precipitation could 

also affect the migration of fish species from the river to the floodplains for spawning, 

dispersal, and growth (FAO 2003). Sea level rise and changes in sea water temperature, 

salinity, wind speed and direction, strength of upwelling, mixing layer thickness and 

predator response to climate change have the potential to substantially alter fish breeding 
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habitats and food supply for fish and ultimately the abundance of fish populations in 

Asian waters with associated effects on coastal economies.(UNFCC:2007;IPCC:2007c) - 

2.6. Hydropower 

Hydropower generation follows a simple concept: water falling under the force of 

gravity turns the blades of a turbine, which is connected to a generator. The rotating 

generator produces electricity. The pre-historic man was aware of the energy contained in 

falling water. One of the earliest devices to utilize this energy was the water wheel. The 

Romans used the energy of falling water to do many useful things. They had constructed 

paddle wheels that turned with the river flow and lifted water to troughs built higher than 

river level. Before 2000 B.C., the Egyptians and the Greeks knew how to harness the 

power of river currents to turn wheels and grind grain. More efficient water wheels were 

built for milling grain in the middle ages. The basic elements of potential water power 

are river or stream flow and available head or fall trough which the stream flow may be 

utilized in the development of power in hydropower plant. 

2.6.1. Hydropower Potential 

Before any power plant is contemplated it is essential to assess the inherent power 

available from the discharge of the river and the head available at the site. Let P 

(mkg/sec) be the potential power for a stream having a head of H (m) and a discharge 

carrying capacity of Q (m3/sec). The theoretical potential power can be expressed as 

1' = wvQH(mkg/sec) 	............................................................................................(2.6) 

where w, the specific weight of water = 1000 kg/m3. This expression written in term of 

"horse power" and kW would be: 

P  _ I000 QH = 13.33 QH (hp) .....................• 	 ( 	) 75 

or 

P = 0.736(13.33) QH = 9.81 QH (kW) ................................................................ (2.8) 

Than total energy that can be produce is: 

E = 	
1 	

_ 9.81 QH = 0.002725 QH (k WH) ........................................................(2.9) 
3600 3600 
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The total kilowatt-hours of energy, that produce from equation (2.9) is assuming 100% 

efficiency in conversion of potential to electrical energy, than the energy that produce 

using a given plant efficiency is: 

E= 0.002725 QHe ................................................................................................ (2.10) 

with e as plant efficiency. 

2.6.2. Hydropower in the Past, at Present and in the Future 

Hydropower projects have been built successfully for over a hundred years. 

During this long period societal attitudes and needs have changed and science has made 

good progress. This impacted on the planning, construction and operation of hydropower 

projects. The first generation hydropower plants were wooden water wheels used for 

motive power. Around 1880 the first small single purpose hydroelectric plants were built. 

Over the years more and more projects became multipurpose, making best use of dam 

projects for irrigation, hydropower, water supply, and flood control. With progress in 

technology and increasing electricity demand, the maximum size, of hydro projects 

increased. After World War II the pace at which hydro plants were built accelerated, first 

in the industrialized, world and China, and 10-15 years later also in developing countries. 

Worldwide, most hydro projects were commissioned between 1955 and 1985. 

Electricity generation from hydropower makes a substantial contribution to 

meeting today's increasing world electricity demands. In the mid-1990s hydropower 

plants accounted for about 19% (or 'approx. 2500TWh/a) of total electricity production 

worldwide and reached 22% (or approx. 700GW) of the total installed capacity for 

electricity generation (EIA, 1999; IEA, 1999). The role of hydropower, along with other 

renewable energy sources, is expected to become increasingly important in future. World 

production of hydroelectricity has grown steadily by about 2.3% per year on average 

since 1980 (European Commission, 2000). 

Looking into the future, there are good reasons to expect a revival for hydro in the 

medium to long term: (Oud, 2002) 

• The depletion of oil and natural gas deposits will lead to higher generation costs 

for thermal plant in the future, putting hydro in a relatively better position. 
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• By offsetting thermal generation, hydropower is a leading technology in efforts to 

reduce greenhouse gases. With the introduction of carbon trading, thermal plant 

will become more expensive, improving the chances of hydro development. 

HVDC (high voltage direct current) transmission over long distances is becoming 

cheaper and electricity networks are getting interconnected and growing, 

improving the prospects for large scale hydro plants in remote areas. 

• The ancillary services in electrical networksl that can be provided by hydro are 

increasingly acknowledged and financially rewarded. This adds to the revenues 

and makes hydro more attractive. 

• Due to the growth of the world population,, especially in developing countries, 

new dams will have to be built for irrigation and water supply. The addition of a 

hydropower component to such a project is economic and has practically no 

additional environmental or social impacts. 

• It is widely believed that, as part of the long-term changes in the energy sector, 

hydrogen is the fuel of the future. Remote hydro. can become one of the major 

carbon-free financially viable producers of hydrogen. 

2.6.3. Impact of Climate Change on Hydropower 

Hydropower generation depends on availability of water and effective head. The 

climate change has significant contribution to changes in rainfall intensity and 

distribution. These changes lead to change in discharge and effective head that, caused, a 

change in hydropower production. A search of literature showed only limited studies that 

have investigated the impact of climate change on hydropower generation. 

Lehner et al. (2005) reviewed the potential of hydroelectric power generation in 

Europe in terms of present, mid-and long-term prospects. Assessments of European 

hydropower potential presented in the study are based on flow calculations as provided 

by WaterGAP (Water-Global Assessment and Prognosis) model. This model provides a 

study of current and the future climate and the water use conditions to the river flow, time 

series. The model allows for the analysis of the combined effects of climate change and 

the demographic, socio-economic and technological trends in large-scale discharge 

regime. WaterGAP model consists of two main components: the Global Hydrology 

Model and the Global Water Use Model. The Global Hydrology Model simulates the 
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characteristic macro-scale behavior of the terrestrial water cycle and estimates of natural 

water availability that is defined as the total river discharge, which is a combination of 

surface runoff and groundwater recharge. While, the Global Water Use Model consists of 

four submodels which calculate the water use for household-sector, industry, irrigation, 

and livestock. The main results of the model simulations can be summarized as follows: 

• Based on climate projections from two different GCMs and a set of scenarios, for 

the future water use, it is likely that there will be increased availability of water in 

north and northeast Europe and decrease availability in large parts of southern and 

southeastern Europe. 

• Reduction of water resources could occur due to a shift towards a drier climate or a 

significant increase in water use by humans. The latter is assumed to have a 

significant effect in Eastern Europe. 

• Results from GCM projections for 2070 for Scandinavia and northern Russia show 

an increase in developed hydropower potential of 15-30% and above. Areas most 

vulnerable to decline in hydropower potential are Portugal and Spain in the 

southwest of Europe, as well as Ukraine, Bulgaria and Turkey in the southeast, with 

decreases of 20-50% or more. In the western and central Europe, the United 

Kingdom and Germany, a stable developed hydropower potential will be noticed 

countries compared with other European countries. 

• For the whole of Europe, the gross hydropower potential is estimated to decline by 

about 6% by the 2070s, while the developed hydropower potential shows a decrease 

of 7-12%. 

Harrison et al. (2007) developed a model to. assess the relationship between 

climate change and the viability, technical and financial, of the hydro development. 

Batoka Gorge scheme that is planned on the River Zambezi was used as a case study to 

validate the model and to predict the impact of climate change on river. flows, electricity 

production schemes and financial performance. 

Harrison et al. (2007) used three different scenarios of climate change (all 

available from the IPCC Data Distribution Center). Two of them are HadCM2 GCM and 

HadCM2-S developed by the Hadley Center in the UK Meteorological Office, HadCM2-

S combines the effects of aerosols which have a tendency to cool the atmosphere. The 
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third scenario is the ECHAM4 GCM developed by the Max Planck Institut fur 

Meteorologie. All the data used to represent the conditions projected for the 2080s and 

consists of changes in rainfall and temperature relative to the control results which 

represent the current conditions. Comparison between GCM simulation with the current 

scenario and, potential future climate will illustrate the sensitivity of the case study 

schemes to climate change. 
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CHAPTER III 
CATCHMENT MODELING USING SWAT MODEL 

3.1. Soil and Water Assessment Tool (SWAT) Model 
SWAT is a river basin or watershed scale model developed to predict the impact 

of land management practices on water, sediment, and agricultural chemical yields in 

large, complex watersheds with varying soils, land use, and management conditions over 

long periods of time. The model is physically based and computationally efficient, uses 

readily available inputs and enables users to study long-term impacts. The SWAT model 

can be applied tQ support various watershed and water quality modeling studies. SWAT 

can be used to simulate a single watershed or a system of multiple hydrologically 

connected watersheds. Each watershed is first divided into subbasins and then in 

hydrologic response units (HRUs) based on the land use and soil distributions. 

3.2. SWAT Modeling 

SWAT allows a number of different physical processes to be simulated in 

watershed. For modeling purposes, a watershed. may be partitioned into a number of 

subwatersheds or subbasins. The use of subbasins in a simulation is particularly 

bendficial when different areas of watershed are dominated by land uses or soil dissimilar 

enough in properties to impact hydrology. By partitioning the watershed into subbasins, 

we can reference different areas of the watershed to one another spatially. 

Input information for each subbasin is grouped or organized into the following 

categories : 

1. climate 

2. hydrologic response unit (I-IRU) 

3. wetlands 

4. ground water 

5. main channel 

Hydrologic response unit are lumped land areas within the subbasin that are comprised of 

unique land cover, soil and management combinations. 

33 



Simulation of the hydrology of a watershed can be separated into two major 

divisions. The first division is the land phase of the hydrologic cycle (Figure. 3.1). The 

land phase of the hydrologic cycle controls the amount of water loadings to the main 

channel in each subbasin. The second division is the water routing phase of the 

hydrologic cycle which can be defined as the movement of water, sediment, etc. through 

the channel network of the watershed to the outlet. 

Precipitation  

~~ Evaporation.and 
?l;; Transpiration 

Snow pack 

now melt 	Infiltration/Plant uptake/ 	 Surface •Soil moisture redistribution . _• 
R Hoff 

• Lateral Flow 

	

Percolation to Shallow 	Revap from Shallow 
Return Flow 

Flow out of watershed 	Iv Recharge to Deep 

Figure 3.1: Hydrologic Cycle 

3.2.1. Land Phase of the Hydrologic Cycle. 

The hydrologic cycle as simulated by SWAT is based on the water balance equation: 

SI4' _ S 	( 	— 	— ~• — 	— 	l..................................................( 	) Swo + 	(R,1a. 	QsurJ ~'o W.seen ~rJ . 	 3.1 

where : 

SW, = final soil water content (mm H2O) 

SWo = initial soil water content on day i (mm H2O) 

t 	= time (days) 

Snow 
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Rd, = amount of precipitation on day i (mm H2O) 

Qs,,,f = amount of surface runoff on day i (mm H20) 

EA 	= amount of evapotranspiration on day i (mm H2O) 

w,Seep  = amount of water entering the vadose zone from the soil profile on day i (mm 

H20) 

Qg,,, = amount of return flow on day i (mm H20) 

The subdivision of the watershed enables the model to reflect differences in 

evapotranspiration for various crops and soil. Runoff is predicted separately for each 

HRU and routed to obtain the total runoff for the watershed. This increases accuracy and 

gives a much better physical description of the water balance. 

3.2.2. Climate 

The climate of watershed provides the moisture and energy inputs that control the 

water balance and determine the relative importance of the different component of the 

hydrologic cycle. 

The climatic variables required by SWAT consist of daily precipitation, 

maximum/minimum air temperature, solar radiation, wind speed and relative humidity to 

be input from records of observed data or generated during_ simulation. 

The impact of global climate change on water supply is a major area of research. 

Climate change can be simulated with SWAT by manipulating the climatic input that is 

read into the model (precipitation, temperature, and other weather parameters). A less 

time-consuming method is to set adjustment factors for the various climatic inputs. 

SWAT will allow to adjust precipitation, temperature, solar radiation, relative 

humidity, and carbon dioxide levels in each subbasin. The alteration of precipitation and 

temperature are straightforward: 

adjPP  
Rday  = Rday  . 1 + 

	

	......................................................................................... (3.2) 
100 

where Rday  is the precipitation failing in the subbasin on a given day (mm H20), 

and adj,,,,, is the % change in rainfall. 

= T,,,.r + ad],,,,,, 	.........................................................:......................................... (3.3) 
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where T,,,x  is the daily maximum temperature (°C), and adj,,,,p  is the change in temperature 

(°C). 

= T,,,,, + adj,,,,p  ................................................................................................... (3.4) 

where Tmn is the daily minimum temperature (°C), and adjrmp is the change in temperature 
(°C). 
SWAT allows the adjustment terms to vary from month to month so that for change the 

daily data, we must change on the climate input database. 

3.2.3. Hydrology 

As precipitation descends, it may be intercepted and held in the vegetation canopy 

or fall to the soil surface. Water on the soil surface will infiltrate into the soil profile or 

flow overland as runoff. Runoff moves relatively quickly toward a stream channel and 

contributes to short-term stream response. Infiltrated water may be held in the soil and 

later evapotranspired or may slowly make its way to the surface-water system vvia 

underground paths. The potential pathways of water movement simulated bay SWAT in 

the HRU are illustrated in Figure 3.1. 

	

3.2.3.1. 	Surface Runoff 

Surface runoff occurs whenever the rate of water application to the ground surface 

exceeds the rate of infiltration. When water is initially applied to a dry soil, the 

infiltration rate is usually very high. However, it will decrease as the soil becomes wetter. 

When the application rate is higher than the infiltration rate, surface depressions begin to 

fill. If the application rate continues to be higher than the infiltration rate once all surface 

depressions have filled, surface runoff will commence. SWAT provides two methods for 

estimating surface runoff: the SCS curve number procedure and the _Green & Ampt 

infiltration method (Neitsch, 2005). 

	

3.2.3.2. 	SCS Equation 

The SCS runoff equation is an empirical model that came, into common use in the 

1950s. It was the product of more than 20 years of studies involving rainfall-runoff 

relationships from small rural watersheds across the U.S. The model was developed to 

provide a consistent basis for estimating the amounts of runoff under varying land use 

and soil types (Mishra, 2003). The SCS curve number equation is (Mishra, 2003): 



(R,, —1  ")2  
Q.surf — (Rday  — 'a + S 	

...................................................................................... (3.5) 

where Qswf is the accumulated runoff or rainfall excess (mm H20), Rday is the rainfall 

depth for the day (mm H20), Ia is the initial abstractions which includes surface storage, 

interception and infiltration prior to runoff (mm I-I20), and S is the retention parameter 

(mm H20). The retention parameter varies spatially due to changes in soils, land use, 

management and slope and temporally due to changes in soil water content. The retention 

parameter is defined as: 

S = 25.4  1000  _ 10 
CN ) 

where CN is the curve number for the day. The initial abstractions, IQ , is commonly 

approximated as 0.2S and equation (3.6) becomes 

(Rday — 0.2S)2  
Qsurf — 	

R
day 	............................................................................................ (3.7) 
 + 0.85 

3.2.3.3. 	Green & Ampt Infiltration Method 

The Green & Ampt equation was developed to predict infiltration assuming 

excess water at the surface at all times. The equation assumes that the soil profile is 

homogenous and antecedent moisture is uniformly distributed in the profile. As water 

infiltrates into the soil, the model assumes the soil above the wetting front is completely 

saturated and there is a sharp break in moisture content at the wetting front. Figure 3.2 

illustrates the difference between the moisture distribution with depth modeled by the 

Green & Ampt equation and what occurs in reality. 
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Figure 3.2. Comparison of moisture content distribution modeled by Green & Ampt 
and a typical observed distribution 

Source : Neitsch, 2005 

Mein and Larson (1973) developed a methodology for determining ponding time 

with infiltration using the Green & Ampt equation. The Green-Ampt Mein-Larson excess 

rainfall method was incorporated into SWAT to determining surface runoff. The Green-

Ampt Mein-Larson infiltration rate is defined as (Neitsch, 2005): 

. 	ne.t =K 	1+ 	...................................................................................... (3.8) 
rnt:, 

where f„f is the infiltration rate at time t (mm/hr), Ke is the effective hydraulic 

conductivity (mm/hr), P,,fis the wetting front matric potential (mm), 4O is the change in 

volumetric moisture content across the wetting front (mm/mm) and F;„f is the cumulative 

infiltration at time t (mm H20). 

When the rainfall intensity is less than the infiltration rate, all the rainfall will 

infiltrate during the time period and the cumulative infiltration for that time period is 

calculated: 

zinc, — F-inc~-1 + Ro . 	................................................................................................. (3.9) 

where, F,fi is the cumulative infiltration for a given time step (mm H20), Finj:t-i is the 

cumulative infiltration for the previous time step (mm 1-120), and RAt is the amount of rain 

falling during the time step (mm H20). 
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The infiltration rate defined by equation (3.8) is a function of the infiltrated 

volume, which in turn is a function of the infiltration rates in previous time steps. To 

avoid numerical errors over long time steps, finf is replaced by dF/dt;,,f in equation (3.8) 

and integrated to obtain. 

F 	 F T = F 	+K .At+`I' 	.f~ +,vf.08v 	
................................ .nr.. 	,~-I 	e 	„f.A0.ln F............ . (3.10) 

, 

Equation (3.10) must be solved iteratively for Finfi, the cumulative infiltration at the end 

of the time step. A successive substitution technique is used. 

The Green-Ampt effective hydraulic conductivity parameter, Ke, is approximately 

equivalent to one-half the saturated hydraulic conductivity of the soil, Ksat (Bouwer, 

1969). Nearing et al. (1996) developed an equation to calculate the effective hydraulic 

conductivity as a function of saturated hydraulic conductivity and curve number. This 

equation incorporates land cover impacts into the calculated effective hydraulic 

conductivity. The equation for effective hydraulic conductivity is: 

K 56.82 • K `°' 0.286 
. 	— 2_ 	 .....................................................................(3.11) 

1+ 0.051•exp(0.062•CN) 

where Ke is the effective hydraulic conductivity (mm/hr), Isar is the saturated hydraulic 

conductivity (mm/hr), and CN is the curve number. 

Wetting front matric potential, `Pf, is calculated as a function of porosity, percent 

sand and percent clay (Neitsch, 2005): 

LF11 ~ = l0•exp{6.5309-7.32561• ,.,,;, +0.001583•m,2 +3.809479•O.,.,,1r + 

0.000344•m.,, mc —0.049837•mc •çb,,, +0.001608 m5.? • 0;;2 + 
....... (3.12) 

0.001602•m~2 .0'~ ;l 2 —0.0000136•in Z •m, —0.003479•mC Z •O,.011 - 
0.000799 • ms 2 

where 0 soil is the porosity of the soil (mm/mm), me is the percent clay content, and iris is 

the percent sand content. 

The change in volumetric moisture content across the wetting front is calculated 

at the beginning of each day as: 

=1— ~)*(0.95*c1(,,1) ....... 	.................................. 	....... 	.. 	.......(3.13) 
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where AO,, is the change in volumetric moisture content across the wetting front 

(mm/mm), SW is the soil water content of the entire profile excluding the amount of 

water held in the profile at wilting point (mm H20), FC is the amount of water in the soil 

profile ' at field capacity (mm 1120), and q5 sort -is the porosity of the soil (mm/mm). If a 

rainfall event is in progress at midnight, AO v is then calculated: 

A©„ =0.001*(0.95*q I,) ....................................................................................(3.14) 

For each time step, SWAT calculates the amount of water entering the soil. The 

water that does not infiltrate into the soil becomes surface runoff. 

3.2.3.4. Peak Runoff Rate 

The peak runoff rate is the maximum runoff flow rate that occurs with a given 

rainfall event. The peak runoff rate is an indicator of the erosive power of a storm and is 

used to predict sediment loss. SWAT calculates the peak runoff rate with a modified 

rational method. 

The rational method is widely used in the design of ditches, channels and storm 

water control systems. The rational method is based on the assumption that if a rainfall of 

intensity i begins at time ! = 0 and continues indefinitely, the rate of runoff will increase 

until the time of concentration, t = t~anc, when the entire subbasin area is contributing to 

flow at the outlet. The rational formula is: 

C.i.Area 
q peak — 	.................................................................................................  

3.6  
(3.15) 

where qpeak is the peak runoff rate (m3s-1), C is the runoff coefficient, i is the rainfall 

intensity (mm/hr), Area is the subbasin area (km2) and 3.6 is a unit conversion factor. 

3.2.3.5. 	Time Concentration 

The time of concentration is the amount of time from the beginning of a rainfall 

event until the entire subbasin area is contributing to flow at the outlet (Neitsch, 2005). 

In other words, the time of concentration is the time for a drop of water to flow from the 

remotest point in the subbasin to the subbasin outlet. The time of concentration is 

calculated by summing the overland flow time (the time it takes for flow from the 

remotest point in the subbasin to reach the channel) and the channel flow time (the time it 

takes for flow in the upstream channels to reach the outlet): 

(a,, + t ch 	...................................................................................................... (3.16) 
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where tconc is the time of concentration for a subbasin (hr), toy is the time of concentration 

for overland flow (hr), and ter, is the time of concentration for channel flow (hr). 

3.3. 	SWAT Calibration Techniques 

3.3.1. General 

To calibrate the water balance and streamflow it need to have proper 

understanding of the actual conditions occurring in the watershed. Ideally, one has the 

data from a stream gauge located within or at the outlet of the watershed. Calibration for 

water balance and stream flow is first done for average annual conditions. Once the run 

is calibrated for average annual conditions, it can be shifted to monthly or daily records to 

fine-tune the calibration. The example of average annual observed and simulated results 

could be summarized in Table 3.1: 

Table 3.1.. Example of SWAT Output and Observed Data 
Total Water Yield Baseflow Surface Flow 

Observed 200 mm 80 mm 120 mm 

SWAT 300 mm 20 mm 280 mm 

Following are some ways to make improvement in the output of SWAT to obtain a better 

match with the observed output: 

• For calibrating at the watershed outlet, the SWAT values are provided in the .std 

file. These values are Iisted in the table titled "Ave Annual Basin Values" located 

near the end of the file. 

• For calibrating at a gauge located within the watershed, the total water yield can 

be calculated from the FLOW OUT variable in the reach (.rch) file. 

• The values for baseflow and surface flow have to be estimated from the HRU 

output (.sbs) file or the subbasin output file (.bsb). 

• To estimate the contributions by baseflow and streamflow, the annual values for 

GWQ, SURQ and WYLD need to be averaged, so that a weighted value bae on 

area of the drainage is obtained. 

• The values for GWQ and SURQ cannot be used directly because in-stream 

precipitation, evaporation, transmission losses, etc. will alter the net water yield 

from that predicted by the WYLD variable in the HRU or Subbasin Output files. 
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There are a number of methods available for partitioning observed stream flow into 

fractions contributed by baseflow and surface runoff. If daily steam flow is available, a 

baseflow filter program can be run which performs this analysis. 

3.3.2. Basic Water Balance and Total Flow Calibration 

	

3.3.2.1. 	Calibrate Surface Runoff 

Step I:Adjust the curve number (CN2 in .mgt) until surface runoff is acceptable. If 

surface runoff values are still not reasonable after adjusting curve numbers, 

adjust: -soil available water capacity (±0.04) (SOL AWC in .sol) and/or 

-soil evaporation compensation factor (ESCO in .bsn or .hru). 

	

3.3.2.2. 	Calibrate Subsurface Flow 

Step 2: Once surface runoff is calibrated, compare measured and simulated values of 

baseflow. . 

■ If simulated baseflow is too high: 

• increase the groundwater "revap" coefficient (GW REVAP in .gw 

file) the maximum value that GW REVAP_ should be set at is 0.20. 

• decrease the threshold depth of water in the shallow aquifer for 

"revap" to occur (REVAPMN in .gw file) the minimum value that 

REVAPMN should be set at is 0.0. 

• increase the threshold depth of water in the shallow aquifer 

required for base flow to occur (GWQMN in .gw file) the 

maximum value that GWQMN should be set. 

• If simulated baseflow is too low, check the movement of water into the 

aquifer. 

• If groundwater recharge (GWQ in .sbs file or .bsb file) is greater than the 

desired baseflow: 

o decrease the groundwater "revap" coefficient (GW REVAP in 
.gw)—the minimum value that GW REVAP should be set at is 

0.02. 

o increase the threshold depth of water in the shallow aquifer for 

"revap" to occur (REVAPMN in .gw). 
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o decrease the threshold depth of water in the shallow aquifer 

required for base flow to occur (GWQMN in .gw)—the minimum 

value that GWQMN should be set at is 0.0. 

Step 3: Repeat steps I and 2 until values are acceptable. It may take several iterations to 

get the surface runoff and baseflow correct. 

3.3.3. Temporal Flow Calibration 

Once average annual and annual surface runoff and baseflow are realistic, the 

temporal flow should look reasonable as well. A few problems that may still be present 

include: 

0 

Time 
Figure 3.3. Reasonable Peak 

1. Peaks are reasonable, but the recessions "bottom out" (Figure 3.3): Check the 

transmission losses/values for channel hydraulic conductivity (CH_K in .rte). The 

value for channel hydraulic conductivity is an effective hydraulic conductivity for 

movement of water out of the stream bed. For perennial streams receiving 

groundwater contribution to flow, the groundwater enters the stream through the 

sides and bottom of the stream bed, making the effective hydraulic conductivity 

of the channel beds to water losses equal to zero. The only time the channel 

hydraulic conductivity would be greater than zero is for ephemeral and transient 

streams that do not receive continuous groundwater contributions to streamflow. 

43 



A second variable that will affect the shape of the hydrograph is the baseflow 

alpha factor (ALPHA_BF in .gw). 

2. In snow melt months, the peaks are too high and recessions are too low (Figure 

3.4) : Check the values for maximum and minimum melt rates for snow (SMFMX 

and SMFMN in .bsn). These values may need to be lowered. Another variable 

that will impact snow melt is the temperature lapse rate (TLAPS in .sub). These 

values may need to be increased. 

3. Finally, the baseflow alpha factor may need to be modified (ALPHA BF in .gw). 

0 

Time 
Figure 3.4. Peak of Simulation is High 

3.3.4. Spatial Flow Calibration 

Calibrating a watershed with multiple stream gauges, calibrate streamflow for the 

gauge furthest upstream. Once that gauge is calibrated, move downstream to the next 

gauge and calibrate for that area. It is important that, as it calibrates downstream gauges, 

but it is no need to change parameters within the files associated with the drainage area of 

the upstream gauges already calibrated. 

3.3.5. Evaluation of Model Performance 

In SWAT model, three statistical measures were included to evaluate the 

goodness of a calibration (White, 2005). SWAT model calibration was performed by 

minimizing the Relative Error (RE in percent) at the gauge locations : 



(R . 	_ 	 ............ (3.17) .~ /o) 	x100 .............................:.............................................. 
O 

where 0 is the measured value and P is the predicted output. The SWAT model was 

further calibrated monthly using the Nash-Sutcliffe coefficient (E), which is defined as : 

E=1- ........................................................................................ (3.18) 

(O, — Oavg )2 
i=1 

where Oi are the measured values, Pi are the predicted outputs, Oavg is the average of 

measured value and i equals the number of values. Monthly coefficient of determination 

(R2) was also calculated. A significance test can be performed when conducting a linear 

regression analysis with a null hypothesis that the coefficient of determination is equal to 

0. The R2 statistic is calculated as : 
z 

v 
(O f — Oavg XP, — Povg ) 

R Z = 	'=' 
2  0.5 

(O; — O'g 	(P; — Ppvg )Z  
i=1' 

........................................................ (3.19) 

The aim of a model calibration is to minimize relative error (RE%) and to 

maximize Nash-Sutcliffe coefficient (C) and coefficient of determination. 
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CHAPTER IN' 
STUDY AREA AND DATA 

4.1. 	Study Area 

The study area covers the entire catchment of the Wonogiri dam (reservoir area of 

90 km2 and remaining catchment area of 1,260 km2). The Wonogiri multipurpose dam is 

the only large dam on the mainstream of the Bengawan Solo River, which is the largest 

river in the Java with a catchment area of around 16,100 km2 and a length of about 600 

km. 
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Figure 4.1 Location Map 
Source : PBS 

4.2. Topography 

The Bengawan Solo River rises on southwest slope of mountain. Rahtawu in 

Tertiary Volcanic mountains area, and flows westward along the mountains series. The 

Solo River runs northward receiving Alang River, Temon River, Tirutomoyo River and 

Keduang River immediately upstream of the Wonogiri Dam. After the confluence, the 

Solo River clockwise flows around mountain Lawu throw alluvial basin of Surakarta City 

and Sragen City, and runs eastward to Ngawi City. After the confluence with the Madiun 
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River the Solo River flows northward to Cepu City and changes the direction to the east 

northeast and flows into the Jawa . 

The catchment area of Wonogiri Dam is topographically divided into the 

following three mountain regions extending east and west, and one plain area 

surrounding Wonogiri reservoir (Figure 4.1). Southern area forms karst tableland with 

many small mountains of about 400 m elevation. Almost entire rainfall on the tableland 

infiltrates into underground, and there is no obvious runoff. There are some springs along 

the foot of the tableland. Middle area is characterized by EL.500 m-EL.1200 m ranging 

mountains and steep valleys extending east-west with dendritic drainage feature. 

Northern area, mountain Semilir (EL. 2,023 m) on the south slope of mountain Lawu is 

the highest of the catchment area, forms a volcanic corn with deep V-shape valleys 

running radially. Relatively wide plains spread around the confluence of Bengawan Solo 

River and Alang River, and downstream region of along Tirtomoyo River. 

4.3. 	Climate 

The climate of the study area is tropical and is subject to the tropical monsoon. 

The south-west to north-west winds prevail from November to -April in ordinary year and 

they bring rains to the, river basin, while the period from July to October is•  the dry 

season, in which the basin area is dried up by the south and south-east winds. 

Six meteorological stations are scattered in the study area. The data observation 

works is carryout by several agencies such as Proyek Bengawan Solo (PBS), Badan 

Meteorogi dan Geofisika (BMG) and Indonesian Air Force. The oldest station is Panasan 

which is in operation since 1972. Most of the stations have period of the record from 

1984 to 2003 with some interruption. 

Hydro-meteorological data used for this study was collected from PBS and 

Irrigation Services, and also taken from previous water resources development project 

reports. 

4.3.1. Temperature 

Mean annual. temperature at the Wonogiri dam is approximately 29.3°C and it 

fluctuates from the minimum mean monthly temperature of 28.3°C in July to the 

maximum mean monthly temperature of 30.4°C on October. Temperature in the dry 
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season (especially from June through August) is relatively low. Mean monthly 

temperature is graphically shown in Figure 4.2(a). 

4.3.2. Relative Humidity 

Annual mean relative humidity is approximately 77.4% in the dam catchment 

(Baturetno). The maximum mean monthly relative humidity is 79.7% in December, while 

the minimum of that is 75.4% in October at Baturetno. Mean monthly relative humidity is 

graphically shown in Figure 4.2.(b). 
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(a) Temperature (b) humidity  
Figure 4.2. Mean Monthly Humidity and Temperature in the Study Area 

4.3.3. Wind Velocity 

Annual mean wind velocity (Figure 4.3.(a)) in the dam catchment (Baturetono) is 

2.31 m/s. Maximum mean monthly wind velocity at Baturetono is 3.47 m/s in October, 

while the minimum is 1.53 m/s in April. 

4.3.4. Evaporation 

Annual mean evaporation rate at the Wonogiri dam is 5.3 mm/day. Evaporation in 

the dry season of July to November is relatively higher" than that in the wet season of 

December to June. Monthly mean daily evaporation rate is graphically shown. in Figure 

4.3 (b). 
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Figure 4.3. Mean Monthly Wind Velocity and Evaporation in the Study Area 

4.4. Hydrology 

4.4.1. Rainfall 

The rainfall data on the study area are available from a number of sources the 

primary one being the- irrigation services and other sources belong to PBS. and BMG 

offices which operate rainfall monitoring stations in the study area. 

Based on availability and reliability of data in and around the Wonogiri dam 

catchment, seven rainfall stations are selected to analyze the rainfall condition of the 

study area. 

The basin average rainfall for each tributary is estimated by arithmetical mean 

method. Table 4.1 shows the estimated mean monthly basin rainfall for five (5) major 

tributaries. The annual rainfalls in the two (2) tributary basins, the Keduang and 

Tirtomoyo River basins, are considerably higher than those in other three (3) major 

tributary basins. 

Table 4.1. Mean Monthly Basin Rainfall 
Tributary Basin Month Annual 

J F M A M J J A S O N D 
Keduang 393 353 326 215 90 62 32 22 30 104 236 287 2150 
Tirtomoyo 394 374 340 229 90 72 32 13 22 72 205 282 2125 
Temon 339 326 289 181 75 57 21 10 14 61 160 274 1807 
Bengawan Solo 340 317 276 170 84 61 22 12 19 58 155 243 1757 
Alang 326 289 256 154 66 61 24 10 18 51 159 237 1651 
Remaining Area 341 315 283 181 85 61 32 15 17 77 167 236 1810 
Whole Catchment 369 336 307 201 89 64 31 16 • 24 82 198 274 1991 

4.4.2. Discharge 
The observation of river water level had been carried out in many places along the 

Bengawan Solo and its tributaries. Two types of gauges i.e., ordinary staff gauge and 

e 
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automatic water level recorder (AWLR) are commonly installed to measure the river 

stage. The staff gauges are normally read three times a day, in the morning, afternoon and 

evening, and the average of these three values is taken as daily water level record. 

Further, in the Wonogiri dam catchment, river water level records were collected from a 

number of agencies, the primary one is the PBS office and the other sources belong to the 

Watershed Management Technology Center of Surakarta (BTPDAS) and Balai 

Pengelolaan Sumber Daya Air (Balai PSDA). 

4.5. Input Data for SWAT Model 

Data used in SWAT model is . shown in , Table -4 2 _ Initially, the watershed was 
delineated into subbasin by using digital elevation. map_ (DE1VI), land use and 'soil.. map 

were overlaid. SWAT simulated different land uses in each sub basin, the SWAT input 

data and procedure shown in Figure 6. 

Table 4.2. Data Source for Wonogiri Watershed 

Data Type Scale Data Description 

Topographic. Map 1 ;_,250000 Elevation 

Soil Map 1 	250000 Soil Classification 
Land Use Map, 1 	250.000 Land Used _Classification 

Precipitation Daily Daily Precipitation 

Weather: 

- Temperature Monthly Maximum and Minimum 

Air Temperature 

4.6. Principal Feature of Wonogiri Multipurpose Dam 

The principal feature, allocation of the storage eapacity and designated water 

levels of the Wonogiri Multipurpose Dam Reservoir is summarized in Table 4.3. and 

shown in Figure 4.4. 
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Table 4.3. Principal Features of WonoEiri Multipurpose Dam and Reservoir 
Dam type Rockfilll Normal Water Level EL. 136.0 m 
Dam height 40 m Design Flood Level EL. 138.3 m 
Crest length 830m Extra Flood Water Level EL. 139.1 m 
Embankment volume 1,223,300 m3  Spillway (Radial gate) 7.5 m x 7.8 m x 4 nos. 
Catchment area 1,260 km2  Crest height EL. 131.0 m 
Reservoir area 90 km2  Flood inflow discharge 4,000 m3/s 
Gross storage capacity 735 x 106 m3  Flood outflow discharge 400 m3/s 
Active storage capacity 615 x 106 m3  Design flood discharge 5,100 m3/s 
Flood control storage capacity 220 x 106 m3 PMF 9,600 m3/s 
Irrigation & hydro power 
storage capacity 

440 x 106 m3  Installed capacity 12.4 MW 

Sediment storage capacity 120 x 106 m3  Design head 20.4 m 
Sediment deposit level EL. 127.0 m Max. discharge 75 m3/s 
Limited water level in 
flood during flood season 

EL. 135.3 m Annual energy output 50,000 MWh 

Source: PBS 

DAM CREST elv. +142.00 

Extra Flood Water Level (elv, +139.10) 
Design Flood WaterLevel (elv. +138.30) 

CREST SPILLWAY eh 

Low Water Level el 

DESIGN H AD 20.4m 

POWER HOUS 

Irrigation & Hydropower 

Figure 4.4. Water Levels of Wonogiri Dam 
Source: PBS 

4.7. Power Generation at the Wonogiri Hydropower Station 

The power house is located just downstream of the Wonogiri Dam. It 

accommodates the generating equipment with an installed capacity of 12.4 MW to 

produce annual energy output of 55,000 MWh. The maximum discharge for power 

generation is 75 m3/s. In the dry season of May-November, around 50-60 million m3  of 

the stored water in reservoir is used for power generation. In terms of a mean monthly 
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discharge, they are around 20-25 m3/sec. Power generation is of no consumptive water 

use. Thus the majority of released water through power generation is then used for 

irrigation water taken at the Colo weir. The lowest reservoir water level for 'power 

generation is currently at El. 127.00. 
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CHAPTER V 
ANALYSIS OF RESULT 

5.1. Assessment of Climate Change Scenario 

Monthly temperature and precipitation records from the recording stations were 

averaged to obtain average annual for each year. Monthly and annual time series were 

analyzed statistically by using Mann Kendall (MK) test. 

The statistics for annual temperature and precipitation are given in Table 5.1, 

which shows that the annual temperature ranges from 20.9 — 33.3°C, with an average 

27.2°C. The annual precipitation in study area ranges from 1191-2670 mm, with an 

average 2054.4 mm during the study period from 1984-2003. 

Table 5.1. Statistical Description of Temperature and Precipitation 

Statistical Descriptive 
Wonogiri Jakarta 

(1984-2003) (1946-1995) 
Temperature Precipitation 

Mean (Monthly) 27.202 171.220 152.590 
Standard Error 0.084 7.252 3.899 
Median 27.169 165.503 153.917 
Standard Deviation 0.373 32.430 27.567 
Sample Variance - 	- 	0.139 1051.697 759.956 
Skewness -0.026 0.023 0.320 
Minimum 20.881 115.823 97.750 
Maximum 33.291 225.938 235.833 

Rainfall data at Wonogiri taken from 5 rain gauge stations and 3 weather stations 

at the study area, while at Jakarta the data that was collected at Jakarta rain gauge station. 

Monitoring precipitation data collected between 1946 and 1995 at Jakarta rain 

gauge station was used to perform the analysis for long period precipitation. The reason 

of selecting Jakarta rain gauge station is because the rain gauge stations in the study area 

did not have enough length of data to predict climate changes. Hence to help in predicting 

climate changes, we selected the closest rain gauge stations that has sufficient data. The 

data collected from Jakarta rain gauge station is monthly data. 

From the data statistical description (Table 5.1.) shows that the precipitation data 

for the study area are relatively similar to the precipitation data from Jakarta rain gauge 
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station. This condition indicates that the data from Jakarta rain gauge station can be used 

for climate change prediction in the study area. 

In this study assessment : of climate change was perform using Mann-Kendall 

statistical tests to determine the trend of climate change. ,The Mann-Kendall test is a non-

parametric test for identifying trends in time series data. The results of statistical analysis 

using the Mann-Kendall method are given in Table 5.2. 

Table 5.2. Result of Mann-Kendall Statistical Test 
Scenario Year Parameter DJF MAM JJA SON 

Temperature Medium 
Term 

1984- 
2003 

Zmk 0.94 0.13 -1.30 0.55 
Q -0.1 +0.4 -0.5 +0.7 

Zmk -0.78 0.93 -0.50 -0.19 
Medium 

Term 
1984- 
2003 Q (mm) -7.82 4.58 -0.63 -3.19 

Q(%) -3 3 1 -3 
Precipitation 

Zmk -0.55 -1.42 -0.39 -0.69 
Long Term 1946- 

1995 Q (min) -31.69 -1.55 -1.93 -9.97 
Q(%) -12 . -1 -3 -9 

Note: Zmk = Statistical value of Mann-Kendall test, Q .= Sen's slope estimator, (-) 
indicate decreasing trend and (+) indicate increasing trend,* DJF = December, January, 
February, MAM = March, April, May,. JJA = June, July, August, SON = September, 
October, November 

From time series statistical test using Mann-Kendall -method (Table 5.2) for 

medium-term scenario using the data from rain gauge station and weather. station at 

Wonogiri cathcment area and for long-term scenario using data from Jakarta rain gauge 

station. For medium-term scenario temperature changing varies between -0.5°C - 0.7°C 

and precipitation varies between -7.82 mm - 4.58 mm or -3% - 3%. Whereas for long-

term scenarios, changes in precipitation between -31.69 mm - -1.55 mm or -12%- -1%, 

while for the temperatures there are not enough data to predict long-term changes. 

Recommendations from the IPCC in 2007 also used in this study to obtain more 

comprehensive analysis about the impact of climate change at the study area base on 

calculation that is done at the study area and base on IPCC 2007 that is represented 

South-East Asia region. Changes in rainfall and temperature as a recommendation from 

IPCC 2007 for South-East Asia region are shown in Table 5.3. Using the values from 

Table 5.2 and Table 5.3 we have prepared climate change projection for use in this study. 

These are shown in Table 5.4. 
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Table 5.3. IPCC Projected Changes in Air Temperature and Precinitation 
Sub 

Region g 
Season 

2010 to 2039 2040 to 2069 2070 to 2099 
Temperature 

oC  
Precipitation 

% 
Temperature 

0C 
Precipitation 

% 
Temperature 

°C 
Precipitation 

South-East DJF 0.86 -1 2.25 2 3.92 6 
Asia (10S- MAM 0.92 0 2.32 3 3.83 12 
20N;IOOE- JJA 0.83 -1 2.13 0 3.61 7 
150E SON 0.85 -2 1.32 -1 3.72 7 
Source : IPCC 2007b 

Table 5.4 Comnarisnn Result of Climate Change Projection 

Scenario Year Seasons 
Calculation IPCC 2007 

Precipitation (%) Temperature 
(OC) 

Precipitation 
(%) 

o Temperature (C) 

I Observed 1984 -2003 

DJF Observed Observed Observed Observed 
MAM Observed Observed Observed Observed 
JJA Observed Observed Observed Observed 
SON Observed Observed Observed Observed 

(I Medium 2024 -2043 

DJF (-3) (-0.1) (-1) - (+2) (+0.86) - (+2.25) 
MAM (+3) (+0.4) 0 - (+3) (+0.92) - (+2.32) 
JJA (+1) (-0.5) (-1) - 0 (+0.83) - (+2.13) 
SON (-3) (+0.7) (-2) - (-I) (+0.85) - (+1.32) 

III Long 2074-2093 

DJF (-12) NO DATA (+6) . (+3.92) 
MAM (-1) NO DATA (+12) (+3.83) 
JJA (-3) NO DATA (+7) (+3.61) 
SON (-9) NO DATA (+7) (+3.72) 

From Table 5.4, it can be seen that calculation results given less deviation than IPCC 

2007 projection. This is because the climate projection from IPCC 2007 are for larger 

area and more complex data, than the calculation. But both these results do not show too 

much difference except on the long-term scenario. The data for long-term temperature 

projection is not available, than for next calculation we use the result from IPCC 2007 as 

a projection for temperature in the long-term scenario. 

5.2. Watershed Modeling using SWAT Program 

There are 7 basic steps in the modeling work using ARCSWAT program : 

1. Watershed Delineation, this process is aimed to develop site boundary modeling 

limits. Boundary modeling based on the concept of geo-hydrology science, 

namely the limit resulting from the formation of a region catchment area / 

watershed. Then the user of this application software must provide data: altitude 

map in grid format (DEM / Digital Elevation Model), 
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2. Parameterization Landuse and Soil Type on ARCSWAT modeling analysis is 

using GIS system base, that is system with one interface between an image map 

and table attributes. Because it was necessary to determine the parameters of 

watershed, land use map, and soil type and its data properties. 

3. Calculating boundary map modeling and parameter values and catchment land use 

or soil type is called Processing HRU (Hydrologic Response Unit) 

4. Input Data Base 

5. Edit data base which has been listed as the properties of land, location modeling 

studies. 

6. Run Simulation. 

7. Calibration and verification process. 

5.2.1. Watershed Deliniation 

5.2.1.1. DEM (Digital Elevation Model) Processing 

The use of DEM is to represent the physical characteristics or relief of the surface 

of the earth. Data base used is a digital contour map with a_ scale, of 1: 25,0100 produced 

by Bakosurtanal (National Coordinating Agency for Surveys and Mapping). DEM is 

used to identify the flow direction that will occur, flow accumulation and the flow length 

from the furthest point of the outlet in a watershed area. 

5.2.1.2. Flow Direction 

Flow direction is a very important parameter for hydrologic modeling. This flow 

direction map derived from DEM modification with eight neighbor deterministic methods 

or commonly abbreviated with the D8 in which each cell of the land surface will identify 

the direction of flow in accordance with 8 (eight) directions are defined by numbers 

according to the numbering convention grid direction of flow as in Figure 5.1. 

5.2.1.3. Flow Accumulation 

Flow accumulation can be derived from the flow direction map. Basically, if each 

cell has defined the direction of flow, accumulated flow from each cell would lead to 

cells that have the lowest elevation, the cells that have the lowest elevation compared to 

the surrounding will form a stream network (drainage network) in the watershed. 

Furthermore the combination of flow direction map with a flow.  accumulation 

map will be give synthetic streams (stream that is obtain from SWAT process) from a 
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watershed, where the result is verified by comparison of synthetic river network from 

SWAT with the river network of the BakosurtanaI map, from this comparison it can be 

seen that the synthetic stream represents the real condition. 

Based on the results of analysis of spatial process (interface with the modeling 

ARCS WAT 2005), for the purpose of modeling accuracy of the analysis of flow direction 

and flow accumulation both land and in the river and ends at the boundary of watershed, 

Wonogiri watershed area is divided into 20 sub-watersheds or 20 stream outlets, shown in 

Figure 5.2. The results of the Wonogiri watershed delineation yielded characteristic 

values of Wonogiri watershed area as shown in. Table 5.5. 

78 72 69 71 58 49 

74 67 56 49 46 50 
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64 58 55 22 31 24 

68 61 47 21 16 19 
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(a) The eight-direction pour-point model 	(b) Grid of terrain elevation 
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(c) The corresponding grid of flow 	(d) The equivalent network showing flow 
direction 	 accumulation 
Figure 5.1: Watershed Terrain Analysis using Grids 
Source: Adapted from Jain (2003) 
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Table 5.5. Subbasin Characteristic 
Sub 

basin Subbasin 
Area kM2) 

Stream 
Length 

(m) 

Stream 
Slope 
(%) 

Stream 
Width 

(m) 
Sub 

basin Subbasin 
Area (km2) 

Stream 
Length 

(m) 

Stream 
Slope 
(%) 

Stream 
Width 
(m) 

1 1253.11059 357.20 0.100 93.193 11 231.2970179 8937.31 0.933 13.439 
2 404.5837104 7368.01 0.100 47.293 12 49.69186358 20331.65 0.907 29.017 
3 368.245167 7490.58 0.100 73.736 13 179.2409599 7505.45 0.100 17.119 
4 848.1766282 295.91 0.100 84.299 14 74.38456054 3092.19 0.808 12.530 
5 509.352547 2648.32 0.100 54.295 15 44.21919138 5613.58 0.100 44.849 
6 509.2649842 7768.54 0.125 11.654 16 370.3466731 3240.14 0.100 28.392 
7 39.18433295 6898.76 0.040 14.274 17 172.8488788 5816.66 0.015 29.030 
8 54.94562889 3622.72 0.100 14.653 18 179.372304 6653.62 0.376 27.634 
9 57.39738603 1760.59 0.100 50.206 19 165.2309191 7541.35 0.305 26.755 
10 446.9640839 10644.05 0.014 33.814 20 156.5622063 10261.47 0.487 44.696 

Source : SWAT Output 
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Figure 5.2: Subbasin Map 
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5.2.2. Data Processing 

The purpose of data processing is to remove errors from the data and arrange 

them in a format that can be read by the program. Data preparation must be done before 

modeling. Here, the data that must be prepared is daily precipitation data for 20 years 

(1984-2003), daily temperature data for 20 years (1984-2003), the position coordinates of 

the stations, the distribution of land use and soil type of study locations. All the data 

must be prepared in database format (.dbf) and the map with the identification and 

attributes of each map. 

5.2.2.1. Precipitation Data Processing 

Precipitation data is needed in the ARCSWAT 2005 program to obtain the value 

of precipitation, evaporation, transpiration, surface flow, lateral flow, and the flow of the 

river. 

Precipitation data that is used in this study is the data from rain gauge stations in 

the area of Wonogiri watershed recorded by BMG (meteorology and geophysical 

bureau). The total of rain gauge station that is used in this study is 5 stations, with a 

period of 20 years (1984-2003). An example of data formats that is used in the SWAT 

program is shown in the Table 5.6 and Figure 5.3 (a).. 

5.2.2.2. Temperature Data Processing 

When measured temperature data are to be used, a table is required to provide the 

locations of the temperature gauges. Temperature data is needed in the ARCSWAT 2005 

program to obtain the value of evapotranspiration in the hydrological cycle modeling. 

Temperature data that is used in. this study is the data from weather station in the area of 

Wonogiri watershed recorded by BMG. The temperature data table is used to store the 

daily maximum and minimum temperatures for a weather station. This table is required 

if the climate station option is chosen for temperature in the weather data dialog box. 

There will be one temperature data table, for every location listed in the climate station 

location table. The amount of weather station that is used in this study is 3 stations, with 

a period of 20 years (1984-2003). The examples of data formats that is used in the 

SWAT program is shown in the Table 5.7 and Figure 5.3 (b). 



Table 5.6. Precipitation Data for SWAT Input 
DATE 

1/1/1984 
PCP 

0.0 
3.0 

22.0 
38.0 
18.0 

0.0 
6,0 
0.0 
6.0 

1/2/1984 
1/3/1984 
1/4/1984 
1/5/1984 
1/6/1984 
1/7/1984 
1/8/1984 
1/9/1984 

(a) Form of Daily 
Precipitation Data (b) Form of Rain Gauge Station 

Table 5.7 Temperature Data for SWAT Input 
DATE MAX MIN 

1/1/1984 25.83 22,23 
1/2/1984 32.23 27.74 
1/3/1984 29.01 24.96 
1/4/1984 33.33 28.6 lID NAME IXPR IYPR IELEVATION 1/5/1984 30.00 25.82 
1/6/1984 29.59 25.46 I 	1 WONOGIRI 490310.560 9135279.480 141.00 
117/1984 30.00 25.82 2 NGANCAR I 503464.031 9115116.491 275.00 
1/9/1984 29.76 25.61 

I 	3 TAWANGMANGU 513552.231 9142453.982 1000.00  119/1984 26.78 23.05 

J, J,  

(b) Form of Daily 
Temperature Data (b) Form of Weather Station 

5.2.3. HRU (Itydrologc Response Unit) Processing 

Hydrologic response units are Iumped land areas within the subbasin that are 

comprised of unique Iand cover, soil, and management combinations (Neitsch, 2005). 

Runoff is predicted separately for each HRU and routed to obtain the total runoff for the 

watershed. This increases accuracy and gives a much better physical description of the 

water balance. Land use, soil, and slope characterization for a watershed is performed 

using commands from the HRU Analysis menu on the ArcSWAT Toolbar. These tools 

allow users to load land use and soil layers into the current project, evaluate slope 

characteristics, and determine the land use/soil/slope class combinations (Figure 5.4 and 

Figure 5.5) and distributions for the delineated watershed and each respective 

subwatershed. 

ID NAME XPR YPR ELEVATION 
1 NAWANGAN 489064.58 9110448.80 230.00 
2 WONOGIRIDAM 490310.56 9135279.48 141.00 
3 TAWANGMANGU 513628.26 9153079.25 1000.00 
4 NGANCAR 503464.03 9115116.49 275.00 
5 WONOGIRI 491762.30 9136615.02 136.00 
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5.2.3.1. Land Use and Soil Definition 

Identification of land use and soil type is to know the characteristics of land in 

each sub-watershed that has been formed as shown in Figure 5.4 . This menu will be 

automatically active if all processes of watershed delineation are completed. The format 

input data and result of this step is shown in Figure 5.6. 

5.2.4. SWAT. Simulation 

There are 2 processes that must be =done in watershed modeling using-  SWAT: program, 

namely: 

a Initial flow simulation and calibration, in this step we run the program to obtain 

the surface runoff using the default parameters that was available on the SWAT 

program. After we get the discharge of surface runoff, then we compare it with 

the observed data from the same discharge station, that comparison were used to 

adjust parameter in the calibration process until we get the same result between 

observed data and SWAT modeling result. 

b Post Calibration. Flow Simulation, in this process we run same data using adjusted 

parameters that is carried out on the previous step to obtain the result better of 

SWAT. 

5.2.4.1. Initial Flow Simulation 

After data the input processing was completed, the next step is the process of 

running SWAT to study the response of the original parameters of the program on 

watershed modeling. This process used data from the years 1984-2003, while the 

observed discharge data are available from 1994-2003. The program was run conducted 

in the year in, which the available observational data, so the results from the SWAT 

program can be compared with observational data. The observed discharge data of 

Subbasin 3 (Keduang subbasin) is shown in Table 5.8. The results of modeling using the 

default values of parameters, to produce a discharge, inflow modeling for subbasin 3 for 

calibration year (1994-1999) is shown in Table 5.9. 
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Table 5.8. Measured Discharge (m3/sec l for Keduant? Subbasin 
Montli/Year 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 
January 46.6 30.0 56.5 58.5 8.3 86.0 31.7 70.5 64.2 53.6 
February 43.5 100.0 60.7 78.2 51.4 68.3 53.1 53.9 101.4 73.6 
March 100.0 52.5 28.0 17.4 46.8 53.0 71.2 43.5 72.6 36.6 
April 24.0 11.8 18.0 30.5 37.5 22.7 98.8 31.7 80.9 4.1 
May 2.3 12.7 1.6 7.4 10.5 17.4 19.2 9.5 12.5 3.1 
June 0.0 23.6 1.5 0.2 24.6 1.7 0.6 6.9 3.4 5.7 
July 0.0 5.4 1.1 0.0 10.1 0.3 0.0 10.4 0.1 0.1 
August 0.0 0.2 4.5 0.0 0.1 6.0 0.0 0.2 0.0 0.0 
September 0.0 2.0 0.6 0.0 	. 13.6 0.1 0.0 4.7 0.0 0.0 
October 0.0 16.5 21.5 0.0 17.7 15.1 34.6 42.2 0.0 5.9 
November 5.7 67.6 15.1 4.8 37.8 83.9 55.1 48.2 14.8 20.4 
December 3.4 85.0 33.2 9.0 46.2 93.8 18.2 10.8 35.2 25.8 

Source: PBS 

Table 5.9. SWAT Output Discharge (m3/sec) for Calibration Year (1994-
1999) at Subbasin 3 

Month/Year 1994 1995 1996 1997 1998 1999 
January 23.8 34.6  40.1 _ 	40.5 29.6 55.4 
February 31.9 70.9 48.7 52.8 36.2 49.4' 
March 57.2 39.1 24.8 17.6 35.2- 40.1 
April 24.0 14.5 16.5 21.5 28.9 21.3 
May 8.9 11.0 5.0 8.6 12.9 16.0- 
June 3.9 13.1 2.2 3.2. 17.3 4.0 
July 1.1 4.9 0.6 0.9 8.7 1.1 
August 0.2 1.2 1.2 0.2 2.6 2.4 
September 0.1 1.4 0.1 0.1 6.4 0.1 
October 0.0 8.1 8.4 0.2 9.4 5.8 
November 1.5 41.2 34.8 2.3 22.6 52.8 
December 10.4 29.7 24.6 23.5 29.7 59.9 

5.2.4.2. SWAT Calibration & Validation 

Calibration and validation is the process undertaken to obtain the parameter 

values in accordance with actual conditions, by comparing the modeling results with 

observed data. The observed discharge data pertain to 1994-2003 period, and it was 

divided in 2 parts for calibration and validation purposes. For calibration process, data 

from the years 1994 through 1999 (6 years) was used, whereas the .data- used for the 

validation process is 4 years data (2000-2003). Table 5.10 and Figure 5.6 shows'the time 

series of observed and simulated monthly stream flow during the period of -1994-1999. 
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Figure 5.6. Comparison of Observed and Modeling Discharge for Calibration Year 

From Figure 5.6 we can see that the SWAT result is less than the observed data. There is 

some factor that affecting the model is not close to the reality because of data related 

aspect, such as: 

• The measurement stations (hydrological or meteorogical) are not representative 

• Localized storm 

• Malfunctioning gauges (hydrological or meteorogical) 

• Too little data (monitoring period too short) 

• Low accuracy of land use or soil data prediction 

• Adjustment of the wrong parameters 

In this study, besides the graphical plots and tabular results, three standard 

statistical techniques, Nash-Sutcliffe coefficient (E), coefficient of determination (R2), 

and relative error (RE%) are used to test the model performance and the results are given 

in Table 5.11. The discharges (observed and computed) before the calibration are 

presented in Figure 5.7. 



Table 5.10. Comparison of Observed and Modeling Discharge for Calibration Year 
Year Month Observed SWAT Year Month Observed SWAT 
1994 Jan 46.58 23.75 1997 Jan 58.50 40.47 

Feb 43.50 31.86 Feb 78.24 52.82 
Mar 100.00 57.24 Mar 17.40 17.65 
Apr 24.00 23.99 Apr 30.50 21.51 
May 2.30 8.88 May 7.43 8.57 
Jun 0.00 3,87 Jun 0.17 3.22 
Jul 0.00 1.12 Jul 0.00 0.90 
Aug 0.00 0.23 Aug 0.00 0.25 
Sep 0.00 0.07 Sep 0.03 0.08 
Oct 0.00 0.05 Oct 0.02 0.20 
Nov 5.70 1.48 Nov 4.82 2.33 
Dec 3.45 10.42 Dec 9.01 23.51 

1995 Jan 29.95 34.58 1998 Jan 8.27 29.55 
Feb 100.00 70.91 Feb 51.40 36.23 
Mar 52.50 39.14 Mar 46.77 35.20 
Apr 11.79 14.50 Apr 37.53 28.89 
May 12.67 10.99 May 10.47 12.94 
Jun 23.58 13.14 Jun 24.58 17.30 
Jul 5.37 4.94 Jul 10.10 8.72 
Aug 0.19 1.20 Aug 0.1.1 2.63 
Sep 2.00 1.37 Sep 13.59 6.41 
Oct 16.49 8.06 Oct 17.67 9.36 
Nov 67.58 41.22 Nov 37.77 22.58 
Dec 85.00 29.65 Dec 46.15 29.69 

1996 Jan 56.50 40.14 1999 Jan 85.96 55.36 
Feb 60.73 48.73 Feb 68.33 49.35 
Mar 28.00 24.76 Mar 52.98 40.12 
Apr 18.00 16.53 Apr 22.66 21.27 
May 1.60 4.99 May 17.41 16.01 
Jun 1.50 2.15 Jun 1.72 3.99 
Jul 1.05 0.56 Jul 0.31 1.09 

Aug 4.50 1.18 Aug 6.04 2.40 
Sep 0.60 0.14 Sep 0.06 0.09 
Oct 21.50 8.42 Oct 15.07 5.83 
Nov 15.13 34.77 Nov 83.91 52.83. 
Dec 33.24 24.65 Dec 93.79 59.95 

Table 5.11. Statistical Calculation of model performance 

Statistical Value Parameter 

E -0.34938 
RE% 25.89189 

R2  0.8489' 
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Figure 5.7. RL  of Observed and Modeling Discharge before Calibration Process 

From statistical calculation (Table 5.11) shows that Relative Error (RE%) is more than 

10%, this value indicate that the model does not represent the actual condition of stream 

flow. For this problem, we need some adjustment of SWAT parameters as follows: 

• Carefully review precipitation and flow data for the particular duration, this step is 

aimed to make sure that data input was correct, because in some case wrong input 

may be given to the program because of human error on inputting data. 

• Curve number for different land uses was increased by 10% (CN2 in .mgt file). 

Because of the SWAT output showing lower result than observed, than by 

increasing curve number expected the stream runoff will be increase 

• Decreasing soil available water (SOL_AWC in.sol), deep percolation loss (adjust 

threshold depth of water shallow aquifer required for base flow to occur) 

(GWQMN in.gw), and groundwater revap coefficient (GW REVAP in.gw), by 

decreasing ground water parameter so that the surface water is expected to be 

increase. 

68 



Repeat the adjustment until values are acceptable. It may take several iterations to get the 

surface runoff and baseflow corrected. The complete parameters that can be adjusted in 

SWAT program are shown in Table 5.12. Table 5.13 shows the parameter changes made 

in this study, and the results of the calibration process is shown in Table 5.14 and Figure 

5.8. 

Table 5.12. Range of Parameters on SWAT Program 

CODE 
RANGE 

l 	 DEFINITION 
MIN MAX 

Ground Water Data (.GW) 
SHALLST 0 1000 Initial depth of water in the shallow aquifer. 
DEEPST 0 3000 Initial depth of water in the deep aquifer.  
OW _DELAY 0 500 Groundwater delay. 
ALPHA_BF 0 1 Baseflow alpha factor. 

GWQMN 0 5000 Threshold depth of water in the shallow aquifer required for return flow 
to occur. 

GW REVAP 0.02 0.2 Groundwater "revap" coefficient. 
REVAPMN 0 500 Threshold depth of water in the shallow aquifer for "revap" to occur. 
RCl-IRG_DP 0 1 Deep aquifer percolation fraction. 

Management Input Data (.MGT) 	- 
CN2 	 35 	98 	SCS runoff curve number factor 

Hydrologic Res p onse Units Data (.HRU)  
LAT TTIME 0 180 Lateral flow travel tine. 
SLSOIL 0 150 Slope length for lateral subsurface flow. 
ESCO 0 1 Soil evaporation compensation factor. 

Main Channel input Data(.RTE)  
CH N2 -0.01 0.3 	I  Manning's "n" value for the main channel. 
Source: SWAT Database 

Table 5.13. Adjusted Parameters 
Scenario Changing Parameter Initial Value Recommendation Subbasin 

Simulation 	1 Default Value Default Value Default Value ALL 
Simulation 	2 Adjustment CN2 Variate Variate ALL 
Simulation 	3 ALPHA BF = 1 0.048 1 ALL 
Simulation 	4 GW DELAY = 0- 31 0 ALL 
Simulation 	5 GW REVAP = 0 0.02 0 ALL 
Simulation 	6 GWQMN = 1000 0 1000 ALL 
Simulation 	7 RCRGH DP = 0 0.05 0 ALL 
Simulation 	8 REVAPMN = 0 1 0 ALL 
Simulation 	9 CH_N2 = 0.3 0.014 0.3 ALL 
Simulation 	10 LAT_TIME =180 0 180 ALL 
Simulation 	11 SLSOIL = 150 0 150 ALL 
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Stream Discharge Observed and Simulation after Calibration 
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Figure 5.8: Stream Discharge of Observed and Simulation after Calibration Process 

Table 5.13 shows that many ground water parameters was adjusted, this 

adjustment aimed to decrease the amount of water that infiltrated into the soil and 

become sub surface water so that the runoff will increase. Data in Figure 5.8 represents 

the monthly modeled discharge compared with the observed data. The model predictions 

generally followed the pattern of measured monthly outflows with some over predictions 

in some years and under prediction in the other years. We can not get 100% similar 

result between model and observation that is because some assumption and adjustment 

about land and soil characteristic that we make in modeling can not be same with the 

reality conditions. 

In the validation process parameters used that have been calibrated in the previous 

process for use in the period 2000-2003, the results of validation process is shown in 

Table 5.15 and Figure 5.9. This validation process aimed to make sure that parameter 

that was adjusted in the calibration process can be applied for another data in the same 

area. 
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Table 5.14.: Comparison Observed and Modeling Discharge after Calibration 
Year Month Observed SWAT Year Month Observed SWAT 
1994 Jan 46.58 45.77 1997 Jan 58.50 59.68 

Feb 43.50 49.26 Feb 78.24 79.46 
Mar 100.00 84.98 Mar I7.40 16.91 
Apr 24.00 23.89 Apr 30.50 30.66 
May 2.30 2.22 May 7.43 7.40 
Jun 0.00 0.07 Jun 0.17 0.17 
Jul 0.00 0.05 Jul 0.00 0.10 

Aug 0.00 0.03 Aug 0.00 0.04 
Sep 0.00 0.03 Sep 0.03 0.03 
Oct 0.00 0.07 Oct 0.02 0.65 
Nov 5.70 5.60 Nov 4.82 6.73 
Dec 3.45 20.50 Dec 9.01 43.75 

1995 Jan 29.95 57.47 1998 Jan 8.27 48.32 
Feb 100.00 106.30 Feb 51.40 54.53 
Mar 52.50 51.35 Mar 46.77 50.04 
Apr 11.79 11.79 Apr 37.53 37.53 
May 12.67 12.67 May 10.47 10.47 
Jun 23.58 23.58 Jun 24.58 24.58 
Jul 5.37 5.23 Jul 10.10 10.10 

Aug 0.19 0.19 Aug 0.11 0.11 
Sep 2.00 2.55 Sep 13.59 13.59 
Oct 16.49 16.49 Oct 17.67 17.67 
Nov 67.58 67.58 Nov 37.77 37.77 
Dec 85.00 39.86 Dec 46.15 46.15 

1996 Jan 56.50 56.75 1999 Jan 85.96 85.96 
Feb 60.73 66.06 Feb 68.33 68.86 
Mar 28.00 27.21 Mar 52.98 52.29 
Apr 18.00 18.38 Apr 22.66 22.66 
May 1.60 1.53 May 17.41 17.41 
Jun 1.50 1.43 Jun 1.72 1.72 
Jul 1.05 1.03 Jul 0.31 0.31 

Aug 4.50 4.73 Aug 6.04 6.04 
Sep 0.60 0.58 Sep 0.06 0.06 
Oct 21.50 21.89 Oct 1-5.07 15.38 
Nov 15.13 56.29 Nov 83.91 89.11 
Dec 33.24 32.44 Dec 93.79 92.25 
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Stream Discharge Observed and Simulation for Validation Year 
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Figure 5.9: Stream Discharge Observed and Simulation for Validation Year 

Table 5.15.: Comparison of Observed and Modeling Discharge for Validation 
Year Month Observed SWAT Year Month Observed SWAT 
2000 Jan 31.7 33.05 2002 Jan 64.2 55.5 

Feb 53.1 53.15 Feb 101.4 46.75 
Mar 71.2 60.35 Mar 72.6 41.58 
Apr 98.8 95.74 Apr, 80.9 72.93 
May 19.2 18.68 May 12.5 2.88 
Jun 0.6 0.1352 Jun' 3.4 0.3103 
Jul 0.0 0.06055 Jul 0.1 0.07375 

Aug 0.0 7.988 Aug 0.0 0.05739 
Sep 0.0 0.4951 Sep 0.0 0.0406 
Oct 34.6 35.45 Oct 0.0 0.1365 
Nov 55.1 54.73 Nov 14.8 16.76 
Dec 18.2 22.75 Dec 35.2 39.45 

2001 Jan 70.5 74.01 2003 Jan 53.6 53.35 
Feb 53.9 53.22 Feb 73.6 78.64 
Mar 43.5 42.06 Mar 36.6 34.05 
Apr 31.7 36.78 Apr 4.1 4.072 
May 9.5 9.739 May 3.1 3.378 
Jun 6.9 4.949 Jun 5.7 5.022 
Jul 10.4 10.35 Jul 0.1 0.05716 

Aug 0.2 0.05468 Aug 0.0 0.04254 
Sep 4.7 4.572 Sep 0.0 0.03569 
Oct 42.2 43.58 Oct 5.9 4.735 
Nov 48.2 44.21 Nov 20.4 22.8 
Dec 10.8 24.41 Dec 25.8 29.04 

The model almost accurately predicted the outflows including the zero flows in 

the validation year of 2000-2003. This was also supported by the data from statistical 
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calculation, after correction in the SWAT model, we get better result that shows by 

relative error (RE%) that decreasing until less than 10% (Table 5.16), it is indicate that is 

not much different between model result and observed data. For the calibration and 

validation period simulated discharges corresponding to observed one are presented in 

Figure 5.10. 

Calibration Year (19941999) Validation Year (2000-2003) 

120 120 

• 
100 100  

R? = 0.8701 

!:?:% 208917. 

20 	40 	60 	 80 	100 	120 20 	40 	60 	80 	100 	120 0 0 

Observed Discharge (m3lsec) Observed Discharge (m3/sec) 

(a) Calibration Year (1994-1999) (b) Validation Year (2000-2003) 

Figure 5.10. R for Observed and Modeling Discharge 

Table 5.16. Statistical Calculation of Model Performance after Correction 
SCENARIO E RE% R2  

CALIBRATION YEAR (1994-1999) 0.924001 -7.12073958 0.8701 

VALIDATION YEAR (2000-2003) 0.9390709 6.539382001 0.8917 

We can see the change of coefficient of determination (R2) every year during 

calibration period (1994-1999) as shown in Figure 5.11 and 5.12. Those figure shows 

that R2  before and after calibration in some year was low (< 0.85). It is because in 

watershed modeling it was used same land use map because of the data for land use is not 

available in yearly. Susilowati (2006) was recommended that during 1992-1996 the land 

use at Bengawan Solo catchment was changing 1.81% averagely (Table 5.17). But 
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generally the watershed modeling is close to the actual condition with R2 0.87 and 0.89 

respectively for calibration and validation year (Table 5.16). 
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Figure 5.11. Yearly R Before Calibration (1994-1999) 
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After Calibration (1994) After Calibration (1995) 
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Table 5.17. Land TJse Change at Renvawan Solo Catchment 

Land Use % Change ChangeArea 

Road 0.59 0.50 
Industrial 4.54 3.08 

Commercial 0.80 0.65 
Residential 10.71 1.58 

Public Service 5.26 4.53 
Open Area 5.18 6.55 

Source : Susilowati, 2006 

5.3. Climate Change Scenario 

Calculation of assessment of climate change (Table 5.4) shows that precipitation 

is likely to change by -3% to 3% for medium-term scenario and change by -12% to 12% 

for long-term scenario, while temperature was change by -5°C to 2.32°C for medium-

term scenario and was change by 3.61°C to 3.92°C for long-term scenario. This study is 

trying to compare both IPCC 2007 and calculation to get more comprehensive result in 

predicting impact of climate change on hydropower generation. Using parameters that 

have been calibrated on previous step, the stream discharge is calculated by SWAT 

program with changing on precipitation and temperature data following the climate 

scenario (Table 5.18). 

From Table 5.18 shows that minimal change indicate reducing in precipitation, 

but in temperature decreasing only shows in the medium-term scenario, while in the long-

term scenario calculation of trend analysis can not be done, because of the data is not 

available for temperature, than this study using IPCC 2007 recommendation, that is why 

there is no variation in the temperature data for long-term scenario.. The statistical 

description of simulation result base on climate scenario is shown in Table 5.19. 

Table 5.19 shows that the medium-term scenario does not. show significant effect 

of climate change, discharge changes only by range 0.02-0.20 m3/sec. The average 

discharge of scenario II of medium-term is higher than average discharge of scenario I. It 

is because in scenario I the evapotranspiration is higer than in scenario II. However, in 

the long-term scenario shows significant effect of climate change by increasing average 

discharge by 7.8 m3/sec in the scenario I and by decreasing 5.02 m3/sec in the scenario II. 



Table 5.18. Climate Scenario used for Simulation 

Scenario Year Seasons 
Change 

Precipitation 
(%) 

Temperature 
(°c) 

I Observed 1984-2003 

DJF Observed Observed 
MAM Observed Observed 
JJA Observed Observed 

SON Observed Observed 

II Medium-Term 
(Scenario II) 2024 -2043 

DJF -3 -0.1 
MAM 0 0.4 
JJA -1 -0.5 
SON -3 0.7 

I11  Medium-Terns 
(Scenario I) 2024 - 2043 

DJF 2 2.25 
MAM 3 2.32 

JJA 0 2.13 
SON -1 1.32 

IV Long-Term 
(Scenario 1I) 2074-2093   

DJF -12 3.92 
MAM -1 3.83 

 JJA -3 3.61 
SON -9 3.72 

V  Long-Term 
(Scenario I) 2074 - 2093 

DJF 8 3.92 
MAM 12 3.83 

JJA 9 - 	3.61 
SON 9 3.72 

'Table 5.19. Statistical Description of Simulation Result Based on CIimate Scenario 
Scenario 

Parameter 

Observed Year Medium Term 2024-2043 Long Term 2074-2093 

1984-2003 Scenario I Scenario II Scenario I Scenario II 
Discharge 

(m'/sec) 
Precip.  
(mm) 

Discharge  

(m' /sec) 
Precip.  
(mm) 

Discharge  
(m'/sec) 

Precip.  
(mm) 

Discharge  

(m3/sec) 
Precip.  
(mm) 

Discharge  

(m3/sec) 
Precip. 
(mm) 

Mean 53.36 5.63 53.38 5.72 53.56 5.51 61.16 6.15 48.34 5.18 
Standart Deviation 55.31 13.53 55.73 13.77 55.05 13.25 61.18 14.79 48.75 12.46 
Max. 267.02 232.00 267.69 236.64 264.56 225.04 288.30 250.56 230.48 204.16 
Min. 0.03 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 
Mean Dry Month 18.25 2.39 17.99 2.43 18.63 2.37 22.26 2.42 17.80 2.11 
Mean Wet Month 102.52 10.20 102.94 10.38 102.46 9.96 115.62 4.84 91.10 4.03 
>100 51 49.00 51 55.00 51 46.00 62 92.00 43 33.00 
<10 74 30357.0 76 30417.0 72 30582.0 67 30205.0 73 30819.0 

Mean Temperature ("C) 25.16 27.17 25.29 28.93 28.93 
Mean Potential 
Evaporation (mm) 177.73 189.14 178.33 199.20 199.27 
Mean livapotranspirauon 
(mm) 51.333 53.572 48.148 50.607 50.124 
Scenario 
Precipitation 	'%, 
DJF Observed +2 -3 +8 -12 
MAM Observed +3 0 +12 j 	-1 
JJA Observed 0 -1 +9 -3 
SON Observed -1 -3 +9 -9 

Temperature (°C) 
DJF Observed +2.25 -0,1 +3.92 +3.92 
MAM Observed +2.32 +0.4 +3.83 +3.83 
JJA Observed +2.13 -0.5 +3.61 +3.61 
SON Observed +1.32 +0.7 +3.72 +3.72 
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5.4. Simulation of Reservoir Operation for Hydropower Generation 

This study aimed to determine the energy that can be generated and the reliability 

of hydropower corresponding to different scenario of climate change. For this purpose, 

two steps were followed. The first step is determining the firm power that can be 

generated by the hydropower plant. Second is simulating the reservoir operation with 

given firm power to determine the amount of energy that can be generated and the 

associated reliability. The data that was needed for this simulation are: 

I. Inflow discharge to the reservoir 

2. Monthly depth of evaporation 

3. Minimum and maximum reservoir capacity, initial reservoir storage 

4. Power plant capacity and efficiency 

5. Elevation — Area — Capacity Table of reservoir 

The steps to determine firm power are as shown in Figure 5.13. After knowing 

the firm energy that can be generated by hydropower plant, the next step is simulation of 

reservoir operation to determine reliability of the energy that can, be generated (Figure 

5.14). The result of reservoir simulation to determine possible firm energy that can be 

generated, is shown in Table 5.20 and the result of hydropower simulation to determine 

the energy reliability is shown in Table 5.21. 

Table 5.20 shows that the possible firm energy that can be generated by Wonogiri 

hydropower plant is almost the same under different scenarios of climate change, except 

for long-term scenario I that shows significant increase in possible firm energy and 

corresponding firm power. We can see that the firm energy and corresponding firm 

power in long-term period scenario II is higher than in observed period even the other 

factors is likely to decrease, for analyze those phenomena we can see the critical period 

that affecting the firm power at both periods as shown in Table 5.21. The corresponding 

firm  power shows the minimum capacity that needed by power plant to generate the 

energy. From Table 5.20 we can see that hydropower generation will be affected by 

climate change through reservoir inflow. 



Table 5.20. Possible Firm Energy and Corresponding Firm Power of Wonogiri 
Hydropower Plant 

Possible  
Annual Reservoir 90% 

Firm Corresponding 

Scenario 
Inflow Dependable Energy gy Firm Power 

Flow 
Maximum 

Standard (m3/sec) MW-hr MW 
Deviation 

1984-2003 267.02 55.31 0.185904 2314.58 3.21 

2024-2043 I 	Scenario 1 267.69 55.73 0.08224 2321.40 3.22 

Scenario II 264.56 55.05 0.115504 2306.87 3.2 

2074 -2093 Scenario 1 288.30 61.18 0.163185 2431.04 3.38 

Scenario 11 230.48 48.75 0.113033 2334.18 3.24 

Table 5.21 (a) Reservoir Simulation: Critical Period for Observed Series 
(1984-2003) 

Scenario Year Months 
Initial 

Storage Inflow Outflow 
Reservoir 
Volume 

Reservoir 
Level 

Effective 
Head 

Spill  Generated 
Energy 

MCM MCM MCM MCM m m MCM MWh 

1994 5 433.00 15.22 50.28 397.94 135.405 19.875 0.00 2314.582 

1994 6 397.94 0.53 52.01 346.46 134.609 19.213 0.00 2314.582 

1994 7 346.46 0.29 54.39 292.35 133.709 18.372 0.00 2314.582 

1984 -2003 1994 8 292.35 0.19 57.55 235.00 132.575 17.364 0.00 2314.582 

1994 9 235.00 0.18 62.16 173.02. 131.115 16.076 0.00 2314.582 

1994 10 173.02 0.31:  69.98 103.35. 128.948 14.279 0.00 2314.582 

1994 II 103.35 36.22 81.57 58.00 127.000 12.250 0.00 2314.582 

Total 52.94 427.94 

Table 5.21 (b) Reservoir Simulation: Critical Period for Long-Term Period 
(2074-2093) Scenario II 

Scenario Year Months 
Initial 

Storage 
Inflow Outflow 

Reservoir 
Volume 

Reservoir 
Level 

Effective 
Head 

Spill  Generated 
Energy 

MCM MCM MCM MCM m m MCM MWh 

2084 5 433.00 17.99 50.64 400.35 135.447 19.899 0.00 2334.178 

2084 6 400.35 0.00 52.36 347.99 134.635 19.247 0.00 2334.178 

2074 -2093 2084 7 347.99 0.00 54.79 293.20 133.727 18.394 0.00 2334.178 

SCENARIO 2084 8 293.20 0.00 58 235.20 132.578 17.374 0.00 2334.178 
II 2084 9 235.20 0.00 62.72 172.48 131.094 16.068 0.00 2334.178 

2084 10 172.48 0.30 70.76 102.02 128.892 14.241 0.00 2334.178 

2084 11 102.02 38.43 82.45 58.00 127.000 12.222 0.00 2334.178 

'Total 56.72 431.72 

The critical period that means by this simulation is the condition when the 

reservoir capacity starts from maximum reservoir capacity than decrease to the minimum 

reservoir capacity in short period due to small water inflow to the reservoir. In both case, 
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reservoir was full in the month of May and attained the dead storage level in the month of 

November. Table 5.21 (a) shows the sum of inflow and outflow were 52.94 MCM and 

427.94 MCM respectively for observed period, while Table 5.21 (b) shows the sum of 

inflow and outflow of long-term period scenario II were 56.72 MCM and 431.72 MCM 

respectively. From both table (Table 5.21 (a) and Table 5.21 (b)) we can see that 

reservoir inflow and outflow in long-term period scenario 11 is higher than in observed 

period, which was causes the energy that can be generated in long-term period scenario II 

is higher than in observed period. 

Monthly Energy Generated and Reliability 

0.950 

0.850 

0.750 

r9 0.650 

0.550 

• 1984-2003 

a 2024-2043(l) 

—i 2074-2093(l) 

2024-2043(11) 

--- 2074-2093(11) 
 -- -- - - Reliability 0.90 

0.450 	 1 	 1 

2300 2800 3300 3800 4300 4800 5300 5800 6300 

Energy Generated (MWh) 

Figure 5.15. Monthly Energy Generated and Reliability 

Figure 5.15 shows that for medium-term scenario, the deviation of reliability of monthly 

energy generated is less from the observed flow scenario than in long-term scenario even 

from scenario I or scenario II. Note that for reliability values above 0.90 is likely same in 

almost all scenarios, except in long-term scenario I that shows little higher reliability than 

the other scenarios. The deviation among the curve increase when the energy generation 

is more than 4800 MWh (the reliability is less than 0.688). This deviation shows 

variation of inflow discharge corresponding to climate change. Small deviation means 

the climate change does not give much impact on variation of discharge that have been 

generated, so the energy that can be generated using the inflow discharge corresponding 

with climate change relatively same with observed period. We may highlight that the 

possibility of operating the power plant at such low reliability is rather small. This 
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indicates that the variation of reservoir inflow in medium-term scenario is not too much,. 

compared to the variation of reservoir inflow in long-term scenario and for high 

reliability the changing of climate did not give more impact on hydropower generation 

than in low reliability. 

From the result of climate change calculation and the recommendation of 

IPCC 2007 as shown in Table 5.4 and Table 5.18, shows that in the study area climate 

change in the medium-term scenario (40 years) will have small change in precipitation 

(±3%) and temperature (-0.5°C to +2.32°C). For this scenario of climate change, the firm 

energy that can be generated by hydropower plant at the study area is likely to change by 

0.3% to -0.33% respectively for scenario I and scenario 1I. For long-term scenario, there 

will be significant change in precipitation and temperature by -12% to +12% and +3.61°C 

to +3.92°C (Table 5.4 and Table 5.18) respectively and the firm energy is likely to change 

by 5.03% to 0.85% respectively for scenario I and scenario II. 
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Calculate Effective Head (He) 
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Figure 5.13. Reservoir Simulation Flow Chart for Determining Firm Energy 
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Figure 5.14. Reservoir Simulation Flow Chart for Determining Energy Reliability 
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CHAPTER VI 
CONCLUSIONS 

6.1. 	Conclusions 

This work has analyzed the impact of climate change on the hydrologic response 

of Wonogiri watershed as well as on hydropower generation. The following conclusions 

can be drawn from the study: 

• The change in precipitation at the study area is likely to range between +3% in the 

medium-term scenario (40 years from observed period approximately corresponding 

to 2024-2043) and +12% in the long-term scenario (90 years from observed period 

approximately corresponding to 2074-2093) (Table 5.4 and Table 5.18). Further, the 

change in temperature in the study area is likely to range between -0.5°C to +2.32°C 

and +3.61°C to +3.92°C respectively for medium and long term scenario (Table 5.4 

and Table 5.18). 

• The result of modeling of Wonogiri catchment using SWAT model shows that the 

statistical properties of inflows to the Wonogiri reservoir are likely to change as 

shown at Table 6.1. Table 6.1 shows that in the medium-term period, the discharge is 

not likely to change much. However, in the long-term period, the change is likely to 

be appreciable. 

Table 6.1. Result of Modeling of Wonoairi Catchment 

Scenario 
Mean 

Precipitation 
(mm)  

Annual Reservoir Inflow 

Mean 
(m3/sec) 

Standard 
Deviation 

% Change 
Over 

Baseline 

Correlation 
Lag -1 

1984-2003 Observed 5.63 53.36 55.31 - -0.08103 
2024 - 2043 Scenario I 5.72 53.38 55.73 0.04 -0.06701 

Scenario II 5.51 53.56 55.05 0.37 -0.09197 
2074-2093 Scenario! 6.15 61.16 61.18 14.62 -0.07305 

Scenario II 5.18 48.34 48.75 -9;41 -0.07089 

• In the medium-term scenario, the firm energy that can be generated.  by Wonogiri 

hydropower plant is likely to change by 0.3% to -0.33% respectively for scenario I 

and scenario II. While it may change by 5.03% to 0.85% for long-term scenario I and 

scenario II respectively. 



• Hydropower generation at 0.90 reliability is shown in Table 6.2: 

Table 6.2 Iivdronower Generation at 0.90 Reliability 

Scenario 
Hydropower Generation 

MWh  % Change Over 
Baseline 

1984-2003 Observed 3325.30 - 	r 
2024 -2043 Scenario I 3319.22 -0.183 

Scenario II 3344.32 0.572 
2074-2093 Scenario I 3800.00 14.275 

Scenario II 3400-00 2.246 

• Energy generated with reliability above 0.90 is nearly the same in almost all 

scenarios, except in long-term scenario I that shows higher generation than the other 

scenarios. Than the deviation from the baseline increase when the energy generation 

is more than 4800 MWh or the reliability less than 0.688 (Figure 5.15). 

Based on the above, we can state that climate change impact need not always give 

negative impact. In some area climate change may provide a negative impact like 

decreasing in stream flow, drought, flood, and many other else, but we do not see that in 

this study area. Mostly, the impact of climate change on the stream flow and hydropower 

generation at the study area are likely to increase, except for long-term scenario II that 

shows decreasing in the stream flow by -9.41% (Table 6.1). 

6.2. Suggestions for Future Research 

• Climate change in the study area may be predicted using down-scaling technique. 

• Watershed modeling (using SWAT or any suitable model) with consideration of 

change in land use and land cover, beside climate is necessary to get a better 

estimate of likely inflows and hydropower generation. 

• Long series of data will be necessary to get better calibration and validation of the 

hydrologic models and predict the climate change impact. 
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