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ABSTRACT 

The thesis examines this question: What are the relative effects of changes in land 

use and climate on the quantity and variability of river flows in Indonesia in 

relation to land use and water use planning and management for sustainable 

development? The contribution of this thesis is to provide a method and tool for 

shedding light on this important research question. 

A new integrated model system INDOCLIM has been developed for policymakers 

and planners as a tool for examining the possible impacts of changes in land use 

patterns and climate on the river flows, as part of an effort to support 

environmentally sustainable development in a country such as Indonesia. This is a 

trial model that consists of three components (land use, climate and hydrology). 

The land use component is used to generate land use change patterns based on 

four policy-related scenarios: business-as-usual; ecological concern; pro­

industrialisation; and pro-agriculture. These scenarios were constructed in a time­

series between 2000 and 2100, with 1990 as the baseline. The land use change 

pattern is created by using a GIS, based on the cellular automata principal. The 

climate component is used to generate time dependent climate scenarios, based on 

the global temperature change under IPCC SRES GHG emission scenarios and 

downscaled GCM patterns. The land use patterns are translated into a set of 

hydrological parameters and, together with the climate variables, are used for 

calculating the monthly discharge on a cell-by-cell basis. The runoff is totalled 

from all cells in the basin area. The model is: very specific in purpose; user 

oriented; designed for sensitivity analysis to answer 'what if' questions; designed 

for a catchment scale; and transportable. 

The model has been implemented in the Upper Citarum river system, Bandung 

basin, Indonesia for a preliminary assessment. The results from the model show 

that: both land use change and climate change have impacts on the annual yield, 
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monthly discharge, and changes in seasonal variations of river flows; climate 

change has a greater possible impact on the change of the annual yield, and on 

monthly discharge variations, than the land use change; the superimposed effects 

of land use change and climate change can exacerbate or reduce the impacts; the 

land use change has a more significant impact on local scale variation than the 

climate change. The findings suggest that land use management as part of an 

integrated management programme for sustainable development is very relevant. 

Characteristics of this integrated model and some feedbacks from potential users 

have been identified for further development and improvement of the model. 

This thesis contributes to the need for an integrated assessment for examining the 

possible changes in the quantity and variability of river flows as the result of 

changes in land use and climate. It specifically contributes by: developing the 

integrated system for this specific purpose; developing the methodology for 

transferring land use information to monthly water consumption as required by 

the hydrological model; and developing procedures to create land use change 

scenarios. Overall, the integrated model framework, as developed, tested and 

applied in the Bandung basin of Indonesia, is potentially transferable to other 

basins and countries in Southeast Asia where similar issues of climate change, 

land use change and water resource management are key elements of sustainable 

development. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND AND PROBLEMS 

This thesis is about the development of an integrated model for assessing the 

quantity and variability of river flow as the result of changes in land use patterns 

and climate. 

The background of this thesis comes from some observations on the condition of 

many watersheds in Indonesia that have declined as the result of uncontrolled 

logging activities. Particularly in Java, the degradation is mainly caused by 

population pressure and unsuitable farming systems (Soeseno, 1998; Purwadirdja, 

1982). People have moved onto higher and steeper slopes in their search for new 

agricultural land, and forested lands have been cleared and planted with food 

crops with little attention being paid to problems of erosion and water 

conservation. Irrigated paddy-fields, small lakes and other vegetation-covered 

lands have changed to become residential areas. The immediate impact of this 

land use change is in the form of flooding and deterioration of water sources. In 

the longer term this can increase the seasonal variability of river flow. The 

Brantas River basin in east Java, for example, suffers a shortage of water or very 

low flow during the dry season as well as very high flows during the rainy 

season. 1•1 Some river basins in the southern parts of central Java, such as the 

1•1 This river basin has not suffered from flooding since flood prevention designs were built from the 1960s to 
1980s, but flooding is still a threat. In fact, an early warning system to forecast flooding, FFWS (Flood 
Forecasting and Warning System), was set up in 1991. The recent high flows reached approximately 70 to 
80% of the present design flood discharge in March 1984 and March 1992 (Nippon Koei and Nikken 
Consultants, 1997). 
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Wawar River basin, recently suffered from enhanced dryness or low runoff during 

the dry season and flooding during the rainy season. Furthermore, deterioration of 

many catchment areas has created disturbances in river basin development, silting 

up the riverbeds, increasing flood intensity, diminishing the effective capacity of 

reservoirs, and increasing the need to maintain the irrigation schemes (Muryadi, 

1982). 

In many parts of the world, this kind of phenomenon has also been observed. 

Some examples are: Peachtree Creek watershed in Atlanta, U.S. (Ferguson and 

Suckling, 1990); a watershed in Zimbabwe (L13rup et al., 1998); in southwest 

Western Australia (Taniguchi and Bari, 1997); Carnation Creek, Canada 

(Hetherington, 1987); and in one catchment in Malaysia (Bruijnzeel, 1988). 

A major issue concerns the causes of the apparent changes in the seasonal 

variability of river flow. In addition to land use conversion, a change in climate 

can also cause a change in the hydrology of a river basin as have been reported by 

many authors; for example, changes in river baseflow and groundwater storage in 

Central Africa (Orange et al., 1997) and in North China (Chun-Zhen, 1991). A 

simple case of a change in climatic variation can have dramatic consequences. An 

increase in rainfall intensity, for example, can exacerbate flooding, while a 

prolonged dry season can reduce low flows. 

The apparent increases in flooding and droughts observed in east and central Java 

during the rainy season and dry season, as mentioned above, raise the following 

questions: 

• Is the increase in river flow variability the result of climate change (for 

example, causing prolonged dry season with increased precipitation intensity 

in the rainy season)? 

Or, 

• Is it the result of land use changes? 

These questions lie at the heart of this thesis. 
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1.2 STREAMFLOW VARIABILITY RELATED TO LAND USE 

CHANGE AND CLIMATE CHANGE 

Land use change 

Many researchers have studied the effects of land use changes on streamflow ( or 

river flow). It is now widely accepted that changes in land use can cause 

hydrological variations, for example, an increase in urbanisation and a reduction 

in forested areas can cause an increase in major peak flows of a stream (Booth, 

1990; Moscrip and Montgomery, 1997) and an increase in total runoff in wet 

years (Ferguson and Suckling, 1990). This is because cutting the trees reduces the 

interception of water by the forest canopy and reduces the evapotranspiration by 

the trees (Pereira, 1973; Pearce et al., 1987; Calder et al., 1986; Asdak et al., 

1998). It is also shown by Cheng et al. (1987) that a forest with lower vegetation 

density has lower evapotranspiration loss and therefore produces higher 

streamflows. Deforestation can shorten the time lag of hydrographical units 

(James et al., 1987) and can cause an increase in the annual runoff (~rup et al., 

1998; Johnson and Black, 1997). Conversely, reforestation can reduce annual 

runoff (Pearce et al., 1987; Johnson and Black, 1997) by increasing the 

evapotranspiration and interception loss. 

The hydrological processes involved are complex and sometimes produce effects 

that may appear contradictory. Ferguson and Suckling (1990) reported that a land 

use change from forested land to urbanised land decreased the low flows as the 

result of an increase in impervious areas, while Johnson and Black (1997) 

reported that a decrease in the low flows had been caused by reforestation and 

afforestation. Bruijnzeel (1988; 1993) demonstrated how these seemingly 

conflicting results could actually be resolved by taking into account the net effect 

of changes in infiltration opportunities and evapotranspiration associated with the 

respective land use types. In particular, soil characteristics, including textures, 
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structures and degree of compaction that affect the infiltration capability, as well 

as vegetation types, should be considered in the system. An understanding of such 

mechanisms and parameters that drive the wet season and dry season flows and 

their correlation with the land uses is potentially important in managing 

streamflows through land use management. 

There are several reasons for attempting to keep the magnitude and the 

performance of the dry season flows in a certain favourable condition. One reason 

is to maintain the quality of the river water. In the Brantas River of East Java, low 

dry season flows not only require restrictions in irrigation water use, but also 

cause pollutants to concentrate in the river. This pollution concentration in the 

river water, as measured by the values of SS (Solid in Suspension) and BOD 

(Biological Oxygen Demand), reaches its peak at the beginning of the rainy 

season (Nippon Koei and Nikken Consultants, 1997). This is what is called the 

washout effect. Other than improving the water quality, the benefits of keeping 

adequate dry season flows are; cleaner riparian areas, increased channel and bank 

stability, decreased erosion and sediment transport, enhanced fish and wildlife 

habitat, lower stream temperatures, and improved stream aesthetics (Ponce and 

Lindquist, 1990). 

Floods are both beneficial and detrimental. Catastrophic floods cause loss of 

property and life and are obviously undesirable. However, floods are also 

necessary as part of natural processes that control biota. As reported by 

Goubersville ( 1997), the winter floods in Germany are important for the flora and 

the reproduction of birds and fish, while maintaining the high summer flows is 

necessary for preserving boggy soils. The ecology of the flood plain is commonly 

linked to, and forms an integrated ecology with, the river channel in a concept 

described as the flood pulse concept (Junk et al., 1989). This link depends on the 

strength of the link between the channel and the flood plain. Without this flood 

pulse, animal biomass production within this hydrosystem is reduced which may 

change the community composition and energy pathways (Petts and Maddock, 
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1996). Bayley (1991) showed that annual yields from multi-species fish depended 

on the flood pulse and particularly on the rate of hydrograph rise. Nevertheless, 

extreme floods can have adverse effects on biota, and a quick rise of hydrographs 

is certainly unfavourable to fish yield. 

In summary, controlling the peaks of high (flood) and low (drought) flows can 

have many advantages for both people and ecosystems. 

Climate change 

There have been numerous studies (Mimikou et al., 1991; Murdiyarso, 1996; 

Orange et al., 1997; Georgiadi, 1991; Arnell, 1997; Watts, 1997; Wilkie et al., 

1999; Arnell and Liu, 2001) that show how climate change and climate variability 

can affect the hydrology of a river basin. One example, is that reported by Chun­

Zen (1991) who noted a significant change in hydrology by the reduction of 

rainfall and the inflow runoff in North China from the 1950s to 1980s and 

concluded that this was jointly contributed by drier climate ( climate change) and 

by human activities involving an over-exploitation of groundwater. A prolonged 

drought can significantly lower water-tables and can therefore reduce baseflows 

that contribute to lower dry season flows (Orange et al., 1997). 

A trend of increasing global-mean surface temperatures has been revealed in the 

global climate data, part of which is likely to be due to increasing atmospheric 

concentrations of greenhouse gases particularly since 1950 (Houghton et al., 

2001 ). This phenomenon is expected to have significant effects on hydrological 

regimes. Global warming is likely to change precipitation and evapotranspiration 

in many tropical island areas, resulting in a change in the water resource base 

(Watts, 1997). Change in precipitation and evaporation regimes may cause 

changes in the magnitude of runoff and its seasonal distribution (Georgiadi, 

1991). Murdiyarso (1996) simulated the impact of a scenario of climate change on 
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water resources and found that the water yield potential for irrigation in West 

Java, Indonesia, could increase but there could be concurrent problems of erosion 

and sedimentation as well. 

In summary, climate change and variability could work hand-in-hand with 

changes in land use to affect streamflows. 

1.3 LAND USE MANAGEMENT FOR ENVIRONMENTALLY 

SUSTAINABLE DEVELOPMENT 

Land use management 

It is apparent that both land use changes and climate changes can contribute to the 

hydrological change of a watershed. Many changes in land use can decrease low 

season flows and increase the occurrence of flooding. L~rup et al. (1998) note: 

Furthermore, land mismanagement may have inadvertent negative effects on the 

hydrological regime, such as increasing occurrence of floods and decreasing dry 

season flows (p.147). 

This also implies that land management can potentially improve the performance 

of streamflows. Essentially, the objective of management is the ability to produce 

an orderly flow rather than a raging torrent and to minimise losses by evaporation 

(Pereira, 1973). In contrast to management through structural measures, such as 

reservoirs and flood protection works that commonly have specific objectives, 

management through land use can often be more cost effective (Krecmer and 

Perina, 1987). 
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In managing land, land use managers or planners must also consider the interests 

of all land users or people that live in the area. More importantly, with the 

increasing human pressure, such as increasing population or demand for 

agricultural land, the sustainability of the land use has to be taken into account. 

Therefore, it is important to raise the issue of sustainable land use management. 

Merkel (1998) defined sustainable land use as permanently preserving the natural 

fertility of soil in the production of food stuffs and regenerative raw materials, 

including attention to protective natural functions of the soil for other areas of 

environment, waters, atmosphere and biological diversity whenever human beings 

use or transform terrestrial ecosystems. However, as human beings seek to 

improve the quality of life through development, this should be included in the 

concept of sustainable land use management. 

Fleischhauer and Eger ( 1998) put forward a concept of environmentally 

sustainable development, which is defined as an interdependent triangle 

framework that demonstrates the close ecological, economic and social 

interactions as prerequisites for sustainable development. This framework is 

dynamic, and ideally its equilibrium is maintained. However, from those three 

major groups of prerequisites, only a small number of ecological prerequisites 

have been formulated precisely enough for them to be used as an operational tool 

for implementing sustainable development. There is, therefore, a need to be able 

to formulate precisely a sufficient number of prerequisites within the framework 

for them to be used as an operational tool for implementing sustainable 

development. Naturally, this framework cannot be formulated easily as advances 

in technology such as cropping technology, mechanised farming, etc. can quickly 

shift the intensity or use capacity of the land. 
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Better streamflows through land use management 

The concept of environmentally sustainable development forwarded by 

Fleischhauer and Eger ( 1998) is a general framework within which land use 

management for better performance of streamflows can be applied. A derivative 

framework is diagrammatically shown in Figure 1. 

Interaction 
ECOLOGY - SOCIO-ECONOMICS --"Natural systems" < "Human systems" 

Including natural resources (economic activities such 
{land, water, etc.) and as farming, industries, 

natural hazards <=> LAND USE <=> including population 
(earthquake, vulcanism, increase, etc.) 

etc.) 

Jj, 
Problems 

- Limited resources 
- Environmental problems 
- Geohazards and resource 

degradation induced by 
human activities. 

' I 

I (a 1ooi for ~~i~!~g optimum l 
I _______________ use of lanQ}__ ____ ~ 

il 
OPTIMUM USE 

- Ensuring environmentally ----- sustainable development. --

Figure 1.1: Concept of environmentally sustainable development. 

Outlined in Figure 1.1 is a conceptual framework that shows the conditions in the 

field, including general problems, and how optimum use of land can be 

approached. Ecological aspects are part of natural systems that interact with socio-
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economic aspects, which are part of human systems, including economic activities 

such as, farming and industries, and pressures resulting from population growth. 

The shaded zone in Figure 1.1 shows interaction relationships between these 

socio-economic aspects and ecological aspects in the forms of various kinds of 

land uses. In tum, these interactions create problems, such as: limited natural 

resources to support people's requirements for living; environmental problems; 

and geohazards and resources degradation caused by human activities, such as 

flooding, dryness, soil erosion, and degradation of soil fertility and water 

resources. Optimum use of the land can be achieved if potential conflicting 

interests can be resolved or traded-off. Resolving conflicts can include, for 

example, preservation of the environment from economic activities, such as 

enhancing food production using intensive inputs while also controlling soil 

degradation and water pollution. However, in dealing with land use management, 

there is a need to specify an objective as the main priority that needs to be 

achieved. For this research, the main priority of land use management is to 

achieve the optimum quantity and quality (in terms of seasonal variability) of 

river flows. 

To achieve this objective requires holistic and integrated management for one 

catchment as a whole that should cover the land use management and water use. 

The land use management includes forest management, control on agricultural 

activities, and management of urban areas (including control on urbanisation). 

Water use management should include river water use management, control on 

the river water quality and quantity, and control on groundwater use. 
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1.4 A POLICY-RELEVANT MODEL FOR SUPPORTING 

SUSTAINABLE DEVELOPMENT 

As a decision support tool, a model would be useful for land use planners to 

examine possible changes in land use and how these changes would affect the 

streamflows. This would lead to more awareness of the results of the changes on 

streamflows and better guidance in designing and managing the land use. It would 

also be useful tool for better co-ordination of all government bodies and 

stakeholders dealing with the development in the river basin area. 

This research, therefore, focuses on the development of an integrated model for 

catchment management that incorporates land use, climate, and hydrological 

system components. The proposed model should fit with, and support, the concept 

of environmentally sustainable development as described earlier. It has a specific 

target, that is, to assess the relative changes in the quantity and seasonal 

variability of streamflows (i.e. sensitivity analysis) as a consequence of changes in 

land use and climate. Therefore, the model must have the capability to 

demonstrate a strong link between land use patterns and hydrology, particularly 

runoff. 

The model should generally be; simple, accommodative and transportable, and the 

outcome easily visualised. Simple means that the model should not be data 

demanding and computationally demanding, and can be used by decision-makers 

and policymakers. Accommodative means that it can accept a broad range of 

inputs from various stakeholders or other users (participants) and therefore, can 

provide a means for co-ordination among multi-agencies. This is especially useful 

when considering the resolution of conflicting interests in land management. 

Transportable means that the model can also be applied in other catchments. 

Accommodative and transportable characteristics are required since every 

catchment has its own specific problems and solutions. 
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Figure 1.2: The structure of the integrated mcxlel system 

The conceptual structure of the proposed model is shown in Figure 1.2. The input 

to the model is a set of scenarios of changes in land use patterns and climate 

driven by human factors such as population, choices of economic activities, 

green-house gas emissions, etc. The land use and climate component act as 

separate processors that transfer the given input for each component into a series 

of hydrological variable and parameters that will be used by the hydrological 

component in producing the streamflow as output. The links between the land use 

component and the hydrological component and between the climate component 

and the hydrological component are in the form of cause and effect relationships 

as indicated in Figure 1.2 by solid arrows. Dynamic feedback relationships 

between those components are recognised as indicated by dashed arrows (e.g. 

Bonan, 1997; Scharpenseel and Pfeiffer, 1998; and Wasson, 1996), but to model 

this integrated interactive-dynamic relationship is beyond the scope of this thesis. 
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1.5 RESEARCH GOAL, OBJECTIVES AND TASKS 

The ultimate goal that this thesis hopes is to promote better management of land 

use patterns for optimum quantity and variability of river flow in order to 

support environmentally sustainable development. This goal means developing 

an integrated conceptual framework of land use management that aims at ensuring 

environmentally sustainable development as described earlier. The thesis intends 

to make a contribution towards some part of this framework, that is, through water 

resources management. Its particular aim is: to produce a policy-relevant, 

integrated model system for examining the effects of changes in land use 

patterns, as well as climate, on the quantity and variability of streamflow. 

This model will be implemented on an Indonesian catchment as an example test 

for this thesis. 

In order to achieve the goal of the thesis, three research objectives have been 

identified. These are to produce an integrated model; to implement the integrated 

model for an Indonesian river basin; and to evaluate the use of the model. 

Objective 1: To produce an integrated model for the purpose of assessing the 

possible effects of possible future changes in the spatial patterns of land use, as 

well as climate change, on streamflow, in order to improve water resource 

management in Indonesia through land use planning and policy, by: 

Task 1: Developing the structure of a model system, employing a spatial 

information system at a relevant scale and resolution, for the purpose of 

integrating land use, climate and hydrological components. 

Task 2: Developing and incorporating the land use component of the 

integrated model system, including: 

• identifying and developing an appropriate approach and methods for 

creating scenarios of future changes in land use patterns; 
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• identifying current land use types and grouping them based on their 

hydrological characteristics; 

• collecting land use data and constructing the baseline in the form of 

spatial information; 

• developing the functional relationships between the various land uses 

and hydrological parameters. 

Task 3: Developing and incorporating the climate component of the 

integrated model system, including: 

• reviewing the various methods for generating climate change scenarios 

and evaluating them in relation to the Indonesian context; 

• adapting an existing climate change scenario generator from an existing 

integrated assessment model; 

• identifying and collecting the climate data required as input to the 

hydrological component. 

Task 4: Developing and incorporating the hydrological component of the 

integrated model system, including: 

• reviewing existing hydrological models and evaluating them in relation 

to the Indonesian context; 

• developing an appropriate hydrological model as part of the integrated 

model system taking into account the scale, objective and simplicity 

required for its practical use as a tool for development of policy; 

• constructing the baseline streamflow quantity and variability from river 

discharge and runoff data. 

Objective 2: To implement the integrated model for an Indonesian river 

catchment, in order to test the behaviour of the model for applications to real 

world conditions, by: 

13 
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Task S: Identifying a suitable catchment for modelling based on available 

data, size, spatial representation or other criteria. 

Task 6: Incorporating the current baseline data for the catchment area, such as 

land use and hydrological data, at the required spatial and temporal resolutions 

using appropriate methods of interpolation where necessary. 

Task 7: Conducting a range of sensitivity analyses to test whether the model 

behaves in a sensible manner in relation to observational data. 

Objective 3: To evaluate the use of the model in making a preliminary 

assessment of the effects of future scenarios of changes in land use and climate 

on streamflow quantity and variability, by: 

Task 8: Conducting an evaluation of the integrated model based on its use in 

the preliminary assessment. 

In meeting Objective 1, that is, producing the integrated model, there is a need to 

keep in mind the requirements for the model: it should be simple, accommodative 

and transportable. The form of the model, including its structure and complexity, 

should also be guided by the aim of the research and the end-users of the model. 

The characteristics of catchments in Indonesia, as well as data availability, should 

also be considered. These requirements and considerations should be taken into 

account in developing each component of the model. 

A spatial information system (SIS) is needed in order to handle and process 

spatial information and integrate land use, climate and hydrological components 

as one system. The link between this system and hydrological models can be 

made in several ways (Brilly et al., 1993). One way is to use a SIS to derive 

required hydrological parameters or to develop hydrological parameters from 

basic data sets for existing hydrological models such as the US Soil Conservation 
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Service's model (U.S. Soil Conservation Service, 1975; Stuebe and Johnston, 

1990) and the PRMS (Precipitation-Runoff Modelling System) (Leavesley et al., 

1983; Colby, 1996). Another way is by embedding the hydrological model into a 

SIS, so that it becomes an integrated part of the SIS. The latter requires the 

hydrological model to use the computing language of the host SIS to perform 

hydrological analysis. Such methodological issues will be carefully assessed later. 

The land use component is a major part of the integrated model. Two different 

aspects need to be developed. One aspect is assessing and grouping land use types 

in terms of their hydrological characteristics, and relating them to hydrological 

parameters through functions as required by the hydrological component. Where 

land use - hydrological functions are not available from the scientific literature, 

notional relationships will be developed from local expertise. The other aspect is 

developing a method for generating scenarios of land use pattern changes. This 

will entail the identification of key drivers of land use change in Indonesia (e.g. 

population growth, urban-rural migration) as well as the specification of the 

effects of such drivers on land use decisions. 

For the climate component, a model is required for generating scenarios of 

climate change and variability. The thesis will adapt existing components that 

have been developed for integrated assessment models for New Zealand (e.g. 

Kenny et al., 1995; Warrick et al., 1996), based on methods commonly used in 

other parts of the world (e.g. Hulme et al., 1995; Carter et al., 1994). For this 

component, climate data, as dictated by the required inputs to the hydrological 

model will also need to be collected and interpolated over the catchment selected 

for the study. 

The hydrological component serves as a tool to produce output (streamflow). It 

needs to be developed by selecting and adapting the appropriate hydrological 

model in order to meet the requirements of the integrated model. Simplicity and 

practicality of use are important requirements. There are many hydrological 
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models already published and used by researchers that attempt to analyse the 

impacts of land use change and climate change on hydrology. (A review of 

hydrological models is given in Chapter 4, Section 4.5 of this thesis.) The 

appropriate model for this research is the one that can simulate the relative 

changes in streamflow (output) from scenarios of changes in land use patterns and 

climate (inputs) on the decade to century time scale. By developing model 

components that produce such scenarios, the users can ask 'what if questions in 

regard to the drivers of land use and climate change and their consequences for 

streamflow. Understanding the influence of land covers on the hydrology and how 

they affect streamflow is, therefore, crucial in developing the overall model. 

The purpose of Objective 2 is to implement the model and to test its behaviour. In 

meeting this objective, a suitable catchment that represents catchments in 

Indonesia needs to be identified, taking into account the availability of data, size 

and spatial representation of the area. Physical characteristics of the catchment, 

such as soil type, slopes, land use, climate, and other baseline data will be 

collected and incorporated, and sensitivity analyses will be conducted in order to 

examine the behaviour of the model. 

In Objective 3, the use of the model as a preliminary assessment for the modelled 

catchment is evaluated. The evaluation is made on the potential effectiveness of 

the model in helping the users in conducting analysis of the impacts of 'what if 

question based scenarios. 

1.6 OUTPUTS AND POSSIBLE APPLICATIONS OF THE 

RESEARCH 

The main output of the research will be an integrated trial model for examining 

the effects of changes in land use patterns and climate on the quantity and 
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variability of river flow, as part of the concept of integrated land use management 

in support of sustainable development. The focus is on the sustainable use of 

water resources and improved variability of river flow that will reduce seasonal 

flooding and drought occurrences. 

The proposed model is designed to be simple and policy-relevant. The model will 

be a tool to help policymakers and decision-makers in long-term planning and 

designing land use patterns. The model may also open possibilities for 

participation of land users and stakeholders in managing the land and it may also 

provide a means of co-ordination among them. It may also provide an opportunity 

to include environmental aspects (such as aesthetic aspects of the river, pollution 

management and flora / fauna habitat conservation) as part of land management. 

1. 7 ORIGINALITY 

This thesis promises to be an original contribution to knowledge for a 

combination of the following reasons: 

• The model is an integration of a land use component, climate component 

and hydrological component. There are many existing models that integrate 

a hydrological model with a land use component in order to assess the effect 

of land use change on the hydrological regime (e.g. Ott et al., 1991; Eeles 

and Blackie, 1993; He et al., 1997; etc.), and models that integrate a 

hydrological model with a climate change component (e.g. Bardossy and 

Caspary, 1991; Dunn and MacKay, 1995; Boysen, 2000; etc.). Vorosmarty 

et al. ( 1991) produced a model that integrates a land use and a climate 

component with a hydrological model. However, the change in land use is 

arbitrary and not in a time-series, nor is it policy-oriented. 
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• The integrated model is applicable to a mesoscale catchment1-2. In many 

hydrological studies that integrate the climate change component, the 

catchment is very large (macroscale) (e.g. Bardossy and Caspary, 1991; Ott 

et al., 1991; Vorosmarty et al., 1991). This was because the spatial 

resolution of the global climate models (GCM), which are commonly used 

to generate climate change scenarios, are very coarse (Mimikou et al., 

1991). Since early 1990s, methods used to downscale the GCM outputs 

have become available which allow these downscaled climate scenarios to 

be used for impact assessment application (Hewitson and Crane, 1996). A 

model that integrates the three hydrological models with the land use change 

and climate change components for a mesoscale catchment is not yet 

available. 

• The proposed integrated model is specifically user-oriented. It is designed 

for policymakers and planners. 

• The integrated model is developed for an Indonesian catchment. It takes into 

account conditions which are commonly found in Indonesia, in particular, 

the availability of climate and socio-economic data, the physiographical 

conditions, as well as the socio-economic conditions. Therefore, this model 

would be appropriate to any countries with similar conditions to 

Indonesia, such as the southeast Asian countries. 

• This integrated model is the first of its kind to be applied to an 

Indonesian catchment. There have been no such studies using similar 

integrated systems in Indonesia. 

1•2 Schultz et al., (1995) classify the catchment size as follows: macroscale, a catchment with an area> 104 

km2; mesoscale (upper transition) I03 - I04 km2; mesoscaleIO - I03 km2; mesoscale (lower transition) I04 -

10 km2; and microscale < 10·2 km2. 
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1.8 THESIS OUTLINE 

The remaining chapters of this thesis are briefly reviewed as follows: 

• Chapter 2: This chapter describes the general conditions of Indonesian 

catchments. It includes physical conditions, socio-economics, land use, etc., 

and general trend of conversion in land use; 

• Chapter 3: It describes in more detail the conditions of the selected 

catchment, including physical and socio-economic conditions, availability 

of data, agricultural practices, etc.; 

• Chapter 4: This chapter describes the structures of the model. It includes a 

detailed description of each component of the model, and how every 

component is linked into the model system and how each component is 

developed. It also contains literature reviews of the existing methods and 

models, and selection of methods and models to be adapted; 

• Chapter 5: This chapter specifically describes the nature of the 

hydrological component, and how this component is developed, including 

the calibration and validation of the model; 

• Chapter 6: This chapter specifically describes the nature of the land use 

component, and how it is developed including the assumptions used; 

• Chapter 7: This chapter specifically describes the nature of the climate 

component, and how it is developed and includes the assumptions used; 

• Chapter 8: This chapter describes the implementation of the model on a 

catchment in Indonesia, and how sensitivity analyses are performed based 
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on various inputs of climate change and land use change scenarios. It also 

includes discussion of results and an assessment on the model; 

• Chapter 9: This chapter contains a summary and conclusions of the study. 
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CHAPTER 2 

GENERAL CONDITIONS OF INDONESIAN RIVER BASINS 

2.1 INTRODUCTION 

Indonesia is a large archipelago country consisting of more than 17,000 islands. It 

extends some 4,800 kms from Aceh, on the northern tip of the island of Sumatra 

in the west, to the border of West Papua with Papua New GuiQ.ea on the island of 

New Guinea in the east (Figure 2.1). Its land area covers some 1.9 million square 

kms, together with sea area and its exclusive economic zone covers a total area of 

approximately 9.8 million square kms (Department oflnformation, 1995)2-1• 

This country has the fourth largest population in the world after China, India and 

the United States. The 2000 census showed that the total population was 203.5 

million, with a growth rate of 1.35% for the 1990-2000 period (Kompas, 2001). 

However, the distribution of this large population throughout the country is 

uneven as it is influenced by topography, terrain, climate and natural resources 

(Cobban, 1996). About 60% of the population live in Java, which make this island 

one of the most densely populated islands in the world. 

2· 1 Indonesia adopted the International Convention of the Law of the Sea in 1983 that includes a 12-mile 
territorial sea and 200-mile exclusive economic zone. The international boundary is determined based on this 
convention. 
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In general, the country is still predominantly rural. In 1993, the rural residents 

comprised about 75% of the total population of the country, but urbanisation was 

expected to increase at a rate of 5% a year. It had been estimated that in the year 

2000, the population of people living in cities was about 40% of the total 

population (Struyk et al., 1990). 

The cities of Indonesia exist as dense enclaves and most of the urban population is 

in Java. In other islands, the enclave nature of the towns and cities is even more 

pronounced. Major cities with large populations over two million are in the island 

of Java. The five major cities in Indonesia are Jakarta (population approximately 

over 11 million), Surabaya (over 2 million), Bandung (2 million), Semarang (2 

million) and Medan (2 million). The first four cities are in the island of Java and 

the last is in Sumatra. 

It is very common in the history of the world that urbanisation develops and 

concentrates by major rivers. This also happens in Indonesia. For example, 

Jakarta, which is the capital city of Indonesia, is a region on the coastal plain of 

north Java that is cut by the Ciliwung River. Surabaya, the second largest city in 

Indonesia, is bisected by the Brantas River. 

The impacts of urbanisation are land use conversion, increasing pollution and 

other environmental impacts, including deterioration of water resources (Cobban, 

1996). Excessive pumping of groundwater to provide water for industries has 

lowered the water table. This groundwater extraction has been suggested as the 

cause of salt-water intrusion into the Jakarta mainland. Industrial and domestic 

wastes, as well as overuse of pesticides and fertilisers in agriculture have caused 

increased pollution in the river. Land conversion is discussed specifically later in 

this chapter. 

The purpose of this chapter is to describe the general conditions of Indonesian 

river basins. However, some descriptions of the physical characteristic, 
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demography and socio-economics of the country are also described as they 

contribute to the problems in Indonesian catchments. 

2.2 GENERAL PHYSICAL CONDITIONS OF INDONESIA 

Physiography 

The Indonesian archipelago lies in a latitude between 6° north and 11 ° south, and 

between 95° and 141 ° eastern longitude. Hence, it is located in the equatorial 

zone. This archipelago forms the central part of the great archipelago, which 

extends between Southeast Asia and Australia, and between the Pacific and the 

Indian Oceans that includes the Philippine Islands, Malaysian Borneo, Brunei, and 

Papua New Guinea (van Bemmelen, 1949). Therefore, physiographically 

Indonesia is related to this great archipelago. 

According to van Bemmelen (1949), this great archipelago is the most intricate 

part of the earth's surface because it contains very diverse forms and geological 

structures. It forms the border area where the continent of Asia of the northern 

hemisphere and the great Gondwanaland of the southern hemisphere meet. This 

border is the area where the active process of mountain building occurs. The more 

or less stable portion of the Sunda Platform area in the northwest and that of the 

Sahul Platform in the southeast are shown in Figure 2.2. Active structure lines are 

located between those stable parts of the platforms which represent the highly 

unstable portions of the earth's crust. The active portions geographically form a 

series of island arcs that extend from New Guinea and the Philippines through 

Indonesia and the Nicobar and the Andaman Islands groups in the Indian Ocean. 

The Sunda Mountain system, which is part of the Circum-Sunda System that has a 

length of about 700 kms, is traceable from the Banda Arcs, north of Timor island, 
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Figure 2.2: Geological structures of Indonesia (Source: van Bemmelen, 1949). 

along the Lesser Sunda Islands, Java, Sumatra, Andaman, to Arakan in Burma 

where it meets the Himalayan System. This mountain belt consists of two parallel 

belts of mountain arcs, island-festoons and submarine ridges (van Bemmelen, 

1949). The inner arc is volcanic in nature; the outer is non-volcanic. Another 

mountain arc, namely Circum-Australian System, extends along the central axis of 

New Guinea, and farther along the archipelagos situated east of Australia, to New 

Zealand. An indistinct branch of the median threshold in the Indian Ocean extends 

northeastward, via the Cocos Islands to Christmas Island, South of Java. The 

segment between the Christmas Island and New Guinea is overlapped by 

trendlines of the Sunda Mountain System. Another mountain system stretches 

from Halmahera group via the northern part of New Guinea to the New Britain 

group. 

Volcanic activity is very strong along the inner arcs of the mountain building 

system and has been occurring in all stages of the geological evolution of this 

region. Major peaks in this country are in the form of volcanoes such as Mt. 
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Merapi in central Java (2,91 lm), Mt. Semeru in eastern Java (3,676m), and Mt. 

Marapi (2,891m) and Mt. Kerinci (3,800m) both in central Sumatra. The 

lowlands, such as in the northern coastal plain of Java, western Papua, and eastern 

Sumatra, are the products of alluvial deposits. 

In conclusion, this region between Asia and Australia has undergone strong 

endogenic activities from its early evolution to the present time. 

Climate 

Because of its position on the earth's surface, which is in the tropics between two 

continents (Asia and Australia), and two oceans (Indian and Pacific), this 

archipelago country experiences a generally tropical climate of high temperatures 

and very high humidity. Based on data from CIA (1999) and BPS (2000), the 

average annual temperature at sea level is around 26-27°C. The average sunshine 

in the coastal plain is about 50-70% and the mean humidity is 80%. The 

temperature and the relative humidity are more or less constant and uniform 

throughout the year because this country is continually surrounded by warm ocean 

water. The variation in the temperature occurs mostly due to the influence of 

topography. 

Indonesia is influenced by the monsoonal winds. These are reversal of wind 

regime that, in many parts of the world, cause most of precipitation to occur 

during a relatively small fraction of the year (Smith, 1993). The monsoonal winds 

cause Indonesia to experience two main seasons, namely dry season and rainy or 

wet season. The dry season generally occurs in the months of June to September 

and the rainy season occurs in the months of December to March, whilst the rest 

of the months in between the two seasons are known as transition months. The dry 

season is driven by winter anticyclone in the southern hemisphere that causes dry 

southeasterly wind from the Australian continent over the Indonesian region. 
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Oppositely, during winter m the northern hemisphere, the northwesterly wind 

brings the humid air from the South China Sea and the western Java Sea to a large 

part of Indonesia that causes the rainy season in Indonesia. 

Despite having monsoon characteristics, no month has less than 51 mm (2 

inches)2-2 of rainfall in most parts of Indonesia. Therefore, the dry season does not 

exist, and the term dry season is only used as comparative term in the yearly 

balance (Noble, 1996). The annual precipitation of Indonesia is generally more 

than 2,000mm. The rain is generally torrential but short in duration. In the 

southern part of the country, in particular Nusa Tenggara, the climate is drier with 

an annual rainfall of ranging from about 700mm to 1000mm. During the dry 

season, this part of Indonesia, as well the adjacent areas such as southern 

Sulawesi, eastern Java, southern Papua and other islands between these three 

extremes experience drier months than the rest parts of Indonesia because of their 

proximity to the winter anticyclone in Australia (Noble, 1996). 

Indonesia also experiences inter-annual climate variations of extreme events such 

as El Nifio and La Nifia that can have significant impacts on biological and 

hydrological processes. El Nifio is a large scale oceanic warming that affects most 

of the tropical Pacific (e.g. Nicholls, 1993; Henson and Trenberth, 1998). Its 

meteorological effects may extend throughout the Pacific Rim and to eastern 

Africa. This event is normally accompanied by a change in atmospheric 

circulation called the Southern Oscillation, which is indicated by an inverse 

relationship between surface air pressure at Darwin, Australia and the island of 

Tahiti in South Pacific, and together they form a climatic phenomena called 

ENSO (El Nino-Southern Oscillation). 

The ENSO has important implications for the climate of tropical regions including 

Indonesia because it causes severe drought in Indonesia, Australia, southern 

2-2 The value of 2 inches (51 mm) is taken as the limit separating the dry months from wet as an 
environmental condition of importance for human utilisation (Noble, 1999). 
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Africa and northeastern Brazil, and heavy rainfall in the other parts the tropics 

(central Pacific, Peru, Ecuador, and the southern U.S.A.). The other extreme, La 

Nifia (the opposite of El Nifio ), causes unusually heavy rainfall in Indonesia, 

Australia, southern Africa and northeastern Brazil and drought in the other parts 

of the tropics. In Indonesia, the El Nifio has a potential impact in reducing food 

crops harvested area that disturbs the national food security (lrawan, 2002). The 

food crops harvested area dropped by about 1.25 million ha in 1982 and 1.18 

million in 1997, or by 8.6% and 6.4% respectively, during the El Nifio event. In 

the event of La Nifia, severe flooding is expected that can also threaten the 

national food security and other flood risk disasters because many structural 

measures to protect from flood were designed to anticipate normal flood and not 

for an extreme of this kind. It is expected that about 31,600 ha of paddy fields to 

be inundated, and about 160,000 ha are at risk of inundation in 16 provinces of 

Indonesia (Caturhadi, 1998). Postponing the planting time may avoid this risk, but 

this could endanger the production of rice since after the La Nifia, there is a 

possibility of El Nifio (dryness) to occur (Republika, 1998). 

More details on the predictability of the ENSO will be discussed in Chapter 7. 

Demography 

As has been mentioned earlier, Indonesia is the fourth largest country in the world 

in terms of population. The total population for the year in July 1999 was 

estimated at over 216 million with a growth rate of 1.46%. About 65% of the 

population are in their productive ages (15-64 years) (Table 2.1). The ratio of 

male to female is nearly 1 (99.6% ), but there are more males than females at birth 

(Table 2.2). Based on the census data in 1990, about 35% of the population were 

below the age of twenty, which may indicate high population growth in the future. 

However, the estimated growth rates have fallen from 1.98% for years 1980-1990 

to 1.46% for the year 1999. 
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Table 2.1: Population based on age structures, 1999 estimation. 

Age %-age of total Number of Number of 
population males females 

0-14 years 30% 33,367,287 32,411,786 

15-64 years 65% 70,541,893 70,866,972 

65 years and over 5% 3,936,415 4,983,992 

Source: (CIA, 1999) 

The distribution of the population is uneven. The islands of Java, Madura and Bali 

are very densely populated. The 1990 census shows that the population of Java 

and Madura constituted 58% of the total population even though their total land 

area is only 6. 7% of the country. The population density in Java was 811 per sq. 

km and Bali was 500 per sq. km. These figures were much higher than for 

Sumatra, the second most densely populated island of the five largest islands in 

Indonesia, with a density of 77 .1 per sq. km. They are also higher than the 

national figure, which was 93 per sq. km (BPS, 2000). As shown in Table 2.3, 

Sumatra with a population density of 77.1 per sq. km and West Papua, which was 

the lowest density of 3.9 per sq. km comprises 24.7% and 22% of the total area of 

the country respectively. In comparison, Java comprises 6.7% of the total area of 

the country. 

Table 2.2: Sex ratio of male to female, 1999 estimation. 

Age Male/Female 

at birth 1.05 

under 15 years 1.03 

15-64 years 1 

65 years and over 0.79 

Total population 1 

Source: (CIA, 1999) 
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Table 2.3: Population statistics for the five major islands and smaller islands of the same 
provinces based on the 1990 census. 

Island Area Population Density 
(sq. km) (x 1000) (per sq. km) 

Sumatra: 
including islands of Riau, Nias, Mentawai and other 473,481 36,507.1 77.1 
islands that belong to provinces in Sumatra. 

Java: 
including Madura and other small islands that belong to 129,017 104,668.1 811.3 
provinces in Java. 

Kalimantan (Borneo): 
including small islands that belong to provinces in 548,005 9,099.7 16.61 
Kalimantan. 

Sulawesi (Celebes): 
including Butung, Baubau, Selayar, and other islands 189,216 12,520.6 66.71 
that belong to provinces in Sulawesi. 

West Papua province: 
including Biak and other islands that belong to the 421,981 1,648.7 3.9 
West Papua province. 

Source: (BPS, 2000) 

Even though, in general, the country is still dominantly rural, it had been 

estimated that in the year 2000, 40% of the population would live in cities (Struyk 

et al., 1990). In particular, in the island of Java with its very dense population, 

urbanisation has been expected to increase rapidly. The main force that drives 

urbanisation is the attractiveness of the towns or cities in providing opportunities 

for the people to gain better incomes. In addition, towns also provide better 

educational opportunities to attract young people and families with children to 

live there. 

The increasing population in Java causes changes in land use. In particular, 

urbanisation is expected to invade most of agricultural area. In large cities, paddy 

fields provide places for houses, industries and road construction. In the rural area 

of some villages in Central Java, gardens have been used for house building. 

There have been few changes from paddy fields to become housing sites (Preston, 

1989). The trend of land use change will be discussed in a greater depth later. 
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It can be seen that the island of Java is the area where demands on land are the 

highest due to its high population density. Hence resource problems are much 

more prominent in this island than in other islands and, in particular, the pressure 

for land use conversion is greatest. Water is one of the resources which is at risk 

as one result of these changes which can lead to reduced water to infiltration of 

the soil (Bruijnzeel, 1988). 

Socio-economics 

It has been known that socio-economics is also a driving force for the land use 

changes (Turner et al., 1993; Skole and Tucker, 1993). Recently, Indonesia had 

undergone a set-back in its economy because of the collapse of its local currency 

(rupiah) in late 1997 and early 1998 that caused the GDP (Gross Domestic 

Product) to contract by 13.7% (CIA, 1999) and the inflation rate for 1999 reach 

77%. In terms of the labour force, the agriculture is still the major sector in this 

country (see Table 2.4). The rate of open unemployment for the year 1998 was 

estimated about 15 - 20%. 

However, even though agriculture is still a dominant occupation, the attitude of 

many households in Java towards this occupation has changed. There is a trend 

that agriculture is becoming a less important occupation, especially in areas close 

Table 2.4: Labour force by occupation, 1997 estimates. 

Occupation Proportion to total labour forces 

agriculture 41% 

trade, restaurant, hotel 19.8% 

manufacturing 14% 

construction 4.8% 

transport and communication 4.75% 

other 15.65% 

Source: (CIA, 1999) 
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to cities or towns where a wider range of jobs are available and access from rural 

areas to towns is easy (Preston, 1989). Young households prefer to be involved in 

business dealing directly with money (e.g. construction projects, services and 

helping with a carriage or delivery), office work and government employment. As 

a result of this trend of finding jobs in urban areas, the relative importance of 

rural-based activities has decreased. The increasing educational status of young 

people has also partly influenced this trend of change (Preston, 1988). 

Land uses 

Forests and woodlands are still a dominant land cover in Indonesia (over 60%, see 

Table 2.5). However, as stated by the Ministry of Forestry, the forests and 

woodlands in Java are much smaller in proportion (now only about 19%) to total 

land area (Republika, 1998). Based on 1993 estimates, arable land was only about 

10% of the total area of the country and about 24% of this arable land was 

irrigated. 

Below are brief descriptions of common land uses in Indonesia. 

Forest and woodland 

The forests of Indonesia grow in diverse ecological systems that can be classified 

into ten groups, based on their vegetation characteristics (Ministry of Forestry and 

Food and Agriculture Organisation of the United Nations, 1990, cited in 

Kartasubrata, 1993). They are: coastal forest, tidal forest, heath forest associated 

with sandy infertile soils, peat forest, swamp forests, evergreen forests, forests on 

basic rocks, mountain forest at elevation over 2,000 m, bamboo forest, and 

savannah forest. However, based on the designation of the forest land use by 

consensus (Tata Guna Rutan Kesepakatan (TGHK)/Forest Land Use by 
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Table 2.5: Land uses in Indonesia, based on 1993 estimation. 

Land use type Proportion to total area 

Arable land 10% 

Permanent crops 7% 

Permanent pastures 7% 

Forests and woodland 62% 

Other 14% 

Source: (CIA, 1999) 

Consensus), it can be classified into four types (Kartasubrata, 1993; cited in: 

Ministry of Forestry and Food and Agriculture Organisation of the United 

Nations, 1990). They are: 

• Protection forests, these are forests with slopes of more than 45% intended 

to maintain watersheds; 

• Nature reserve and conservation areas in which all of the contents of the 

forest are protected; 

• Conversion forests, these are forest lands that can be cleared for 

agriculture; and 

• Production forests which can be exploited. These production forests are 

grouped further into limited production and full production. The limited 

production type of forest has a restriction on the logging, while the full 

production forest can be fully exploited and cleared for tree plantations. 

Irrigated paddy-field 

The Indonesian Department of Agriculture defines an irrigated paddy-field as a 

technically irrigated paddy-field and has classified it into two types based on the 

distribution of its water. One type is called a fully technical irrigated paddy-field 

and the other one is a semi-technical irrigated paddy-field (see for example, 

Directorate of Food Crop Production, 1994). An irrigated paddy-field is classified 
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as fully technical if the paddy-field receives irrigated water in which the intake 

canal is separate from the outlet so that the supply and distribution of water can be 

easily controlled and measured. The irrigation of this type usually consists of a 

primary canal, and some secondary and tertiary canals. An irrigated paddy-field is 

considered semi-technical if the paddy-field receives irrigated water, but the 

government authorised body manages only the intake in order to control and 

measure the input supply of water. The government has no control over the rest of 

the irrigation network. Most irrigated rice fields enable farmers to plant paddy 

three times in a year. 

Rainfed paddy-field 

This paddy field gets water only from rain. A canal system to distribute water may 

exist, but during the dry season the canals may also become dry. This rainfed 

paddy-field can usually produce a rice crop once or twice in a year, depending on 

the amount of water normally available, and is followed by a dry season crop 

(secondary crop/palawija). 

Gardens (kebun) 

Gardens are used to produce a wide variety of food crops. In general, the crops are 

annual or perennial, but sometimes seasonal crops are also found in gardens. 

Usually, the households plant taro, cassava, pineapple, clove; and fruit trees such 

as bananas, mangoes, rambutans, coconuts, jackfruit, breadfruit, oranges, papayas, 

etc. in the gardens. Many geographers distinguish gardens from dry land (tegalan) 

by associating the location of this land with its environment (Supriyanto, personal 

communication, January 2000). Most of gardens are in villages or kampongs and 

among houses. (This in contrast to dryland which is usually located at high 

altitude, very often far from villages or groups of houses.) 
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Dry land or hillside land (tegalan) 

This is basically dry land cultivated for seasonal crops such as dryland paddy, 

secondary crops such as maize, cassava, peanuts, soybeans, and sweet potatoes. 

This land is separate from the house garden and is usually in a relatively high 

altitude. 

Horticulture or vegetable garden 

Horticultural land is very similar to the dryland in its characteristics. The 

difference is mainly in the types of crops that grow on this dry land. Very often 

these crops are found planted next to each other. The horticultural crops consist 

mainly of vegetables such as cabbages, lettuces, carrots, onions, tomatoes, 

chillies, long beans. 

Estate crops 

Estate crops are agricultural commodities, which are usually exported. Many 

estates are owned by the government but some estates are privately owned. 

Common estate crops are tea, coffee, sugar, indigo, rubber, oil palm, cocoa, 

tobacco, cloves and cotton. 

Urban areas 

Urban areas are often shown on the basic topographic map as villages, towns or 

cities. An area is classified urbanised if human activity, in particular economic 

activity, is considerably high, or the density of houses is relatively high 
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(Supriyanto, personal communication, January 2000). Hence, an area of land with 

some isolated houses is not considered an urban area. 

2.3 WATER USES AND CATCHMENT MANAGEMENT 

The use of water varies depending on demand. In an area with an agricultural 

basis, such as a rural area or village, the demand for irrigation is highest. The 

domestic demand is normally low as villagers usually extract groundwater to fulfil 

their needs or get the water from a stream. In the urban areas, such as in a city, the 

industrial and domestic demand is higher. 

The management of river basins in Indonesia has been conducted by the 

government since about 1974, as part of water resource management. However, 

the implementation of this management has not been satisfactory (Muryadi, 

1982). This is particularly because components of the management programmes 

are conducted fragmentarily by various government bodies (see Table 2.6). The 

Department of Agriculture and Public Works, for example, is responsible for the 

management of surface water, while the Department of Mines and Energy is 

responsible for groundwater. On the other hand, land use which is considered an 

Table 2.6: Government hex.lies responsible for management of water resources 
programme components. 

Programme component Responsible bodies 

Water policies for agricultural uses and irrigation Department of Agriculture 

Forest management Department of Forestry 

Land use management and control Department of Home Affairs, extended to 
local government offices. 

River water quality and quantity Department of Public Works 

Groundwater uses / exploitation Department of Mines and Energy 
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important aspect in water resources management, is managed by the Department 

of Home Affairs, while forests are managed by the Department of Forestry. 

The total integrated management of one river basin or catchment has become 

difficult because each body has its own specific objective in managing the basin 

area and conflicting interests among these bodies often occur. The land use is also 

managed by various government bodies. In particular, the general land use is 

managed by the Department of Home Affairs, which is extended to local 

government offices, while the Department of Forestry is concerned specifically 

with conservation and exploitation management of forests. The management is 

more difficult particularly when a catchment area is shared administratively by 

two or more local governments, which are under the Department of Home Affairs, 

and each local government is responsible only for its working area. Therefore, 

there is a need for co-ordination among these government bodies in order to 

manage the water resources in Indonesia effectively. 

2.4 GENERAL TREND OF LAND USE CHANGES AND 

POSSIBLE DRIVING FORCES 

As mentioned earlier, changes in land uses are related to socio-economical factors 

and pressure from population growth. Purwadirdja (1982) argued that clear­

cutting the forest in order to create land for food crop plantation was conducted as 

a result of an increasing demand for cultivation, and this therefore reduced the 

proportion of forest-land. This is also supported by Cobban (1996), Syam et al. 

(1997) and Imbernon ( 1999) who argued that conversion of forest to agricultural 

land should occur through a transition of shifting cultivation. Further, Cobban 

(1996) also argued that the permanent agricultural land may convert to paddy­

fields in lowland areas and terraced slopes, and may convert to dry land farming 

uses such as vegetable gardens, if the land is too cold for growing paddy. Syam et 
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al. (1997) and Imbemon (1999) reported that transmigration programmes and the 

development of agro-industries are the main causes of the rapid land use 

conversion in some parts of Indonesia. However, they also pointed out that these 

are local cases, and not a general case for Indonesia. 

In many rural areas in Java, the expansion of house gardens onto dry hillside land 

is very prominent in a limited extent (Preston, 1989). The conversion of rice fields 

to house gardens is undesirable. The extension of house gardens is a logical 

consequence of increasing population and non-irrigated land should be the first 

choice for conversion to house gardens. 

In more urbanised areas, the increasing socio-economic development of 

households has resulted in the decreasing relative importance of village-based 

activities. As a result, many house gardens that used to be used for cultivation of 

annual and perennial food crops as well as seasonal plants such as bananas, 

cassava, pineapple and vegetables, have become sites for of new houses or places 

of business. 

However, in highly urbanised areas such as large cities, the function of cultivated 

land is converted in order to fulfil the needs of land for houses, industries and 

other constructions such as roads. 

It is clear that the population growth and increasing socio-economics drive the 

changes in land use. These changes can be generalised into a pattern: 

• In non-urbanised areas, forest changes to hillside dry cultivated land; 

• In slightly urbanised areas with increasing population pressure, the dry non­

irrigated land changes to become house gardens, while irrigated land where 

possible remains unchanged; 

• In more urbanised areas, gardens become sites for housing or businesses; 

• In highly urbanised areas, cultivated land and paddy fields are often used as 

places for housing, industries and other construction. 
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2.5 CONCLUSION 

From the discussion above, the physical and socio-economic conditions of 

Indonesia in summary are as follows: 

• It is geologically complex, rich with histories of mountain building and 

volcanic activity; 

• The climate is typically tropical monsoon, high in humidity and annual 

precipitation. The dry season occurs in the months of June to September and 

the rainy season from December to March, whilst the rest of the months in 

between the two seasons are the transition months. The temperature is 

relatively high (an average of 27°C at the coastline) with variation due to 

elevation. Indonesia also experiences the ENSO phenomena that have 

significant impacts on the national food crops production and other flood 

risk disasters; 

• The population is unevenly distributed, with the island of Java having the 

highest in density and therefore demanding the greatest area for settlement; 

• Land use conversions are mainly due to increasing population and socio­

economics, and they follow a general pattern. 
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CHAPTER 3 

SELECTEDSTUDVAREA 

3.1 INTRODUCTION 

Several factors need to be taken into account in selecting the appropriate area. 

One main factor is that the study area should be physically a general 

representative of Indonesian catchments, which means that it includes some major 

and common land use types (as described in Chapter 2), has common 

physiography and common soil formation types. The second main factor is that 

the area must contain major actual problems that exist in some Indonesian 

catchments such as land use conversion, increasing population pressure, 

increasing urbanisation, etc. In addition, technical factors such as availability of 

data, size and spatial representation are also taken into account. 

Bandung basin in west Java is one of several catchments in Indonesia which is 

well qualified to represent general catchments in Indonesia for this study. The 

area contains common land use types, is surrounded by volcanoes, and highly 

populated and therefore actual problems such as land use conversion, increasing 

population, and resource degradation (particularly of water resources), do exist. In 

fact, the changes in land use are quite observable within a short period of five 

years, particularly in the development of new residential areas in the east and west 

of Bandung City, and the industrial development as well as settlement in the south 

of the city. In terms of hydrology, this area has also been studied for many years. 

Citarum, the major river that flows across this basin, is the main source of water 

for three hydropower plants that exist along this river, namely Saguling, Cirata 

and Jatiluhur that produce power for Java, and particularly for the capital city, 
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Jakarta. A relatively recent hydrological study was conducted by Iwaco-Waseco 

(Iwaco-Waseco, 1991). 

This chapter describes in some detail the physical and socio-economic conditions 

of the selected catchment, the nature of the data collected from several 

government bodies3-1 and information collected during a field observation 

conducted in January 2000. The specific purpose of the field observation was to 

observe land use variation. 

3.2 PHYSICAL CONDITIONS OF THE AREA 

General physiography and geology 

Bandung basin is located in west Java, Indonesia with a geographical position of 

about 6°43' - 7°04' southern latitude and 107°15' - 107°55' eastern longitude. It 

covers an area of approximately 2,200 km2 and is surrounded by volcanic 

mountains in the north and in the south, known as an intramontane depression 

area (van Bemmelen, 1949; Dam, 1994) (Figure 3.1, see also the 3-D view in 

Figure 3.2). Both the southern and northern mountains reach high peaks of over 

2,000m above mean sea level (amsl).3-2 The centre is relatively flat and consists of 

two flat plains, the large Bandung plain and small Batujajar plain, bordered by 

small hills of andesite intrusions. The elevation of the flat plains is approximately 

650m - 675m amsl. The north border of the Bandung Zone is capped by a series 

of young volcanoes, including the Sunda Complex with peaks over 2,000m 

amsl. 3-3 The south border is marked by a series of volcanoes with peaks also over 

3-t Central Bureau of Statistics, BMG (Meteorological and Geophysical Agency), Research Institute for Water 
Resources, and Local Office of Agriculture Department. 

3-2 In the south; Malabar (2,321 m), Patuha (2,434 m), and in the north; Tangkuban Perahu (2,076m), Bukit 
Tunggul (2,209 m). 

3-3 Burangrang (2,064m arnsl.) and Tangkuban Perahu (2,076m arnsl.) 
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2,000m amsl. 34 The geological evolution that formed the Bandung basin is 

discussed in detail by Van Bemmelen (1949) and Dam (1994).3-5 

The geology of the Bandung Zone is partly young volcanic, mainly at the upper 

mountain region, and alluvial deposits, partly at the lower part of the mountain 

slopes (alluvial fan) and at the centre of the basin (Figure 3.3). In particular, the 

Bandung plain is filled by alluvial lacustrine and swamp deposit. Tertiary rock of 

andesitic type can also be found occasionally in this area in the form of hills and 

ridges. 

This geological variation has an important influence on the hydrology of the 

Bandung basin, which will be discussed in some detail later. 

34 Tilu (2,040m ams!.), Patuha (2,429m ams!.), Malabar (2,321m ams!.) and Papandayan (2,622m ams!.) 

3·5 The geological evolution of Bandung basin is as follows: The Bandung basin formation is part of the 
endogenic and volcanic processes that formed west Java. The basin is formed as a result of the uplift of 
Southern Mountains region in the Middle Miocene and a second uplift located at about 60km North of the 
Miocene geanticline. The break downs along the longitudinal slip faults and flexures caused the Bandung 
section subsided northward and formed a lake and swamp, in which black clays, tuffaceous sandstones and 
peat-layers were formed. Two major fault zones were formed between the Southern Mountains and the 
Bandung Zone. After this block faulting of the Bandung Zone, volcanic activity began along the fault lines, 
building up the basalto-andesitic and older structures in the south. The Bogor anticline, north of Bandung, 
was also pierced by basalto-andesitic magma, and the Sunda volcano-complex was formed. After the 
accumulation of volcanic deposit, this volcano-complex collapsed and formed the Lembang fault, just north 
of Bandung, and the arcuate Sunda rift. 
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Bandung Basin 
Base map 

N 

25000 m 

Figure 3.1: The base map of the Bandung Basin. Approximately less than 3% of the southern part of the basin is outside the map boundary. 
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30 View of 
the Bandung Basin 
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• Lake 
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Grey shaded area is the Municipality of Bandung 

Figure 3.2: Three-dimensional view of the Bandung Basin in a direction of 310° from North. 
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Geology of the Bandung Basin 

N 

··- - 25000m 

CJ QHa .Alluvial and colluvial deposits 
D QHs Fluvial sand deposits 
• OHi Lake deposits 

• QPIV Volcanic products . undifferentiated 
• TPV Volcanic products , sandstone, conglomerate , undifferentiated 
• TPAAndesit 

• QPut Sandy tuft. ashfall 
QPuf .Alluvial and volcaniclastic fan deposits 

_ QPw Volcanic products. undifferentiated 
• QPuL Lava flows . predominantly 
• QPmV Volcanic products . undifferentiated 
• V Volcanic vent filling (only in profile) 

• wssasal 
• rPDDasit 
• TMu Pumiceous tuft breccia, tuffaceous sandstone 
• TMm Sandstone, marl , claystone, limestone, breccia 
• TO Limestone 

Figure 3.3: Geological map of the Bandung Basin (redrawn from Dam et al., 1993). 
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Climatological setting 

As commonly experienced by most parts of Indonesia (Chapter 2, Section 2.6), in 

general the climate of west Java can be classified as humid tropical and is 

characterised by a dry season from June to September and a rainy season from 

December to March, with the transition months in between the two seasons. The 

annual precipitation and the relative humidity are relatively high. The weather 

conditions are largely determined by three factors (Dam, 1994): 1) the monsoonal 

circulation that causes seasonal climate variation in the Bandung basin area; 2) the 

regional topography of west Java; and 3) the topographic elevation of the 

Bandung plain. The monsoonal circulation of the wind regimes over the 

Indonesian region is determined by the position of the Intertropical Convergence 

Zone (ITCZ) that shifts from a northern hemisphere position during the northern 

summer to a southern position during the northern winter. The shift of this 

convergence zone over Java brings substantial rainfall particularly around the 

beginning and the end of the rainy season, and therefore two peak-months of high 

precipitation are commonly found in the climate records. The regional topography 

of west Java has an effect on the weather in Bandung that causes this city to 

undergo one or two months of low rainfall under 60mm, which is a characteristic 

of an intramontane basin such as Bandung, and the relatively low rainfall in the 

dry season in the basin with respect to the continuously wet in the highland (Dam, 

1994). The rainfall probability, based on 70 years data from the Meteorological 

and Geophysical Agency in Bandung, estimates a drop in the annual average of 

the precipitation by 25% in 1 out of 10 years (i.e. decadal variation). 

The seasonal variation of sunshine is related to the monthly variation of rain-days, 

and so is the variation of evaporation. Monthly variations of average temperature 

and relative humidity are less pronounced than rainfall variations. Daily 

temperature variations in Bandung are quite high with a range between around 

15°C in early morning and 29°C in the afternoon (Dam, 1994). 
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Altitude variation strongly affects the temperature. A temperature gradient of 

-0.6°C for every 100m increase in altitude is commonly adopted (Dam, 1994; 

Mock, 1973; Pulawski and 0bro, 1976). 

Bandung basin is also affected by the inter-annual climate variations of extreme 

events such as El Nifio and La Nifia. These climate variations have significant 

impacts on the hydrology of the Bandung basin. The El Nifio causes drought that 

affects water supply for domestic use, irrigation and the operation of the Saguling 

hydropower plant, and two other plants downstream of the Citarum river. The 

other extreme, La Nifia, causes heavy rainfall that intensifies the flooding in the 

central Bandung basin. 

Hydrological setting 

The Citarum river system is the only one that flows over the Bandung basin. It is a 

large system of which the river originates at the eastern slope of Mt. Malabar and 

ends at the north coast of west Java, east of Jakarta. However, the Bandung basin 

forms the major part of the upper Citarum River system. Together with many 

tributaries, the river flows to the west and leaves the basin system at the Saguling 

hydropower plant. The river network showing the main river and its tributaries is 

diagrammatically shown in Figure 3.4. 

Discharge varies considerably throughout the year. Dam (1994) reported that for 

all rivers a clear correlation between discharge and monthly rainfall exists and, in 

general, surface runoff could be determined primarily by rainfall. Deep 

groundwater outflow is considered negligible. For a sub-catchment, however, a 

study by Delinom and Suriadarma (1993) revealed a significant influence of 

geological structures on the discharge, in particular the Lembang fault north of 

Bandung city that acts as a barrier to the groundwater flow. This fault reduces the 

discharge of the Cikapundung River, which is one of tributaries of the Citarum 

River system. 
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Saguling dam 

Name of discharge stations: 
1 = Nanjung 
2 = Mahmud 
3 = Bj. Tanjung 
4 = Sukajadi 
5 = Kopo 
6 = By Pass 
7 = Gandok 
8 = Kamasan 
9 = Maribaya (Cigulung) 
1 O = Maribaya (Cikapundung) 
11 = Dayeuhkolot 

12 = Sapan 
13 = Jatisari 
14 = Sukapada 
15 = Andir 
16 = Kepuh 
17 = Cikuda 
18 = Babakanbandung 
19 = Rancakemit 
20 = Peundeng 
21 = Andir 
22 = Cengkrong 

Figure 3.4: Diagram of Bandung basin river system The arrows indicate the direction of flow. 

Cikeruh 

Cijalupang 
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A study showed that the foothills of the volcanoes along the margin of the plain 

contain important groundwater resources (lwaco-Waseco, 1991), which is a 

common feature in volcanic terrain (e.g. Santoso et al., 1992). The Bandung­

Cimahi alluvial fan of volcani-clastic product in the northern foothills, slightly 

west of Bandung city, is an excellent source of groundwater where artesian wells 

with yields of up to 20 litres per second used to be common. The southern margin, 

however, is associated with undifferentiated volcanic products that have moderate 

to low transmissivity, and therefore the productivity is limited. Alluvial deposits 

in the Bandung plain are generally regarded as acquicludes or having low 

productivity (Dam, 1994), which also suggests that recharge by rainfall in the 

Bandung plain is very low, and therefore recharge mainly takes place in the 

uplands. About 30 - 50% of the net rainfall reaches shallow and deeper aquifers 

(lwaco-Waseco, 1991; Pulawski and 0bro, 1976). 

3.3 LAND USES 

This section describes variation of land use types based on the land use map 

published by the Directorate of Environmental Geology (Suhendar, 1989) and as 

observed during a field visit in the months of January and February 2000. The 

land use map is given in Figure 3.53-6 and the description is classified into main 

groups that have distinct hydrological characteristics. The distribution 

characteristics of each land use will be discussed in detail in Chapter 6. 

3·6 Approximately less than 3% of the basin in the south is missing from the map. The field observation 
revealed that most of the missing area is covered with approximately equal proportions of tea plantation and 
forest. 
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Forest 

This type of land cover is mainly located in the upland. It covers an area of 

approximately 419.24 km2 (based on the 1989/1990 digitised map Figure 3.5). As 

seen on the map, the forest can be classified further into three types. The first type 

is a natural forest (primary forest) that contains a mix of tropical forest trees. The 

second type is a replanted forest (reforested) that contains single or limited types 

of trees such as pine. The other type is the secondary forest, which is mainly the 

regrowth forest containing bush and new trees. The reforested type of forest 

covers the largest in proportion (48%) and is located mainly in the southwest of 

the basin and fragmentarily in the north. The next largest in proportion is the 

primary forest (41.5%), and the remainder is the secondary forest. 

Irrigated paddy-fields 

This is a major land cover in the central part of Bandung basin, covering most low 

land area from south Bandung city to the gentle slopes in the southern upland, and 

from the east the Bandung basin to some parts of the Batujajar plain in the west. 

The irrigated paddy-fields usually can be identified by the presence of check dams 

or weirs (Supriyanto, personal communication, January 2000). The irrigated 

paddy-fields are found on flat plain (Plate 3.1) and on gentle slopes, forming 

terraces (Plate 3.2). In total, the irrigated-paddy fields cover an area of 

approximately 807.63 km2 (1989 data). 
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Figure 3.5: The land use map of the Bandung Basin (after: Suhendar, 1989). 
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Landuse / Land Cover of 
the Bandung Basin (1989-1990) 
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Legend: 

• Reforested 
• Primary forest 
• Secondary forest 
• Dryland 
D Mixed garden 
• Vegetable 
D Irrigated paddy 
D Rainfed paddy 
• Chinin plant 
• Tea plant 
• Lake 
• Residential area 
• Industries 
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Rainfed paddy-fields 

Rainfed paddy fields are paddy-fields where the source of water is rain and during 

the dry season they normally receive less water. Some kind of low-technical 

irrigation method, such as small canals, may be used to extend the distribution of 

water, but these canals are mainly dry during the dry season. Depending on the 

availability of water, some seasonal crops (palawija) grow in this rainfed paddy­

field (Plate 3.3). Sometimes they are planted on dykes between wet paddy-field 

(Plate 3.4). This kind of paddy-field is usually found on small pieces of land and 

scattered throughout the east and the west of the basin by the edges of the 

irrigated paddy fields. They are found to be quite large in size around the Saguling 

dam. The coverage area of this type of land cover in the basin is approximately 

78.85 km2 (1989 data; Suhendar, 1989). 

Plate 3.1: Irrigated paddy-field 
on a relatively flat plain with 
residential area at the 
background. 
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Plate 3.2: Terraces of irrigated 
paddy-field on a slope. 

Plate 3.3: Maize and cassava, 
on the topside of the paddy­
field. 

Plate 3.4: The palawija 
(seasonal crops) by the paddy­
field, and on the dykes 
(background). 
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Plate 3.5: Inter-cropping of 
cassava and maize. 

In the Bandung area, there are three important groups of dry-agricultural land. 

They are dryland (tegalan), mixed garden and vegetable garden (horticulture). In 

the field, it is quite difficult to distinguish a mixed garden from dryland. In 

general, a house can be found by the garden while the dryland is situated on the 

hillside and quite far from the houses. There is also a tendency for maize, cassava, 

and bananas and fruit-trees to be grown in the garden, while the dryland is planted 

more dominantly by vegetables, even though main staple crops such as maize, 

cassava, ground-nut, etc. are not uncommon. Maize and cassava are often inter­

cropped, i.e. they are grown on the same piece of land (Plate 3.5). Vegetable 

gardens (horticulture) are mainly found far north of Bandung City with an altitude 

around 1,000 to 1,500m amsl. Vegetables such as carrots, onions, cabbages, 

lettuces, tomatoes and chillies are the common crops. These types of dry­

agricultural land cover an area of approximately 578.77 km2 in the basin (1989 

data; Suhendar, 1989). 
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Estate crops 

Estate crops in the Bandung basin include tea and cinchona (quina). Tea estates 

(Plate 3.6) are mainly located in the far south part of the basin on the slopes of Mt. 

Malabar. The cinchona estates are located in the northeastern basin and in the 

south. 

Plate 3.6: Tea plantation in the south of the Bandung basin. 

Urban area 

Urban areas are shown in the map as residential areas and industrial areas. The 

centre of the urban area is the City of Bandung (Plate 3.7). Other major urban 

areas are in Cimahi, which is on the main route from Bandung City to Padalarang 

in the west, Soreang, Banjaran and Majalaya in the south, Ujungberung, 

Rancaekek and Cicalengka in the east, and Lembang in the north. Industrial areas 

are located mainly south of Bandung City, along the main road from Bandung to 

the west through Cimahi and Padalarang, and to the east from Cicaheum to 

Ujungberung. In the basin, residential areas and industrial areas cover 

62 



Chapter 3: Selected study area 

approximately 168.74 km2 and 11.35 km2 respectively (1989 data; Suhendar, 

1989). 

Plate 3.7: View of the Bandung basin from the north slope looking south with the 
city of Bandung in the centre and the southern mountain range at the background. 

3.4 SOCIO-ECONOMIC CONDITIONS 

Socio-economic information is important for the analysis of land use change 

drivers, because changes in land use are greatly controlled by human activities 

(Turner et al., 1993). A detailed analysis is given in Chapter 6. This section, 

however, will describe the general socio-economic conditions of the study area. 

The Bandung basin is administratively composed of two second-level regional 

administrations, namely the Municipality (Kotamadya) of Bandung and the 

District (Kabupaten) of Bandung. The Municipality of Bandung is also the Capital 

City of the province of West Java. The municipality and the district are divided 

further into smaller local administrations of Subdistrict level (Kecamatan). The 

municipality is located in the northern part of the central basin and surrounded by 
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several sub-districts that belong to the District of Bandung. The municipality of 

Bandung consists of 26 subdistricts and the district consists of 42 subdistricts. 

The City of Bandung is connected to other major urban areas by several main 

roads to the west, east, north and south (Figure 3.6). The east-west roads are the 

main economic and service routes that connect Bandung City with capitals of 

neighbouring provinces. A four-lane toll highway was opened in 1991 that 

connects Padalarang in the west and Cileunyi in the east, passes through the 

southern periphery of Bandung City with many branches towards the city. 

Demography 

Population growth is considered one of the main drivers for the land use change. 

The Bandung basin is a highly populated area with a total population in 1997 of 

nearly 6 million (Table 3.1). About 2.4 million of them live in the municipality. 

The population density for the municipality is 10,630 per sq. km and for the 

district is 1,247 per sq. km. The annual population rate of growth for Bandung 

City is averaged at 2.3% (Dam, 1994). However, the data from the Central Bureau 

of Statistics for the years 1989, 1992 and 1997 show a fluctuated rate of growth 

for the period of 1989 to 1997 with an average growth of 3.8% for the 

municipality, 3.0% for the district and 3.3% for the total area. The number of 

households is about 1.2 million, of which 31.6% are in the municipality. The 

average annual growth rate of the number of households is 0.75% for the 

municipality, 3.34% for the district, and 2.45% for both. 
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Figure 3.6: Main roads and railways in the Bandung Basin. 
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Table 3.1: Population data of the Municipality and the District of Bandung. 

Population Population density Rate of growth Number of households -- ·r··-· --···· 
Municipality, District ! Both (Sum) Municipalityr- District - Municipality District Municipality District 

1989 1,801,999 I 2,806,942 4,608,941 10,971.74 919.11 362,601 639,842 
I 1990 I 

1991 1,854,399 J 11,290.79 

1992 1,816,3451 3,094,298 4,910,643 11,059.09 1,132.70 -2.05 368,376 705,346 

1993 
2~::;~~:~: I 

13,381.76 21.00 

1994 13,727.01 2.58 

1995 2,315,64013,219,231 5,534,871 14,099.12 1,128.73 2.71 761,582 

1996 !:!:~:~~: I !:!!~:::: 5,900,592 14,436.24 1,237.54 2.39 9.64 819,143 

1997 5,992,993 14,524.53 1,247.39 2.71 0.80 384,991 832,030 

Note: * Estimated from the rate of growth. 
Source: Central Bureau of Statistics for the Municipality of Bandung (1991, 1993, 1998) and Central Bureau of Statistics 
for the District of Bandung (1990, 1993, 1998). 

Labour force and Gross Regional Domestic Product (GRDP) 

GRDP and labour force distribution by business sectors for 1996 are listed in 

Table 3.2. For the municipality, the GRDP contribution is the highest from the 

tertiary sector (64.2%) and in proportion with the absorption of the labour force of 

the same sector (67% ). The second highest is from the secondary sector, in 

particular the processing industries sub-sector, which contributes about 35.5% to 

the GRDP. The absorption of the labour force from this sector is equally in 

proportion to the GRDP (32.3% ). On the other hand, the district of Bandung 

receives the highest GRDP from the secondary sector (60% ), with the highest 

contribution coming from processing industries sub-sector. However, the 

absorption of labour in this sector is only 31.6%, which is disproportional to its 

contribution to the GRDP. The second highest contribution is the tertiary sector 

(27 .2%) with a labour force absorption of 37%. The primary sector contributes 

12.7% to the GRDP, but absorbs the labour force by 31.4%. 

Table 3.2 clearly shows that the GRDP contribution is well proportioned to the 

absorption of the labour force in the municipality, but not in the district. This 

confirms that the primary sector, and in particular the sub-sector of agriculture, is 
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Table 3.2: Labour force and GRDP distributions by business sectors for 1996. 

_________ Muni~ip~Jity District 
GRDP Labour GRDP Labour .... -···-··-····----1·----- _ ....... ___ 

Business sectors Value* (%) People (%) Value* (%) People 

I 
I. Primary sector 27.421 0.3 5,679 0.7 1,143 12.65 626,211 

1 Agriculture, forestry, husbandry and 27.42 0.3 5,048 0.6 1,on 11.92 511,m 
fishery 

-I 2 Mining and quarrying 631 0.1 66 0.73 14,440 

II. Secondary sector 2,864.39 35.5 281,200 32.3 5,432 60.13 630,881 
3 Processing industries 1,991.89 

; 
24.7 219,362 25.2 4,590 50.81 485,n2 

4 Electricity, gas and water 302.03 1 3.7 7,572 0.9 330 3.65 5,325 

5 Building/construction 570.47 7.1 54,266 6.2 512 5.67 139,784 

Ill. Tertiary sector 5,174.70 64.2 583,179 67.0 2,458 27.21 738,048 
6 Retail, hotels and restaurants '·::1 32.3 270,686 31.1 1,234 13.66 387,762 

?Transportation and communication 8.0 43,848 5.0 384 4.25 117,817 

8 Finance, rentals and business 897.12 11.1 23,978 2.8 254 2.81 9,115 
services 

1,022.571 9 Services 12.7 244,667 28.1 586 6.49 213,805 

100ther 
-1 

- . . 9,549 

TOTAL 8,066.51 100.0 870,058 100.0 9,034 100.0 1,995,140 

• = x 10s Rupiah (Indonesian currency) 
Source: Central Bureau of Statistics the Municipality of Bandung through Komara (personal 
communication, October 1999). 

--
(%) 

31.39 
30.66 

0.72 

31.62 
24.35 

0.27 

7.01 

36.99 
19.44 

5.91 

0.46 

10.72 

0.48 

100.0 

not an interesting occupation because it contributes less to the GRDP in 

comparison to the absorption of the labour force. 

3.5 AVAILABILITY OF DATA FOR THE DEVELOPMENT OF 

AN INTEGRATED MODEL 

This section describes the availability of data for the purpose of modelling and the 

development of components of the proposed integrated model. Data that may be 

required are listed in Table 3.3. They are based on the commonly required data for 

running water balance calculation, land use analysis and modelling, and climate 
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scenarios generation. Most of data were collected from government institutions, 

such as the Research Institute for Water Resources, Meteorological and 

Geophysical Agency, and some were collected from publications and reports, 

such as FAO Publications and the Department of Agriculture's Project Report. 

Table 3.3: Required data and their availability. 

Description of data Purposes Format Time/period Remarks 

A. Basic data 
1. Topographic map Basic data that can be used to D+HC NA 

______________________ derive slope,_size of area, etc .. -------~---····-----·-·-·--·----------· 

B. Hydrological 

-· component ---·-- ···-·--·----------·-----·--------- _______ .---·-·-· _ ------------·--·· 
_ 1. Precie!tation ---·--- ... Water balance __________ ·-···-·-·-- -----· D ___ ~ 983-1994 ___ Partial ---~ 

2. Climate, excluding Water balance: D 1979-1994 From 2 stations, partial 

-·-·--·precipitation ___ ·--·-··----· ·-· Potential .. Evapotranspjration ·-·- ------------ --------·---- ·----·--------------· 
3. Crop coefficients Water balance: HC NA FAO Publication 

Water requirement for each 

-------·--·----··---· _ crop !YJ}e _____________ ·-··----·· ·-···-·-------·- -----·-····-·-- ·--·-·-------· 
4. Crop patterns Waterbalance: HC NA Dept. of Agriculture's 

Seasonal variation in water Report 
·----··---·-- ·--· _ ··-----· _ requirement for each croptype _ ·----··---·--·-

5. Discharge data Model calibration and HC 1953-1995 Partial 
validation 

C. Land use 

component·······----·· ---·------··--··-- --·------- --· ----··- ------·---·-·-···--·--·-··-··- -··-·---·-··--·------···--·---·····-·---·-
1. Land use/cover map Land use model: D+HC 1989 Published map by GTL 

Existing land use as a base for (1991) 

-·--·-···--····-- _______ scenario generation ----·---- ----··- ·----·- .. --·---·-·-··-----··-·-·-·-
2. Demography and Identifying land use change HC 1989, 1992, Central Bureau of 

socio-economics drivers and modelling 1997 Statistics for the 
Municipality of Bandung 
(1991, 1993, 1998) and for 
the District of Bandung 

---·-··-------··--···----· ·--····----·-·-·····- ·····-·······-····-··---·--····-···---· ··-·-·----·· -·----···----- .. J!.990, 1993,_ 1998) ______ _ 
3. Geomorphology: Identifying land use change D NA Can be derived from 

_ elevation, slope, river .. drivers and. mode)ffig ____ ----· -·-··--··--------·· -~_graphic map --···-----
4. Supporting Identifying land use change D NA Can be derived from 

infrastructure such as drivers and modelling topographic map 
main roads 

D. Climate 
_comP5!!1ent _______ -------··-·····-----··---·- _ ----~·---·---·-- ------···-··--··--··--

(Data available is as 
required for water 
balance calculation) 

Note: The format of available data is classified into two: D = digtised, and HC = hardcopy 
NA = Not Applicable 
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Basic data 

Basic data is information that is commonly used or can be used for all 

components. For this study, the only required basic data is the topographic map. 

Usually, published topographic maps include natural features such rivers and their 

tributaries as well as human-made features such as roading networks, 

administrative boundaries, important buildings, airstrips, etc. Various information 

required for this study can be derived from this topographic map such as size of 

the selected area, distance from place to place, elevation, slopes, etc. 

Hydrological component 

The hydrological component requires various kinds of data as parameters for the 

model. The types of data collected are based on the parameters required for water 

balance calculation. 

Precipitation 

Precipitation is one of the main inputs to any hydrological model. Table 3.4 gives 

a summary of the nature of precipitation data after being converted from daily to 

monthly data, except for station number 27 (Bandung BMG) where the data is 

already in monthly format. These data came from 25 stations distributed in the 

catchment that are scattered unevenly throughout the study area (Figure 3.7). The 

distance from one station to the nearest station varies from less than 1km to about 

15km. Most of the data were recorded between 1985 and 1993. Records earlier 

than 1985 are available for some stations, but many of them have missing records. 

In total, about 50% of the data are missing from the period 1983 - 1994. 
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Table 3.4: Availability of precipitation data from the study area. (Blank cells mean no records; shaded cells mean data are available.) 
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Figure 3.7: Locations of rain stations in the Bandung basin. Two stations are located outside the map boundary. In addition 
to rainfall, stations number 9 and 27 also record other climate data. (Basic map is modified from topographic map of 
Bandung Basin [GTL, 1992].) 
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Climate data 

The term climate data in this hydrological component refers to required data for 

the calculation of potential evapotranspiration (i.e. excluding the precipitation). 

The types of data that have been collected are based on the parameters required 

for the potential evapotranspiration (PET) calculation using the Penman method. 

It is the method that demands the most types data but is considered the most 

accurate method in comparison to other methods such as Blaney-Criddle, 

radiation, and pan evaporation methods (Doorenbos and Pruitt, 1977). The 

required parameters for a PET calculation using the Penman method are: 

maximum temperature, minimum temperature and average temperature, humidity, 

wind speed and sunshine hours. Sun radiation data is preferable if available, but 

not essential. 

The availability and nature of data are summarised in Table 3.5. The climate data 

come from two stations. Both stations provide monthly data. The Ciparay station 

represents the south-east part of the basin while Bandung station represents the 

north-west region (Taryana, personal communication, January 2000). The 

monthly data collected from the Bandung station are quite complete. (The selected 

time period was only 1985 - 1994.) The data from Ciparay station, however, were 

incomplete with some gaps in the temperature data, solar radiation, atmospheric 

pressure, and sunshine hours. 

Crop coefficient (kc) 

Every crop has its own water requirement characteristics to allow it to grow 

properly. To calculate the amount of water consumption, a crop coefficient can be 

used which represents the relationship of the reference-crop evapotranspiration or 

any specific reference evaporation against the crop evapotranspiration. The crop 

coefficient also varies with the stage of growth of the crop; growing season and 
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Table 3.5: Summary of availability and condition of the climate data. 

Type of data 
6 7 8 9 

6 Pan Ev oration 
7 T em rature on Pan 

5 Radiation 
6 Pan Ev oration 
7 Tern rature on Pan 

Notes: 
• Complete set of data 

D Incomplete set of data 

the weather conditions (e.g. Doorenbos and Pruitt, 1977; Doorenbos and Kassam, 

1979). The values of crop coefficient for each crop type in the humid tropical area 

are given in Table 3.6. Very often, in order to simplify the problem, a generalised 

value is taken. The Directorate of Food Crop Production (1994) use a value of 1.5 

for paddy with respect to the evaporation of water on open surface, and 0.3 for 

seasonal crops (palawija) during the growing period, and 0.8 when already 

mature. Unfortunately, this generalisation is too vague as it eliminates variation as 

the result of crop maturity, in particular for the paddy field. In addition, it also 

eliminates the fallow condition between the cropping seasons. Furthermore, the 

given values are limited only to paddy and seasonal crops, disregarding the 

species of the crops. Calculation of the actual evapotranspiration and how to 

incorporate the crop coefficient into the water balance model is discussed in 

Chapter 5 (Hydrological Component). 
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Table 3.6: Value of kc (Crop coefficient) for each plant in a humid tropical area (compiled mainly from Doorenbos and Pruitt, 1977; and 
Doorebos and Kassam, 1979). 

Plant type Length of Growing period (days) Value of Kc 
Total Initial Developm. Mid-season Malurity Initial Developm. Mid-season Malurity 

(11 (21 (31 (41 (5) (6) (7) (8) (9) (10) 

Rice Paddy (wet land) • 105 15 20 50 20 1.10 1.10 1.05 0.95 
Paddy (dry land) • 105 15 20 50 20 0.90 1.10 1.05 0.95 

'Palawija' Com/maize 80 20 20 30 10 0.30 0.70 1.05 0.55 
Cassava' 350 0.75 
Sweet potato • 105 20 25 35 25 0.40 0.70 1.05 0.70 
Sovt>ean 85 15 15 40 15 0.30 0.70 1.00 C.45 
Groundnut• 85 15 25 30 15 0.40 0.70 0.95 0.55 
Mungbean • 85 15 15 40 15 0.30 0.70 1.00 0.45 
Onion 150 15 25 70 40 0.40 0.70 0.95 0.75 
Garlic' 150 15 25 70 40 0.40 0.70 0.95 0.75 
Cabbage 80 20 30 20 10 0.40 0.70 0.95 0.80 
Tomato 145 30 40 45 30 0.40 0.70 1.05 0.60 
Chili' 145 30 40 45 30 0.40 0.70 1.05 0.60 
Potato 130 25 30 45 30 0.40 0.70 1.05 0.70 
Chinese cabbaae 80 20 30 20 10 0.40 0.70 0.95 0.80 

Perennial Bananal•I 0.7 
Papaja' NA 0.70 
Avocado" NA 0.95 
Manco" NA 0.95 
Rambutan" NA 0.95 

Estatecroo Tea NA 1.00 
Quinine' NA 0.95 

Others Grassl2I NA 1.00 

111 Banana: Months I 1 2 3 5 6.00 7.00 8.00 
Kcl 0.40 0.40 0.45 0.60 0.70 0.85 1.00 

Kc for tolal growing period= 0.7 

Approx. range1 

Min Max Planting 
(11) (12) (13) 

500 950 116,701.0 
500 950 11,008.0 
400 750 20,957.0 

12,748.0 
400 675 5,468.0 
450 825 6,791.0 

? ? 3,491.0 
? ? 149.0 

350 600 3,299.0 
350 600 650.0 
250 500 3,759.0 

300 600 2,987.0 

300 600 3,012.0 
350 625 3,839.0 
250 500 2,305.0 

700 1700 6,075.9 
? ? 363.8 

650 1000 4,4312 

650 1000 453.3 
650 1000 1,0912 

? ? 
? ? 
? ? 

10 11 12 
1.10 0.90 0.80 

harveslin 

Coverage area (Ha) 
Harvest Differenceh 

(14) (15) 

110,825.0 5,876.0 
13,021.0 ·2,013.0 
22,079.0 ·1,122.0 
11,587.0 1,161.0 
5,242.0 226.0 
6,197.0 594.0 
3,334.0 157.0 

110.0 39.0 
3,412.0 ·113.0 

607.0 43.0 
3,859.0 ·100.0 
3,593.0 -606.0 
5,331.0 ·2,319.0 
4,039.0 -200.0 
2,274.0 31.0 

5,411.9 664.0 
154.8 209.0 

789.5 3,641.7 

187.6 265.7 
80.4 1,010.8 

13 14 
0.80 0.95 

Difference % 

(16) 

15 
1.05 

5.0 
·15.5 
·5.1 
9.1 
4.1 
8.7 
4.5 

26.2 
·3.3 
6.6 

-2.6 

-16.9 

-43.5 
-5.0 
1.3 

10.9 

131 

131 

57.4 1 1•1 
1•1 

1•1 

•I 

82.2 1 

58.6 1 

92.61 

Continued on the next page! 
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Continuation of Table 3.6from the previous page. 

121 Grass for golf course, normally kept short similar to the reference crop condition. 

131 Market influence; harvesting of previous cropping year not followed by the next generation in the current year 
141 Start of planting in the current year and harvesting in the following year 

s These are approximate ranges of seasonal ET crops that can be used for easy reference. The actual magnitudes change according to climate, 

crop characteristics, length of growing season and time of planting. 
• Data length of growth are interpreted from the Horticulture and Food Plant Production (1994) and some Kc values are estimated. 

* Value of Kc is estimated based on comparison with: coffee Kc= 0.9 throughout the year, but W significant weed growth is allowed Kc= 1.05 - 1.1, 

cacao Kc= 0.9 - 1.0 without shade trees or 1.1 - 1.5 with shade trees. 
11 Value of Kc is estimated based on comparison with fruite trees (peaches, apricots, pears, plums, almonds, pecans): average Kc in summer = 1.0 

for humid, light to moderate wind speed and without ground cover crop, and 0.8 wtth ground cover crop. 
& Value of Kc is estimated based on comparison with banana. 

•• Difference as: 
a. overlaping 
b. failure; disease, pests, etc. 
c. market control 
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Crop pattern 

A crop pattern in a simple way shows seasonal planting and harvesting patterns. 

This crop pattern is generally controlled by agroclimate (including soil type and 

rainfall) and watering technique. Data on recent crop patterns for Bandung basin 

are not yet available, but can be represented by other areas that have similar 

agroclimatic zones. 

Land use component 

The land use component requires various kinds of data for the identification of 

driving factors, statistical analysis, and land use allocation procedures. These data 

consist of land use maps, demographic and socio-economic data (Table 3.7), as 

well as the basic topographic data. When land use maps are not available, satellite 

images or aerial photographs may be used to replace the land use maps. However, 

they need to be interpreted and classified into land use groups before being used. 

The demographic and socio-economic data have been gathered from the Bureau of 

Statistics for analysis of the causes of land use changes and how they may change, 

because changes in land use are influenced by socio-economic conditions (Turner 

et al., 1993). The demographic data that have been collected consist of population 

data, including population density, number of households, and the number of 

school students, number of industries and Gross Regional Domestic Product 

(GRDP). Most of the data are at district level and they were collected as a multi 

temporal set of data in order to find trends of change that may correlate with the 

rate of change in land cover/uses. Analyses of these data are discussed in Chapter 

6 (Land use component). 
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Table 3.7: Availability of data for the land use component. 

Required 
parameters 

What Time series 
1989 1992 1997 

Remark or 
alternative 

source 
Land use/ covers _Paddy fields Qrrigated_and_non-irri_gatedL_ .. ·---- x --~----~- Land use map, 

_D.!Y ag_riculture _______________ x ___ x_. --~- 1990 
·- Housing_ and_ industrial area(settlementL__ -··--x ____ ._x __ ·-· x . 
__ Estates: commercial_ crop!_·---··-·--·----·- ___ x __ --~- __ x _ 
~- X X X 
~fil X -X X 
Harvested/planted area: (paddy, - ../' -· -
seasonal crops, perennial crops, and 
estate crops) 

Demography Population Density ../' ../' ../' 

-Rural Population De!15!ty _____ ·-··-··-----·--·····-·~ ·-- __ ../' _____ ../' ·- ·-----·----~ 
... Fraction_ruralp-0pulation -·-· __ ___ __,/' ___ ··- ../' --·· ·-../' ---·----·-·--·--
·-· Labour force den~-------·-------·-··------- ·---·-·x _______ x ·--·-- ___ x __ ------·------
__ Agricultural_labour force_den&ty -··--·------- ---· x··-·--· ·-- x ··-- ···--· x _ ·----------_ 
..... Fraction .agricultural labour force _ -·------ ___ x _ ·- x ___ _ __ x ---· _______________ _ 

Adults and Children ../' ../' ../' 
_.No._ of households/ family ____ . _____________ ,/'···-·-· -···- ../' ·--- --···,/' __ -------··-----~ 
_ No. of school stu~@econdaryJ ________ ../'___ ../' ________ -··-··· ./'·---·····-···-----·-·-···--·--·-·-
No. of people/households affected by x ../' ../' 
natural disasters(flood, _landslide, etcj____ _ ___________ --·----- --------·--· 
Sex ratio ../' ../' ../' 

Socio-economic GRDP at curren.!_price ____ . ../' ../' ../' 
No. of industries ../ -- ../'--- ---·../' --· 

.. Direct distance_!~ nearest_I!l~or river (ml ·-··---- --·-··----·~------- Derived from 
Direct distance to nearest main road (m) topographic map 

Geomorphology Elevation n.a n.a n.a Derived from 
Slope ·- n.a n.a --·-n~a-·-··- topographic map 

Climate* ._Sunshine,% of_time without clouds_·-··--·-- n.a ___ ··-·-·r:!.:_a. _____ .n'.a____ ../' 
~an_ge in precJpitatiQ!l__(mmL _______ n.a _ n.a n.a -- ../' ··· - --

Tota!_precipjtarronjm_!!i_ ____ ._ .. _._. _____ . __ .... n.a . __ n.a . -·- n.a ·-· ___ ___ ~------·- _ 
Average te~rature ·····-----·····---·- n.a n.a _ ·-- n.a .... ----····-···-----·--··-· 
Number of wet months with more than 50 n.a n.a n.a ../' 

. mm p;eci_pjtation ____ ·---··---···-····-···--····--··-·-·- ·------···--·- ··--·--··-·- ······----···-·····-···· 
Agro-climatic zone n.a n.a n.a ../' 

Soil* Geological classification based on parent n.a n.a n.a Geological map 
material 

.... ·--·-------- --·--.. --------··· 
Soil fe~ty Qow, moderate, __ higt!) _______ . ___ -·- n.a ___ --· n.a __ -~...:.a ___ -·-··-·-··---·--·-~--------
Soil drainage class (well, moderate, poor) n.a __ n.a ___ n.a __________ x ______ _ 
Soil permeability ~ae_d, moderate, slow)···- __ n.a_ n.a _ -·- n.a. ____ ··------x -----··---
Soil texture (coarse, medium, fine) n.a n.a n.a x 

* May Not be applicable (i.e. for very coarse scale analysis only). 
Note: Types of data compiled on this Table are based on Verburg et al. (1999). Not all of these data may be 
necessary for this study. 
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Climate component 

The data required for the development of the climate component for this 

integrated model are similar to the climate data required for the purpose of 

calculating the potential evaporation. They are: average monthly temperature, 

maximum temperature, and minimum temperature, average monthly precipitation 

data, and solar radiation. In addition, elevation data is also required which can be 

derived from a topographic map. These data, except the elevation data, are in the 

form of average data that comes from a long-term record. The data already 

available are from a 10-year record (1985-1994). 

3.6 CONCLUSION 

From discussion above, it can be concluded that the Bandung basin has been 

selected as the study area for the development of the proposed integrated model 

because: 

• This basin has been experiencing a problem of rapid land use change, 

dominated by the increase in the residential area as the result of high 

population; 

• Physically, the Bandung basin is quite representative of the Indonesian 

catchments. This medium size catchment (2,200 kni) contains some 

common geological variations of volcanic products, some sedimentary rock 

and some intrusive rock that significantly varies in their hydrological 

characteristics. It also contains major land use groups commonly found in 

Indonesia, ranging from forest, to dry agricultural land, paddy-fields and 

urban areas (settlement and industrial area); 

• The data availability from this catchment is among the best in Indonesia, 

even though some important data is missing. Nevertheless, this allows 

moderately good and comprehensive analyses that cover the hydrological 
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component, land use scenarios and climate change scenarios, for the 

development of the integrated model. In addition, there are a number of 

reports and published articles of hydrological studies and land use change 

analysis that have been conducted in this area, which can support the 

development of this thesis. 
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CHAPTER 4 

A POLICY - RELEVANT INTEGRATED MODEL 

4.1 INTRODUCTION 

As described earlier in Chapter 1, a policy-relevant integrated model is being 

developed in order to perform sensitivity assessment on changes in the land use 

patterns and climate with regard to hydrological runoff. The model is intended to 

help the users in foreseeing the impacts of those changes on seasonal variability of 

river flows of a river basin. The model will provide guidance to better planning 

for future environmental conditions, and therefore will help in reducing potential 

negative impacts from such changes. This method of planning is also known as 

active adaptation to future changes, that is, to use present knowledge to plan 

ahead and take timely action as needed (GCTE, 1996). 

The target users of this integrated model are individuals or groups of people 

involve in policymaking or decision-making for land use management. The model 

is designed to be user-friendly, and will guide the users to answer 'what if policy 

related questions under various predefined scenarios with regards to the 

streamflow variability. Although prior hydrological knowledge is not necessary to 

run this model, some basic knowledge of water balance and scenario modelling 

will be useful in understanding the outcomes of this model. 

This chapter describes in more detail the structure of the integrated model and 

how the three model components are linked to each other, how the model is 

developed, and aspects under consideration in the model's development. 
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4.2 STRUCTURE OF THE MODEL 

Components of the integrated model 

The basic structure of the model has been shown in Chapter 1, and is shown again 

in this section for further discussion (Figure 4.1). 

-- Scenarios of changes --

., , 

Land use 

..... 

..... 
Hydrological 

system 

., , 
Streamf lows 

., , 
Climate 

Figure 4.1: The basic structure of the integrated model system. 

As outlined in Figure 4.1, the integrated model system has three main 

components. These are land use, climate and hydrological components. The 

input to the model is a set of scenarios of changes in land use patterns and climate. 

The land use scenarios are policy related. Both land use and climate components 

act as separate processors that transfer the given input for each component into a 

series of hydrological variables and parameters that will be used afterwards by the 

hydrological component. The hydrological component will process all the 

variables, incorporating basic characteristics of the catchment area and parameters 
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derived from the land use and climate components, and produce the outcome in 

the form of seasonal streamflows. 

The policy-related scenarios for land use change can be produced by at least two 

different approaches. The first is by using an already produced master plan, and 

considering this plan as one scenario pattern. Most local governments at district 

level have produced their own master plans for land use, at least in the short-term 

(between 5 and 20 years). This is particularly so in the areas where the 

government still has some control over land use. This is quite common in many 

parts of the country; for example, the government encourages a specific area for 

agriculture, other areas for industries, business, housing, etc. The other approach 

is through the use of a land use model. This is needed when master plans are not 

available or when future scenarios over the long term (more than 20 years ahead) 

are required. One advantage of this approach is that time dependent scenarios can 

be produced. 

There is a large number of methods for generating scenarios of climate change 

(Carter and La Rovere, 2001). These methods can be incorporated into a climate 

scenario generators for facilitating applications. The results can then be passed on 

to the hydrological component in the form of climate-hydrological parameters as 

needed by the hydrological component. There are many climate scenario 

generators already available. Among them are models developed by Hulme et al. 

(2000), and Warrick et al. (2001). These are discussed in some detail later in a 

specific section of this chapter. 

The hydrological component is the component that will produce hydrographs of 

streamflows as the output. In this component, all the parameters produced by land 

use and climate components are combined together with basin characteristics to 

produce average monthly streamflow hydrograph. 
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How the components are linked to each other 

The land use component and climate component are linked to the hydrological 

component as a flow process, or a cause-and-effect relationship. This means that 

information derived from the land use and climate components become the input 

of the hydrological component. The model does not consider dynamic feedback 

relationship, nor does it show inter-relationship between the land use and climate 

components because those kinds of relationships are too complex to be included 

in the proposed integrated model. (In reality, such an inter-relationship between 

the land use and climate exists, see Bonan, 19974·1; Scharpenseel and Pfeiffer, 

19984.2; and Wasson, 19964"3.) 

Because land use information is basically spatial, the most common way to link 

land use information to a hydrological model is by means of a Spatial Information 

System (SIS). Another way to link the land use information to the hydrological 

model is by manually collecting and delineating the spatial information and all 

hydrological parameters from basic maps, and listing them all for further 

processing by the hydrological component. However, this method is time 

consuming and very tedious work, especially when the river basin is very 

complex. Thus, the use of SIS is preferable, particularly when basic data are 

already available in a digitised format. 

This SIS can be linked into the model in several ways (Maidment, 1991). It may 

be used simply as a tool for determining hydrological parameters and the 

4-t Based on simulations with a land surface process model coupled to an atmospheric general circulation 
model, Bonan (1997) showed that the altered climate in the Eastern and Central U.S. was caused by a change 
in land use, and was particularly due to reduced surface roughness, reduced leaf and stem area index, reduced 
stomata! resistance, and increased surface albedo with modern vegetation compared to natural vegetation. 

4-l Scharpenseel and Pfeiffer ( 1998) identified and assessed the effects of climate change on soil and land use 
of different ecosystems. 

4-J Wasson (1996) reported a climate change interaction with land use on fluvial systems. Climate change 
might induce land use change by making agriculture either possible or impossible, and very likely that the 
climatic changes acting on societies that are economically marginal would be reflected in land use changes. 
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outcomes are fed into an existing hydrological model, or it may be combined with 

the hydrological model in which the SIS is used to develop hydrological 

parameters from basic data sets until the output. The SIS can also be embedded 

into the hydrological model as one integrated model. Moore et al. (1993) 

employed a Geographic Information System (GIS) together with a terrain analysis 

method to determine spatial distribution information and terrain attributes, 

including slope gradient which are often required in surface runoff modelling. 

Colby ( 1996) used a GIS to derive spatial characteristics of the watershed in order 

to provide thematic data layers that were used to delineate hydrologic response 

units (HRU) and other additional data layers, which were then used as parameters 

for the U.S. Geological Survey's Precipitation Runoff Modelling System (PRMS). 

Stuebe and Johnston ( 1990) used a GIS in combination with Soil Conservation 

Service runoff curve numbers (CN) to model runoff volume and the whole 

modelling process was conducted using GIS functions. 

The climate component is also linked to the hydrological component as a flow 

process, in which the results of data processing from the climate component 

become the input of the hydrological component. The hydrological parameters to 

be derived from the climate component as required by the hydrological 

component, for example, are monthly precipitation, temperature, solar radiation, 

etc. In many cases, these parameters have to be spatially distributed, especially if 

the study area is quite large. This can also be managed easily by using a SIS. 

Information to be derived from the land use 

and climate components 

The land use component generates spatial information of land use patterns that 

will be mathematically translated into a set of hydrological parameters for runoff 

computation. Each land use type has its own potential evapotranspiration and 

runoff coefficient values. These are the main hydrological parameters that 
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strongly link the land use with the hydrological component. The coverage of each 

land use type and its distribution is also required as this will influence the total 

amount evapotranspiration as well as runoff. 

The climate component generates meteorological information that will be used as 

input parameters for the hydrological component. The main parameters, for 

example, are precipitation, temperature and radiation (Bardossy and Caspary, 

1991). 

4.3 HOW THE MODEL IS DEVELOPED 

Each component of the integrated model is developed separately, without 

forgetting how they are integrated as one model. There are two possible 

approaches in developing these components. The first is by selecting and adapting 

an existing model or method that has similar characteristics as required for the 

respective component. The second is by constructing the component from scratch. 

The first approach is less time consuming and requires less effort to develop the 

model than the second that requires special skill in computer programming. The 

advantage of this approach over the first approach is that the model to be 

produced can match the ideal model. However, producing a computer programme 

is not the main target of this thesis. Therefore constructing a new computer 

programme from the beginning will only be conducted when the appropriate 

model to be adapted for component development is not available. 
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4.4 ASPECTS TO CONSIDER IN SELECTING THE MODEL 

There are many hydrological models, land use models and climate scenario 

generator models available nowadays. Existing hydrological models vary in their 

complexity from simple to very complicated as have been reviewed by several 

authors, e.g. Shaw (1988) and recently by Mirza (1997) and Arnold et al. (1998). 

Land use models also vary depending on their purposes (Lambin, 1997), as do 

climate models (Mimikou, 1995). 

Any model has its own characteristics, and may possess both advantages and 

disadvantages. In general, new models are claimed to be more accurate than older 

models, but many new models are more complicated to use than the older ones. 

Because of their various characteristics, it is necessary to selectively choose the 

model based on the criteria required for the development of the integrated model 

in order to achieve the main aim of this thesis (i.e. the model is selected based on 

the purpose of this thesis). 

Aspects to be considered in selecting the model and the basic requirements of the 

integrated models have been discussed in Chapter 1. They are; not highly data or 

computationally demanding, accommodative and transportable. There are also 

additional aspects to be considered in selecting the most suitable hydrological 

model to be adapted. These are important because they will influence how the 

model is to be developed. They include: 

• Capability of the model to cope with the problem of land heterogeneity; 

• At what spatial scale ( or spatial resolution) the model may work; 

• At what time scale (or time resolution) the model may work; 

• Accuracy of the model; and 

• Conceptual approach, 'Black box' or conceptual-process oriented model. 
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An additional need to consider for the hydrological model, is how it copes with 

the problem of regulated streamflows in an area largely affected by human 

regulation. 

Each of these factors is discussed in tum below to show how these affect the 

selection of the methods and models for the development of the integrated model. 

Heterogeneity 

Heterogeneity of the land is one of the problems encountered in hydrological 

modelling. It includes the variation in the catchment slopes, soil types, geology, 

and land uses. Many researchers have tried to solve this heterogeneity problem by 

developing hydrological models that can include these variations in their models, 

and they have produced models using a distributed system or differential method 

(Leavesley et al., 1983; Fltigel, 1995). Models that have limitations in the model 

conceptualisation of the hydrological process involved, such as lumped parameter 

and empirical models, must be used carefully as they fail to predict the impact of 

land use change on catchment runoff (Kuczera et al., 1993). 

Land use (or land cover) classification can range from extremely detailed to 

simple depending on the purpose of the study. For a resource inventory, the 

classification can be very detailed and will include individual ecological types, 

forest types, vegetation, types of urban settlements, etc. (e.g. Spectranalysis Inc., 

2001; Balsem and Buurman, 1989). A new concept of classification system 

proposed by FAQ, using dichotomous and hierarchical phases, promises a system 

that is universally applicable and can be adapted into various spatial scales (Di 

Gregorio and Jansen, 1998). In general, the more class types, the more 

complicated the land use model is going to be. For the purpose of hydrological 

analyses, the land use classification is simplified by grouping land use types that 

have similar hydrological properties into one class, which results in four or five 
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land use classes that are significantly different in their hydrological characteristics 

(e.g. Leavesley et al., 1983; Bannert and Riyadi, 1989; Djuwansah, personal 

communication, May 1998). 

Spatial scale 

Studying the effect of land use changes by using real life catchment sizes (more 

than 100 km2) is more difficult than using small catchments of less than 10 km2 

(L!ZSrup et al., 1998). Many catchment studies are conducted in small areas, as 

these are best for studying the basic physical processes of catchment hydrology 

(He et al., 1997) including how each land use type and land use pattern change 

may affect the hydrology. The problem with large catchments is that they 

generally contain more heterogeneity than small catchments and therefore the 

number of parameters involved are far too many in comparison to those for small 

catchments. In addition, catchment parameters may also be scale dependent, 

particularly shape parameters such as slope and topography, which are highly 

scale dependent (Gustard, 1992; Moore et al., 1993; Newson, 1994). If the aim of 

a study is about catchment resources, it will be more useful and appropriate to 

work on large-scale catchments than on small-scale catchments (He et al., 1997). 

In this kind of study, details of physical processes in the catchments are not the 

point of interest. Rather it is the sensitivity, quantity and quality of the resources 

being questioned that are the main interest. 

The size of coverage area also influences the land use models because driving 

forces for land use changes are highly scale dependent. The climate variable as a 

driving factor in land use change is more important than the terrain variable at a 

global scale, but less important in a regional scale (Hall et al., 1995; Veldkamp 

and Fresco, 1996). 
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This spatial scale is also a concern in selecting climate simulation models. The 

most common models for evaluating climate changes are the General Circulation 

Models (GCMs) (Bardossy and Caspary, 1991) because they are believed to be 

the most credible (Mimikou, 1995). However, GCMs have a coarse resolution and 

in general, they are unsuitable to be used directly for studies on a scale of one 

catchment (Mimikou et al., 1991). Therefore, it is necessary to down-scale the 

result of the GCMs for more detailed spatial information (Hewitson and Crane, 

1996). 

Time scale (time resolution) 

The purpose of the model can affect the methodological concept of the models. 

Models, which are developed for analysing short hydrological events such as 

floods, are different in their conceptual approach from models that are designed 

for monthly or annual water budget analysis. This is clearly differentiated in the 

Precipitation - Runoff Modelling Systems (PRMS) of the U.S. Geological Survey, 

where channel routing is the concept to be used for flood analysis, whereas for 

land use effect analysis, monthly or annual hydrographs, the water balance 

concept is used (Leavesley et al., 1983). Yet, the channel routing concept can still 

be used for analysing the monthly or annual water budget, or land use effects to 

analyse hydrology, such as in TOPMODEL (Beven et al., 1988) and Soil and 

Water Assessment Tool (SWAT) model (Arnold et al., 1998). However, they 

require daily data for their analysis because they are actually designed for daily 

analysis, but the output can be extended to monthly or annual outputs. Therefore, 

even if the aim is a seasonal or monthly analysis, the amount of data to deal with 

will be too large and may demand significant mathematical computation. 
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Accuracy of the model 

The purpose of this study is to produce sensitive analyses in order to study the 

relative changes in river resources, in particular streamflows, as the result of 

various scenarios of changes in land use and climate. Therefore, the model 

verification is directed in such a way as to ensure the accuracy of the model for 

these purposes. Accurate estimates of the absolute quantity of stream discharge 

are not necessarily required. 

Accuracy is also related to spatial scale and justification of time scale. The 

integrated model is developed to deal with water resources analysis and therefore 

involves relatively large catchments. Thus, it is important to adjust the 

interpretation mechanism based on scale, which consequently may result in losing 

some details of processes (Hackett, 1988). 

'Black box' model against conceptual model 

Ideally, the model to be developed does not need to be calibrated and is readily 

transported onto different catchments when needed. With 'black box' type 

models, or models that have limitation in conceptualising the hydrological 

process, calibration (or model validation) is very necessary (Ewen and Parkin, 

1996; and Parkin et al., 1996). Among these models include the lumped models. 

The models that represent detailed physical processes, such as physically 

distributed based models, are naturally considered as having the ability to predict 

the hydrological response of ungauged catchments (Beven and O'Connell, 1982). 

However, this kind of model has the limitation of requiring a large number of 

parameters. Nandakumar and Mein (1997) showed the difficulty in avoiding 

errors when using physically based models, of which systematic errors in rainfall 

are the most serious effect on predicted flows. Estimated errors in model 

parameters also have significant effects. 
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In reality, all models regardless of type - 'black box', semi-conceptual or fully 

conceptual - require some amount of calibration or adjustment. The effort needed 

in conducting calibration is dependant on how accurate the model is expected to 

be, which is also related to the purpose of the model, spatial scale, and time scale. 

Regulated streamflows 

Another problem in catchment modelling that includes analysis of land use effects 

on streamflows is when the streamflows are not natural (L~rup et al., 1998). This 

is particularly a problem if catchments have large reservoirs upstream of the 

gauging stations, which is very common for large catchments, and the 

streamflows are controlled by the operation of reservoirs. The data from those 

gauging stations cannot be used for this kind of study. If we assume that the 

streamflows are not regulated (i.e. natural flows) for a catchment (which in real 

life are significantly regulated), there is a need to select the model that does not 

require much calibration. 

4.5 SELECTING SUITABLE METHODS AND MODELS 

As mentioned in the previous section, selecting the methods and models depends 

on the purpose of the study, which is to produce an integrated system for 

examining the impact of changes in land use and climate on the seasonal 

streamflows. It will be used to assess the sensitivity of the streamflows in 

response to the changes in land use and climate. Based on this purpose, the 

selected methods and models for the integrated system should be able to handle 

heterogeneity of land use in the catchment area, and calculate the impact of 

changes in the land use. The integrated system should work on a catchment scale 
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because the model is designed as a tool for policymakers and planners in 

managing a river basin. The integrated model is designed to work based on 

monthly data because the aim of this thesis is examining the sensitivity of 

seasonal streamflows. It reduces the amount of data to be handled and 

computational effort required compared to a model that uses daily data. 

Furthermore, daily data are more difficult to obtain than the average monthly data. 

This section reviews m more detail available methods and models for each 

component of the integrated model. In addition to the purpose of the thesis, the 

appropriate methods are selected based on the ease of adapting the model and the 

considerations discussed earlier. 

Hydrological component 

Review 

There are many hydrological models already published and used by researchers 

that try to analyse the impacts of land use changes and climate changes on a 

hydrological regime. Mirza (1997) has made a review of published hydrological 

models, specifically regarding their types, purposes, advantages and limitations. 

He classified the hydrological models into four types: empirical, water-balance, 

lumped-parameters and physically-distributed models. He found that all types of 

models could be used to analyse the hydrological impacts of land use changes. 

Each model is considered in the following discussion. 

Empirical models 

The empirical models are the simplest among all types of models in terms of data 

requirements and mathematical computational work. This is because empirical 
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models do not explicitly consider the physical laws governing the process since 

they try to relate the input (precipitation) and the output (discharge) through an 

empirical relationship. Thus, these models cannot be directly applied to different 

catchments (i.e. are not transportable) as the relationship has to be heavily 

recalibrated when it is transferred from place to place. Moreover, these empirical 

models are generally used for specific purposes, such as estimating the impacts of 

tree cutting in a forest and forest regrowth, flood forecasting, assessing the effects 

of urbanisation on streamflows, or low flow management (Taniguchi and Bari, 

1997; Ott et al., 1991; Liu, 1987; Hornbeck et al., 1987; Vogel and Kroll, 1990). 

Lumped-parameter models 

Conceptual lumped-parameter models also face the same limitation of not being 

able to be used on different catchments, though they embody a series of functions 

and approximations or simplification of physical laws such as hydraulic laws, 

topographic index, or empirical algebraic equations. Most of the catchment study 

areas using these models are small in size or less than 100 km2• However, a 

combination of lumped-parameter models and statistical analyses may extend the 

analyses to medium size catchments of 100 to 2500 km2 (L!Zlrup et al., 1998). 

Even though Mirza (1997) and Kuczera et al. (1993) stated that these lumped­

parameter models were not suitable for predicting the effects of land use changes 

on the hydrological regime of a catchment, they have, been successfully used in 

some catchment studies (L!Zlrup et al., 1998; L!Zlrup and Hansen, 1997; Bultot et 

al., 1990; Eeles and Blackie, 1993). 

Physically-distributed parameter models 

Of all types of models, physically-based distributed models are considered as the 

most suitable models for studying the impacts of changes in land use on 
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hydrological regimes. These are differential models based on conservation of 

mass, energy and momentum, and characterised by details of representation of 

physical processes and of the number of parameters that have to be evaluated 

(Arnold et al., 1998). These are, however, perceived simultaneously as the main 

strength and weakness of these models (Parkin et al., 1996; Mirza, 1997). These 

models require many more mathematical computations than other types of 

hydrologic models and therefore are difficult to use. These difficulties are mainly 

caused by the inability of the equations to represent actual field processes, the use 

of effective parameters to represent sub-grid scale processes, over­

parameterisation, and calibration and validation methods. However, in spite of 

such difficulties, these models have been widely and successfully used (Bathurst, 

1986; Storm et al., 1987; Ott et al., 1991; Vorosmarty et al., 1991; Dunn and 

MacKay, 1995). 

Water balance models 

The water balance models use fundamental equations to estimate the balance 

between the inputs (precipitation) and loss of water by evapotranspiration, 

streamflow and infiltration to become groundwater (Thomthwaite and Mather, 

1957; Sokolov and Chapman, 1974). They are a type of hydrological model that 

has very simple structures and is characterised by a limited number of parameters, 

which is in contrast to the physically distributed models that contain details of 

physical processes and large numbers of parameters. The models allow monthly 

and seasonal estimates of hydrologic parameters and they can be applied to 

reasonably large areas with sparse data. These models are good at predicting 

human impact on the hydrologic cycle, such as irrigation, predictions of 

streamflow and other impacts, including the impact of climate change and land 

cover change (Dunne and Leopold, 1978). Rowe (1998) is in favour of using these 

models for evaluating impacts of land use change through forestry on water 

resource (especially on low flows) - such as the impact of forest cutting and forest 
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re-growth on streamflows. A limitation of these models is that they cannot be used 

to estimate the hydrologic parameters of an ungauged catchment. 

One important issue is whether those models have been used to generate monthly 

runoff and have been successfully integrated or coupled with other components. 

Table 4.1 lists some examples of studies that have integrated the land use 

component and/or climate change component with the hydrological model, 

spatially explicit application or GIS. The catchment size of case studies and the 

purpose of studies are also included. It can be seen that the empirical model and 

lumped parameter model are not commonly used to generate mean monthly 

runoff. The list shows one model that can assess the impacts of land use and 

climate change together, and produce monthly runoff within a GIS (i.e. 

Vorosmarty et al., 1991)44. 

Selected model and method for adaptation 

To achieve the mam objective of this thesis, in addition to its capability to 

generate mean monthly runoff for examinations of seasonal changes m 

streamflow, the hydrological model has to be able to integrate well with the land 

use and climate change components. Therefore it needs to be: 

• spatially explicit, as the integrated model needs to spatially display changes 

in land use (i.e. distributed parameters); 

• able to accommodate the changes in meteorological parameters, such as 

temperature changes, precipitation, sun radiation, etc. 

44 The model developed by Vorosmarty et al. (1991) calculates any changes in climate or land cover relative 
to a 'reference state', and the model is not time dependent. 
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Table 4.1: Examples of case studies with integrated application of hydrological models. 

Type of 
model 

Empirical . He et a/J1991) __________ ~ small p 
uses (19751 --·----··----- .;,-- small o 

_!,J~~_akumar and Mein _~~7) ______ _____ f large a 

Lumped 
parameter 

__ Bul~!_~(_<E:__{~~L-··-······-·---·-··········--· ·-··-·-- ----~---- _ _ medium u 
Eeles and Blackie (1993J ~ - -- _ _JI__ 

-~~~~s:r:?%~;:rry{1991) _________ ----____ _ __ ~ ___ :: __ ::~: -+----
_Q!!._~t al.J.11~_1L__ ______ _ _____ ----~---- -~--- _______ _!'_ _ __1_~!98- _ _e_ _ 

Physically 
distributed 

_ _y~osmartyyt.3Ll199!) --···------1-~-,_ ../ ___ _.:!____ _ ~ larae a 
-~~~'!_n_c:l__~_a_p~~YJ!~~?L _______ 1-- . ~ __ --~ __ u 
_ Parkin et al._~96)_______________ _,__ _ ~ ~ ·--~-- p · ~=~~~~~ :ta~ii1~i:L ________________ ········-------- ~ --~,_ larae ~ 
_13_Qwe(1998L_______________ ---------~ __ _,___ _ __ --~-
-~imikou et al. (1991) ____________________ ---··---~----····--·---- ~ .. ~ a 

Water 
balance 

Note: 

.. Schaake et a/j~96L ________________ ~ ____ __!___ ---~- u 
___ Boysen(2000J____________________ _ ______ ~-- _ ~--- u 

-~~:e1l111~~7rollek_{1983)_ - ~ ~ ··-1- ~:: ~ 

Catchment size for this Table is classified as follow; 
small approximately< 10 km2 
medium approximately 10-100 km2 
large approximately> 100 km2 

Purpose of study; 
p = prediction/estimation of the output, e.g. runoff, flood forecasting, including measured impact estimation 
a = analysing impacts, sensitivity studies 
u = understanding the processes, model development 

Blank field; no (definitive) information. 

By bringing together all considerations in selecting the model as described in 

section 4.4 and information in Table 4.1, it is clear that there is not any type of 

model that can be applied directly. The method to be adapted for this thesis is a 

kind of physically-distributed model with computation based on the water balance 

concept, that is by applying the water balance fundamental equation. The 

physically-distributed model is adapted to allow changes in land use, which is a 

spatially distributed parameter generated from the land use component, to be 

computed directly by the hydrological component (Choudry, 1998). With this 

method, the computation is conducted on a cell-by-cell basis. The changes in 
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meteorological input parameters derived from the climate change component, as 

well as the changes in land use as derived from the land use component, can be 

computed directly in order to generate the streamflow. 

Land use component 

Review 

Understanding what causes changes in land use, and how to model these changes 

have become major topics of inquiry by many geographers and natural scientists 

for over a decade (Irwin and Geoghegan, 2001). It is believed that the changes in 

land use can significantly influence local and regional weather and climate 

(Cotton and Pielke, 1995). At a basin scale, for example, as has been discussed 

before, the changes in land use can alter hydrological systems that may threaten 

the water resources or cause more frequent floods. 

There are many causes of changes in land use or land cover. They can be 

classified as the proximate causes and underlying causes (Geist and Lambin, 

2001). The proximate causes are the activities that directly cause the changes; for 

example, shifting cultivation that leads to deforestation. In terms of scale, the 

proximate causes work locally. The underlying causes are the fundamental forces 

that drive the proximate causes at a higher hierarchy, and normally they are 

associated with socio-economic factors such as population pressure, household 

income, government policies, etc. (Turner et al., 1993; Skole and Tucker, 1993). 

In terms of scale, these underlying driving factors can work on a local, regional or 

national scale. Hence, these imply that the causes of the land use changes are scale 

dependent. More examples of scale dependency, for instance, are the biophysical 

factors such as environmental change and climate change which on a large 

regional scale have important roles in shaping environmental change in the 
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landscape, while slope, elevation, soil fertility, etc. are more important on a more 

local scale (Hall et al., 1995; Veldkamp and Fresco, 1996). 

There are many methods for modelling land use that have been developed with 

various approaches such as remote sensing for monitoring and inventories (e.g. 

Karsidi, 1998; Kaufmann and Seto, 2001), probability models (e.g. Geoghegan et 

al., 1997; Cropper, 1998), multiple regression models (e.g. Karsidi, 1998; SEA 

START RC, 1999), and economic approach models (e.g. About.com, 1997; 

Chomitz and Gray, 1995). They have been reviewed by Lambin (1997) and were 

classified based on the methodology and the questions that need to be answered, 

such as when and where the changes may occur in the future, and what drives the 

changes or why they change (Table 4.2). Irwin and Geoghegan (2001) have also 

reviewed the land use models, particularly the spatially explicit models. 

Monitoring technique (remote sensing) 

For the purpose of monitoring the changes, a remote sensing method is commonly 

used (Application Case 1: Table 4.2). This method detects the changes of land 

cover from a pre-defined reference state as a baseline. A common approach to 

monitoring the changes is by comparing sequential land cover maps derived 

commonly from remote sensing data. This method of analysis is readily available 

in many image processing software packages for earth resources studies such as 

IDRISI (Eastman, 1995) and ILWIS (ITC, 2001). Since the observation relies 

mostly on the interpretation of remote sensing data, only a drastic land cover 

conversion can be easily identified while the modification of land can be difficult 

to observe. This method allows the analysis of the temporal dimension of the 

changes (e.g. Karsidi, 1998; Sader, 1998; Kaufmann and Seto, 2001) to answer 

the questions of when and where in the past, but is unable to identify driving 

forces, i.e. what cause the changes. 
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Table 4.2: Research scenarios on land-cover change and general methodologies 
(modified after Lambin, 1997). 

What Is already What one needs 

Example of appllcatlon known about the to know about General methodology Example of tools change of the change 
process process 

1. Climate impact studies Nothing When and where Monitoring techniques Remote sensing 

2. Projection of future When in the past When in the future Transition probability Markov chain; logistic 
surface - atmosphere models; time-series function-based models 
interactions analysis 

3. Identification of driving Where and when Why in the past Multivariate statistical Multiple regression 
forces in the past modelling models 

4. Habitat conservation Where and when Where in the Empirical spatial models Spatial statistical (GIS-
in the past future based) models 

5. Future wood resources Where, when and When in the future Ecosystem models Dynamic simulation 
availability why in the past models 

6. National land-use Where, when and When and where Ecosystem models Dynamic spatial 
planning why in the past in the future simulation models 

7. Corrective or preventive Where, when and Why in the future Economic models Von Thimen-like 
policy intervention why in the past models 

Transition probability or time-series analysis 

The transition probability method is a time-series analysis that can be done based 

on a Markov chain for projecting the land cover changes. Therefore, it can answer 

the question of when the changes take place (Application Case 2: Table 4.2, e.g. 

Thornton and Jones, 1998). The Markov chain transition probability method 

simulates the change process by using linear, stochastic techniques, based on a 

probability which refers to a likelihood of transition from one class of land use to 

another class in a given interval of time (Brown, 1970). The likelihood of 

transition is derived from statistical analysis of a sample of transitions occurring 

during that interval. One main disadvantage of this Markov transition probability 

method is that the projection uses a linear relationship and therefore assumes that 

the changes are stationary. In fact, the process of changes is not expected to be 

stationary because the underlying factors that drive the changes in land use (socio­

economics) are unlikely to be stationary in the long-term (Turner et al., 1993). 
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Hence, this transition probability method cannot be used for a long-term 

projection. 

Similar to the previous types of models, this approach does not answer questions 

about why the changes take place. 

Multivariate statistical modelling (multiple regression) 

A multivariate statistical modelling method specifically explores the causes of the 

changes (Application Case 3: Table 4.2, e.g. Hansen, 1998; Semeels and Lambin, 

2001) and therefore it focuses on identifying the causes of the changes, i.e. why 

the land use changes. These multivariate models generally use multiple regression 

techniques to derive empirical relationships for the rates of changes. The model 

explores a linear relationship between change of a land use type, as a dependent 

variable, and possible driving forces as independent variables. Population growth, 

population density and gross domestic product are commonly considered as the 

driving forces of the land use change. This method can be used at various scales 

(multi-scales), from regional to global scale, depending on the resolution of 

available data. However, it has been found that the relationships that perform well 

in one region do not necessarily perform well in a different region, i.e. the 

relationships are very site specific (Lambin, 1997). 

Empirical spatial models 

Empirical spatial or spatial statistical models are a combination of geographical 

information systems (GIS) and multivariate mathematical models (Application 

Case 4: Table 4.2). The goal of these models is to project future land use patterns 

and display these in the form of a map (to answer the question where the changes 

may occur). The process is based on an assumption that current management 
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practices are still applied in the future. This method analyses the location of land 

use changes in relation to maps of natural and cultural landscape variables using a 

GIS that can describe relationships between the dependent variables, e.g. 

forestland, and the independent landscape variables. These are then used as the 

predictor of the likely location of changes. This method does not predict when the 

changes will occur and usually includes fewer socio-economic factors as 

independent variables in the processes than the multivariate statistical analysis 

method. 

The cellular automata method is very similar to the empirical spatial method in 

the way that they aim to develop spatial patterns. This method uses connectionist 

techniques that allows the pattern to evolve in a self-organised manner (White and 

Engelen, 1993). It is a simple method, in which the state of an array of cells is 

dependent on the state of their neighbouring cells, and the change from one state 

(land use type) to another state is determined by a set of transition rules and their 

neighbourhood functions. White and Engelen (1993) were the first to successfully 

use this technique for estimating the growth of urban area. Hasan (1999) also used 

this technique for generating land use scenarios for the development of a scenario 

generation and evaluation system - QUEST (Quite Useful Ecosystem Scenario 

Tools). 

Ecosystem models - Dynamic simulation 

In contrast to the empirical spatial models, the dynamic simulation models predict 

temporal changes (when) and allow biophysical and socio-economic interaction to 

be included (Application Case 5: Table 4.2). The approach of these dynamic 

simulation models is to imitate the biophysical and socio-economic interaction 

processes in one system (Sklar and Costanza, 1991). They are considered as 

ecosystem models as they try to emphasise interaction of all components in one 

ecological system. The models try to formalise the key relationships between 
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those factors by condensing and aggregating the complex systems into a smaller 

number of differential equations. They represent non-stationary conditions of land 

use changes since they are determined by the underlying processes in the system, 

and the transition probabilities are generated dynamically rather than empirically. 

Therefore, the models allow a long-term projection. These models also allow 

exploration of land use scenarios involving changes in parameters. 

Ecosystem models - Dynamic spatial simulation 

The dynamic spatial simulation models are ecosytem models that include spatial 

heterogeneity in their system, i.e. dynamic simulation model with additional 

spatial component (Application Case 6: Table 4.2, e.g. Verburg et al., 1999). 

These models allow prediction of temporal and spatial changes in land use. The 

direction of changes is predicted by a process-based model integrating the flows 

between adjacent cells. A wide range of biophysical and socio-economic factors 

can be incorporated into the system (i.e. an ecosystem model). These models can 

only be developed after knowing what causes the changes and aims to generate 

scenarios of when and where the changes will take place in the future. An 

intervention, such as introducing a new policy by altering the parameters, can be 

incorporated into the system in order to explore the changes resulting from this 

intervention. 

Economic models 

An economic approach can also be used to explore the land use change 

(Application Case 7: Table 4.2, e.g. Chomitz and Gray, 1995). The common 

method is by using a Von Thtinen like model. This method uses an economic 

assumption of a balance between the supply and demand functions of the land 

market based on the competitive free market. The original Von Thtinen model 
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was developed before industrialisation (About.com, 1997). It tries to model land 

use patterns based on a balance between the land costs and transportation costs for 

agricultural products, where the products of highest demand and that require 

quickest transportation are located near the market, i.e. centre of an urban area. 

This basic idea of the Von Thi.inen model is still in use and reflects how various 

land uses are distributed. In fact, the economic theory should be used to guide the 

model development because it is generally land-owners who make decisions to 

alter the land use, which is usually determined by the expected economic value to 

be gained from that land (Irwin and Geoghegan, 2001). Land conservation is also 

decided based on benefits and costs. By this method, the influence of policy 

measures on land allocation can be modelled. 

All the methods described above that can be used to predict the land use changes 

can also be used to generate change scenarios by altering some parameters of the 

changes. Each method has advantages and disadvantages: some are simpler and 

less data demanding than others; some can only work on a specific area and are 

not transferable to different locations. As mentioned in Table 4.2, each method 

also has its own specific purpose depending on the research questions it seeks to 

address. Therefore, it is important to carefully select the appropriate method to be 

adapted for the development of the land use component of this integrated model, 

and this will be discussed in the next section. It is important to understand that all 

of the above methods are site-specific because the driving factors of the cause the 

changes are specific for each place. 

Selecting and adapting the appropriate method/model 

Ideally, the land use component for the integrated model can generate and display 

land use patterns at any time in the future, i.e. can answer questions of when and 

where in the future. In addition, the models need to be able to accommodate 
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various policy interferences so that the impacts of such policy interference will be 

directly reflected in the land use pattern. Therefore, policy-relevant driving factors 

or the underlying causes of the changes also need to be understood. Based on 

these ideal requirements, the dynamic spatial simulation model seems to be the 

most suitable method to be adopted for this thesis. However, the dynamic spatial 

simulation model is very data demanding and requires complicated mathematical 

computation, making it unacceptable for the purpose of this thesis. 

What the proposed integrated model requires from the land use components is the 

scenarios that can be linked easily with the hydrological component. For this 

reason, a simple cellular automata method is adopted. This method can be done 

with a GIS, which has an advantage of being capable of displaying the changes 

and directly processing the generated land use patterns as the output in the form of 

distributed parameters as required by the hydrological component. In addition, 

understanding the underlying driving factors and the proximate causes of the land 

use changes is required and can be provided by a GIS based spatial statistical 

analysis. 

For simplicity reasons, the land use scenarios are pre-selected and are put off-line. 

The users will therefore have to choose one scenario from these pre-selected 

scenarios in order to run the model. The pre-selected scenarios are chosen with an 

aim to conduct sensitivity analysis of the impacts of land use changes on 

streamflows. Details of how to construct the land use scenarios are discussed in 

Chapter 6. 
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Climate component 

Review 

Climate is a complex system that forms a dynamic interaction of energy balance 

between the climate components such as atmosphere, ocean, land surface, 

cryosphere (ice sheets, snow, glaciers, etc.) and biomass (Figure 4.2) (GARP, 

1975; Cotton and Pielke, 1995; Houghton et al., 1995). The climate of the earth 

will remain constant as long as the contributions of each component to the global 

energy balance remain the same. Any change in the contribution of any 

component can cause an imbalance in the energy budget ( a deficit or surplus of 

radiative forcing4.5) that may lead to warming or cooling of the average global 

temperature and, in response, will cause the climate to change in order to re­

establish the radiative balance. The adjustment can include an increase in 

temperature, changes in cloud cover, wind patterns, etc. An increasing trend in the 

annual global mean-temperature has started (Figure 4.3)4-6 and there is a strong 

belief among the science community that this global warming is associated with 

an increasing concentration of the greenhouse gases (GHGs) in the atmosphere4·7 

(Table 4.3). 

Future climate patterns are difficult to predict. In particular, the future radiative 

forcing from the GHGs is difficult to quantify because the emissions of these 

gases depend upon many uncertain factors. Some of them are; population growth, 

the use of carbon fuel as an energy source, technological development, economic 

development, policy and attitudes towards environment, etc. For this reason, 

4-S A radiative forcing is defined as the change in average net radiation at the top of the atmosphere because of 
a change in either the solar or infrared radiation. A positive radiative forcing tends to warm the earth's 
surface, while a negative radiative forcing tends to cool it. 

4-6 As shown by measurement records, the global average temperature has been warming by 0.3°-0.6°C since 
1860 (Jones et al., 1999). 

4-7 The IPCC Working Group I Report indicates that the observed warming of the last 50 years is likely to 
have been caused by the increase in greenhouse gas concentration (National Research Council, 2001). 
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scenarios (estimates of plausible future patterns or conditions) of net GHGs in the 

long term (100 years or more) are required in order to support the sensitivity 

analyses on vulnerability and potential impacts of these gas emissions on the 

climate system. 

There are a variety of ways to construct climate scenarios. The Intergovernmental 

Panel on Climate Change - Task Group on Scenarios for Climate Impact 

Assessment (IPCC-TGCIA) classified climatic scenarios into three main types 

(IPCC-TGCIA, 1999), based on how they are constructed. These are: synthetic 
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Figure 4.2: A simplified diagram illustrating the global long-term radiative 
balance. (Source of diagram: NASA (1998) [can also be found in 
http://www.puc.ohio.gov/Consumer/gcc/sciover.html). The values in the 
brackets are cited from: Houghton et al. (1994, Figure l, p.15).) 

107 



Chapter 4: A policy-relevant integrated model 

Table 4.3: A sample of greenhouse gases affected by human activities. (Source: IUC­
UNEP, on-line http://www.unep.ch/iuc/submenu/infokit/fact30.htm. accessed on 21 
March 2002.) 

CCn CH4 N20 CFC11 HCFC22 Cf4 
(carbon (methane (nitrous (a CFC (a perfluoro 
dioxide) dioxide) oxide) substitute) carbon) 

Preindustrial -280 ppmv -700ppbv -275 ppbv Nil Nil Nil concentration (1) 

Concentration in 358 ppmv 1720 ppbv 312 ppbv{2) 268 pptv(2) 110 pptv 72 pptv(2) 1994 (l) 

Rate of 1.5 ppmv/yr 10 ppbv/yr 0.8 ppbv/yr 0 pptv/yr 5 pptv/yr 1.2 pptv/yr 
concentration 
change (3l 0.4 %/yr 0.6 %/yr 0.25 %/yr 0%/yr 5%/yr 2%/yr 

Atmospheric 50200(4) 12 (5) 120 50 12 50,000 lifetime (years) 

Note: 
!1l Unit of concentration; ppmv = part per million by volume, ppbv = part per billion by volume, pptv = part per trillion 

(million million) by volume. 
12) Estimated from 1992 • 1993 data. 

(3l The growth rates of CO2, CH4 and NiC are averaged over the decade beginning 1984; halocarbon growth rates are 
based on recent years (1990s). 

!4l No single lifetime for CO2 can be defined because of the different rates of uptake by different sink processes. 
!SJ This has been defined as an adjustment time, which takes into account the indirect effect of methane on its own 

lifetime. 

scenarios, analogue scenanos and scenarios from a general circulation model 

(GCM) output. 

Synthetic scenarios 

The construction of synthetic scenarios involves a technique where particuar 

climatic elements are changed by a realistic arbitrary amount, for example, 

adjustment of temperature variable by +1, +2, and +3°C from a reference state 

(baseline), or by increasing or reducing the precipitation by 5%, 10%, and 15% 

from the baseline. The values of change can be kept constant for the whole year, 

or alternatively, they can be changed monthly, seasonally, or interannually (IPCC­

TGCIA, 1999). 
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Figure 4.3: Average global air temperature. The warmest year in the entire series 
was 1998. [Source: Palutikof, (2001). The key reference for this series is: Jones et 
al. (1999). The record is continually updated and improved, and available on-line 
http://www.cru.uea.ac. uk/cru/info/warming.] 

This method has some advantages and disadvantages for climate change impact 

analyses. The main advantage of this method is that the climatic scenarios are 

easy to create and the results can be quickly obtained. The relative sensitivity of 

the object of study to the changes in climate can be quickly explored. The 

disadvantge of this method is that it does not present a realistic future climate due 

to its arbitrary nature. However, for the purpose of exploring relative sensitivity, 

and taking into account its ease of application and straightforward results, the 

synthetic scenarios method is still useful. 

Analogue scenarios 

The analogue scenarios method involves an identification of climate record that 

may represent the future climate condition of the region of interest. This can be 

done by a temporal analogue method, which is a method that uses the past 

climate record as an analogue of possible future climate (e.g. Shabalova and 

Konnen, 1995; Budyko, 1989; Lough et al., 1983; Warrick, 1984), or by a spatial 
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analogue method, which uses the present climate information from another region 

to represent the possible future climate as the analogue. 

There are several drawbacks to this analogue method. For the temporal analogue 

method, the main disadvantage is using the past climate record, particularly the 

paleoclimatic reconstruction. Even when a systematic record already exists, the 

cause of climate change in the past is likely to be different from the cause future 

climate change (i.e. the past climate change was not caused by anthropogenic 

GHGs). The increase in the concentration of greenhouse gases is now considered 

an important influence in driving current climate change (Houghton et al., 2001), 

and therefore scenarios do not correctly represent the future climate. The spatial 

analogue has a disadvantage for an obvious reason that the location is 

geographically different and therefore cannot correctly represent the future 

climate. 

General circulation models (GCMs) based scenarios 

The general circulation models (GCMs) are complex numerical climate models 

that try to represent physical processes that make up the climate system: 

atmosphere, ocean, land surface, cryosphere and biomass (GARP, 1975). There 

are many other climate models that are available as the result of a hierarchical 

evolution of the climate models, ranging from simple energy balance models to 

these complex GCMs4·8, but the GCMs are considered as the only credible tool 

4-B Many types of climate models are available nowadays having evolved from simple to very complex, which 
have been reviewed by some authors (Schneider and Dickinson, 1974 and 1975; Cotton and Pielke, 1995). 
Cotton and Pielke (1995) classified the climate models based on their various approaches. They are: energy 
balance nwdels (EBMs), radiative-convective nwdels (RCMs), zonally-averaged nwdels (ZAMs) and the 
general circulation nwdels (GCMs). EBMs determine the effective radiative temperature of the earth, 
assuming there is a balance between the solar radiation absorbed by the earth and the longwave radiation 
emitted by the earth to space. RCMs are one-dimensional models that determine the vertical distribution of 
globally-averaged temperature for the atmosphere and the underlying surface (considered as the simplest 
models by Schneider and Dickinson (1974 and 1975)). ZAMs are two-dimensional models capable of 
simulating vertical and meridional variations in surface, and the atmospheric properties averaged around 
latitude circles. Their advantage over RCMs and EBMs is that they can respond to prescribed or modelled 
latitudinal variations in ice cover, land and ocean surface properties, and cloud distributions. GCMs are fully 
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currently available for simulating the response of the global climate system to 

increasing concentration of greenhouse gases (GHGs) (e.g. Schneider and 

Dickinson, 1975; Manabe, 1975; Cotton and Pielke, 1995; Goodess, 2000). 

However, because they involve very complex mathematical equations and require 

a high degree of computation, there are only very few centres that can perform 

experiments using these models. Some of the centres, together with their product 

models, are listed in Table 4.4. The results of these GCMs are commonly used as 

the basis for generating climate scenarios for the impact assessments studies (e.g. 

Amien et al., 1996; Bardossy and Caspary, 1991; Dvorak et al., 1997; Jolley and 

Weather, 1997; Kite and Haberlandt, 1999; Kite et al., 1994; Murdiyarso, 1996; 

Wilkie et al., 1999), even though the models possess some limitations in their 

accuracy and uncertainties (ldso, 1998). [Results from some GCMs experiments 

are available on-line from the IPCC Distribution Data Centre (http://ipcc­

ddc.cru.uea.ac.uk).4-9] Because of the importance of these GCM based types of 

scenarios, they are described in a greater depth than the two types of scenarios 

discussed earlier. 

The GCMs can be classified into three main types (Viner, 2000). They are: 

• Atmospheric GCMs coupled with a simple slab ocean (i.e. a single fixed 

layer representation of ocean) and simple land-surface parameterisation 

schemes. Examples of these models are UKMO, UKHI, CCC, GFDL, and 

GISS. These are an early generation of GCMs that perform future climate 

experiments based on an equilibrium response. With this method, the 

three-dimensional global models that attempt to simulate climate and climate change using numerical weather 
prediction techniques (i.e., finite-difference, or spectral, or hybrid spectral and finite-difference, or finite 
element techniques). 

The general circulation models (GCMs) are considered as the most advanced climate models that explicitly 
simulate atmospheric circulations that contribute to meridional, zonal, and vertical transports of heat, water 
vapour, and other properties (Cotton and Pielke, 1995). 

4-9 The available data come from several models as indicated in Table 4.4. They have been derived based on 
the SRES (Special Report on Emissions Scenarios) (IPCC, 2000) and the IS92 (IPCC 1992 Scenarios) 
(Leggett et al., 1992; and revised in Houghton et al., 1996). 
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models evaluate the new stable state (equilibrium) of the global climate 

following an instantaneous increase of atmospheric gases, for example by 

doubling concentration of CO2 or its radiative equivalent, including all 

greenhouse gases. That is why the equilibrium-response experiments are 

considered unrealistic because the change in the CO2 concentration ( or its 

radiative equivalent) in nature is gradual rather than sudden. 

• Atmospheric GCMs coupled to a three-dimensional representation of 

the ocean system, in which ocean currents and heat transport are 

represented, and with simple land surface parameterisation schemes, e.g. 

UK.TR, ECHAMl, and GISSTR. These models perform transient-response 

experiments and are conducted with coupled atmosphere-ocean models 

(AOGCMs), which link dynamically, detailed models of the ocean with 

those of the atmosphere. AOGCMs are able to simulate time lags between a 

given change in atmospheric composition (e.g. 1 % change in CO2 

concentration per year) and the response of climate (Carter and La Rovere, 

2001). The most recent evaluation of impacts, as reflected in the report, is 

based on scenarios formed from results of transient experiments as opposed 

to equilibrium experiments (see Table 4.4).4"10 

4-lO There are two types of transient response experiments. The cold start' transient-response and \varm start' 
transient-response start experiments. The cold start'transient experiments do not take into account the 
historical forcing of rising greenhouse gases during the last century, but rather start the forcing from an 
assumed equilibrium at present. The \varm start' experiments take account of the historical forcing of rising 
GHGs. 
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Table 4.4: List of GCM experiments that have been used to develop scenarios for 
impact studies (source: Carter and La Rovere, 2001). 

Center Model Type Forcing fj. T 2XC02 re) DOC 

CCC EQ 2 x CO2 3.5 
CCCma ~----·---····-·-·-·-- -··-----·------- ---·--- _i---__ ______ ,___ __ __J 

CGCM1 TRW 1% a-1 3.6 ./ 

CCSR/NIES CCSR TRW 1% a-1 3.5 ./ 

CSIRO EQ 2 x CO2 4.3 
CSIRO I--·--·····----·-··-... ··-·--··----... ··-··-·-··-·----·-- .. -------- l-------1-----

CSIRO-Mk2 TRW 1% a-1 3.7 ./ 
ECHAM1 TRC IPCC90A 2.6 

DKRZ ECHAM2 TRW IPCC90A __ ,_ 2.2 ./ 
.... ·---··--····-·------·····- _ .......... ____________ -----------·-- __________ ,.._ ____ _, 

ECHAM4 TRW IPCC90A 2.6 ./ 
GFDL EQ 2 x CO2 4.0 -··--·--·-··-·--··--·----· ................ ___ .. ___ _______ ,..___ ______ _,_ ___ --< 

GFDL GFDLTR TRC 1% a-1 4.0 _____ .. ___ .. _________ ·--- ·-----i---------
GFDL-R15 TRW 1% a·1 4.2 ./ 

GISS EQ 2 x CO2 4.0 
GISS -···----------·-·-·-··--·····-· _ .... _ .. __ .. ______ ...... _ .... _____ .. _ -·--- - ·-------' 

GISSTR TRS 1% a·1 4.6 
NCAR EQ 2 x CO2 4.0 

NCAR ··--·-··--------- ... ______ .. _____________ -·------·--·-·-··..___, ______ .,__ ___ , 
NCAR1 TRW 1% a-1 4.6 ./ 

osu osu EQ 2x CO2 2.8 
UKMO EQ 2 x CO2 5.2 

····-····-···· -····-···--... ··---···-·-···-···-.. ·-·· .. _____ .. ____________ - ....... ----·---·'-- -- -

UKHI EQ 2 x CO2 3.5 
-···-·-···-.. ·--·--·-·-.. -...... --.... ·---···-·-·· .. ·-·-......... _._ ... -····-···----------·--··--·-·-----·----·--·---

UKMO UKTR TRC 1% a-1 2.7 
·--·----·---·---··--·-·-· -----·----·---- ---·--·---.. -·- ·-·--··----'-----' 

HadCM2 TRW 1% a·1 2.5 ./ 
·----·----····- -··----- - ·---··---·1-----

HadCM3 TRW 1% a·1 3.0 

Centres / models 
CCC : Canadian Centre for Climate 
CGCM : Coupled general circulation model (Canadian Climate Centre) 
CCSR : Centre for Climate System Research (Japan) 
CSIRO : Commonwealth Scientific and Industrial Research Organisation (Australia) 
ECHAM : European Centre/Hamburg Model (Germany) 
GFDL : Geophysical Fluid Dynamic Laboratory (USA) 
GISS : Goddard Institute for Space Studies (USA) 
NCAR : National Center for Atmospheric Research (USA) 
OSU : Or~n State University 
UKMO : United King.:lom Meteorological Office 
UKHI : United King.:lom Meteorological Office hi~ resolution model 
UKTR : United King.:lom Meteorological Office hi~ transient output model (UK) 
HadCM2 : Hadley Centre's second generation coupled ocean-atmospheric GCM (UK) 
HadCM3 : Hadley Centre's third generation coupled ocean-atmospheric GCM (UK) 

Type 

./ 

EQ: equilibrium, TRS: transient with simple ocean, TRC: transient cold start with dynamic ocean, TRW: transient 
warm start with dynamic ocean. 

Forcing: increase in CO2 equivalent concentration. 

/j. T 2Xc02 re): effective climate sensitivity, equilibrium warming at C02"Cloubling from AOGCM experiments. 

DOC: availability from IPCC Data Distribution Centre. 
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• Atmospheric GCMs coupled to a three-dimensional representation of 

the ocean and a three-dimensional terrestrial biosphere model (aerosol 

experiments). Examples of the models are HadCM2 and HadCM3. The 

aerosols, which can be included in the model4-11 , may affect climate directly 

by scattering and absorbing solar radiation, and indirectly by altering the 

properties and lifetime of the clouds. The effect is to cool the surface 

temperature (i.e. a negative radiative forcing). At present, only the direct 

effect can be included in the model. Similar to AOGCMSs, these models 

perform transient-response experiments. 

When creating GCM-based scenarios, there are a number of questions that need to 

be considered (Goodess, 2000). Some of important ones are briefly discussed as 

follows: 

• What underlying emissions scenarios should be used to predict 

atmospheric greenhouse gas and aerosol concentration? 

The IPCC Special Report on Emissions Scenarios (SRES) in replacing the 

IS92 scenarios identifies 40 different scenarios in following four families of 

story-lines4·12 with radiative forcing increases ranging from 0.4% to 1.2% 

per year (IPCC, 2000). Each of the scenarios is equally probable. 

4-I I The effect of aerosols is included in the models, usually under the assumptions of the IS92a scenario S02 

emission profiles. 

4-IZ SRES contains 40 scenarios that fall into four qualitative storylines (IPCC, 2000): Al, A2, Bland 82. 

The Al storyline describes a future world of very rapid economic growth, global population that peaks in the 
mid twenty-first century and declines thereafter. The Al family develops into three groups that describe 
alternative directions of technological change in the energy system. These three: Al FI is fossil intensive 
(highest), AlT is non-fossil energy sources (mid), and AIB is a balance across all sources (lowest). 

The A2 storyline describes a very heterogeneous world. The global population increases continuously and 
the economic development is primarily regionally oriented and per capita economic growth is more 
fragmented and slower than in other families. 

The Bl storyline describes a convergent world with the same global population that peaks in the mid twenty­
first century and declines thereafter, as in the Al family, but with rapid changes in economic structures 
toward a service and information economy, with reduction in material intensity, and the introduction of clean 
and resource-efficient technologies. 

The B2 storyline describes a world in which the emphasis is on local solutions to economic, social, and 
environmental sustainability. The global population increase is at a lower rate than A2 family, intermediate 
levels of economic development, and less rapid and more diverse technological change than in the B 1 and 
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• Which GCM or GCMs should be used? 

GCMs are run by a number of centres. Some differences exist among the 

models, which result in various climate sensitivities4•13 in a range between 

1.5° and 4.5°C. Therefore, for sensitivity analyses, it is often useful to 

consider the results of several models when constructing the scenarios. 

• What method of downscaling should be used? 

The current GCMs normally give a coarse resolution result in the order of 

2.5° latitude and 3.75° longitude or about 400 km at 45° Nor S latitude (see 

e.g. Kite and Haberlandt, 1999). Usually, a higher resolution (less than 50 

km) is required for climate change impact studies. This requirement 

discourages the use of GCMs in climate change impact assessment studies 

(e.g. Mimikou et al., 1991). In order to overcome this problem, there is a 

need to downscale the coarse grid size of GCM results to the grid size as 

required for the impact assessment studies (Hewitson and Crane, 1996) as 

illustrated in Figure 4.4. Nowadays, there are a number of methods that have 

been developed for downscaling the output of this GCM simulation into the 

required scale that allows the GCMs results to be projected at finer 

resolutions (Lins et al., 1997). Thus, spatial scales should no longer be a 

problem. 

Some authors (e.g. Houghton et al., 2001; Carter and La Rovere, 2001; Wilby and 

Wigley, 1997) have reviewed the downscaling methods. In general, the 

downscaling methods can be classified into three main types: regional climate 

modelling, statistical methods and variable- and high-resolution GCM 

experiments. Of these three methods, the first two are the most commonly used 

Al families. The scenario is oriented towards environmental protection but it focuses on local and regional 
levels. 

4-!3 Climate sensitivity is defined as the temperature change in response to a doubling of the atmospheric COi 
concentration (or its equivalent radiative gases). 
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Figure 4.4: Scenario construction for impact assessment (source: Viner, 2000). 

for impact assessments and will be discussed further in some detail. The third 

method, variable- and high-resolution GCM experiments (Fox-Rabinovitz et 

al., 1997), is less commonly used. It allows integrated assessments and 

uncertainties to be explored, but the spatial resolution of the output is low and the 

temporal variability is poorly presented (Carter and La Rovere, 2001). 

The regional climate modelling (RegCM), which is also known as limited area 

climate model (LAM), uses output from GCM simulations to provide initial and 
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driving lateral meteorological boundary conditions for high-resolution regional 

climate model (RegCM) simulations, with no feedback from the RegCM to the 

driving GCM (Giorgi et al., 1990; Mearns et al., 1995). Therefore, it involves 

nesting a finer-scale regional climate model (with a typical spatial horizontal grid 

resolution in a range between 20 and 50 km, and 100 to 1000 m vertical 

resolution) within the coarse-scale GCM. This method is considered to have good 

potential because some weather extremes can be well presented using this 

approach, including orographic influenced precipitations. Weather extremes are 

well presented using this approach. However, the use of this method is currently 

restricted by a number of technical problems and limitations, in particular its need 

for heavy and expensive computation and therefore limits the number of scenarios 

that can be performed (Goodess, 2000; Carter and La Rovere, 2001). 

The statistical downscaling methods generally involve two main steps. The first 

step is the development of statistical relationships between local climate variables 

(e.g. surface air temperature and precipitation) and large-scale predictors. The 

next step is the application of such relationships to the output of the GCM 

experiments in order to simulate local climate characteristics, with an assumption 

that these statistical relationships remain the same in the future. The statistical 

downscaling methods can be approached by a regression technique (Hewitson and 

Crane, 1996; von Storch, 1993; Wigley et al., 1990), a correlation with regional 

weather (circular) patterns (e.g. Bardossy et al., 1995; Hughes and Guttorp, 1994), 

and a stochastic weather generator (Markov's chain) approach (e.g. Wilks, 1992; 

Wilby et al., 1994; Mearns et al., 1996). Of all these statistical methods, Wilby et 

al. ( 1998) found that the weather generator approach with a stochastic method 

produced the best result. 

The statistical methods have an advantage in requiring less expensive computation 

than the regional climate model-based approach, which allows quick application 

to multiple GCMs. However, they have a major disadvantage in that they do not 

represent physical processes, and the internal relationships are kept fixed in the 
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future. In addition, developing a statistical downscaling method will always 

require very extensive observational data, and very often it cannot be transported 

easily from one region to another. 

The simplest method of getting a finer resolution of climate change information is 

by interpolating the coarse GCM scale changes to a finer resolution, that is by 

perturbing the observed data by the GCM scale climate change scenario. This is 

called a simple downscaling because no additional meteorological information is 

added into the GCM based changes. This method is used in SCENGEN4.14 

(Hulme et al., 2000) and CLIMPACTS4"15 (Kenny et al., 1995). 

Simple climate models (SCMs) 

Simple climate models (SCMs) are the early climate models in the hierarchy of 

complexity or the number of dimensions in the model (see Footnote 4-8 of this 

chapter for a brief review of the climate models). They represent the physical 

processes of climate components, but in simpler ways than the complex GCMs. 

Therefore, they can be used to construct scenarios in the same way as the GCMs. 

These models have been published in the IPCC Technical Paper II (Harvey et al., 

1997) and were widely used in the Secondary Assessment Report of Working 

Group I (SAR WGI). These models are discussed here because, even though they 

can be used to construct climate scenarios, they require some parameters to be 

derived from the complex climate models. 

4-l4 SCENGEN is a global and regional SCENario GENerator database program that contains the results of a 
large number of GCM experiments, as well as observed global and regional climate data sets. SCENGEN 
manipulates the information about the rate and the magnitude of global warming and as directed by the user, 
can portray regional climate change. 

4-IS CLIMPACTS is an integrated computer-based system developed in the IGCI - the University of Waikato. 
This system will be discussed in the later section of this chapter, and in more detail in Chapter 7 (Climate 
component). 
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Normally, the SCMs consist of four modules for performing the calculation in 

steps that make it possible to produce changes of global mean temperature and 

mean sea level rise (Harvey et al., 1997). The modules are: GHGs concentration 

emissions, radiative forcing, global mean temperature, and sea level rise. 

However, they are fundamentally different to the AOGCMs in several ways as 

follows. 

• The SCMs belong to the one-dimensional energy balance models that 

cannot simulate the changes in the ocean, equilibrium response model, but 

time dependent scenarios can be deduced from the scenario of global mean 

radiative forcing. The complex GCMs (i.e. AOGCMs) are three­

dimensional atmosphere and ocean GCMs, transient response (time 

dependent), and able to simulate changes in ocean circulation. 

• The SCMs generally produce zonally- or globally-averaged results and 

therefore the simulation can only be performed on temperature change, and 

not for rainfall, etc. The AOGCMs are capable of simulating geographical 

variations of temperature, and other climate variables such as rainfall, 

evaporation, soil moisture, winds, etc. 

• The SCMs require some basic information, such as climate sensitivity data, 

that must be derived from complex models. The AOGCMs compute such 

information based on physical laws. 

• The SCMs can generate multi-scenarios quickly with a relatively low 

computational cost. The AOGCMs require a very high computational cost 

that limits the number of scenarios to be generated. In fact, this is the major 

disadvantage of complex GCMs. 

Even though they are different in nature, both simple and complex climate models 

are useful in projecting future climate change. The SCMs are most useful for 

sensitivity studies as their results can be quickly generated. The complex climate 

models (AOGCMs) are useful for studies that emphasise the fundamental process, 

for which some parameters and properties of the SCMs need to be derived from 

the complex climate models. 
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Selecting the method for the climate component 

The selected method for producing climate scenarios should follow the criteria as 

discussed in Section 4.1, which are simple (not highly data demanding and highly 

computationally demanding), and for the climate component, most important is 

the ability to generate scenarios quickly in order to conduct the sensitivity 

analyses, which is the aim of this thesis. The previous section has identified 

several methods to generate the scenarios. 

From the discussion in the previous section, it can be decided that the GCM based 

patterns model fits well with the climate component of the proposed integrated 

model and a simple climate model is used for generating these global climate 

change patterns. A simple interpolation method can be applied in order to 

downscale the GCM climate change scenarios to a local scale for the study area. 

This downscaling method should be sufficient to meet the purpose of this study. 

An integrated model that meets these selections has been developed, called 

CLIMPACTS (Warrick et al., 1996; 2001; Kenny et al., 1995). CLIMPACTS is a 

national and sub-national scale, integrated computer-based system that combines 

models and datasets, which is designed for assessing the impacts of climate 

change and variability on the New Zealand environment. It contains a model to 

produce time-dependent scenarios of regional changes in climate, which is 

accomplished by linking the time-dependent predictions of global temperature 

change from emissions of greenhouse gases (emission scenarios) with the output 

of GCM simulation results. Its variants have been developed for different regions 

such as Bangladesh (BDCLIM) and Australia (OZCLIM) (available interactive on 

http://www.dar.csiro.au/publications/ozclim.htm). One of the advantages of this 

model is its flexibility - it can be easily adapted to any region in the world, can be 

continuously upgraded to follow developments in climate change science, and can 
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be designed to conduct sensitivity studies of any climate change related issue. 

This model can be adopted to fulfil the requirements for the proposed integrated 

model of this thesis. 

In summary, the climate component, as well as the integrating core model 

framework, will be derived from the source code of the existing model (i.e. 

CLIMPACTS). The model uses the results of GCM experiments, together with 

the output of a SCM. The scenario generation, including scenario selection, will 

be discussed in more detail in Chapter 7. 

4.6 CONCLUSION 

The purpose of this integrated model is to help policy-makers and decision­

makers to conduct sensitivity analysis on the impact of land use and climate 

changes on streamflows. This specific focus has influenced the structures and the 

way this integrated model is developed. 

The integrated model consists of three main components, two of which produce 

scenarios of changes. These are the land use component and the climate 

component, which are linked to the hydrological component as a cause-effect 

process. The output of the model is seasonal streamflows in the form of 

hydro graphs. 

In developing each component of the integrated model, there is a choice to either 

adapt an existing model for the specified component, or construct the model 

component from the beginning. The first choice seems favourable because it 

reduces time and effort in computer programming. However, in selecting the 

appropriate model to be adapted, there are some aspects that need to be considered 

for all components. These are: capability of handling heterogeneity, at what 
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spatial scale the model is appropriate, what time scale the model is designed for, 

the aspect of accuracy, and the problem of 'black box' or less conceptualised 

models as against conceptual models. In addition, how the model copes with the 

problem of regulated streamflows is also under consideration, particularly for the 

hydrological model. These aspects influence the selection of the appropriate 

model or method for the development of each model component. 

There is no model and method that can be used directly for the hydrological 

component. This component will require a physically-distributed type of model 

(i.e. parameters are distributed on grid cell basis) and uses fundamental water 

balance equations for its computational procedure. With this approach of using 

grid-cells, the model can quickly compute the changes as the result of changes in 

land use patterns. The water balance concept has been chosen because it has 

simple structures and has a limited number of parameters in contrast to the 

complex physically-distributed parameter models that contain details of physical 

processes and a very large number of parameters. 

The land use component adopts the simple cellular automata method for 

generating the pre-defined scenarios. All analytical processes and scenario 

generation are performed on, or with the help of, a computer based GIS. With this 

method, the changes in land use patterns are spatially explicit and they are readily 

linked into the hydrological component. 

The climate component and integrating framework will adopt the method used in 

CLIMP ACTS that has been successfully used for climate change impact 

assessments. This model can generate time-dependent scenarios of regional 

climate information based on the global temperature change from greenhouse gas 

emission scenarios and the GCM simulation, as required by the hydrological 

component. 
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The next three chapters will discuss the construction of each component of this 

integrated model. 
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CHAPTER 5 

HYDROLOGICAL COMPONENT 

5.1 INTRODUCTION 

The hydrological component is the component that processes all information 

derived as required from the other two components (land use and climate) and, 

together with other hydrological parameters, produces seasonal streamflows as the 

output. As discussed earlier in Chapter 4 section 4.5, the hydrological component 

will use a water balance fundamental equation for its calculation, which will be 

conducted on cell-by-cell basis. 

This chapter describes how this hydrological component is constructed. In 

general, it describes the approach in constructing this component, and the 

fundamental equation of the model. This chapter also discusses in some detail: the 

main components of water balance; the conceptual approach of water balance and 

how the calculation is conducted; how to translate land use information into 

meaningful hydrologic values; and how the model is calibrated and validated. 

5.2 METHODOLOGY 

The hydrological component is constructed using the distributed parameter 

approach on a grid system, by dividing the catchment area into a number of equal­

size cells (Figure 5.1). The basic calculation is conducted on a cell-by-cell basis. 

Each cell represents one set of homogeneous hydrological characteristics 
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Figure 5.1: An illustration to convert a polygon type map (left) into a grid type map 
(right). Colours on the left map represent variation in land use, while on the right they 
represent variation in hydrological character (e.g. water consumption). Each cell is 
represented by the predominant character within that area of cell. Two or more types of 
land use may have similar characteristics of water consumption and therefore can merge 
into one class. 

including land use that may differ from other cells. This method allows quick 

computation when the land use type of a cell changes. Thus, sensitivity analyses 

on the impacts of such changes can be performed quickly. 

The appropriate size of the grid cell needs to be selected for the model to work 

effectively. For example, if the cell size is too large, depending on the rate of land 

use change, progressive spatial changes in the land use over a decade time scale 

may not be observable. In an extreme case, the cell may contain too much 

information so that a representative value may be difficult to pick. On the other 

hand, if the cell size is too small, the computation can be unnecessarily too much. 

Hence, it is important to choose the appropriate cell size that will allow noticeable 

changes in land use within a specific time-scale of observation and maintain the 

computation to a manageable amount. 

To reduce the complexity of computation, the hydrological component for this 

study is based on some fundamental assumptions. It assumes that: 

• The slope variable is already included into some coefficients within the 

mathematical functions such as the storm runoff and infiltration coefficients. In 
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general, the slope variable can be significant in determining the runoff. The 

water from rainfall that reaches a land surface with a high slope tends to 

dissipate quickly in the form of storm runoff, but when it reaches a flat surface 

tends to dissipate slowly mainly through infiltration. However, this study 

focuses on the impact of land use change on the strearnflows and not on the 

detail of the hydrological process. Thus, it is possible to assume that the slope 

variable has been included in some of the coefficients used by the model. Later 

on, all the coefficients that are used in the model will be adjusted in order to 

ensure that the model can perform well; 

• The interconnected cell-to-cell flow is negligible.5-1 The study area has a rough 

topography, in which every cell is positioned very close to a gully or stream. 

Therefore, it is acceptable to assume that the runoff ( direct runoff and base 

flow) that comes out from each cell will join the main stream immediately. The 

monthly total runoff of the whole basin, therefore, can be defined as the total 

sum of monthly runoff from all cells in this basin. 

5.3 FUNDAMENTAL EQUATION 

The water balance of a water basin can be represented by Figure 5.2 and 

expressed in the following equation: 

P = I + ET+ !!..SM + DRO + GWR (5-1) 

where P is precipitation, I is interception, ET is evapotranspiration, llSM is the 

change in soil moisture, DRO is direct runoff (or overland flow), and GWR is 

groundwater runoff. 

5-t A previous water balance study in Upper Cikapundung basin, a small catchment within the study area has 
also used such an assumption (Delinom and Suriadarma, 1993). 
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GWR 

Figure 5.2: Components of water balance of a river basin. 

Water balance uses the principle of mass conservation. It considers that one basin 

is one hydrological system. Therefore, the amount of water entering this basin 

system (total input) must be equal to the amount of water leaving the system (total 

output). For many studies, leakage from the system is assumed to be negligible 

(Dingman, 1994).5-2 Water that enters the system is only from precipitation while 

water that leaves the system can be in the form of evaporation, plant transpiration, 

interception and runoff. Evaporation is usually combined with the transpiration 

and known as evapotranspiration (EI). Interception is often included in the 

evapotranspiration, which is considered as the total amount of water leaving the 

system from vegetation (AEI). Hence, equation 5-1 can be simplified to become: 

P = AET + !lSM + DRO + GWR (5-2) 

5-2 Depending on the geological condition of the catchment, leakage from the system can be high enough to 
be neglected. Especially in a karst dominated catchment, water may enter and leave the system through 
subsurface rivers (Katz et al., 1997). 
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The runoff is the sum of direct runoff and the groundwater runoff (also known as 

baseflow). If the coefficient to estimate the amount of direct runoff is unavailable, 

the direct runoff may be left out of the equation (e.g. Danker, 1987; Dunne and 

Leopold, 1978). In fact, the original water balance calculation (Thornthwaite and 

Mather, 1957) does not include this variable. However, depending on the soil 

types and climate condition, direct runoff can be an important factor in the 

calculation. For the purpose of conducting sensitivity analyses as the result of land 

use changes, this variable seems very important. 

Some variables may need to be divided into their smaller components depending 

on the degree of detail of the water balance computation and the objective of the 

computation. These will influence the conceptual approach of the computation. 

The conceptual approach to be used for this study will be discussed later in a 

specific section about water balance computation (Section 5.6). 

5.4 PRECIPITATION 

Data 

Precipitation is one of the main inputs to the water balance system. The entire 

water balance calculation depends on the availability and quality of the 

precipitation data. For this study, the data come from 25 rainfall stations that are 

scattered unevenly throughout the study area. Most of the rain stations in this area 

started to operate in the early and mid 1980s, and only two stations have a record 

from 1974 (station 9) or earlier (station 27). A large amount of data is missing 

from almost every rain station since they began operation. In total, about 47% of 

monthly data is missing within the 1983 to 1994 period. Details of the periods 
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with missing data in between these years can be seen in Table 5.1. Station 27, 

which is operated and maintained by the Agency of Meteorology Geophysics, is 

the only station without missing monthly records. 

Estimating missing data 

There is a need to estimate the missing monthly values and fill the gaps in the 

record in order to produce a continuous record for monthly water balance 

calculation. In particular, estimating the missing data is necessary for the area 

where the rain stations are sparsely distributed. This can be done by several 

methods ranging from a simple arithmetic average to a complex method that 

requires much mathematical computation. Some of the available methods, 

together with their requirements, are summarised in Table 5.2. All of the methods 

listed here are generally used to estimate the missing monthly data. They are 

discussed in some details below. 
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Table 5.1: The availability of precipitation data from the study area and their condition after conducting estimations of missing data. 

Stalicrl 

1 Bandu1g 
Banjaran 

3 BbkSiliwa"li 
4 Bojongsalam 
5 Cibi'linu 
6 Cicalengka 
7 Cililn 
8 Cinchona 

Ciparay 
10 asarcr11en Kidu 
11 Qson:Sari 
1 Oerwati 
14 Jatihaooap 
1 Lemburawi 
16 Mande 

J F M A M 

17 Mkr-sal/yl>'Ciharaang I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 18 Montaya 
19 Pangalengan 

Pa5'il 

CQ'lti'Juation ... 
~ 

11Bandulg 
2 Banjaran 

BbkSillwa"!i 
Bojongsalam 
Cibirtinu 

6 Cicalengka 
7 Cililn 

Cinchona 
9 Ciparay 

1 Cisara,1en KW 
11 Cisordan 
12 Derwali 
14 Jatihaooap 
1 Lemburawi 
16 Mande 
17 Mkr-sauyu/Ciharaang 
18 Montaya 
19 Pangalengan 

Pa5'il 
21 Pasir Jampana 
23 Sagulng Dam 
2 S8'acau 
25 SUl<wana 
26 Ujurv,erung 
27 Ba BMG' 

TOTAL 

,..,,.., 
=Available data 
:Filled data 

' data were coleded for lhe pell:>d ol 1985-1994 rxty. 

1993 1994 
J J A S O N D J F M A M J JASOND 

• 

Available 
SUM 'II, 

58 40.3 86 59.7 120 
106 7:l6 38 26. 144 100. 
72 50.0 72 50. 144 100. 
80 55.6 64 44. 102 70. 
99 68.8 45 144 100. 
58 40.3 86 102 
58 40.3 86 132 
60 41.7 84 111 

136 9U 8 144 100. 
71 49.3 73 106 73. 
47 326 97 85 59. 
84 58.3 00 106 
72 500 72 120 
76 528 68 98 
78 54.2 86 84 
79 54.9 65 45.1 95 66. 
59 41 .0 115 59. 59 41. 
67 465 n 53.5 111 n.1 
57 39.6 87 60. 133 92. 

119 82.6 25 17. 144 100. 
94 65.3 50 34. 94 65. 
80 55.6 64 44. 106 73.6 
29 20.1 115 79. 29 20.1 
50 34.7 94 65. 106 73.6 

120 8:l3 24 16.7 120 83.3 
1909 530 1691 47. 2739 76.1 

0 0.0 
0 0.0 

42 29.2 
0 0.0· 

42 292 
12 8.3 
33 22.9 
0 0.0 

38 26.4 
59 41 .0 
38 26.4 
24 16.7 
46 31.9 
60 41.7 
49 34.0 
85 59.0 
33 22.9 
11 7.6 
0 0.0 

50 34.7 
38 26.4 

115 79.9 
38 26.4 
24 16.7 

861 23.9 
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Table 5.2: Some methods for estimating missing rainfall data. 

Method Requirements Reference 
Arithmetic average At least three nearby evenly spaced stations must Gilman (1964), Tran (1996), 

exist. The U.S. Weather Bureau requires that normal Linsley et al. (1975), Sumner 
annual precipitation variation of each nearby station to (1988) 
the station in question must be less than 10%. If the 
variation is more than 10%, then use the normal-ratio 
method instead. 

Adding anomaly to the At least one nearby station exists, and the mean Salinger (1981) 
mean monthly monthly value of the station in question must be 

determined first 

Normal-ratio Three nearby evenly spaced stations exist. Gilman (1964), Linsley et al. 
(1975), Sumner (1988) 

Mass-curve A nearby station with a good record must exist. Total Wilson (1974) 
rainfall at station in question must be known. 

Simple proportion Mean annual (or monthly) value of a nearby station, Wilson (1974) 
and the station in question must be known. 

Inversed distance Some nearby stations must exist as control stations National Weather Service (1972), 
weighting (IDW) and the distance between the station in question and Viessman et al., (1989), Lynch 

the control stations must be known. and Schulze (1995), Reed et al. 
(1996), 

Multiple successive (Not specified) Barnes (1996) 
correction (MSC) 

Kriging There is a need to select the appropriate variograms. Lynch and Schulze (1995), 
Goovaerts (1999) 

lsohyetal lsohyetal map needs to be constructed for each time Gilman (1964), Sumner (1988) 
in question based on data from a number of rainfall 
stations. 

Shepard's weighted Values from at least five nearby stations are required. Lynch and Schulze (1995) 
method The distance between each nearby station and the 

station in question and the search radius that encloses 
the nearby stations need to be determined. 

Unweighted methods 

There are two unweighted methods available; the arithmetic average method 

and adding to mean method. The arithmetic average method is the simplest 

and most straight-forward to use. However, it has to be used carefully because it 

tends to average extreme local variations. If this method is to be used, the U.S. 

Weather Bureau puts a condition that the station in question must be evenly 

surrounded by at least three nearby stations with good records and the normal 

annual variation of each station must be less than 10% (Gilman, 1964; Linsley et 

al., 1975 and Sumner, 1988). This method, therefore, is difficult to apply in a 
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region where orographic influence in the precipitation is high. If normal annual 

variation is more than 10%, the use of the normal-ratio method is recommended. 

Another unweighted method is by adding the anomaly of a nearby station for 

that particular time (month) in question to the mean value of the station in 

question (Salinger, 1981). The mean monthly value of the station in question has 

to be known first and both stations must be exposed to similar weather 

conditions. 

Distance weighted methods 

Another group of methods takes into account the distance between the station in 

question and the nearby stations (i.e. distance weighted methods). There are two 

different methods: the inversed distance weighting (IDW) method (also known 

as reciprocal-distance weighting method)5"3 (National Weather Service, 1972; 

Dean and Snyder, 1977; Viessman et al., 1989; Lynch and Schulze, 1995; Reed et 

al., 1996) and the Shepard's weighting method (Lynch and Schulze, 1995). The 

difference between these two methods is in their weighting functions. The first 

type calculates the weights based on the distance between the position of the 

station in question and the reference stations only.54 The other method includes a 

5·3 Inversed distance weighting method can be expressed as (Lynch and Schulze, 1995): 
n 

I,ziW; 
z =-i=_l __ 

p n 

where Zp = interpolated value at the grid node, Z; = rainfall value at location 
(x;, y;), W; = weighting function, and n = number of reference stations. 

L,"W; 
i=l 

54 Weighting function for inversed distance method is given by 
1 where d; = distance between Zp and Z; , and b = the exponent by which the 

W. = - distance are weighted. 
' d. b The exponent value may be in the range between 1 to 3 as it does not 

' significantly affect the accuracy of the estimation (Reed et al., 1996), but 
Dean and Snyder (1977) found that for widely spaced stations, an exponent 
of 2 gave best results, and is favourable (e.g. Lynch and Schulze, 1995). 
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search radius in addition to the distance between the stations.5-5 Lynch and 

Schulze (1995) pointed out that these methods could be programmed on any 

hardware. However, the inversed distance weighting method tends to produce a 

"bull's eye" pattern, which is concentric contours around the data points, while 

the Shepard's weighting method eliminates that kind of pattern. 

Weighted by proportion or comparison methods 

The group of weighted by proportion or comparison methods includes simple 

proportion method, mass-curve method (Wilson, 1974) and normal-ratio 

method (Gilman, 1964; Linsley et al., 1975; Sumner, 1988). 

The first two methods require a comparison between the station in question and a 

nearby reference station that has good records, and the two stations must be 

exposed to similar weather conditions. The simple proportion method calculates 

the proportion of long-term annual rainfall values between the two stations, and 

then uses this proportion in order to estimate the missing annual or monthly data 

from the corresponding reference station. The mass-curve method requires a 

mass-curve plot of monthly rainfall data against time for the reference station. 

Assuming that the station in question has a similar mass-curve pattern, then the 

missing value can be determined. These two methods are a kind of direct linear 

correlation between two stations so that extreme values from the reference station, 

which may be due to some error in reading or typing, will be interpolated to the 

station in question. The graphic plots of mass-curves have an advantage by 

s-s Weighting function for the Shepard's weighting method is given by 

W=w 
I (~J 

d < for _..L 1 
R 

, and W=O 
I 

d. 
for _..L ~ 1 

R 

The choice of R (search Radius) depends on the density of the data points and should be chosen so that the 
sampling circle includes at least five sample points. 
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offering sight-examination of the seasonal characteristic of the data or suspicious 

errors in the data sets. 

The normal-ratio method requires three nearby reference stations that are evenly 

spaced around the station in question and a determination of the normal-annual 

rainfall values for each station, including the station in question, as a weighting 

function. S-6 This method is adaptable to regions where there is large orographic 

variation in the precipitation (Gilman, 1964). 

Isohyetal method 

The isohyetal method is another method that can be used to estimate the missing 

value (Gilman, 1964; Sumner, 1988), even though this method is more commonly 

used for average rainfall calculations over an area (e.g. Singh and Chowdury, 

1986; Linsley et al., 1949 and 1975; Shaw, 1994). The method involves plotting 

lines of equal precipitation value on a map. It can include the orographic variation 

in the precipitation and therefore is suitable for a region where large variation due 

to orographic effect occurs. However, when the work involves many time sets, 

many maps need to be drawn and therefore it is very time consuming and 

ineffective, unless a specific computer program for conducting this process is 

available. 

S-6 The estimation of missing rainfall value using normal-ratio method is expressed as: 

px = t( Z• · ~ + Z• · Pii + Z• · Pc) 
a b C 

where P = the precipitation value, N = the normal annual precipitation, x = the station in question, and a, b 
and c = the reference stations. 
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Complex mathematical methods 

Complex mathematical methods such as the kriging method (Lynch and Schulze, 

1995; Goovaerst, 1999; Mizzel, 1999) and multiple successive-correction 

method (Barnes, 1996) have also been used to estimate the missing data. The 

kriging method is used to determine the weight given to the surrounding station 

values by using popular geostatistical algorithms that incorporate a digital 

elevation model into the spatial prediction of rainfall. There are many kriging 

variograms available such as: spherical, circular, exponential, gaussian (Lynch 

and Schulze, 1995), simple kriging (Mizzell, 1999), universal kriging (Lynch and 

Schulze, 1995; Mizzell, 1999), kriging with varying local means, kriging with an 

external drift, and cocolated kriging (Goovaerst, 1999). Each variogram produces 

different results, and therefore when this method is to be used in a region, there is 

a need to determine which variogram produces the lowest errors (Lynch and 

Schulze, 1995). The multiple successive-correction method uses a matrix 

method to fill the gap in the record, or to estimate the values of selected locations 

where no observation stations exist (Barnes, 1996). It is quite new and therefore 

not as popular as the kriging method. Both kriging and multiple successive 

correction methods require sophisticated computer programs. 

For this study, the method to be used should be easy to run on any spreadsheet 

program and should not be time-consuming. Various methods are used depending 

on local conditions, which include the distribution nature of the rain stations (in 

some parts of the area it is very dense and in others is sparse), the terrain 

condition and quality of data from neighbouring or reference stations. They are 

the simple correlation method, inverse-distance weighting (IDW) method, and 

the normal ratio method. If data from the station in question and a neighbouring 

station show a good correlation ( coefficient of correlation, p > 0. 7), the simple 

correlation method usually gives sufficiently good estimation of missing data. 

However, if the correlation with data from neighbouring stations is poor (p < 0.7), 
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Figure 5.3: Performances of three methods for estimating the rrussmg data in 
comparison to the observed data. The normal ratio method gives better results than the 
IDW (inverse-distance weighting) method and the direct correlation method (see also 
Table 5.3). 

the IDW method or the normal ratio method can be used. At least three nearby 

stations are required when using this method which can be selected from the ones 

that show the best correlations with the station in question. 

In general, the normal ratio method produces better results than the other methods 

(Figure 5.3, see also Table 5.3). The superiority of the normal ratio method is 

more pronounced in areas where orographic variation is high. When using this 

normal ratio method, the normal values must be estimated by taking the average 

annual precipitation values of each station. 

By conducting the above methods, the gap in the precipitation records has been 

reduced from47% to 23.9% (Table 5.1). 
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Table 5.3: Standard deviations of three methods for 
estimating missing precipitation data. 

Year IDW D Correl. 
1992* 98.78 96.22 
1989 96.37 99.03 
1988 80.88 85.30 
1986 96.66 80.26 

AVERAGE 93.17 90.20 
Note: 
• Selected as representative data for the chart on Figure 5.3. 
IDW = Inverse-distance weighted method 
D Correl. = Direct correlation 
N Ratio = Normal ratio 

Data projection to each cell 

N Ratio 
67.43 
108.26 
83.73 
67.23 
81.66 

As the mam computation is conducted on a cell-by-cell basis, it is therefore 

necessary to project precipitation data from stations to cells. This is conducted 

using an inverse distance weighted method (IDW) on a Geographical Information 

System computer program (ILWIS Version 3.0) (ITC, 2001). The IDW method is 

selected because of the nature of data that are unevenly distributed, and it requires 

the least number of stations for a certain radial-distance of a cluster in order to 

cover the whole study area. Other optional methods: Krigging method and a Least 

Squares Fit (LSF) method require more stations in order to cover the whole study 

area and therefore, these options are used, some parts of the study area are not 

covered. This method of projection from stations to cells is conducted for each 

month, so that 12 monthly precipitation maps with distributed an average 

precipitation value for every cell are produced for one calendar year. 
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5.5 EVAPOTRANSPIRATION 

Calculation of potential evapotranspiration 

Actual evapotranspiration depends on availability of water, which comes from 

rainfall and soil moisture, and the rate of potential evapotranspiration (PET). The 

PET is defined as the maximum amount of water that can be taken out from a 

piece of land in the form of evaporation and transpiration when the supply of 

water is unlimited. A different land use type causes a different PET because the 

consumption of water is different for each type of plant. This is an important 

factor in this thesis, which shows a direct link between the land use and 

hydrology. 

The water consumption by plant is measured relative to a reference crop. Any 

method for calculating the PET usually calculates for a specific reference crop 

(PET0). The reference crop can be alfalfa (Jensen, 1968) or coniferous forests in 

Germany (Dunne and Leopold, 1978), or short green grass (Doorenbos and Pruitt, 

1977). This PET of the reference crop (PETo) is used to calculate the PET of any 

crop (PETcrop) with a mathematical function, 

(5-3) 

where kc is the crop coefficient. This kc value is specific for each method for 

calculating the PET, because each method may use a different reference crop. The 

kc value of mature paddy given by PROSIDA (1976), for example, is different 

from the kc value given by Doorenbos and Pruitt (1977) by about 14.5%. 

However, if the procedures to calculate the PET are followed by using their own 

respective kc values, both methods produce the same amount of water 

consumption (Sir MacDonald and Partners, 1984 ). 
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The consumption of water by a crop is also determined by the growing stage of 

this crop. Therefore, it is controlled by the time of planting, time to reach maturity 

and time for harvesting. A crop pattern can be used to identify this growth stage of 

the crop, and usually the cropping pattern for one area is quite specific because it 

is determined by the agroclimate, in particular the number of wet months and dry 

months. 

Selecting methods for PET0 calculation 

There are many available methods for calculating PET0 from a simple method that 

requires few variables, such as the Thornthwaite method, to a complex one that 

requires many variables such as the Penman method. There are some aspects to 

consider in selecting the appropriate method as follows: 

• List of kc values 

Before selecting any method, it is necessary to limit the choices by finding the 

methods that have ready kc values that can relate the PETo to PET crop· Doorenbos 

and Pruitt (1977) and Doorenbos and Kassam (1979) provide a list of kc values 

for most crop types.5-7 The accompanying methods for calculating PETo are: 

Blaney-Criddle, radiation, modified Penman, and pan evaporation (Doorenbos 

and Pruitt, 1977; and Doorenbos and Kassam, 1979). Based on this factor, 

therefore, the choice of methods is limited to those four methods. 

•Accuracy 

The most accurate method whenever possible is preferred. Figure 5.4 shows a 

comparison of results from several methods. The Thornthwaite method, which 

relies mainly on air temperature, can significantly underestimate the amplitude 

5-7 Doorenbos and Kassam ( 1979) provides kc values for many crop types commonly found in the study area, 
which range from main crops such as rice, maize, soybean and cassava to horticulture and fruit trees. Other 
studies (e.g. PROSIDA, 1976) provide a short list of kc values limited for representative crops only such as 
rice, seasonal crops (palawija), and forest. 
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Figure 5.4: Comparison of results of PET calculations using 
several methcxls. (Source: Dagg and Blackie, 1970.) 

of seasonal fluctuation whereas the Penman method, which is based on the 

energy-balance approach, can closely match the direct measurement from the 

pan evaporation method (Dagg and Blackie, 1970). The Penman method is 

considered good enough to serve the purpose of this thesis with a minimum 

possible error of ± 10% in summer and up to ± 20% under low evaporative 

conditions. The pan evaporation method is the other preferred choice with a 

possible error of± 15%, depending on the location of the pan (Doorenbos and 

Pruitt, 1977). 

• Availability of data 

Availability of climate data restricts the choice of methods to be used. The 

energy-balance approach such as the Penman method requires more types of 

climate data than other methods such as the Blaney-Criddle and radiation 

methods (Table 5.4). The climate data from the study area comes from two 

stations. The variation of climate data records from Bandung station is 

particularly good for calculating PETo using any method listed on Table 5.4. The 

climate data record from Majalaya station contains some gaps. Therefore, a full 
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Table 5.4: Climatic data required for different methcxls of PETo calculation. (Source: 
Doorenbos and Pruitt, 1977.) 

Method Temperature I Humidity Wind Sunshine Radiation Evaporation Environment l 
Blaney-Criddle • 0 0 0 CJ ----
Radiation • 0 0 • (•) 0 

~ -· --
Penman • • • • (•) 0 
------------· -------· 
Pan evaporation 0 0 • • I 

• measured data; 0 estimated data; (•) if available, but not essential 

set of PETo values cannot be calculated using a single method (i.e. Penman 

method only or pan method only), so they have to be calculated by using various 

methods. This may produce inconsistency in the results, for example, the 

calculation using the Penman method produces higher annual PET than the pan 

evaporation method for 1989 and 1994, but lower PET for 1990 (Figure 5.5). 

This kind of inconsistency needs to be avoided by using one method only. 

Considering all the aspects discussed above (list of available accompanying kc 

values, accuracy, and availability of data), this thesis will use the Penman method 

for calculating the PET. The PET is calculated on a monthly basis using the 

procedure given by Doorebos and Pruitt (1977). The calculation is based on the 

climate data from one station only, which is the Bandung station, in order to avoid 

inconsistencies in the results. 

Variations of climate data with elevation 

Some climate data change with elevation. Air temperature, in particular, shows a 

good correlation with elevation. In this study area, every 100m increase in 

elevation causes a drop in temperature by 0.6°C (Mock, 1973; and Dam, 1994), 

which is also a common general formula for most parts of Indonesia. Calculation 

of PET0, which is on a cell basis, needs to consider such changes. 
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Figure 5.5: Comparison of PET calculated using the Penman and the pan 
evaporation methods from data of the same station. 
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The amount of sunshine hours also seems to have a correlation with the elevation 

(Mock, 1973; and Sir MacDonald and Partners, 1984). However, the degree of 

confidence in this correlation is quite low. An analysis on climate data from the 

Special Province of Y ogyakarta ( central Java) showed that the average annual 

sunshine hours dropped 1 % for every 100m increase in elevation (coefficient of 

determination r2 = 0.45). On a monthly basis, the average sunshine hours showed 

an increase in the months of January, February, and August to October, and a 

decrease in the other months, with r2 values varying from 0.005 to 0.75 (very poor 

to good correlation) (Table 5.5). Because of this difficulty in making a good 

judgement on the relationship between elevation and sunshine hours, particularly 

on a monthly basis, this study assumes that the sunshine hours do not change with 

elevation. 

The relative humidity, on both an annual and monthly basis, does not show a good 

correlation with elevation and is therefore considered unchanged. 

Projecting PET over the whole study area 

The PET needs to be calculated for each cell in the study area, because the water 

balance is computed on a cell-by-cell basis. As discussed earlier, there is only one 

station that provides reliable and consistent climate data. In order to calculate the 

PET for each cell, these climate data need to be projected to each cell. However, a 

common point-to-point interpolation cannot be done because only one station is 

available. In order to project these data to each cell, one important assumption is 

made. The data are projected based on their relationship with elevation only. 

Of all the required data, temperature data are the only data that can be projected 

with confidence by using a known temperature gradient. As has been discussed in 

the previous section, other climate data such as; sunshine hours, relative humidity, 

and wind speed do not show any strong functional relationship with elevation. 
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These data, therefore, are considered unchanged with elevation, in other words 

they are assumed to have one value for the whole basin. Therefore, the spatial 

variation in the PET relies only on the temperature variation, which is controlled 

by the elevation. 

The temperature can be easily projected to each cell in the study area by using a 

GIS (ITC, 2001). It requires the elevation data, usually from a topographic map, 

to be interpolated to every cell in the study area and the projected temperature for 

this cell is calculated based on its elevation. The projection is conducted for the 

average monthly maximum temperature, mean temperature, and minimum 

temperature, which are necessary to calculate the PET of each cell. 

Monthly crop coefficient values for each land use type 

The kc values at various stages of growth for various kinds of crop types that have 

been given in Table 3.6 (Chapter 3) need to be transformed to monthly k1 values 

that represent the water use for various land use types. This is conducted by 

grouping the monthly individual kc values according to their land use types from 

which the representative monthly values for each land use type (k1) are 

determined. In doing this, cropping patterns from various agricultural lands such 

as irrigated paddy, rain-fed paddy, and dry-farm land are required.5-8 The fallow 

agricultural land, which often shows up in the crop patterns, is given a kc value of 

0.44. This value is taken from the kc value of fallow land given in PROSIDA 

(1976) after a comparative adjustment. 

s-s The cropping patterns of the dry-farm land given here are specifically for tegalan type of agricultural land 
and represent the main food crops only. The cropping patterns for 'garden' are not known. 
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Table 5.5: Correlation between average sunshine hours and elevation for observation 
data from Yogyakarta Special Province (central Java). Number of stations is 17, with 
elevation in a range between 6 and 1,399m amsl. 

So sunshine at O /i 
flS for every 100m (%) 

mean sea level (%) (coefficient of 
determination) 

January +0.23 80 0.0196 
February +0.63 82 0.0726 
March -0.37 88 0.0543 
April -0.24 105 0.0177 
May -2.33 108 0.7507 
June -0.62 113 0.0513 
July -0.35 116 0.0157 
August +1.04 114 0.2707 
September +1.34 107 0.2196 
October +0.36 103 0.0350 
November -0.12 94 0.0054 
December +0.58 85 0.1537 
Annual -1.61 66 0.1537 

The main factor that controls the cropping patterns is agroclimate, which is 

determined by the length of wet and dry periods. The wet period is defined as the 

number of consecutive months in which monthly precipitation is over 200mm, 

and the dry period is the number of consecutive months in which monthly 

precipitation is less than 100mm (Directorate of Food Crop Production, 1994). An 

analysis of rainfall records from most rain stations within the Bandung basin for 

the period 1983 to 1994 shows that this basin has an average wet period of 3 to 4 

months and a dry period of 2 to 3 months or a wet period of 3 to 4 months and dry 

period of 4 to 6 months, which fall under agroclimatic zone D2 and zone E 

respectively (Table 5.6). Only in the very southern part of the basin is the 

agroclimate in zone C2 where the wet period lasts for 5 to 6 months and the dry 

period for 2 to 3 months. 
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In order to obtain monthly values for applying coefficients, the crop patterns of 

each agricultural land type are converted into monthly kc values (see Appendix 5-

A). These monthly kc values are collapsed into land use categories (k1) by an area­

weighting method using the area of each crop in order to produce the monthly k1 

values.5-9 However, month-to-month variation of the k1 values for the dry 

agricultural land, which includes tegalan, garden and horticultural land, is 

difficult to obtain because the planting time and sizes of area planted for each crop 

that grows on these types of agricultural land are always variable and they do not 

make specific crop patterns. Therefore, the averaged annual value is calculated 

and is then used as a single value for the entire year. However, calculating the 

Table 5.6: Identification of agroclimatic zones based on wet period and dry 
period. 

Station Elev. 
(ml 

1 Bandung 800 
2 Banjaran 675 
3 Bbk Siliwangi 1000 
4 Bojongsalam 687 
5 Cibintinu 900 
6 Cicalengka 745 
7 Cililin 775 
8 Cinchona ? 
9 Ciparay 674 

10 Cisaranten Kidul 685 
11 Cisondari 1188 
12 Derwati 673 
14 Jatihandap 765 
15 Lemburawi 963 
16 Mande 812 
17 Mkr-saluyu/Ciharalang 1020 
18 Montaya 1195 
19 Pangalengan 1400 
20 Paseh 775 
21 Pasir Jampana 880 
23 Saguling Dam 650 
24 Selacau 1000 
25 Sukwana 1500 
26 Ujungberung 747 
27 Banduna BMG 791 

Zones• 

D2 
D1 or D2 

E 
D2 
D2 
E 

D2 
E 

D2 
D2 
E 
E 

unknown 
D2 or E 

E 
E 

C1 or D1 
B2 or C2 

C2 
D2or E 

D2 or C2 
E 

D1 or D2 
D2 or E 

D1 or D2 

*Zones: Wet period Dry period 
(months) (months) 

B2 7-9 2-3 
C1 5-6 2 
C2 5-6 2-3 
D1 3-4 2 
D2 3-4 2-3 
E 3-4 4-6 

Notes: 
- Wet period is a number of consecutive wet 

months, of which monthly precipitation is 
over200 mm. 

- Dry period is a number of consecutive dry 
months, of which monthly precipitation is 
less than 100 mm. 

5-9 Crop types for each land use are as follows. Full-technically irrigated paddy land consists of rice, soybean 
and mungbean. Semi-technically irrigated paddy land consists of rice, groundnut, soybean, sweet potato and 
maize. Rainfed paddy land consists of rice, maize, mungbean, soybean, groundnut and sweet potato. Dry 
agricultural land consists of 'palawija' crops (see Table 5.3, including vegetables), and fruit trees. 
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average value like this will eliminate the monthly fluctuation values, which cannot 

be avoided even though such variation can be significant for this study, unless 

detailed observations of crop patterns are available. 

For forest, which is a significant land use type in hydrology but not listed in Table 

3.6, the k1 value needs to be estimated. To determine an absolute k1 value for the 

forest is difficult mainly because of local variation in tree density (Cheng et al., 

1987). Thus, the water consumption of a degraded forest in comparison to an 

untouched forest differs significantly. The variation in the vegetation types has 

little effect on the water consumption of the forest (Rutter, 1968). The ratio of 

evapotranspiration from grassland with unlimited water supply to that from forest, 

as reviewed by Rutter (1968) is in a range between 0.8 and 1.0. Penman (1963) 

also suggested that the water consumption of forests is about 13% more than by 

grass. By knowing the average kc values for grass, as given in Doorenbos and 

Kassam (1979), which is in a range between 0.95 and 1.05 depending on the grass 

type, it is possible to convert the ratio of evaporation as given by Rutter (1968) 

and Penman (1963) into kc (or k1) values for the forest in general. Based on the 

above information, the k1 value for forest is estimated at between 0.95 and 1.3, 

with an average of 1.1. These values are highly overestimated in comparison to 

the k1 values that have been used for forests in central Java (ranging from 0.61 to 

0.98 with an average of 0.815-10 [Sir MacDonald and Partners, 1984]). The 

difference between these two may have been caused by at least two things: 1). the 

forest in central Java is relatively more degraded than the forest in general so that 

the k1 values for forests in central Java becomes very low relative to the estimated 

values from the literature; 2). the estimation of the k1 values is based on the 

information that comes from regions with relatively lower humidity than Java, 

where the k1 values of a region with low humidity are generally greater than the k1 

values of a high humidity region. 

s-rn These values are already adjusted by a comparative method to fit the PET0 calculation as suggested by 
Doorenbos and Kassam (1979). The actual values as given by PROSIDA range from 0.7 to 1.1 with an 
average of0.93. 
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By considering all of the above information, i.e. by comparing the estimated 

values from previous studies, and with an assumption that the forest in Bandung 

basin is in a relatively better condition than the forest in central Java, this study 

assumes that the average k1 value for forest in the Bandung basin is 0.98 and uses 

this single value for the whole year. The variation in forest types in the Bandung 

basin ( such as primary forest, secondary and reforested land) which not only 

differ in their vegetation types, but also in their tree density, and perhaps also in 

root-depth, may cause a significant variation in the k1 values. However, these 

apparently have not been studied. Therefore, unless there is new knowledge about 

the water consumption of various types of forests in the tropics, the model will 

use only one k1 value for all types of forest in the Bandung basin. 

The monthly values for applying coefficients to specific land uses (k1) are listed in 

Table 5.7. The proposed water balance model uses these values in its 

computational process. The k1 values for lakes, as given in this list are taken from 

PROSIDA (1976) after a comparative adjustment. 

Of the various land uses, it can be seen, that for this study area, forest and 

irrigated paddy consume water annually at almost similar rates and they both 

consume the most water. The dry farm land and the rain-fed paddy are the least 

consuming water. 
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Table 5.7: Monthly water consumption for various land use types in Bandung basin area. 

K, 
Land use Jan Feb Mar ADr May Jun Jul Aua SeD Oct Nov Dec 

Reforested 
Primary forest 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 
Secondarv forest 
Dry-land (tegalan) 
Mix-garden 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
Veaetable aarden 
Irrigated oaddv 0.96 1.01 1.04 1.04 0.96 0.99 1.00 0.95 0.84 1.10 1.07 1.05 
Rainfed paddy 0.94 0.91 0.90 1.00 0.92 0.80 1.03 0.99 0.84 0.94 1.07 0.89 
Urban area 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Cinchona (auinal 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 
Tea olantation 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Lake 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 

5.6 WATER BALANCE COMPUTATION 

Conceptual approach 

The water balance computation in principle follows a conceptual approach 

introduced by Thomthwaite and Mather (1957) that has been widely accepted 

(e.g. Dunne and Leopold, 1978; Donker, 1987). This concept has also been 

applied in a hydrological study in one part of the study area (Delinom and 

Suriadarma, 1993) and in another part of Indonesia (e.g. Hadi, 1988).5· 11 This 

conceptual approach is outlined in Figure 5.6a. 

5-11 Another water balance method, which is commonly accepted in Indonesia as it was developed for 
Indonesian conditions, was proposed by Mock (1973), but it was found to be far more complicated than the 
one introduced by Thomthwaite and Mathers ( 1957). 
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The hydrological component of this thesis also uses this conceptual approach for 

its cell-by-cell calculation. However, there is a need to expand this concept in 

order to accommodate additional components that are considered necessary 

(Figure 5.6b). This expanded conceptual approach is adopted from a study of a 

water cathment in Yogyakarta, central Java (Sir MacDonald and Partners, 1984). 

The advantage of the latter approach over the first is in the inclusion of several 

geological related parameters such as infiltration ([), and maximum groundwater 

storage (MAX), so that it allows the baseflow component (BF) and direct runoff 

(ORO) to be conceptualised in more detail. In addition, the storm runoff 

parameter (S) in this approach relates both the geology and the land use, and 

therefore can enhance the conceptual physical process of the total runoff. Both the 

BF and ORO are the two main components that may give significant seasonal 

variation in the streamflows. The whole process of the calculation together with 

some explanation of the concept behind it is discussed in more detail in the next 

section. 

The expanded conceptual approach also allows for water transfer from 

neighbouring catchments in the form of irrigation and groundwater extraction to 

be included in the computational process whenever such data are available.5-12 

5•12 For this study, the irrigation and groundwater extraction data are not available, and therefore, are not 
included in the computation. 
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Line-by-line description of water balance computation 

A water balance computation is usually a simple process that can be done on a 

line-by-line basis using any spreadsheet program.5-13 The spreadsheet is especially 

good for testing the computational formula, which afterwards can be transferred 

into a computer program compiler. For this thesis, the water balance model has 

been created on a spreadsheet program. This spreadsheet is used for creating the 

calculation procedure, calibration and validation of the model. 

The procedure used to calculate the water balance can be explained easily line-by­

line using the model that has been created in a spreadsheet program (Table 5.8). 

The reference potential evapotranspiration (PET 0) has been calculated separately 

using a modified Penman method. For the calculation, all values are expressed in 

area-depth (mm). The following line-by-line description of the water balance 

computation refers to Table 5.8. 

Line 1: P is the monthly precipitation. This is the average value of precipitation 

for this cell. 

Line 2: Ref PET is the value of the reference crop potential evapotranspiration 

calculated separately by using the modified Penman equation. 

Line 3: SRO is the amount of storm runoff, which is the proportion of rainwater 

that bypasses the water balance computation and is treated directly as runoff. It is 

equal to P x storm runoff coefficient S. 

5•13 A spreadsheet program is particularly good for testing the computation formulae. Modelling using a 
spreadsheet program has been done in the past (Dexter and Avery, 1991), and shows unique advantages over 
the compiled computer code program (Savenije, 1995). Some of advantages are: highly accessible, many 
people are now familiar with spreadsheets, they are transparent, easy to debug, easy to re-run, can give 
immediate error messages, give immediate output, cheap, and have a ready to use graphical interface, can 
easily import and export data to other software, have simple data base management facilities and built in 
statistical packages, can be programmed by using macro language, good data storage and retrieval. In 
addition, the spreadsheets are flexible, i.e. they are easy to adjust to a new situation such as economic 
changes, climate change, etc. The major disadvantage of the spreadsheet program over the compiled program 
is that it requires a large amount of memory (Savenije, 1995). 
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Table 5.8: Water balance calculation on a spreadsheet. 

Line 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

WATER BALANCE 
Pilot fwa 
Grid cell# 
Elevation 
Hydrogeol. 
L-cover 
s 
I 

M 
MAX 
w 
IGWST 

p 
Ref PET 
SRO 
P· SRO (P) 

kc 
Lu PET 
P'· Lu PET 
Wet 
Dry 
Identification 
Ace PotWL 
SM 
dSM 
AET 
D 
ws 
INF 
LAO 
INST 
INBF 
lnnltial GWST 
Pot.NewGWST 
Att.GWST 
NewGWST 
OVFL 
STBF 
DAO 
BF 
Total RO 
No. davs/month 
RO (m3/s) 

210 
1245.3 m 

Med Infiltration 
Forest 

0.21 
0.9 

0.85 
235 
550 
129mm 

J F M 
148.6 111.4 100.3 

137.26 118 149.5 
31.206 23.394 21.063 
117.39 88.006 79.237 

0.98 0.98 0.98 
134.51 115.64 146.51 
·17.12 ·27.64 -67.27 

0 0 0 
·17.12 -27.64 -67.27 

0 0 0 
·819.4 ·847.1 ·914.3 
123.97 117.9 104.32 

·3.92 ·6.076 -13.57 
121.31 94.082 92.81 

13.2 21.563 53.697 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 

13.323 11.325 9.626 
13.323 11.325 9.626 
13.323 11.325 9.626 

0 0 0 
2.3512 1.9985 1.6987 
31.206 23.394 21.063 
2.3512 1.9985 1.6987 
33.557 25.392 22.762 

31 28 31 
0.0125 0.0105 0.0085 

A Mv J Jul 
137.9 136.6 78.8 70.8 

123.46 115.88 110.93 116.32 
28.959 28.686 16.548 14.868 
108.94 107.91 62.252 55.932 

0.98 0.98 0.98 0.98 
120.99 113.56 108.71 114 
·12.05 -5.647 -46.46 ·58.06 

0 0 0 0 
-12.05 -5.647 ·46.46 ·58.06 

0 0 0 0 
-926.4 -932 -978.5 ·1037 
102.06 101.02 92.839 83.537 
·2.261 ·1.043 -8.182 ·9.301 
111.2 108.96 70.434 65.233 

9.7885 4.6047 38.274 48.763 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 

8.1821 6.9548 5.9116 5.0249 
8.1821 6.9548 5.9116 5.0249 
8.1821 6.9548 5.9116 5.0249 

0 0 0 0 
1.4439 1.2273 1.0432 0.8867 
28.959 28.686 16.548 14.868 
1.4439 1.2273 1.0432 0.8867 
30.403 29.913 17.591 15.755 

30 31 30 31 
0.0117 0.0112 0.0068 0.0059 
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A s 0 N D 
13.5 109.6 161.3 239.3 235.9 

143.22 142.48 136.1 141.99 147.62 
2.835 23.016 33.873 50.253 49.539 

10.665 86.584 127.43 189.05 186.36 
0.98 0.98 0.98 0.98 0.98 

140.36 139.63 133.38 139.15 144.67 
·129.7 ·53.04 ·5.954 49.9 41.69 

0 0 0 49.9 41.69 
·129.7 ·53.04 ·5.954 0 0 

0 0 0 0 1 
·1166 ·1219 ·1225 0 0 

65.989 59.922 592n 109.18 150.87 
·17.55 ·6.067 ·0.645 49.9 41.69 
28.213 92.651 128.07 139.15 144.67 
112.15 46.978 5.309 0 0 

0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 129 

4.2711 3.6305 3.0859 2.623 129 
4.2711 3.6305 3.0859 2.623 2.2296 
4.2711 3.6305 3.0859 2.623 129 

0 0 0 0 0 
0.7537 0.6407 0.5446 0.4629 0.3935 
2.835 23.016 33.873 50.253 49.539 

0.7537 0.6407 0.5446 0.4629 0.3935 
3.5887 23.657 34.418 50.716 49.932 

31 30 31 30 31 
0.0013 0.0091 0.0129 0.0196 0.0186 

Line 4: P' is effective precipitation, which is the portion of precipitation that is 

going to be treated further in the computation and is equal to P - SRO. 

Line S: k1 is the coefficient of specific land use as previously discussed. 

Line 6: Lu PET is the potential evapotranspiration of the specific land use, which 

is equal to k1 times Ref PET. 
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Line 7: is calculated by subtracting Lu PET from P'. Positive values mean that 

there is an excess of water from the precipitation and negative values mean that 

the amount of water from the precipitation is not enough to supply the 

evapotranspiration as needed. Hence, there is a need to obtain an additional supply 

from soil moisture. 

Line 8: Wet is used to identify wet months, i.e. months with excess precipitation. 

This is conducted by assigning a zero value to the dry months in line 7. The total 

of this value will be used in estimating the accumulated potential water loss. 

Line 9: Dry is used to identify dry months, and is the opposite of line 8. 

Line 10: Identification is used to identify the last wet month before the dry 

month. The month in question is identified by the first column that has a value of 

1 in a row. In the example (Table 5.8), the month in question is December. 

Line 11: Ace Pot WL is the accumulated potential water loss, which is the 

successive increase in potential water loss starting from the last wet month, i.e. P' 

-Ref PET> 0. 

Line 12: SM (soil moisture) can be calculated by Equation 5-4, which is an 

equation that substitutes published tables (Thomthwaite and Mather, 1957) and 

charts (e.g. Dunne and Leopold, 1978). 

SM = W ·ex{-~ J (5-4) 

where SM is the soil moisture, W is available water capacity of root zone, and La 

is the accumulated potential water loss. All units are in mm. The use of this 

equation can be seen for example in Mock (1973), Donker (1987) and Hadi 

(1988). 

Line 13: dSM is the change in soil moisture, which is calculated by subtracting 

the value of previous month from the current month, i.e. dSM = SMm - SMm-1· A 

positive value means that a recharge or an increase in soil moisture occurs. 
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Line 14: AET is the actual amount of evapotranspiration. If P' ~ Lu PET, then 

AET is equal to Lu PET (i.e. evapotranspiration is at maximum). However, if P' < 

Lu PET, some of the water required for evapotranspiration has to be supplied from 

soil moisture (i.e. AET = P' plus change in soil moisture). 

Line 15: D is the soil moisture deficit, which is the difference between Lu PET 

andAET. 

Line 16: WS is water surplus and is equal to the difference between P' and AET, 

minus the change in soil moisture (i.e. WS = P' - AET - dSM). 

Line 17: INF is the amount of water that gets into a deeper soil zone, which is 

equal to I (infiltration rate) x WS. 

Line 18: LRO is part of the WS that does not get into a deeper soil zone, and it 

adds to the direct runoff component, i.e. WS - INF. 

Line 19: INST is the amount of water that goes into the groundwater storage, and 

is calculated as 0.5 INF(l+M) where Mis the monthly recession constant (Mock, 

1973). 

Line 20: INBF is the remainder of the INST that contributes to baseflow, which is 

equal to INF - INST. 

Line 21: Initial GWST is the initial volume of groundwater before a change in the 

volume as the result of hydrological change within the month in question takes 

place, i.e. GWST (month J-l) (see Figure 5.6b). The Initial GWST can be 

determined by a successive approximation method that will be described later. 

Line 22: Pot. New GWST is the volume of the groundwater if there is no capacity 

limit in the storage capacity. It is equal to the Initial GWST or equal to the sum of 

Att. GWST ( attenuated groundwater storage) and INST if the Initial GWST is zero. 

Line 23: Att. GWST (attenuated groundwater storage) is the proportion of 

groundwater that is constantly discharged from the storage, and is equal to M x 

New GWST of the previous month. 
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Line 24: New GWST is the volume of groundwater, which is limited by the 

storage capacity, i.e. it equals to the Pot. New GWST but is limited by the 

maximum capacity MAX. 

Line 25: OVFL is the amount of water that exceeds the storage capacity 

(overflow), which is equal to Pot. GWST - New GWST. It only exists if the Pot. 

GWST is greater than the maximum storage capacity. This overflow component 

adds to the baseflow component. 

Line 26: STBF is the portion of groundwater in the storage that becomes 

baseflow, and is equal to GWST of the previous month - Att. GWST. 

Line 27: DRO is the total amount of the direct runoff components, which is equal 

to the sum of SRO and LRO. 

Line 28: BF is the total amount of the baseflow components, which is the total 

sum of INBF, OVFL and STBF. 

Line 29: Total RO is the sum of both the direct runoff (DR) and the baseflow 

(BF). Sometimes the total runoff is expressed in cubic-meters per second (m3s-1), 

which is a common unit for streamflow. The converted values for this unit are 

given in the last row. 

To produce a streamflow hydrograph of the basin, the calculated total runoff from 

each grid cell in the study area is summed up on a monthly basis in order to get 

the monthly runoff for the basin. An example of the hydrograph is shown in 

Figure 5.7. 

Successive approximation method 

The successive approximation method is used to determine a certain value and has 

to be conducted iteratively in such away that the estimated value will match the 

calculated value. In the above water balance computation, there are two lines that 

require this kind of method (line 11 and line 21). 
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Figure 5.7: An example of hydrograph from a pilot 
area (Sukapada) for year 1990. 

Estimating the soil moisture of the.first wet month (line 11 in Table 5.8) 

If the climate is so dry that the water capacity at root zone is not filled by the first 

wet month, then there is a need to estimate the soil moisture of this first wet 

month (month m+l) by taking into account the soil moisture value of the month 

before that (month m). The following procedures need to be conducted in order to 

get the value of soil moisture for month m (La(m)). 

(1) Sum all the wet months on line 8 to obtain the accumulated water excess (Ea). 

Sum also all the dry months on line 9 to obtain the accumulated potential 

water loss (La)-

(2) Apply equation 5-4 using the introduced value of La, and this will give the 

estimate value of soil moisture (SM) for month m. 

(3) Add the calculated Ea from step (1) to the value of SM from step (2) to 

produce the new value of Ea. 
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(4) Calculate the value of accumulated potential water loss for month m (La(m)) 

using the following equation: 

(5-5) 

(5) The new value of La is given by La= La - La<m>· 

Repeat these procedures from step (2) with the newly introduced value of La from 

step (5), until the value of La(m) in step (4) remains unchanged. 

Estimating the initial groundwater storage (line 21 in Table 5.8) 

The iterative successive approximation method is required in order to estimate the 

initial groundwater storage in the last wet month so that this value will match the 

amount of groundwater in storage during the specified time. Hence, a full one­

circular year of monthly groundwater storage values can be obtained. The method 

is basically to compare successively the estimated value and the calculated value, 

until they both reach the same value. It allows the Initial GWST to be determined 

automatically. 

This process involves several steps that can be conducted on a spreadsheet. They 

are as follows: 

(1) Create similar rows to line 21 to line 23 in Table 5.8, namely line 2Ia, line 

22a, and line 23a; 

(2) Identify the month that has the first value of 1 in a row from line 10 in Table 

5.8. Set the initial value for this particular month on line 2Ia equal to the 

estimated value based on its geology (or any number> O); 

(3) Conduct the calculation on lines 22a and 23a in a similar way to lines 22 and 

23 in Table 5.8; 
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( 4) Obtain values of Initial GWST and the Possible New Initial GWST. These are 

the values that are greater than zero on line 21a for the Initial GWST, and 

obtain from the same column on line 23a for the Possible New Initial GWST; 

(5) Compare the Initial GWST and the Possible New Initial GWST obtained in 

step (4). If they are similar, i.e. the difference between these values is less than 

0.1, then the New Initial GWST equals the Possible New Initial GWST. This is 

the value that should be placed on line 21 in Table 5.8. However, if they are 

not similar (i.e. the condition is not met), repeat step 2 to 5 until the condition 

set in step 5 is met. 

5.7 MODEL CALIBRATION AND VALIDATION 

A model needs to be calibrated and validated before it can be used for a 

simulation. A calibration is a process to adjust or fine-tune some of the parameters 

or coefficients used in the model in order to achieve the optimum values for those 

parameters. Validation is a process to examine the model, to assess whether the 

model works in a correct way, or whether it produces an acceptable output. 
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For this thesis, the hydrological component is created by using the Cidurian 

subcatchment, Sukapada, as the pilot area. This subcatchment is about 18km2 in 

size. It is selected as the pilot area for the development of the water balance model 

simply because the availability of data for input and observed discharge data is 

among the best in comparison to other subcatchments in the study area. It is 

surrounded by many rain stations within a relatively short radial distance. There 

are six rain stations within a distance of less than 12km from any point in the 

subcatchment that have reasonably good precipitation records for a period of 1983 

to 1994. (Some of them contain missing data that have to be estimated). The 

observed discharge data from this subcatchmnet for the same period is limited to 

three years only (1986, 1990 and 1991). Actually, the Cikapundung and Ciguling 

subcatchments have longer observed discharge data than the Cidurian 

subcatchment (Table 5.9), but these data cannot be used for calibration and 

validation because they do not represent the true discharge. The presence of the 

Table 5.9: Availability of discharge data for some 
subcatchments in the Bandung basin. 

1980 
3 4 5 6 7 8 9 0 

~ Partial, available for only some months 

• Complete set of data for 1 year is available 
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large Lembang fault in these subcatchments affects the actual discharge and the 

data would underestimate the actual total runoff (Delinom and Suriadarma, 1993). 

Therefore, model calibration and validation can only be done based on the 

available data for the years 1986, 1990 and 1991. 

Calibration 

The calibration is conducted by assessmg the computed output discharge data 

against the observed discharge data. The r2 value is used to identify how good the 

calculated output is in comparison to the observed data, i.e. it gives an indication 

of how well the calculated output match with the observed data. It is calculated by 

using the following equation (see e.g. Schwager, 1995)5-14: 

! (yobs i - Y comp; )
2 

T2 =1--i-=I _____ _ 
n 

L, (Yobs; - Yobs )2 
i=I 

where y is the observed value, obs 

Ycomp is the computed output value, and 

Yobs is the mean observed value. 

(5-6) 

A perfect match between the computed output and the observed data returns a 

value of 1 for r2, whereas a poor match gives a value close to zero or a negative 

value. 

Because of the availability of observed data, the calibration is conducted on a 

yearly basis. This will produce three calibrated models; Model 1986, Model 1990 

5-14 This statistical equation given in Schwager ( 1995) is used for identifying goodness of fit for comparing 
the regressed values (computed) and the observed values. This equation is commonly used for analysing the 
regression equation (or simulated values) with a focus on the unexplained variation (residuals). If the residual 
is much larger than the total variation, i.e. the total difference between the observed value and the simulated 
value is larger than the total difference between the observed value and the average observed value, a 
negative value is obtained. (This equation is also named Nash and Sutcliffe Coefficient [NSC] by Mohseni 
and Stefan [1998] after Nash and Sutcliffe [1970].) 

171 



Chapter 5: Hydrological component 

and Model 1991. Hence, each model will have its own set of calibrated 

parameters. 

The parameters that need to be calibrated are the coefficients used in the water 

balance calculation. They are: W (available water capacity), S (storm runoff 

coefficient), I (infiltration factor), M (monthly recession constant) and MAX 

(maximum groundwater storage). All of them depend either on land use, or 

geology, or on both land use and geology. Specifically for W, the calibration aims 

at finding the best set of values from the three models to give the best ? value 

because annual climate variation can influence the apparent value of this 

parameter. 

Each parameter is calibrated one-by-one by determining the value that gives the 

maximum ? from an optimum curve (Figure 5.8). However, in some cases, the 

optimum curve does not show. In this case, the possible value that can give the 

maximum ? value is taken. 

Results of calibrations for the three models are listed in Table 5.10. It clearly 

shows that the Model 1990 is the best with r2 = 0.9395. 

Table 5.10: Results of model calibrations. 

Model 1986 

Model 1990 

Model 1991 

0.7582 

0.9395 

0.4175 
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Figure 5.8: Some examples of optimum graphs from Model 1990: (a) Forest, no optimum 
value. For this, W = 0.5mm; (b) Forest, geology type 2, S = 0.21; (c) Geology type 1, I= 0.97; 
(d) Geology type 2, M = 0.85; (e) Geology type 1, MAX= 210mm. 
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Validation 

The calibrated models need to be tested on different set of input data, and their 

computed outputs are compared with the observed data. For Model 1986, the 

input is the 1990 and 1991 data; for Model 1990, the input is the 1986 and 1991 

data; whereas for Model 1990, the input is the 1986 and 1991 data. During this 

validation process, the three sets of available water capacity values (W) that have 

been obtained from the calibration processes are tested on each model in order to 

find the best set of these three sets. This process is conducted because the model 

was calibrated using data from a very short period. Therefore, they may not 

represent the condition of the catchment in general because this particular 

parameter is sensitive to the variation in soil moisture.5-15 

The results of these model validation processes are given in Table 5.11. In 

general, the set of W values calibrated from Model 1991 produced the best results. 

In particular, Model 1990 in combination with this set of W values gives the best 

result with the ? = 0.718. This set of W values obtained from Model 1991 is, in 

fact, quite comparable with the suggested values by Thomthwaite and Mathers 

(1957), which range from an average of 75mm for paddy to an average of 400mm 

for mature forest. Based on the results of this validation process, Model 1990 with 

the calibrated W values from Model 1991 is selected for this study. Graphical 

comparison between the model output and observed discharge data is given in 

Figure 5.9. 

5· 15 Available water capacity is defined as the difference between the field capacity and the permanent wilting 
point times the rooting depth of vegetation (Dunne and Leopold, 1978). If the soil is saturated, water will 
drain quickly from the large pores due to gravitational force, until it reaches a certain water content where the 
water cannot drain because the gravitational force is countered by a capillary force exerted by the soil's pores. 
The water content at this balance state is called the field capacity. For water to be removed from the soil, the 
plants must exert a suction force on the soil moisture. However, there is a limit in the amount of water that 
can be drawn from the soil by the plants. When the plants cannot withdraw water at a sufficient rate to fill the 
demand for transpiration, the plants wilt. When this condition occurs the soil moisture is called the permanent 
wilting point. The available water capacity, therefore, depends on the soil type and vegetation type. When the 
soil is always filled with water, the wilting point is never met. Therefore, the optimum available water 
capacity cannot show up in the calibration processes. 
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Table 5.11: Results of model validations, given in r2 values. 

Set of available water capacity 

1986 1990 

Model 1986 -3.974 -4.398 
····------·--·--------·--- ········································································ ................ ·····----------·-+---

Model 1990 

Model 1991 

-0.775 

0.380 

-0.879 

0.481 

Shaded cells mean using their own set of calibrated Wvalues. 

Significance analysis 

1991 

0.499 

0.718 

-0.546 

All the values of parameters obtained from the calibration process, excluding W, 

are assessed in terms of their significance to the model. This analysis will examine 

how much the error in determining the parameters can change the performance of 

the model. The significance of each parameter in affecting the output can also be 

assessed, which can help in determining the parameters that have to be treated 

carefully. 

The analysis is conducted by using all the available observed data. Each parameter 

is assessed by examining the percentage change in ? when the value of each 

parameter is increased or decreased by 10%. The results are shown in Table 5.12. 

In general, an increase or a decrease in the storm runoff coefficient for any 

environment does not significantly change the overall performance of the model. 

The most significant change in this land use and geology dependent parameter is 

shown for a combination of environment of geology type 1 and urban area. In this 

type of environment, an increase in the storm runoff parameter value by 10% 

produces a change in ? by 1.23%. Other environments give a change in ? of less 

than 0.25%. 
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Table 5.12: Significance analysis of the calibrated parameters using all available 
observed discharge data. The r2 value= 0.750. 

Parameters Environment 

S Geology 1 Settlement/urban 

Calibrated 
value 

0.11 

Ar(%) 

+ 10% change -10% change 

-1.23 -0.23 

Geology 2 Settlement/urban 0.26 +0.08 -0.16 
~·- .................................................................................................................................. ·····················-·-------1------l 

Paddy-field 0.14 +0.12 -0.12 
----+------1 

Dryland 0.14 -0.04 -0.03 

Forest 0.21 +0.05 -0.06 

Geology 1 0.97 NA -4.54 ___ .. ___ .................... 
Geology 2 0.9 -0.60 +0.25 

M Geology 1 0.942 NA -78.82 

Geology 2 0.85 -23.48 -0.72 

MAX Geology 1 210 -1.51 -0.59 __ ,,_ .. ___ ......... ,,,-, ...... .. ..................... - ....... 

Geology 2 235 -0.10 +0.04 

NA: Not applicable because the change in the value of the parameter exceeds the range of possible value. 

The geology only related parameters (/, M, and MAX) are more sensitive than the 

parameter S (Table 5.12). A small error in these parameters can give a large error 

in the actual discharge. Nevertheless, because this thesis focuses on the sensitivity 

analysis of the output rather than the actual output discharge, they can be given 

any value as long as they have been calibrated carefully and are kept constant 

when the model is implemented for the whole study area. 

Details of significance analysis for each parameter can also be assessed by 

examining the change in the output that comes from the area which is affected by 

the change in the parameter only, rather than the output of the whole area. In other 

words, the analysis is conducted on cell-by-cell basis by comparing the computed 

output from one set of determined parameters against the output of altered 

parameters. All inputs are kept the same. For this analysis, the parameter to be 

examined is the storm runoff coefficient only. The others, which are geology 

related parameters, are considered unimportant for the sensitivity analysis even 

though they can be very significant in determining the absolute quantity of the 

discharge. 
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The results (Table 5.13) suggest that the storm runoff coefficient is quite 

significant in altering the runoff, and this coefficient shows a variation in its 

significance depending on its geology and land use. In general, the storm runoff of 

urban area is the most significant. An increase or a decrease in the storm runoff 

coefficient of this land use type by 10% produces a change in the mean annual 

runoff by 7.3 to 8.3%, and a change in the mean monthly runoff that varies from 

6.7 to 9.0%. Of least significance is the storm runoff coefficient for paddy. A 10% 

change in this coefficient causes a change in the mean annual runoff by 0.6 to 

1.2%, and a change in the mean monthly runoff that varies from 0.15 to 5.6%. 

Implicitly, the results also suggest the change in land use can produce a variable 

effect in the total runoff. This is also supported by an interesting finding, which 

shows that an increase in the storm runoff coefficient is not always associated 

with an increase in the total annual runoff. A 10% increase in the storm runoff 

coefficient for the urban area with geology type 1 (very high infiltration) causes a 

decrease in the mean annual runoff by 7.6%. On the other hand, a 10% increase in 

the storm runoff coefficient for the urban area with geology type 2 (relatively 

lower infiltration than the geology type 1) causes an increase in the mean annual 

runoff by 7.3%. 

Estimating uncalibrated parameters 

When the model is implemented into the whole basin, some additional parameters 

that are not calibrated are required. This is because the pilot area cannot represent 

all environmental conditions of the whole basin. In particular, geology type 3 is 

not represented in the pilot area. Therefore, these parameters need to be estimated. 
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Table 5.13: Significance analysis for the storm runoff (S) parameter of various environments. 

Environment Ii mean Ii mean monthly discharge (%) 

5 /iS annual 

Land use Geology 
(%) discharge 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec (%) 
I 

I . ~ -8.11 I -6.91 i Urban i 1 I 0.11 +10 -7.60 -7.51 -7.75 -6.54 -6.66 -7.44 -8.17 -8.52 -8.55 -8.81 -7.09 
I I I 

7.82 7.62 7.91 6.66 6.70 7.62 8.33 8.85 9.02 8.90 8.28 7.591 7.57 
! 

I : -1 o . 
I 

I - - - ---,- --- ---~ 

· 2 : 0.26 +10 7.33 8.27 6.99 7.36 6.80 6.03 3.81 3.13 3.95 6.02 8.23 9.05 9.08 
I I 

I 
I 0.14 

-10 -8.28 -8.30 -9.10 -8.34 -7.92 -7.43 -6.00 -5.56 -6.09 -7.43 -8.86 -9.39 -9.11 
-·-

i Paddy- I 
2 +10 1.20 2.09 -0.15 1.13 -0.52 -1.15 -2.86 -1.41 -0.73 1.04 4.22 5.56 5.20 

1 

field I 

I -10 -0.62 -1.61 1.06 -0.45 1.02 1.68 4.10 2.62 1.31 -0.57 -3.94 -5.40 -5.00 

I Dryland i 2 0.14 +10 -3.05 -1.72 -4.15 -2.99 -4.47 -5.09 -6.57 -6.80 -4.92 -0.85 1.92 2.36 1.35 

I i -10 3.34 1.73 4.66 2.98 4.51 5.67 7.11 7.66 5.49 0.93 -1.87 -2.04 -0.91 

Forest 2 0.21 +10 4.30 6.69 4.41 5.39 3.38 1.28 -1.68 -3.65 -2.06 1.15 5.40 7.72 8.02 

-10 -4.25 -6.56 -4.66 -5.31 -3.35 -1.16 1.83 3.83 2.22 -1.03 -5.34 -7.69 -8.00 
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The estimation is conducted by looking at some reported values from studies that 

have similar geological conditions. In this case a groundwater resources study in 

Greater Yogyakarta (the Special Province of Yogyakarta) by Sir MacDonald and 

Partners ( 1984) is used. This area is divided into three general geological 

classifications based on their runoff characteristics. They are: recent (young) 

volcanic deposits (RV); mixed volcanics, recent or mixed volcanics with 

sediments (MV, RV/S, MV/S); and old volcanics, old volcanics with sediment, or 

sediment (OV, OV/S, S). Their hydrological parameters are given in Table 5.14. 

These geological variations are comparable the Bandung basin, the study area for 

this thesis. However, a difficulty occurs in classifying the geology of the study 

area into a similar classification as given in the Greater Y ogyakarta area. This is 

because this classification is not based on a quantitative measurement, for 

example, the infiltration rate, but it was on a qualitative assessment on the 

Table 5.14: Reported values for parameters S, /, M and MAX from a groundwater 
resource study in Greater Yogyakarta, central Java (Source: Sir MacDonald and 
Partners, 1984.) 

Geological class and s I M MAX description 

RV 0.05; 0.15; 0.2 0.9; 0.87; 0.85 0.87; 0.85; 1500; 800; 
High infiltration, unconsolidated 0.83 600 
material 

MV, RV/S, MV/S No case No case No case No case 

(Moderate infiltration between the 
other two geological classes) 

OV, OV/S 0.35; 0.2 0.5; 0.45 0.81; 0.5 200;300 
Low infiltration factor. On a 
volcanic fan deposit, the infiltration 
factor has a decreasing trend 
towards the lower basin to reflect 
the better sorted and more 
consolidated material at the lower 
fan. 

Range of values for all three 0.05 - 0.35 0.5 - 0.9 0.5 - 0.87 200 - 1500 
geological classes 

Note: RV is represented by 3 cases; MV, RV/S, MV/S are not represented (no case); OV, OV/S are represented by 
2 cases. For MV, RV/S and MV/S, the values of parameters should be in a range between the values of the 
other classes. 
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geological age and geological facies. Nevertheless, a comparable classification 

can still be assessed in a rather subjective manner from the geological map of the 

Bandung basin. (See Figure 3.2 in Chapter 3, page 6). The geology of Bandung is 

classified into three main types as follows: 

• Geology type 1, comparable to RV, consisting of all of the Quaternary 

rocks/deposits from Holocene to Late Pleistocene, except alluvial and colluvial 

deposits (QHa), and lake deposits (QHI); 

• Geology type 2, comparable to MV, RV/S, and MV/S, consisting of recent 

alluvial and colluvial deposits (QHa), and undifferentiated volcanic products of 

Lower to Middle Pleistocene (QPmV); 

• Geology type 3, comparable to OV and OV/S, consisting of Lower Pleistocene 

volcanic products (QPlV) and all Tertiary rocks. 

A map of the Bandung basin area showing these three geological types is given in 

Figure 5.10. 

For the storm runoff coefficient (S), Sir McDonald and Partners (1984) 

disregarded the land use variation and only considered the geological variation. 

Land use variation, in fact, has a significant role in the total runoff as shown by 

the results of significance analysis (Table 5.13). It also controls total discharge 

and time-lags for floods (e.g. Viessman et al., 1989) as each land use type has 

significant variation in surface roughness and ability to pass water to the soil 

through infiltration processes, etc. For sensitivity analysis, with regards to 

changes in land use patterns, the variation of the storm runoff coefficient with 

respect to land use and geological variation needs to be estimated. 
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• Type 1 High infiltration, young or recent vobanics 
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General Geohydrology 
N 

~-
-- ~ 

··- - 2sooorn 

Type 2 rv1oderate infiltration, mixture of recent vobanics and sediment 
• Type 3 Low infiltration, old vobanics or mixture of old vobanics and sediment and consoidated material 

Figure 5.10: Geological classification based on general hydrological characteristics. 
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The storm runoff coefficients can be estimated by combining the values as given 

by Sir MacDonald and Partners (1984) (Table 5.14) and the runoff coefficient 

values ( C) given by the US SCS method (listed in Viessman et al., 1989), which 

take into account the land use variation and infiltration capacity. The estimation is 

conducted by an area-weighted proportion method. (Details are given in Appendix 

5.B.) Results of the estimation (Table 5.15) are quite acceptable with respect to 

the calibrated storm runoff coefficients. 

Table 5.15: Estimated storm runoff coefficients for various geology types and land uses, 
based on data given by a groundwater resource study in Greater Yogyakarta, central Java 
(Sir MacDonald and Partners, 1984) and the runoff coefficients given by the US SCS (e.g 
Viessman et al., 1989). 

Geological types 

RV MV, RV/S, MV/S * OV, OV/S 
{geology type 1 ) {geology type 2) {geology type 3) 

Urban/settlement area 0.21 0.26 0.31 

Paddy-field 0.15 0.18 0.26 

Dry-agricultural land 0.10 - 0.13 0.19 - 0.20 0.27- 0.29 
{tegalan, garden, 
horticulture) 

Forest 0.03 0.11 0.21 

In summary, all the constants and coefficients used in the water balance 

computation for the integrated model of this thesis are listed in Table 5.16. Some 

of the values in this table come from the process of a calibration, and some from 

an estimation and adjustment process (when they cannot be calibrated). 
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Table 5.16: List of all coefficients and constants used in the water balance calculation. 

Available water capacity (W) and land use water consumption coefficient (k 1) 

k, 
Land use Code w Jan Feb Mar ADI' Mav Jun Jul Aug s,,n Oct Nov Dec 

Reforested 1 550 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 
Primary forest 2 550 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 
Secondary forest 3 550 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 
Dry-land (tegalan) 4 280 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
Mix-garden 5 280 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
Veaetable aarden 6 280 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
Irrigated paddy 7 70 0.96 1.01 1.04 1.04 0.96 0.99 1.00 0.95 0.84 1.10 1.07 1.05 
Rainfed paddv 8 70 0.94 0.91 0.90 1.00 0.92 0.80 1.03 0.99 0.84 0.94 1.07 0.89 
Urban area 9 160 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Cinchona (quina) 10 300' 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 
Tea olanta Uon 11 300' 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Lake 12 NA 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 

Surface run-off (S) 
Land use Geol 1 Geol2 Geol3 Infiltration (I) 

Reforested Geol 1 I 0.97 Geol1 
Primary forest 0.11' 0.21 0.21' Geol 2 I 0.9 Geol2 
Secondary forest Geol 31 0.5' Geol3 0.5' 
Dry-land (tegalan) 
Mix-garden 0.13' 0.14 0.29' 
Vegetable garden Max stor. /GWST 
lrriaated paddy 0.14' 0.14 0.26' Geol 1 210 Geo11 I 376 
Rainfed paddy 0.14' 0.14 0.26' Geol 2 235 Geo12 I 129 
Urban area 0.11 0.26 0.31' Geol 3 150' Geol3 I so· 
Cinchona (auinaJ 0.13' 0.14' 0.20' 
Tea olantaUon 0.13' 0.14' 0.20' 
Lake NA 

• estimated. 

5.8 CONCLUSION 

The hydrological model using a water balance conceptual approach has been 

developed. The computation is conducted on a cell-by-cell basis for the whole 

study area, which calculates the total runoff for each cell. The overall runoff of the 

whole basin is calculated as the sum of the total runoff for all cells. Model 

calibration gives a? value of 0.9395 and validation gives a? value of 0.718. 

The hydrological model is designed to allow a sensitivity analysis on the both 

land use pattern change and climate change. Therefore, there is a need to have 

straightforward links between this hydrological component and the other 

components. 
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The hydrological component links to the land use component in the following 

ways: 

• Water consumption for each type of land use; 

This has been established by determining the monthly k1 values (land use 

coefficient) for each land use type. For agricultural land, the monthly k1 values 

are determined based on their cropping patterns and crop types. For other land 

uses such as forests, urban areas and lakes, the monthly k1 values need to be 

estimated. 

• Storm runoff coefficient (S); 

The storm runoff coefficient varies with its environment, which is geology and 

land use. The values of this parameter for each combination of geology and 

land use have been determined through model calibration, and an estimation 

process for the required values that cannot be calibrated. 

The links between the hydrological component and the climate component are 

mainly through precipitation and potential evapotranspiration. These data need 

to be interpolated and projected to all grid cells in the study area. For this study, 

the potential evapotranspiration is defined as a temperature function, which is 

controlled by the elevation. The interpolation and the projection are processed by 

using a Geographical Information System (GIS). 

The next two chapters (Chapter 6 and Chapter 7) will discuss how the land use 

component and the climate component are developed, and linked to this 

hydrological component. 
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APPENDIX 5-A: THE CONVERSION OF CROP COEFFICIENT TO 

MONTHLY LAND USE WATER CONSUMPTION 

(k,) 

The k1 is converted from kc to using the method below: 

1. Several crop patterns of agricultural types under various agroclimatic 

zones are selected. The annual precipitation of the agroclimatic zones is 

within a range of 1,300mm to 1,700mm. (Table App. 5-1.) 

2. Monthly crop coefficient values are assigned for each crop patterns. 

(Table App. 5-2.) 

3. Monthly with area-weighted average of kc values are calculated based on 

the agroclimatic zone and agricultural types, transforming the monthly 

average k1 values to. (Table App. 5-3.) 

4. Average monthly in k1 from each agroclimate zones for each agricultural land is 

calculated. The shaded cells are the values used, except the dry-agricultural land 

will use the average value for the entire months. (Table App. 5-4.) 
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Table App. 5-1: Crop patterns of several agricultural land types under various 
agroclimatic zones and annual precipitation within a range of 1,300 to 1,700mm. 

Agroclimate Agricultural land type AnnualP Months Quantity' 
Zone (mm) 10 11 12 1 2 3 4 5 6 7 8 9 (%) 

E,C2,D2 Fully irrigated paddy field 1,608 I/ rice / I/ rice / I/ rice / 94 

V sovoean / I/ onvhean / 3 

I/ munabean / 3 

E,C2,D2 Semi-fully irrigated paddy 1,608 I/ rice / V rice / I/ rice / 94 

V groundnut / V c roundnut / 4 

E Fully irrigated paddy field 1,650 I/ rice / / rice / 97 

E Rain-fed paddy field 1,650 / maize / I/ maize / 32 

V munabean / 24 

/ sovbean / V SOVllean / 21 

V groundnut /] V groundnut / 17 

E Dry land 1,650 V cassava / 30 

V mungbean / 26 

I/ maize / I/ maize / V maize / V maize / 21 

I/ snvhean / I/ soybean / V soybean / V soybean / 15 

I/ aroundnut / I/ c roundnut / V aroundnut / I/ aroundnut / 8 

E Fully-irrigated paddy field 1,584 I/ rice / I/ rice / 91 

/ SOV11ean / 7 

/ munabean / 2 

E Semi-fully irrigated paddy 1,584 I/ rice / I/ rice / 100 

E Dry land 1,584 I/ maize /1/ maize /V maize / / maize / 43 

I/ cassava / 39 

V munabean / 6 

C2,B2 Fully irrigated paddy field 1,300 I/ rice / V rice / I/ rice / 100 

C2,B2 Semi-fully irrigated paddy 1,300 / rice / V rice / V rice / 57 

V sovbean / 21 

v maize / 14 

V swee___l!lotato / 8 

C2, B2 Rain-fed paddy field 1,300 sovbean / V soybean / V sovbean / t§ 42 

rice / 31 

/ maize /IL maize / 19 

7 / sweetpotato / I/ sweetootato 8 

C2, B2 Dry land 1,300 / rice / / rice / I/ rice / 27 

/ cassava / 25 

maize / V maize / f 16 

/ sovoean /V soybean / V sovhAan / 15 

-ootato /1/ sweetootato / V sweetootato / V sweet- 10 

B2,C2 Semi-fully irrigated paddy 1,671 I/ rice / / rice / I/ rice / 96 

B2,C2 Rain-led paddy field 1,671 I/ rice / V rice / I/ rice / 81 

V maize /V maize / I/ maize / 19 

B2,C2 Dry land 1,671 V maize /V maize /V maize /V maize / 55 

/ cassava / 18 

/ rice /I I 16 

/ sweetpotato /V sweetpotato /V sweetpotato / 11 

'This is the area in percentage. 
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Table App. 5-2: Assigning monthly crop coefficient values on the crop patterns. The 
boldecl numbers are the area weighted average of the for the specific block of crop 
pattern. 

Agrocllmate Ai,ieultiral la,d type Annual P C'optype MonthlvKc Kcoltotal Qua,tlly 
Zone (nm) 10 I 11 I 12 I 1 2 I 3 I 4 I 5 6 7 B I 9 -n·- (%) 

E,C2, D2 FtJly irrigated pad<t( 1ield 1,600 nee 1.10 
1107 11.051 0.98 

1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.86 1.05 1M 
soybean 

o.441 o.46 I o.ee I o.75 
' ' 0.751 0.44 0.46 0.98 0.75 3 

mlJ1~ 0.46 0.98 0.75 0.44 0.75 3 

1.10 I 1.07 I 1.1)6 I O.N 1.10 I o.• I 1.111 I o.N 1.112 o.N 0.71 I DM 0.91 100 

E,C2, D2 Seni-ltJ~ irrigated pa<tly 1,600 nee 1.10 
107 I 1.05 0.98 1.10 1.07 1.0S 0.98 1.10 1.07 1.05 0.86 1.05 1M 

\TOUnct,tJ I I I 053 ' 0.15 0.72 0.53 OJS 0.72 0.75 4 

0.44 I 1.07 I 1.QI I O.N 1.10 o.a I 1M I a.. o.N D.17 
-

D.11 I DM 0.85 811 

E FtJly <rigaled pad<t( lield 1,650 nee 1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.98 1.05 97 -
0.44 1.07 I 1.1)6 I O.N 0.44 0.44 t.o7 I 1.DI D.IZ o.N D.71 I DM 0.11'.l 97 

E Ran-led pad<tf field 1,650 maize 

I I 
0.37 0.88 0.80 0.37 0.11 0.80 0.68 32 

mlJ1~ ' I I 0.41 0.98 0.75 0.75 24 

' ' soybean 0.48 0.86 0.75 0.48 0.98 0.75 0.46 0.86 0.75 0.75 21 

0.12 I ' o.44 I I \TOUnmtJ 0.53 0.85 053 0.95 0.72 0.75 17 -
0.44 I OAS I D.11 I 0.71 0.44 0.44 D~ I 0.18 0.71 o.41 D.12 I D.41 0.60 93 

E Dty land 1,650 cassava 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.116 30 

I I I I I I ' ' mll1~ 0.46 0.86 0.75 0.75 28 

maize 0.37 0.11 OBO 0.37 0.88 0.80 0.37 0.88 0.80 0.37 0.11 0.80 0.68 21 

' soybean 0.46 0.90 0.75 0.46 0.98 0.75 0.41 0.98 0.75 0.46 0.90 0.75 0.75 15 

' ' ' ' ' ' 1TDUnmLI 0.53 OBS 0.72 0.53 0.15 0.72 0.53 0.95 0.72 0.53 OJS 0.72 0.75 8 -
0.112 I o.u I 0.11 o.47 o.m I 0.71 u1 I o.14 D.21 0.112 D.11 D.71 0.67 100 

E Ful~·inigaled pa~ field 1,584 nee 1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.98 I 1.05 91 

soybean 

I I I I I I 
0.48 0.98 0.75 0.75 7 

mlJ1~ 0.46 0.98 0.75 0.75 2 -
1.10 I t.o7 t.ol I o.• 1.10 I 1.01 I 1.111 I o.N D.41 o.N I 0.11 DM 0.91 100 

E Seni-ftJ~ irrigaled pa<tly 1,584 nee 1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.98 1.05 100 -
1.10 I 1.01 1.05 I o.98 1.10 I 1.01 I 1.05 I 0.98 0.44 o.44 I o.44 0.44 0.84 100 

E Dtyland 1,584 maize 0.37 0.88 o.ao I o.37 0.88 o.80 I 0.31 , 0.88 0.80 0.37 OBI 0.80 0.75 43 

' ' cassava 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.116 39 

mll1ijlean I I o.44 I o.48 0.98 0.1s I o.44 I 0.44 I I I 0.75 8 

o.s1 I 0.11 D.71 0.11 0.12 I o.74 I u1 I 0.73 0.71 I D.11 I D.11 I D.71 0.65 -88 

C2, B2 FtJly irrigated pad<t( lield 1,300 nee 1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.98 1.10 1.07 1.0S 0.90 1.05 100 

1.10 I 1.10 I 1.01 I 1.oa I 1.10 I 1.07 I 1.QI I UI 
..--

t.o7 1.1)6 o.N O.N 100 

C2. B2 Seni-ftJ~ irrigated pa<tly 1,300 rice 1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.90 1.05 57 

soybean 

I 
0.49 0.98 0.75 0.75 21 

' maize 0.37 0.88 0.80 0.75 14 

sweetpotato 0.41 0.88 1.04 0.71 0.75 8 

1.10 t.o1 1.1)6 O.N 1.10 1.07 D.71 I o.• I 0.12 1.07 1.1)6 D.N 0.99 100 
C2, B2 Ran-fed pad<tf field 1,300 soybean 0.44 0.75 0.46 0.98 0.751 0.48 0.98 0.75 0.41 0.75 42 

nee 1.07 1.05 0.96 I 1.10 1.05 31 

maize 

0.71 I I 
0.37 I 088 0.80 I 0.37 0.88 0.80 0.75 19 

' ' 0.11 I I o.,, sweetpotato 0.41 0.88 1.04 0.811 1.04 0.75 8 

1.03 0.92 DM 0.44 o.a 0.71 D.11 I o.14 I 0.71 I 0.71 I DM D.N 0.71 100 
C2, B2 Dtyland 1,300 nee 0.94 1.07 1.05 0.98 0.94 1.07 1.05 o.98 I o.94 1.07 1.05 0.96 1.00 27 

' ' ' cassava 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.116 25 

maize 0.88 0.80 I 
I 

0.37 0.88 0.80 I I 
I 

0.37 0.75 18 

soybean 0.48 0.96 0.75 0.48 0.98 0.75 0.48 0.98 0.75 0.75 15 

1.04 I o.,, I ' ' ' sweetpotato 0.41 0.88 1.04 0.71 0.41 0.88 1.04 0.71 0.41 0.88 0.75 10 

DAS I o.a 0.11 I 0.44 -0.79 0.12 D.11 0.14 0.11 O.N DA1 D.7D 93 

B2,C2 Seni-ltJ~ irrigated pa<tly 1,671 nee 1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.90 1.05 96 

1.DI t.o4 1.G4 O.N 1.07 1.DI 1.GI I O.N 1.10 I 1.01 I 1.111 D.N -96 

B2,C2 Rai14ed pad<t( field 1,671 nee 1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.98 1.10 1.07 1.05 0.90 1.05 81 

maize I I 0.37 o.811 o.80 I 0.37 OBI 0.80 0.37 0.88 OBO I 0.75 19 

1.10 t.o7 D.71 0.11 1.DO o.111 1.111 I 0.11 1.01 I 1.DI I 1.m 0.17 100 
82, C2 Dtyland 1,671 maize 0.37 OB8 OBO I 0.37 0.88 o.80 I 0.37 0.88 o.80 I o.37 OB8 0.80 0.75 55 

cassava 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.116 18 

rice 0.94 1.07 1.05 
0981 I I I 

0.71 I 0.41 
I I I I.OD 18 

' sweetpotato 0.41 0.88 1.04 0.71 0.41 0.88 1.04 0.88 1.04 0.71 0.75 11 

0.&6 D.90 D.17 o.57 0.12 0.79 u2 I o.11 I o.n I 0.11 I o.N o.n 100 

192 



Chapter 5: Hydrological component 

Table App. 5-3: Transforming the Agroclimate zones into monthly average kc values for 
each zone in k1• 

AgrtcuHural land type Agrocllmate Quantity %-age '"nual IION ,vl(c 
Zone of auantltv (mm) 10 11 12 1 2 3 4 5 6 7 8 9 

Irrigated paddy fleld 

Fully irrigated E. C2, D2 143,638 67.2 1,608 1.10 1.07 1.05 0.96 1.01 1.05 1.05 0.95 1.02 1.06 1.01 0.90 

E 21,850 10.2 1,650 1.10 1.07 1.05 0.96 0.44 1.10 1.07 1.05 0.92 0.48 0.46 0.44 

E 10,682 5.0 1,584 1.10 1.07 1.05 0.96 1.10 1.07 1.05 0.96 0.46 0.96 0.75 0.44 

C2, B2 3,859 1.8 1,300 1.10 1.07 1.05 0.96 1.10 1.07 1.05 0.96 1.10 1.07 1.05 0.96 

SUM/A!= 180,(129 84.2 Max 1.10 1.07 1.05 0.96 1.10 1.10 1.07 1.05 1.10 1.07 1.05 0.96 
Min 1.10 1.07 1.05 0.96 0.44 1.05 1.05 0.95 0.46 0.48 0.46 0.44 

A,eraa, 1.10 1.07 1.05 0.96 0.9! 1.07 1.06 0.98 0.88 0.8! 0.82 0.69 
di.fax-Mi 0.00 0.00 0.00 0.00 0.66 0.05 0.02 0.10 0.6' 0.5S 0.59 0.52 

Semi-fully irrigated E, C2, D2 23,206 10.9 1,606 1.10 1.07 1.05 0.96 1.01 0.99 1.00 0.94 1.03 1.02 1.02 O.S1 

E 1,880 0.9 1,584 1.10 1.07 1.05 0.96 1.10 1.07 1.05 0.96 0.44 0.44 0.44 0.44 

C2, B2 2,941 1.4 1,300 1.10 1.07 1.05 0.96 0.75 0.73 0.64 0.98 0.92 0.74 0.73 0.68 

B2, C2 5,783 2.7 1,671 1.03 1.04 1.04 0.92 1.05 1.02 0.99 0.91 1.04 1.01 0.99 0.91 

SUM/BJ= 33,810 15.8 Max 1.10 1.07 1.05 0.96 1.10 1.07 1.05 0.98 1.04 1.02 1.02 0.91 
Min 1.03 1.04 1.04 0.92 0.75 0.73 0.64 0.91 0.44 0.44 0.44 0.44 

A,e,aa, 1.08 1.06 1.05 0.95 0.98 0.95 0.92 0.95 0.86 0.80 0.80 0.74 
d!Max-Mi 0.07 0.03 O.o1 0.04 0.35 0.34 0.41 0.07 0.60 0.58 0.58 0.47 

SUM (C = A.BJ= 213,839 100.0 Max 1.10 1.07 1.05 0.96 1.10 1.10 1.07 1.05 1.10 1.07 1.05 0.96 
Min 1.03 1.04 1.04 0.92 0.44 0.73 0.64 0.91 0.44 0.44 0.44 0.44 

A,eraa,e 1.09 1.07 1.05 0.96 0.95 1.01 0.99 0.96 0.87 0.85 0.81 0.71 
d Max-Mi 0.07 0.03 0.01 0.04 0.66 0.37 0.43 0.14 0.66 0.63 0.61 0.52 

111111-,,., paddy ne111 E 198 1,650 0.60 0.69 0.69 0.52 0.44 0.44 0.44 0.92 0.75 0.42 0.62 0.57 

C2, B2 6,821 1,300 1.00 0.90 0.74 0.45 0.6S 0.78 0.65 0.72 0.76 0.57 0.46 0.78 

B2, C2 1,076 1,671 0.94 1.07 0.89 0.94 0.91 0.90 1.00 0.92 0.80 1.0:: 0.99 0.84 

SUM/DJ= 8,095 Max 1.00 1.07 0.89 0.94 0.91 0.90 1.00 0.92 0.80 1.0:: 0.99 0.84 
Min 0.60 0.69 0.69 0.45 0.44 0.44 0.44 0.72 0.75 0.42 0.46 0.57 

A,erao, 0.65 0.89 0.77 0.64 0.68 0.71 0.711 0.85 0.77 0.61 0.69 0.73 
di.fax-Mi 0.40 0.38 0.20 0.4 0.47 0.46 0.56 0.20 0.05 0.61 0.53 0.27 

Drytand E 884 1,650 0.56 0.84 0.76 0.56 0.84 0.76 0.56 0.84 0.76 0.50 0.91 0.76 

E 60 1,584 0.50 0.64 0.62 0.52 0.80 0.72 0.50 0.71 0.66 0.50 0.64 0.62 

C2, B2 13,571 1,300 0.81 0.86 0.74 0.61 0.84 0.79 0.64 0.76 0.71 0.65 0.63 0.62 

B2,C2 2,968 1,671 0.63 0.91 0.90 0.66 0.7S 0.77 0.54 0.83 0.74 0.41 0.87 0.78 

SUM!E!= 17 503 Max 0.81 0.91 0.90 0.66 0.84 0.79 0.64 0.84 0.76 0.65 0.91 0.78 
Min 0.50 0.64 0.62 0.52 0.71 0.72 0.50 0.71 0.66 0.4! 0.63 0.62 

A,eraa, 0.63 0.81 0.76 0.5 0.82 0.76 0.56 0.78 0.72 0.54 0.76 0.70 
d!Max-Mi 0.31 0.27 0.28 0.14 0.05 0.07 0.14 0.13 0.10 0.16 0.28 0.16 

193 



Chapter 5: Hydrologcal component 

Table App. 5-4: Taking average monthly in k1 from each agroclimate zones for each 
agricultural land. The shaded cells are the values used, except for the dry-agricultural 
land will use the average value for the entire months. 

MONTHS 
1 2 3 4 5 6 7 8 9 10 11 12 Average 

Fully irrigated 02 0.96 1.07 1.05 1.05 0.95 1.02 1.06 1.01 0.90 1.10 1.07 1.05 1.02 
E 0.96 0.90 1.07 1.06 0.98 0.92 0.89 0.83 0.72 1.10 1.07 1.05 0.96 

C2/B2 0.96 1.08 1.05 1.05 0.95 1.03 1.06 1.02 0.91 1.10 1.07 1.05 1.03 
Maximum 0.96 1.08 1.07 1.06 0.98 1.03 1.06 1.02 0.91 1.10 1.07 1.05 
Minimum 0.96 0.90 1.05 1.05 0.95 0.92 0.89 0.83 0.72 1.10 1.07 1.05 

Used value 0.96 1.01 1.04 1.04 0.96 0.99 1.00 0.95 0.84 1.10 1.07 1.05 1.00 
Semi-fully irrigated 02 0.96 1.01 0.99 1.00 0.94 1.03 1.02 1.02 0.91 1.10 1.07 1.05 1.01 

E 0.96 1.03 1.01 1.01 0.94 0.92 0.91 0.91 0.82 1.10 1.07 1.05 0.98 
C2/B2 0.94 0.96 0.94 0.90 0.94 1.01 0.94 0.93 0.85 1.06 1.05 1.04 0.96 

Maximum 0.96 1.03 1.01 1.01 0.94 1.03 1.02 1.02 0.91 1.10 1.07 1.05 
Minimum 0.94 0.96 0.94 0.90 0.94 0.92 0.91 0.91 0.82 1.06 1.05 1.04 

Used value 0.96 1.01 1.04 1.04 0.96 0.99 1.00 0.95 0.84 1.10 1.07 1.05 1.00 
Irrigated paddy 02 0.96 1.06 1.04 1.04 0.95 1.02 1.05 1.01 0.90 1.10 1.07 1.05 1.02 

E 0.96 0.92 1.06 1.05 0.97 0.92 0.89 0.84 0.73 1.10 1.07 1.05 0.96 
C2/B2 0.95 1.04 1.01 1.00 0.95 1.02 1.02 0.99 0.89 1.09 1.06 1.05 1.01 

Maximum 0.96 1.08 1.07 1.06 0.98 1.03 1.06 1.02 0.91 1.10 1.07 1.05 
Minimum 0.94 0.90 0.94 0.90 0.94 0.92 0.89 0.83 0.72 1.06 1.05 1.04 

Used value 0.96 1.01 1.02 1.01 0.95 0.99 0.98 0.95 0.85 1.09 1.07 1.05 0.99 
Rain-fed paddy 02 

E 0.52 0.44 0.44 0.44 0.92 0.75 0.42 0.62 0.57 0.60 0.69 0.69 0.59 

C2/B2 0.52 0.72 0.80 0.70 0.75 0.77 0.63 0.53 0.79 0.99 0.92 0.76 0.74 

Maximum 
Minimum 

Used value 0.52 0.72 0.80 0.70 0.75 0.77 0.63 0.53 0.79 0.99 0.92 0.76 0.74 

Dry land 02 

E 0.56 0.84 0.76 0.56 0.83 0.75 0.50 0.89 0.75 0.56 0.82 0.75 0.71 

C2/B2 0.62 0.83 0.79 0.62 0.77 0.73 0.62 0.67 0.65 0.78 0.87 0.77 0.73 

Maximum 0.62 0.84 0.79 0.62 0.83 0.75 0.62 0.89 0.75 0.78 0.87 0.77 

Minimum 0.56 0.83 0.76 0.56 0.77 0.73 0.50 0.67 0.65 0.56 0.82 0.75 

Used value 0.57 0.84 0.76 0.57 0.81 0.75 0.53 0.83 0.72 0.61 0.84 0.76 0.72 

Irrigated paddy 0.96 1.01 1.02 1.01 0.95 0.99 0.98 0.95 0.85 1.09 1.07 1.05 0.99 

Rain-fed paddy 0.52 0.72 0.80 0.70 0.75 0.77 0.63 0.53 0.79 0.99 0.92 0.76 0.74 

Dry/and 0.57 0.84 0.76 0.57 0.81 0.75 0.53 0.83 0.72 0.61 0.84 0.76 0.72 
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APPENDIX 5-B: ESTIMATING STORM COEFFICIENT (FOR 

SPECIFIC LAND USE AND GEOLOGICAL 

TYPE). 

This Figure shows a land with various land use types (Lu 1 to Lu 4), with area A1 to~ 

and runoff coefficient C1 to C4 respectively. The whole area has a uniform geological 

type g. The storm runoff of with a specific land use (l) and geology (g) is given by; 

of which, 

lOO·Sg 
X =--~~ 

l,g n 

L,(Ai ·C1) 
l=I 

where, A1 is the percentage area for land use type l 

Sg is the storm runoff for specific type of geology as given in Sir MacDonald 

and Partners (1984). 

C1 is the runoff coefficient for a specific land use type and its corresponding 

soil type as given by US SCS (cited in Viessman et al., 1989). 
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An example is given here as follows; 

Geology type= OV (old volcanic deposits) 

Land use type A, C,* 

Paddy-field 10 0.70 

Tega/an 48 0.78 

Village garden 28 0.73 

Forest 4 0.56 

Others (paving, etc.) 10 0.85 

SUM (A1.C1) 

* From US SGS cited in (Viessman et al., 1989). 
s From Sir McDonald and partners (1984). 
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A1.C, ss g X~g S~g 

7.00 0.26 

37.44 0.29 

20.44 0.27 

2.24 0.21 

8.50 0.31 

75.62 0.35 0.37# 

# This the average value from three cases, which is used to calculate the S1,g in the above Table. 
The actual value from this case is 0.46. 
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CHAPTER 6 

LAND USE COMPONENT: 

CONSTRUCTION OF LAND USE SCENARIOS 

6.1 INTRODUCTION 

The influence of land use changes on hydrology has been discussed in Chapter 1 

(Introduction) and also in Chapter 5 (Hydrological Component). It clearly shows 

that changes in land use could change the annual yield of water and could also 

change the seasonal variation of river flows. The land use component is required 

as part of the proposed integrated model in order to assess the variability of river 

flows as the result of changes in the land use pattern (Chapter 1, and repeated in 

Chapter 4). 

This component is used to produce scenarios of land use change that will be used 

as input to the hydrological component for a sensitivity assessment of river flows 

with respect to changes in land use patterns and climate. It is not designed for the 

purpose of predicting future land use patterns, but for constructing some scenarios 

which are driven by various 'storylines '. These storylines are based on policy 

intervention, and changes in socio-culture, such as attitudes towards the 

environment, etc. Therefore the scenarios contain some degree of realism. It is 

also possible, for the purpose of sensitivity analysis, to construct land use patterns 

of extreme cases. 

The literature review of the land use model has been presented in Chapter 4. 

Chapter 6 will focus on the development of the scenarios, and how the output 

from this component is used by the hydrological component. In this thesis, the 
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generation of the scenarios is conducted mostly by using a GIS (Geographical 

Information System) that will also be discussed briefly. 

Before constructing the scenarios, there is a need to analyse in some detail the 

land use change behaviour in the study area. The rates of changes for each land 

use type and the hierarchy of changes will be discussed. Understanding what 

causes the land use change will help the scenarios to be constructed with a more 

realistic pattern, and when certain policies are introduced, they will be reflected in 

the generated scenarios. 

6.2 HOW THE SCENARIOS ARE CONSTRUCTED 

The requirements for selecting land use scenario generators for this thesis have 

already been discussed in Chapter 4. They are easy to construct, not data 

demanding, and most importantly they can generate and display patterns of 

scenarios spatially that can be linked to the hydrological component. This leads to 

the choice of a cellular automata method, which was successfully used for 

modelling a spatial urban development by White and Engelen (1993). 

The cellular automata method belongs to a discrete connectionist technique that 

allows the pattern to evolve in a self-organised manner (White and Engelen, 

1993). This technique is quite simple. It can be considered as an array of cells in 

which the state of the discrete cells depends on the state of their neighbouring 

cells. The change in the state of a cell from one state to another state, i.e. from one 

land use type to another land use type, is guided by a set of deterministic or 

probabilistic rules. The state of individual cells is then updated based on the state 

of the neighbouring cells in the previous time period. Based on its nature, this 

method is spatially explicit. 
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White and Engelen (1993) used this technique to predict future urban 

development. This method has been adopted by Hasan ( 1999) for the development 

of a scenario generation and evaluation system QUEST (Quite Useful Ecosystem 

Scenario Tools). 

This cellular automata method is spatially explicit and can be done on a raster 

based GIS. To conduct this method, the GIS must have a kind of neighbourhood 

connectivity function or a user defined filter for convolution operation, which is 

very common in any standard GIS. The neighbourhood cells are given certain 

values according to the degree of their influence on the cell in the centre when this 

central cell is transforming from one state to another state. The assigned values 

are dependent on their states and distances from the centre cell. The resultant 

value from the neighbourhood cells will determine the new state of the discrete 

cell. 

In this thesis, the cellular automata method is made as simple as possible and the 

rules of transition, including the values for neighbouring cells, are defined with a 

simple spatial analysis. This thesis is not intended to exhaustively imitate the 

method as defined by White and Engelen (1993), because the nature of the cases 

is very different. White and Engelen ( 1993) used this method to model urban 

evolution, which was relatively small in comparison to the size of study area, and 

there is less variation in land use types than exist in the study area. Their study 

permitted an invasion of any urban element into cells with a vacant state, i.e. 

growth in the total area is permitted, which is not the case in the study area of this 

thesis because the area is assumed to be constant and there is no expansion of the 

area beyond the boundary. Hence, only a change of proportion is possible. In 

addition, this thesis does not intend to produce accurate scenarios but to present 

sensitive changes of land use patterns under various policies. 
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Before constructing the transition rules, there is a need to analyse the behaviour of 

land use change, its distribution, and the possible driving factors of the change. 

These are discussed in the next section. 

6.3 BEHAVIOURS OF LAND USE CHANGE IN THE STUDY 

AREA 

Information about the characteristics and behaviour of land use changes is 

necessary in order to define the transition rules. Understanding this information is 

also useful for assigning the weighted values of neighbouring cells that determine 

the changes in the discrete cell. 

Literature review of the land use transition 

A general hierarchical transition of land uses in Indonesia has been reviewed in 

Chapter 2, Section 2.4. It shows a pattern of land use transition, which can be 

grouped based on its urban condition. In a non-urbanised area, forest changes to 

dry-agricultural land; in a slightly urbanised area, the dry non-irrigated land 

changes to house-gardens whereas irrigated land is favourably preserved (Preston, 

1989); in a more urbanised area, gardens are converted to become places for 

settlement or business; and in a highly urbanised area the cultivated land and 

paddy-fields may convert to settlements, industries and other constructions. In this 

case, forest is regarded as the lowest state of the hierarchy and settlement is the 

highest state. 

In a similar way, the process of land use change in Java starts from forest that 

converts to permanent agricultural land through a gradual change process 

(Verburg et al., 1999). The permanent agricultural land can be in the form of 
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paddy-field, dryland (tegalan), horticulture (vegetable garden) and mixed-garden. 

Some amount of forest will be converted to dry-agricultural land inspite of some 

efforts to conserve the forest for environmental protection. There is a tendency in 

the past and present to conserve irrigated agricultural land, as it is more valuable 

for agricultural production than the non-irrigated land (Preston, 1989). In the 

future, however, there is a tendency that the paddy-field may change to vegetable 

garden or mixed-garden (Verburg et al. 1999). This is mainly because of an 

increasing demand from the society for more varieties of food such as vegetables 

and fruit6-1 to partially replace rice in their diet as their income increases. In 

addition, Verburg et al. ( 1999) also shows that there is a tendency to conserve the 

agricultural land whenever possible, and resistance to converting land settlements. 

Hence, it is expected that, depending on the demand for land for settlement and 

industry, the paddy-field is very likely to reduce in size. The dry-agricultural land 

may expand by converting some forest land, in particular the secondary forest, 

and some paddy-fields (less likely), but may also be reduced by conversion to 

settlements if the demand for settlements is very high. 

In the Bandung basin area, the trend of land use change is similar to the trend for 

Java as a whole. The difference is in the growth of urban area, which is mainly as 

a result of industrialisation and economic growth (Karsidi, 1998). The pressure 

from population tends to be higher than the average for Java. 

6-I Verburg et al. (l 999) noticed that with increasing income, society tends to change its diet by eating more 
vegetables and fruit as a proportion of total food consumed, i.e. the people will eat more vegetables and fruit 
and less rice in comparison to what they ate before. 

201 



Chapter 6: Land use component 

Statistical analyses 

Correlation between land use variables 

A spatial statistical correlation analysis in the study area, which is based on the 

changes in land use from 1986 to 1995, by SEA START RC (1999) revealed that 

open land, which is a land use unit, is strongly and positively correlated with the 

change in settlement/industrial area and the grass land area (Table 6.1, the 

correlation between open land and settlement/industry is +0.7834 and between 

grassland and settlement/industry is +0.7767). This may suggest that the change in 

area of open land and grassland is associated with the change in the area of 

industry and settlement. It may also suggest that to some extent or to some 

proportion, the open land and the grassland are part of the settlement and 

industrial area (Karsidi, 1998). 

Other land use variables show weak and negative correlations between each other, 

which may suggest that there is no consistent transition rule for changes. For 

example, an increase in settlement/industrial area is weakly correlated with a 

change (decrease) in areas of agricultural land and forest, i.e. forest may be 

converted into settlements/industrial areas, and part of the forest may also be 

converted into agricultural land. 

Table 6.1: Matrix correlation coefficient of land use variables in Bandung basin 
(from: SEA ST ART RC, 1999). 

Land use variables 1 2 3 4 5 

1. Open land, change (ha) 1.0000 

2. Settlement/industry, change (ha) 0.7834 1.0000 

3. Agricultural land, change (ha) -0.3315 -0.2419 1.0000 

4. Forest, change (ha) -0.4547 -0.2738 -0.4693 1.0000 

5. Grassland, change (aa) 0.7767 0.6419 -0.3192 -0.3122 1.0000 
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Socio-economic analyses 

Analyses of socio-economic variables are used for identifying the underlying 

causes of the land use change. These are conducted using simple graphical 

analysis and correlation analysis. The data for the analyses come from 

publications of the Central Bureau of Statistics of the Municipality of Bandung 

(1991, 1993, 1998), the Central Bureau of Statistics of the District of Bandung 

(1990, 1993, 1998), and from published articles (Karsidi, 1998; and SEA START 

RC, 1999). 

Graphics of some socio-economic variables that are likely to drive the land use 

change, are given in Figure 6.la, b, and c. From 1989-1997, the population 

increased with an average annual growth rate of 3.8% for the municipality, 3.0% 

for the district, and 3.3% for the two areas combined, with an assumption that the 

growth is exponential. These values are much higher than the average value 

mentioned in Dam (1994), which was at 2.3% since 1950. 

The number of households in the same period (1989-1997) increased with an 

average annual growth rate of 0.75% for the municipality, 3.34% for the district, 

and 2.45% for both areas. In comparison to the population growth, the number of 

households grew much at a lower rate in the municipality, but at a similar rate in 

the district. 
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Figure 6.1: Charts of population, number of households and industries. The graphic-line 
on the charts indicates a trend of growth (or reduction) for both the municipality and the 
district. 
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The increase in the number of industries is predicted as one important underlying 

cause of an increase in urbanisation. Unfortunately, information about total 

number of firms, industries, and related economic businesses are not available and 

only numbers of medium sized and large industries are available. From 1992 to 

1997, there was a decrease of 13% in the number of medium and large sized 

industries in the municipality, but an increase of 2.1 % in the district. In total, there 

was a decrease of 4.4%. This fact may indicate that the population increase is not 

related to the number of industries. However, the decrease in numbers of medium 

sized and large industries can be interpreted in many ways, with the following 

examples. Some medium and large industries collapsed, or some of them reduced 

to the level of small industries. Some industrial companies may also have merged, 

etc. Thus, this data cannot be directly interpreted as a drop in the economy that 

may discourage the urbanisation. 

A matrix of correlation between the socio-economic variables for the district area 

is shown in Table 6.2. (The data are from the district area only. The municipality 

area does not have data from sub-district levels.) The population is very strongly 

correlated with the number of households (0.96) and number of high school 

students (0.94). (The number of high school students is chosen as a variable for 

examining the educational level of the people.) However, the population is weakly 

correlated with the population density (0.32). These all suggest that the population 

is well distributed with respect to the number of households and high school 

students but the population density varies from place to place. The population is 

also well correlated with the number of industries (0.57), suggesting that the 

increase in population is also related to the number of industries. The industries 

are also correlated, even though not strongly, with the number of high school 

students (0.49), households (0.41) and population density (0.40), which may 

suggest that the industries to some extent are influenced by demographic factors. 
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Table 6.2: Matrix correlation coefficient of socio-economic variables for the District of 
Bandung in 1997. 

Land use variables 1 2 3 4 5 

1. Population 1.0000 

2. Population density 0.3249 1.0000 

3. Number of households 0.9586 0.2176 1.0000 

4. Number of high school students 0.9410 0.5274 0.9397 1.0000 

5. Number of medium and large industries 0.5675 0.4042 0.4143 0.4934 1.0000 

Regression analysis 

More information regarding the characteristics of land use change in the study 

area is given by a regression analysis between the socio-economic variables 

against the land use variables, which was done by SEA ST ART RC (1999). The 

results can be seen in Table 6.3. 

Table 6.3: Regression coefficient of socio-economic variables against land use variables 
in Bandung basin (from: SEA START RC, 1999). 

Explanatory variables 

1. Population growth 

2. Change in population density 

3. Change in dependency ratio 

4. Growth rate of school students 

5. Change in number of school 
students 

6. Growth rate of households 

7. Number of industries 

Constant 

R2 

Settlement/ industry 

Coefficient 

213.622 

5.779 

20.878 

-301.541 

33.541 

Se 

461.353 

43.333 

25.858 

-162.591 

* 8.682 

Dependent variables 

Agricultural land 

Coefficient Se 

-231.930 

16.706 

12.240 

-207.520 

2.108 

627.404 

58.929 

35.165 

-221.111 

11.807 

Forest 

Coefficient Se 

-214.480 

10.440 

-37.129 

560.967 

-48.519 

892.984 

83.874 

50.050 

314.708 

-16.804 

................ ------ ----·-·····--·- _ ... -........... _____________________ ---------
173.529 

* 1.610 

285.277 

-6.062 

235.986 

* -2.190 

-452.470 

0.549 

1428.19 -554.890 ·1104.10 

335.879 

* 3.117 

• = Acceptable result with error between -10% and 10%. 
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As shown in Table 6.3, there are two significant variables that have positive 

effects on the increase in the settlement/industrial area. They are the number of 

school students and the number of industries. These results confirms the trend 

discussed in Chapter 2, that an increase in the number of school pupils (i.e. 

educated people) correlates with an increase in the number of industries as more 

people, in particular the young generation, are becoming less interested in farming 

activities. An increase in the number of industries usually results in an increase in 

incomes, and in turns causes an increase in the demand for settlements. 

The increase in the number of industries is also a reasonable explanation for the 

decrease in agricultural land, as shown in Table 6.3 by a negative correlation, 

which implies that (most ot) the industrial area is converted from agricultural 

land. 

Table 6.3 also reveals that the change in forest area is significantly related to the 

growth rate of the school students (positive) and the change of the number of 

school students (negative). By comparing the signs of these coefficients in relation 

to changes in settlement area, it would suggest that the settlement area could have 

been obtained by converting the forest (SEA START RC, 1999; and Karsidi, 

1998). 

From these statistical analyses, the information of the likely transition from one 

land use type to another type can be summarised as follows: 

The decrease in agricultural land is affected by the change in the number of 

industries; 

The decrease in forest is affected by the percentage change in the number of 

school students and the growth rate of the school students; 

Open land and grassland to some extent are part of the settlement/industrial 

area; 
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There is no consistent rule in the order of the land use conversion hierarchy. It 

is possible that agricultural land can be converted into settlement/industrial 

areas, or forest into settlement/ industrial areas. 

Rules of transitional hierarchy in the study area 

From the discussion above (literature review and statistical analyses) a schematic 

hierarchy of land use transition in the study area can be drawn (Figure 6.2). The 

purpose of this figure is to illustrate a simple transition-rule of main land uses in 

general. In the actual computation, this land use transition is more complicated 

allowing more detailed land use types such as primary forest, secondary forest, 

and transition from dryland (tegalan) to non-irrigated paddy-field or irrigated 

paddy-field, conversion of mixed-garden to vegetable garden and vice-versa. 

The conversion of land does not have to be in a sequential order, but it has to 

follow the transition rule from a low state in the hierarchy to a higher state. Forest 

(secondary forest) may change to dryland (tegalan), paddy-field or settlement. 

The dryland may change to garden (both vegetable garden and mixed-garden), or 

settlement, and the garden may change to settlement. Paddy-field may also change 

to garden or settlement. 

The figures beside the arrow-lines (Figure 6.2) indicate relative likeliness of 

changes from one state to another state on a scale of O to 10 for very unlikely to 

very likely. These values were arbitrary and assigned based on expert knowledge 

and a field observation in December 1999 to January 2000, supported by the 

information deduced from the literature review and statistical analyses as 

discussed above. The change from dryland to garden, for example, is more likely 

than the change from dryland to settlement, because there is a tendency for the 

society to protect agricultural land from loss (Verburg et al., 1999). The 

conversion of paddy-field to settlement is much more likely than the conversion 
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of paddy-field to garden. This was found to be the case in the field, where new 

settlement areas are usually taken from paddy-field areas while the conversion of 

gardens to settlement area was less favoured. 

t Lowest state 

Forest* 

(8) (3) 
~r ~, 

Dryland Paddy-field 

(6) (4) 
u ~, 

Garden Garden 

(2) (4) (2) (5) (3) 
11, 'I, 11, ,, 1, 

Settlement Settlement Settlement Settlement Settlement 

Highest state t 
Figure 6.2: The transition hierarchy of land use change in Bandung basin. 
*Forest in this case is the secondary type. 
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Influence of physical factors on land use distribution 

Elevation and slopes 

The distribution of each land use type is influenced by the elevation as well as the 

slope of the land. In general the urban areas are located mostly on a flat land 

rather than on a steep land and the dry agricultural land is situated mostly on 

highland. When constructing the scenarios of land use patterns, this kind of 

information is required in order to develop more realistic scenarios of patterns of 

land use change. 

Details of how each land use type is distributed with respect to factors of elevation 

and slope are discussed below. The land use data are based on a land use map 

produced in 1989 (Suhendar, 1989). 

Urban (settlement and industrial area) 

The urban area that includes settlement and industrial areas is located mostly in 

the low land area with an elevation from less than 700 m to 1000 m (Figure 6.3a). 

Some groups of settlements at higher elevation (1100 to 1250 m) exist in the 

northern part of the study area. Almost all large and medium size industries are 

located at an elevation of less than 1000 m. 

Most of the urban area is located on a relatively flat area with a slope of less than 

10% (Figure 6.3b). For settlements, there is a tendency for these to be located in 

areas with slopes of over 12%, whereas over 95% of industries are on flat land 

(slope< 5% ). 
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Figure 6.3: a. Distribution of urban area with respect to elevation, b. Distribution of 
urban area with respect to slopes. 
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Dry-agricultural land (tegalan, mixed-garden and vegetable garden) 

This group of dry-agricultural land is distributed over a wide range of elevation 

from lowest elevation (less than 700m) to around 1650 m. However, each type of 

this agricultural land tends to have its own characteristics. Vegetable gardens 

(horticulture) tend to be distributed on an elevation between 1000 m and 1500 m, 

where as majority of mixed garden and dryland areas (tegalan) are located at 

lower elevations of less than 1100 m (Figure 6.4a). 

In terms of slope, these land use types are also distributed over a wide range of 

steepness from relatively flat to very steep. However, the majority of vegetable 

gardens (90%) are located on a relatively flat to moderately steep slopes (slope < 

20%) whereas the majority of the mixed gardens spread up to a steepness of 25% 

and the dryland (tegalan) spreads further up to a steepness of 30% (Figure 6.4b). 

Irrigated paddy and rain-fed paddy 

Paddy is the main land use type in the low land area. It covers almost 70% of the 

low land area. In 1989, about 50 to 60% of the paddy land was located at an 

elevation of less than 745m and its distribution was greatly reduced with an 

increase in elevation (Figure 6.5a). Nevertheless, the irrigated paddy is still found 

on high land of over 1500m whereas the rain-fed paddy is no longer found at an 

elevation of more than 11 OOm. 

The irrigated paddy can also be found on very steep land (> 50% ), but the 

majority (about 62%) is on relatively flat land with a slope of less than 5% (Figure 

6.5b). The rain-fed paddy also shows a similar distribution characteristic as the 

irrigated paddy in terms of slope. 
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Figure 6.5: a. Distribution of paddy-fields with respect to elevation, b. Distribution of 
paddy-fields with respect to slopes. 
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Forests 

Each type of forest has its own distribution characteristics in terms of elevation. 

The primary forest is spread over the whole range of elevation but peaks at an 

elevation around 1500m (Figure 6.6a). The secondary forest is scattered from the 

lowest elevation up to around 1800m in an irregular manner (Figure 6.6b ). This 

kind of pattern is probably due to the influence of human activities such as the 

conventional 'slash-and-bum' method or the expansion of agricultural land. The 

reforested forest is usually regulated or guided and, therefore, its distribution is 

more regular than the other types of forest. It is shown in Figure 6.6c that the 

reforested land is concentrated at elevation over 1000m. 

The distribution of forest over the slope also ranges in steepness. In general, the 

forest is more concentrated in gently sloping area than the steep zones. The 

primary forest is spread more evenly than the other types. The majority of the 

secondary forest (90%) is situated on a slope of less than 40%, whereas the 

majority of the reforested land is on a slope of less than 35%. 

There are various 'boundary rules' which can be applied to the expansion of the 

various land use types discussed above. These are listed below: 

• The priority growth areas for urban are in areas with elevation of less than 

1000m and with slopes of less than 10%. 

• It is preferable for vegetable gardens to expand on land with an elevation 

between 1000m and 1500m and with a slope of less than 20%. This type of 

garden is the priority for growth in these conditions, rather than dryland 

(tegalan) and mixed-gardens. 

• There are no restricting conditions in terms of slope and elevation for the 

expansion of dryland (tegalan) and mixed-gardens. 

• There is no restricting condition in terms of slope and elevation for the 

expansion of paddy and forest. However, it is very likely that their sizes will 
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Figure 6.6: a. Distribution of various forest types with respect to elevation, b. 
distribution various forest types with respect to slopes. 

reduce following the expansion of the other land use types (urban and dry­

agricultural land). 
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Distance from the main roads 

Roads have a significant influence in controlling the distribution of the land use. 

In particular, urban areas prefer to be located adjacent to the main road. It is also 

preferable for some agricultural land to be located near the road for easy access to 

the market. The behaviour of land use distribution with respect to the main road, 

is discussed below with reference to some charts. The main road is considered to 

have has no influence in the distribution of the land use beyond 3,500m from the 

road. 

Figure 6. 7 shows the distribution of urban areas with respect to the distance from 

the main road. It shows that most urban areas are located at a close distance from 

the main road and their distribution gradually decreases with an increase in the 

distance. About 60% are located within a distance of less than 500 m and about 

90% are within a distance of 1,500 m. This implies that there is a preference for 

urban areas to be located in places that are easily accessible. The growth of urban 

areas is likely to take place near the main road if space is available. 

The dry-agricultural land is distributed randomly with respect to the distance from 

the main road, except for the vegetable gardens. Half of the vegetable gardens are 

located at a distance of less than 1,300m from the main road and distribution 

decreases with an increase in distance from the main road (Figure 6.8). 

Paddy-fields do not appear to be specifically clustering with respect to distance 

from the main road (Figure 6.9). It can be deduced, however, that half of the area 

of irrigated paddy-field is located within a distance of less than 1,500m of the 

main road and there are less irrigated paddy-fields beyond this distance. 

Most of forest-land is located a long distance from the main road (Figure 6.10). 

Nearly 90% of the forestland is located at a distance of more than 2,600m from 

the main roads. 
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Figure 6.7: Urban distribution with respect to the distance from the main roads. 
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Distance from the river 

In many cases, the river also has some influence on the distribution of land use. 

Many cities or urban centres are located near a river. In the study area, however, 

the river network is very dense because of its many tributaries. Therefore this 

variable can only weakly explain (influence) the distribution of the land use units. 

As seen in Figure 6.11, almost all the land use units are distributed near the river 

and decrease in frequency with an increase in distance from the river. The 

exception is the rain-fed paddy-field which shows two clusters of distribution. The 

first cluster is at a distance of less than 1,300m from the river and the other is at a 

distance between 1,800 and 3,500m. 

From the above discussion, it is clear that the distribution of land use is controlled 

to some degree by physical factors. These are summarised in Table 6.4. 

Table 6.4: Summary of distribution characteristics with respect to elevation, slope 
and distance to the main road. 

Land use type Distribution characteristics 

Elevation (m) Slope(%) Distance from 
the main road (m) 

1. Urban Majority (90%): < 1,000 Majority:< 8 About 50%: < 500 
About 20%: 8 -12 About 40%: 500 • 1500 

2. Dry agricultural land 

2.a Vegetable garden Majority (90% ): 1,100 -1,500 Majority (90% ): < 20 About 50%: < 1300 

2.b Mixed-garden Majority (90%): < 1,100 Majority (90% ): < 25 No clustering 

~2.c D~land (teg_alan) M~ority (90%): < 1,200 Majority (90% ): < 30 No clustering 

3. Paddy 
3.a Irrigated paddy About 50%: < 745 Majority (90%): < 15 About 50%: 1500 

(gradual decrease with 
About 45%: 745 • 1300 distance) 

3.b Rainfed paddy About 60%: < 7 45 Majority (90%): < 15 No clustering 
About 30%: 745 • 1000 

--

4. Forest 
4.a Primary . . very far from main road 
4.b Secondary . . very far from main road 
4.c Reforested > 1000 . very far from main road 
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Figure 6.11: Land use distribution with respect to the distance from the river: (a) urban area, (b) dry-agricultural land, 
(c) paddy-fields, and (d) forest. 
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6.4 USING GIS FOR GENERATING SCENARIOS 

A GIS package named ILWIS 3.0 (Integrated Land and Water Information 

System - Version 3.0) (ITC, 2001) is used to construct scenarios based on a 

simple cellular automata method. The following data need to be prepared as 

inputs to the GIS. 

• A digitised land use map and other necessary maps such as a slope map, 

digital elevation map (DEM), main road map, etc. 

• Weighting factors: they need to be defined from the likelihood of 

transition from one state to another state (which is already given in the 

hierarchy transition rules), and the likelihood of one cell influencing the 

conversion of a discrete cell from one state to another state, which depends 

on its current state and the distance from the discrete cell. 

• Resisting boundary, which is a collection of physical factors that may 

resist or refrain the land use conversion. 

• Other factors that may influence the distribution of the land use, such as 

distance from main roads. 

• Rate of change for each land use type if available. Particularly, the rate of 

change for the main land use type that has a major influence on the overall 

land use pattern, such as urban area, is necessary. 

Before jumping into the process of creating scenarios, there is a need to briefly 

address the GIS functions for neighbourhood calculations and filtering. 

Neighbourhood connectivity and filtering functions in a GIS 

The GIS will use a user specified filter to construct the new land use pattern. The 

calculation works only on a raster format digitised map, of which each individual 

pixel ( cell) contains a numerical value. IL WIS has a predetermined 
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neighbourhood function, which is a filter function that only works on a 3x3 cell (8 

connected neighbouring cells, see Figure 6.12) (ITC, 2001). These 8 connected 

cells fall within a distance of up to ..J2 units. If the pixel size is 100m, then the real 

distance is up to 141.4m. 

Figure 6.12: A 3x3 filter with 8-connected neighbouring cells around the central cell. 

In reality, the influential distance for land use transition is up to 500m or more. 

Within such a distance, a variation in the degree of influence is likely to occur 

depending on the state of the cell and the distance from the central cell. To extend 

the influential distance up to 500m, the designed filter has to be llxll for the 

pixel size= 100m (see Figure 6.13). All cells that fall within a radius of 500m (or 

up to a distance of zone 13) are given a value of 1, and the rest are given a value 

of 0. If the influential distance is up to 400m, the corresponding distance zone is 

9. All the cells within a distance zone of 9 or less are given a value of 1, and the 

rest are given a value of 0, and so on. Thus, the size of the distance-influence filter 

is dependent on the maximum influential distance and the pixel size. 

The values of 1 and O in the filter designed (Figure 6.13) are called the coefficient 

of the filter. For many filters, the values are not always 1 or 0. When this filter is 

assigned to a raster-based map, a convolution operation is performed. It operates 

by multiplying each pixel value of the map with the corresponding coefficient in 
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the filter. All the values gained are summed and the resulting value replaces the 

original value of the central pixel. 

Distance zone Euclidean distance 
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Note: * The pixel size is assumed to be 100 m. 
•• The influential distance is assumed up to 500 m (distance zone 13). 
The shaded cells are assumed to be the central cell. 

Figure 6.13: Creating a distance-influence filter for a known distance/radius. 

Preparation 

Digitised maps 

All the thematic digital maps can be prepared or derived using this GIS that come 

from a topographic map (GTL, 19920); a land use map (Suhendar, 1989); a 

geological map (Dam et al., 1993) of Bandung Basin area. The land use map 

dated 1989 is used as the basis for generating future scenarios. Each land use unit 
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has to be separated from each other, which will be used to generate distance maps 

for an individual land use unit. The elevation map is made by interpolating the 

contour from the topographic map, which is used to produce a slope map. The 

main road distance map is made by a applying a distant calculation function to the 

main road map. All of the prepared maps are in a raster format, in which they all 

must have the same geo-reference system and the same pixel (cell) size. 

Weighting parameters 

There are two kinds of weighting parameters. The first kind is land-use-related 

weighting parameters. These are the weighting parameters that influence the 

transition of a cell from one state (land use) to another state, because of the state 

and the distance of a neighbouring cell from the central cell. The other kind is 

physical-factor-related weighting parameters. These are weighting parameters that 

usually discourage the transition of a cell from one state to another state because 

of the presence of the physical factors. 

The land-use-related weighting parameters are identified in three steps. The first 

step involves assigning estimated values of the degree of influence of the cells in 

the neighbourhood for a particular transitional process from one land use type to 

another type. The values are estimated based on expert knowledge. This process is 

very subjective, and largely relies on the knowledge gained from field observation 

and the study of transitional-likelihood in the hierarchy. The next step is a 

readjustment of the values involving a process of assigning the maximum values 

according to the value of conversion likelihood (see Figure 6.2), while the rest are 

readjusted by simple proportion. The last step is fine adjustment of the weighting 

parameters which can only be conducted by examining some results of processes 

that have been computed. This will check whether the process of land use 

conversion behaves correctly. 
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Examples of the land use related weighting parameters are listed in Table 6.5. 

(Two blocks are shown here for the purpose of explanation. A full set of land-use­

related weighting-parameters is in the Appendix 6-A at the end of this chapter.) 

Each block of rows assigned with a Roman numeral, contains the parameters for 

calculating one potential transition. Each row within the block contains weighting 

parameters applied to a land use unit in distance zone 1 to 10 (100 m to 412 m). 

For example: block I - for a conversion from primary forest to urban, if the land 

use type of a cell is primary forest (first row in block I) and is located either at 

distance zone 1 or 2, the weighting parameter is -0.3. It means that the presence of 

primary forest at a short distance of less than 200 m is likely to discourage the 

conversion of a cell from primary forest to urban. The discouraging influence is 

indicated with a negative sign. However, the presence of urban area at this 

distance (last row in the same block) is likely to attract the conversion of the 

primary forest to urban (weighting parameters = +0.75). Block III shows that the 

transformation of a cell from irrigated paddy to urban is largely encouraged by the 

presence of an urban area in its neighbourhood (last row in block III), but its 

influence decreases gradually with distance ( weighting parameter = 5 at the 

shortest distance and= 1 at the distance zone 8). 

The physical-factor-related weighting parameters are the parameters that control 

the distribution of the changes in land use. The weighting parameters from the 

physical factors that influence the distribution of the land use changes are listed in 

Table 6.6. These numerical values of the weighting factors are estimated based on 

the previous discussion (Section 6.3) and are readjusted after examining the 

results of some computational processes. If there are no physical factors that 

restrict the land use conversion, the value is 0. 
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Table 6.5: Weighting parameters for transition from state i to j. 

Distance zone, d 
State, k 1 2 3 4 5 6 7 8 9 10 

100 141 200 224 283 300 316 361 400 412 
Distance in meters (cell size = 1 OOm) 

From: Primary forest to: Urban 
Primary forest -0.3 -0.3 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 
Rainfed paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable garden 0 0 0 0 0 0 0 0 0 0 
Mixed garden 0 0 0 0 0 0 0 0 0 0 
T egalan (Dry/and) 0 0 0 0 0 0 0 0 0 0 
Urban 0.75 0.75 0 0 0 0 0 0 0 0 

Ill From: Irrigated paddy to: Urban 
Primary forest 0 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 
Rainfed paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable garden 0 0 0 0 0 0 0 0 0 0 
Mixed garden 0 0 0 0 0 0 0 0 0 0 
tegalan (Ory/and) 0.5 0.5 0.5 0.5 0 0 0 0 0 0 
Urban 5 5 3 3 0 0 

A flood zone is another important natural (or physical) factor that can also 

influence the distribution of certain land use types, especially the urban area. The 

flood zone is divided into two sub-zones; the annual flood zone and the flood 

potential zone. The annual flood zone is the zone where floods occur almost every 

year and therefore the utilisation of this zone is restricted. The flood potential 

zone is where floods occur occasionally, for example, every 5 or 10 years. This 

zone is still susceptible to wet-agriculture but not to settlement and industrial 

areas. The weighting parameters for the flood zone are given in Table 6.7. 
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Table 6.6: Weighting factors with respect to slopes and distance to the main road. 

Weighting Factors (WF) 
Land use type 

Distance from the Elevation (m) WF Slope(%) WF main road (m) WF 

1. Urban < 745 

I 
Na <5 

I 
na < 100 

I 
+-0.16 

745 • 845 -0.4 5-10 -0.6 100 • 200 na 
> 845 -0.6 > 10 -0.8 200- 400 -0.1 

400-1,400 -0.2 
> 1,400 -0.3 ·-·-·---

2. Dry agricultural land 
2.a Vegetable garden <745 

I 

-0.4 <5 -0.3 < 2,200 na 
745-1,045 ·0.3 5-10 na > 2,200 -0.1 

1,045-1,145 -0.2 10 -15 -0.2 
1,145-1,245 Na 15 • 30 -0.4 
1,245 • 1,345 -0.1 >30 -0.5 
1,345 -1,445 ·0.2 
1,445 • 1,545 -0.3 

> 1,545 -0.4 
2.b Mixed-garden < 745 -0.2 <5 -0.1 na 

745 • 1,045 Na 5-10 na 
1,045 • 1,245 -0.2 10 -15 -0.1 

> 1,245 ·0.3 15 • 20 -0.2 
>20 -0.3 - ·-~ .. 

2.c Dryland ( tegalan) < 1,045 Na < 10 na na 
1,045 • 1,245 -0.1 10-15 ·0.1 

> 1,245 -0.2 13-35 ·0.2 
I > 35 ·0.3 -·-----·-··-·-·-----·-- ---··-.. ·------· ____ ..... _ --

3. Paddy 
3.a Irrigated paddy <745 Na <5 na < 3,400 na 

745 • 845 -0.3 5-10 -0.4 > 3,400 -0.1 
845 • 1,045 -0.4 10-15 -0.5 

> 1,045 -0.5 > 15 -0.6 ---
3.b Rainfed paddy < 745 Na <5 na na 

745 • 845 -0.4 5-10 -0.5 
845-1,045 -0.5 10-20 -0.6 

> 1,045 -0.6 >20 -0.7 ______________ .. __ 
r--·--·-···-----------· -·-··---

___ .. __ 

4. Forest 
4.a Primary Na na na 

4.b Secondary Na na na 

4.c Reforested Na na na 
Note: na = not assigned 
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Table 6.7: Weighting parameters of land use conversion in a flocxl zone. 

Land use Annual flood zone Potential flood zone 
1. Urban -4 -1 ---·----------.. -· .. ··--·----.. -····-··-·---····- ---·------------
2. Dry agricultural land N/A N/A ,_ ____ .. ____ .. ______________________ _____ .. _____ 
3. Paddy 

3.a Irrigated paddy -0.5 -
..... 3.b Rainfed paddy ____ -0.5 -------·· 

4. Forest N/A N/A 
Note: NIA = Not applicable 

Weighted map 

Creating weighted maps is the final preparation required before applying the filter 

function. A weighted map is made for individual land use units, for each story­

line leading to one scenario. Rigid boundaries that do not allow any land use to 

cross such as the lake, reforested land6"2, estate crops, are not included in the map 

and are assumed to remain unchanged during the process. 

To create a weighted map for changes of any land use type to a specific land use, 

for example to create a weighted map for an urban area, the land-use-related 

weighted maps and the physical-factor-related weighted maps have to be created 

first before they are all combined to produce the weighted map for urban change. 

This is illustrated in Figure 6 .14 and is explained below. 

Land-use-related weighted maps 

Creating land-use-related weighted maps involves two steps. The first one is 

creating distant maps for each land use type, except for urban area. This process 

can be done using a distant calculation function available in the GIS. The second 

step involves creating land-use-related weighted maps with respect to urban area 

6-l Reforested land is considered a rigid boundary for the scenario of business-as-usual'. It can be changed for 
other scenarios. 

229 



Chapter 6: Land use component 

Change for urban 

Land-use related 

Distant maps 
for each land use type, except urban: 
~ Primary forest 
~ Secondary forest 
~ Mixgarden 
~ etc. 

Land-use related 
weighted maps 

for each land use type, except urban: 
~ Primary forest 
~ Secondary fore st 
~ Mixgarden 
~ etc. 

~ Weighted map for 
urban 

Physical-factor 

Physical-factor 
weighted maps 

~ Elevation 
~ Slope 
~ Distance to main roads 

Figure 6.14: The procedure to create a weighted map, with an example for changes 
to urban area. 

by utilising the distant maps produced in the first step. This step is basically 

transferring the weighted parameters (Table 6.5) for each potential transitional 

process of land use unit state i to state j spatially, for example the transition from 

primary forest (state i) to urban (state j), in order to produce a weighted map 

specific for this potential transition. The process requires a map calculation 

function, which can be described, for example: 

If a neighbouring cell at a distance< 200 mis "primary forest", 

assign the value= -0.3 

If a neighbouring cell at a distance < 200 m is "urban", assign 
value= 5; if between 200 rn and 283 rn, value= 3; if between 283 
rn and 361 rn, value= 1 
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The first statement above refers to the first row in block I, Table 6.5, and the 

second statement refers to the last row in block III. The same procedure is 

conducted for the potential transition from other land use types to urban (i.e. 

secondary forest to urban, vegetable garden to urban, etc.). 

Physical-factor-related weighted maps 

The physical-factor-related weighted maps are created for each restricting factor, 

i.e. elevation, slope, and distance from the main roads, with respect to urban area. 

These physical-factor-related weighted maps are created by using a simple slicing 

method. Some examples are given here: the elevation-related weighted map for 

urban area is created by assigning any elevation between 745m and 845m with a 

value = -0.4, and those higher than 845m are assigned with a value = -0.6 (Table 

6.6). The same applies to slope; any slope between 5 and 10% is assigned with a 

value= -0.6, and those higher than 10% are assigned with a value= -0.8, and so 

on. 

To create a weighted map for this urban area, all the land-use-related weighted 

maps and physical-factor-related weighted maps are combined by simple 

summation, i.e. the sum of all land-use-related weighted maps plus the sum of all 

physical-factor-related weighted maps. 

Computing land use change patterns 

The process of calculation is conducted by applying a filter function to the 

weighted map. The filter is designed based on the distance zone (see Figure 6.13) 

and is used for performing a convolution operation. After each convolution, the 

change in the related land use is analysed by generating the statistics from the 
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map. If the new total area of the specified land use reaches the pre-estimated area, 

the process is stopped. If not, the procedure is repeated, starting with the creation 

of a new weighted map based on the newly generated map until the specified land 

use reaches the estimated target area. The rate of change for each land use type, or 

at least the land use type at the highest level in the hierarchy and the one that 

causes major changes, which is the urban area, must be known. The rate of change 

of the land use generated from the computation should match with the estimated 

or predetermined rate by conducting finely adjusting the weighting parameters. 

This is a kind of a calibration process for the land use change model to ensure 

that the model behave correctly as expected. 

The method used to calculate the land use change is different from the method 

used by White and Engelen (1993) even though the basic principle is similar. The 

main reason is to reduce the complexity of the computation. In addition, the 

circumstances of the two studies are different and the target for output is also 

different. The main differences are the way the weighting parameters are assigned 

and the transitional potential calculation. White and Engelen's method does not 

give zero values in its computation, and possible transitions are calculated 

simultaneously. The new land use is automatically determined by the highest 

potential transition value in White and Engelen 's method. 

In contrast, the method used in this thesis can produce any values, negative and 

positive. If a cell gains a positive value, it means that a change occurs. If the cell 

gains a negative value or zero, it means that the change does not occur. This 

method results in changes mostly along the margin of the related land use, even 

though in some places a new cluster can emerge in a distant location from the 

related land use if the conditions are permitting. The growth of land use can be in 

any direction and magnitude, depending on the preferences set in the weighted 

map. The transitional calculation from one land use type to another is conducted 

manually starting with a land use type, which is the highest level in the hierarchy 

and is then followed by the next highest, and so on. In the case of two land-use 
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types of equal level, the selection is decided by the physical factors that have 

more influence over changes. This manual method therefore permits more 

freedom for monitoring and assessing the changes in land use than the automatic 

method. 

6.5 SCENARIOS 

Set of scenarios 

The proposed integrated model can be classified as a future study and it requires a 

set of scenarios to estimate plausible future land use patterns. Each scenario 

contains a coherent and internally consistent set of parameters, with reasonable 

descriptions of possible future states. Therefore, a scenario is not a prediction of a 

future state. For this land use component, the scenarios are selected based on 

various conditions that can reflect the future land use patterns. 

The policy-scenarios are selected with the aim of looking for a wide range of 

possible patterns. Each scenario contains a defined story-line or some conditions 

which will determine the future patterns of the land use. The scenarios are: 

business-as-usual, ecological/environmental concern, pro-industrialisation, and 

pro-agriculture. 

Business-as-usual 

The business-as-usual scenario is based on conditions of the last 10 to 15 years. 

The rate of change for each land use is kept constant. This business-as-usual 

scenario is considered as the reference policy. This scenario uses the weighting 
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parameters that have been constructed as discussed in the previous section 

(Section 6.4). 

Ecological/environmental concern 

In this scenario, some regulations regarding land use are strictly enforced. They 

include protected zones as described in the Presidential Decree No. 32/1990 

regarding the definitions of protected zones, and regulations regarding land use in 

the North Bandung region6·3 as stated in the Governor's Decree No. 

181.1/SK.1624/Bapp/ 198264 regarding the recommendation of land use allocation 

in the North Bandung region, and the Governor's Decree No. 413.21/SK.222-

Huk/91 regarding the locality criteria and technical standard for spatial land use 

for Puncak region, which is adopted for the North Bandung region (Dinas PU 

Cipta Karya, 1996). The North Bandung region has special treatment because this 

region contributes at least 60% of all groundwater that of the Bandung basin and 

there is a great concern that those responsible for the development in this region 

have paid little attention to its ecology, in particular to its water and soil resources 

as stated in the Letter of State Minister for Environment No. B-

755/MENLH/5/1995 regarding the regional environmental impact assessment for 

the North Bandung region. 

Relevant guidelines are extracted and simplified from the regulations mentioned 

above (cited in Dinas PU Cipta Karya, 1996). 

• The protected wne (based on the Presidential Decree No. 32/1990) is 

defined as the protected forest, recharge wne, and locally protected wnes 

including river banks up to a distance of 50 m from the edge of the river, an 

6-J The North Bandung region is defined as the northern part of Bandung basin at an elevation of 750m or 
f;eater. 

This regulation covers recommendations for land use conversion from the land use state at that time (1982) 
to irrigated paddy for villages in the North Bandung region. It seems that the regulation emphasised on the 
allocation of irrigated paddy-field by defining the level of productivity of the land for paddy. 
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area within a radius of up to 200 m from a spring, and potential natural 

hazard zones including fault zones, land slide areas, and potential lahar-flow 

zones. This Presidential Decree applies to the whole country in general, 

including the Bandung Basin. The protected forest is defined based on the 

steepness of the slope, average hourly precipitation, and soil sensitivity. In 

addition, all forest located at an elevation of more than 2000m or slope of 

more than 40% is considered protected forest. The local protected zones are 

only small areas and on a map with a cell size of 1 OOm to 1 km, they are 

negligible. Specifically for the North Bandung region, the protected zone 

covers an area 28,452.5 ha, or approximately 74% of the North Bandung 

region (Dinas PU Cipta Karya, 1996). 

• Criteria for land use allocation for the North Bandung region based on 

elevation are listed in Table 6.8, which also includes the slope factor. These 

criteria come from the Governor's Decree No. 413.21/SK.222-Huk/91. 

• Conversion from one land use type to another type is regulated, and is given 

in the form of a matrix (Figure 6.15). In a simple way: wetland agriculture 

(paddy-field) may not convert to any other land use types, dryland (tegalan) 

may convert to any other types, and garden (vegetable and mixed-garden) 

may not convert to paddy-field and dryland (tegalan). 

Table 6.8: Land use allocation in the North Bandung region. 

I Elevation (m) I Slope (o/o) I Land use Remark 

750 - 1000 <40 • Annual crops Zone of potential natural hazard. 

···--·---·-····----
_ ··-· Dry-agriculture______ ----------------·-·-·--····-·· ..... ___ .. ___ .. _ 

< 30 • Wetland agriculture (paddy) Non-zone of potential natural hazard. 

<15 • Settlement, including urban . 

1000 - 2000 > 40 • Production forest In the zone of natural hazard. 

No settlement is allowed. 
············--··-·--····--.. ·-- .......................... ·-···········---······-·-··········-··-----.. -··--· -------------·····-------··-·-·····-................. - .... ·--.. --... 

25-40 • Annual crops and gardens Unprotected zone. 

> 2000 > 40 • Protected forest No settlement is allowed, neither is 
cultivation. 
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Figure 6.15: Matrix of land use conversion for the North Bandung region in the 
utilised zone (zone for cultivation and other uses). [Source: Dinas PU Ciptakarya, 
1996.] 

For generating land use patterns with this scenario, the weighted parameters need 

to be adjusted to fit the conditions as given by the regulation. All forest in the 

North Bandung region is classified protected and should not be converted to any 

other land use types.6·5 Therefore, the parameter for forest is given a very heavy 

negative value in order to forbid this type of land use to convert into another land 

use type. The paddy-field in the North Bandung region is not allowed to convert 

to other types, whereas the dryland is allowed to convert to other land use types, 

6-S In this thesis, the whole forest is assumed protected and conversion of forest is not allowed. 
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etc. Some of the land uses which are actually not supposed to be in their location, 

(e.g. based on the land use map dated in 1989, some paddy-fields, vegetable 

gardens, and cinchona plantations already occupy the protected forest zone) are 

left as they are, but they may convert to another type of land use following the 

conversion matrix (Figure 6.15). Other parameters, which are not bounded by the 

rules in the above guidelines or mentioned otherwise, will use the same 

parameters as the parameters for the business-as-usual scenario. 

Pro-industrialisation 

By encouraging industrialisation, it is expected that more jobs will be created in 

this sector and the GRDP will rise quickly. Industrialisation is usually followed by 

other job opportunities in other sectors such transportation, services, etc. and 

therefore attracts more people to relocate to the urban area which causes a rapid 

increase in urbanisation and demand for settlements. Some agricultural land, in 

particular paddy-fields, are expected to convert into settlement and industrial areas 

with a higher rate than the rate of conversion with in 'business-as-usual' scenario. 

The weighting parameters for this scenario require an adjustment to allow the 

expansion of the urban area into agricultural land by increasing the land-use­

related weighting parameters. Both the distance-influence zones and the weighting 

factors are increased to allow rapid conversion of agricultural land to urban area. 

The parameters that resist the conversion of forest to urban and to agricultural 

land are also weakened relative to the business-as-usual scenario. However, some 

degree of conservation to protect the forest is still present. 
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Pro-agriculture 

With this pro-agriculture scenario, the agriculture sector is encouraged, for 

example for self-sufficient food-crops. In this scenario, the loss of agricultural 

land, in particular the irrigated paddy is designed to be minimal, while the area for 

agricultural land is allowed to expand onto the forestland. However, this scenario 

will use the same hierarchical rule as already set for the business-as-usual 

scenario, where the paddy-field is allowed to convert to mixed-garden and 

vegetable garden. Therefore, it is expected that with time the relative proportion 

of the dry-agricultural land will be higher than its current proportion. 

The description of each policy as described above is summarised in Table 6.9 and 

the weighting parameters for each scenario are given in Appendix 6-A. The way 

the value is chosen is subjective, but the condition of 'business-as-usual' should 

be used as a reference. 

Table 6.9: Conditions for various land use scenarios. 

Policy/condition Description of policy/condition 

1 Business-as-usual Applying the same conditions and rates of change as for the last 1 O to 
15 years. 

2. Ecological/environmental A condition that prioritises the protection of environment and ecology. 
concern (Green policy) With this condition, forest cutting is not permitted. The government 

regulation regarding the land use in the northern Bandung basin is 
strictly enforced, and zones around the riverbanks are protected or 
restored according to the regulation. 

3. Pro-industrialisation A condition that encourages industrialisation, and therefore may 
encourage rapid urbanisation. Conversion of agricultural land and 
forest to industrial and settlement areas are permitted. 

4. Pro-agriculture A condition that encourage activities in the agricultural sector. 
Conversion of forest to agricultural land is permitted. The conversion of 
agricultural land to urban areas is discouraged and the urbanisation 
rate is reduced to a low level. 
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Rates of change 

The rates of change for the land use must be known for generating a time series of 

change in the land use pattern. At least the rate of change of the land use at the 

highest state in the hierarchy, which is the urban area, must be known. By 

knowing the rate of change of the urban area, the growth of the urban area for a 

specific year can be calculated. This can be converted into the number of 

processes required from the computer to process the change in land use until the 

target amount of growth in the urban area for a specific time is met. Therefore, a 

time-series for change in land use can be produced. 

However, the rate of urbanisation in this study area has not been well studied and 

documented. A study in this basin by Karsidi (1998) showed that the increase in 

the area of settlement and industries was at an average of 7.8% per year for the 

period 1984-1996. The forest area was reduced by 2.9%, and the agricultural land 

was reduced by 4.4% every year in the same period. At a national scale, Cobban 

(1996) estimated the urbanisation rate for the whole country at 5% per year, and 

for the island of Java 1. 7% per year for the period of 1980-1990, which is much 

lower than the national figure. Another study (Verburg et al., 1999) estimates that 

the people the percentage of the Java's population living in the urban areas 

increased from 39% in 1994 to 47% in 2000, and 57% in 2010, or the rate of 

increase for people living in the urban area is on average 3.16% per year from 

1994 to 2000, and 1.95% from 2000 to 2010. 

The rate of urbanisation is different from the rate of increase in settlement and 

industrial areas. Therefore, the rate of increase in the area of settlement and 

industries as given by Karsidi (1998) represents the actual change of land use 

better than the urbanisation rates given by Cobban (1996) or Verburg et al. 

(1999). However, it seems that the value given by Karsidi (1998) overestimates 

the actual increase in the urban area because the likely demand for settlement 

areas (not including industries), as indicated by the annual growth rate of 

population (3.3% for 1989-1997 period) and number of households (2.45% for 
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1989-1997 period), is much less than the rate of increase in the number of 

settlement and industrial (urban) areas as given by Karsidi.6-6 In addition, the 

influence of industries on the growth of the industrial area is questionable because 

the number of large and medium size industries is declining (see Figure 6.1). This 

thesis, therefore, uses an estimated rate of increase in the urban area of 5% per 

year for the business-as-usual condition, which is quite modest in comparison to 

the value given by Karsidi (1998), which is 7.8%, and slightly higher than the 

estimated current rate of urbanisation for Java and the rate of increasing 

population in the study area, which are 3.16% (Verburg et al., 1999) and 3.3% 

respectively. The rate of growth is assumed to reduce by 4.7% per year, following 

the reduction in the rate of urbanisation as estimated by Verburg et al. (1999). 

Rates of change in other land use types are not well studied. Collected information 

shows very different results. Data from Karsidi ( 1998) suggested that, for the 

period 1984 to 1996, the forestland reduced by 2.9% per year and the agricultural 

land reduced by 4.4% per year. A linear extrapolation using these rates shows that 

all agricultural land and forest in the Bandung basin would vanish by 2015 and 

2022 respectively. Collier, et al. (1993) [cited in Verburg et al. (1999)] also 

foresaw that in the year 2025 all of Java except the most eastern and western parts 

will be totally urban.6-7 However, a land use model for Java by Verburg et al. 

(1999) indicates that in 2010, in spite of high absolute changes in the land use, the 

changes take place dominantly in the lowland areas where there is a decrease in 

paddy-fields due to an increase in housing area, and estate crops and, in addition, 

there is also an increase in dry-agricultural land (i.e. agricultural land still exists, 

and in particular dry-agricultural land is increasing). The changes in highland 

areas, in particular the forest area, are less pronounced. 

6-6 Data from Karsidi ( 1998) indicated that the increase in the area of settlement/industries was at an average 
of 7 .8% per year. With this rate, a linear projection indicates that by the year 2000, the settlement/industrial 
area is estimated to cover about 58% of the whole basin. By 2022, the whole basin will be covered by 
settlement/industries. 
6-7 Another pessimistic condition was also expressed in an article in a local newspaper, saying that the 
agricultural land in the island of Java might vanish in 2015 if the rate of conversion of agricultural land is 
maintained at about 15% per year (Azwar, 2001). 
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For this thesis, the rate of land use change relies only on the growth rate of the 

urban area (settlement and industrial area). This is considered the main type of 

land use that drives land use change because it is controlled directly by demand 

from society. In this model, it is also possible to include the rates of change of one 

or two other land use types. However, this may cause exhaustive adjustment of 

the weighting parameters, which may not be necessary for this study. 

Furthermore, as discussed earlier, definite rates of land use change are not yet 

known. 

The rates of growth for the urban area for each scenario are set as follows: 

business-as-usual = 5%, which is the reference condition; ecological concern = 
5%, which is equal to the rate of the business-as-usual condition6-8; pro­

industrialisation = 7 .5%, which is slightly lower than the rate given by Karsidi 

(1998); and pro-agriculture scenario = 2.5%, which is significantly lower than the 

current rate of urbanisation in Java (3.13%). It is selected with a difference of 

2.5% between the top extreme (pro-industrialisation) and the reference, and 

between the low extreme (pro-agriculture) and the reference, in order to illustrate 

the significant results given by these various scenarios. 

The rates as given here are not fixed. This is because the static nature of the 

model. It depends on the rules and conditions that are set from the outset. These 

rules and conditions remain the same throughout the whole process of land use 

change in the model. The growth in the urban area, for example, will decrease 

because during the growth process, it will encounter many restricting boundaries 

and factors such as slope, elevation and forest. The main road, which promotes 

urban growth and influences the direction of growth will also be less important 

because the distance between the main road and areas where the urban areas may 

expand has increased. Unless there is a change in rules, or additional main roads, 

the expansion of the urban area will terminate. 

6-S The final result, as expected, is at a slightly lower rate (4.7%) than the rate for the business-as-usual 
scenario because of restrictions in its growth such as: the conversion of paddy-field to settlement is forbidden, 
forest is strictly kept unchanged, etc. 
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Changes in the land use patterns based on various scenarios 

The change in land use pattern composition under various scenarios can be seen in 

Figure 6.16. This figure shows a time-series change in sectoral land use. In 

general, the results show that the urban area reaches the largest area in 2100 under 

the pro-industrialisation policy, and the lowest under the pro-agriculture policy. 

The business-as-usual and the ecology concern policies produce almost similar 

results. For agricultural land, the highest by proportion for the year of 2100 is 

when the pro-agriculture policy is implemented, in spite of the decrease in the 

paddy-field. This reflects the trend of change in agricultural land use because of 

change in diets as suggested by Verburg et al. (1999). The ecological concern 

policy produce nearly similar outcomes as the business-as-usual scenario. The 

main difference is that the ecological concern policy keeps the forest area at the 

same size as in 1990, whereas the business-as-usual scenario allows conversion of 

the secondary forest into different land use types. 

Business-as-usual (Figure 6.17) 

Under the business-as-usual scenario, the urban area will expand first by filling 

the gap between the existing urban areas and along the east-west main road, and 

later, it will expand outward to the south. This is similar to what was predicted by 

Verburg et al. ( 1999) that the outskirts of Bandung city would be one hot spot of 

change in 2010. The paddy-field will be quickly reduced by the expansion of the 

urban area, and by 2060 almost all irrigated land is converted to urban area, 

except in the upland. 

Ecological concern (Figure 6.18) 

With this scenario, the forest remains unchanged for the whole process of land use 

change. The growth of the urban area is similar to the growth under the business­

as-usual scenario, except for the North Bandung region (north of the main city) 

where the urban area is not allowed to expand. The forest remains unchanged all 

the time. 
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B. Agricultural land 
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Figure 6.16: Sectoral change in land use. 

Pro-industrialisation (Figure 6.19) 

This scenario simulates the rapid increase in the urban area, with the growth in the 

urban area being 1 V2 times higher than the reference scenario (business-as-usual). 

The urban area expands quickly by converting the paddy-field and mixed-garden, 

and by 2020, nearly all the paddy-field will be converted to urban area. This rate 

of expansion may decrease quickly as the area becomes saturated. By 2100, about 

70% of the basin will be covered by the urban area, leaving some space for forest 

and vegetable garden. 
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Figure 6.17: Change in the land use pattern under a business-as-usual scenario over a 
time series from the year 2000 to 2100, with a 20-year intervals. 
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Figure 6.18: Change in the land use pattern under an ecological concern scenario over a 
time series from the year 2000 to 2100, with a 20-year intervals. 
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Figure 6.19: Change in the land use pattern under a pro-industrialisation scenario over a 
time series from the year 2000 to 2100, with a 20-year intervals. 

246 



2080 

- Reforested 
- Primary forest 
- Secondary forest 
c:::::J Vegetable garden 

PRO-AGRICULTURE 

c:::::J Mixed-garden 
- Dry-land (tegalan) 
c:::::J lrri9ated paddy 
c:::::J Ramfed paddy 

Chapter 6: Land use component 

2100 

Urban area 
- Cinchona plantation II Tea plantation 

Lake 

Figure 6.20: Change in the land use pattern under a pro-agriculture scenario over a time 
series from the year 2000 to 2100, with a 20-year intervals. 
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Pro-agriculture (Figure 6.20) 

This scenario simulated a low rate of urban growth. The urban area expands 

slowly until the year 2040 at about 17% of the total area, and there is no further 

growth of the urban area beyond this year. The agricultural land expands by 

converting the forest to dry-agricultural land, mainly to vegetable gardens and 

mixed-gardens. The paddy-fields are reduced by the growth of the urban area and 

the conversion of non-irrigated paddy-fields to mixed-gardens. 

In addition to the scenarios listed in Table 6.8, for the purpose of comparison, two 

extreme cases are introduced. They are: ( 1) the whole basin is forested, (2) all 

forest is converted to agricultural land while keeping the urban area unchanged. 

The second case represents deforestation activity, in which all forest is cleared to 

become agricultural land. The proportion of the paddy-fields and the dry­

agricultural land is made by applying the rules used for the pro-agriculture 

scenario, with some changes to allow for the expansion of the agricultural land 

into all forest areas while the urban area is kept constant, and the process of land 

use conversion is repeated until it reaches an equilibrium (i.e. there is no more 

change in the land use). These two cases are not scenarios because they are not 

plausible future states, and are not bounded by time series. 

6.6 LINKING WITH THE HYDROLOGICAL COMPONENT 

The land use patterns from these scenarios need to be linked to the hydrological 

component in order to integrate them into one system, together with the climate 

component. This thesis uses land use scenarios that have been generated by using 

a GIS. Producing patterns of change involves several processes that require a 

large capacity computer, and may require a long process. If the whole processes of 

creating land use change patterns are conducted within the proposed integrated 

system, it may require heavy computation and may take much time to process 
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before the output patterns can be passed to the hydrological component. In 

addition, users must also be familiar with the GIS. Therefore, conducting the 

whole processes of creating land use change patterns within the proposed 

integrated model is not effective for conducting sensitivity analysis, which is the 

purpose of this study. 

For simplicity reasons, the land use patterns for each pre-selected scenario are 

kept off-line. They are stored as library files within the computer system. For this 

thesis, the library files contain various land use patterns from scenarios that have 

been discussed earlier (i.e. business-as-usual, ecological concern, pro­

industrialisation and pro-agriculture), in a time series from 1990 (reference year) 

to 2100 with a 10-year time intervals. The users will have to choose one scenario 

from these pre-selected scenarios in order to run the model. 

The land use patterns are already in a spatial format with a compatible grid size 

with the hydrological component, which is 1 km2 for each cell. The hydrological 

component will read this land use map cell-by-cell and transform the information 

on the land use type into specific values for the appropriate hydrological 

parameters, which are; the land use water consumption coefficient (kl), the 

available water capacity (W), and the storm runoff coefficient (S). These values 

are required for the water balance calculation (Chapter 5). 

6. 7 CONCLUSION 

The land use change scenarios have been constructed as part of the development 

of an integrated model. Four sets of policy relevant scenarios have been selected; 

business-as-usual, ecological concern, pro-industrialisation, and pro-agriculture. 

Each scenario generates a time-series of land use change patterns. 
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These land use change patterns have been created by using a GIS, based on the 

principle of a cellular automata method (White and Engelen, 1993). It involves 

several steps: 

• Defining the hierarchical transition rules, that includes identification of 

likeliness for a conversion from one state to other states, and understanding the 

distribution behaviour of land use in the study area; 

• Defining the physical-factors related weighting parameters (i.e. slope, 

elevation, distance from the main road, and restricting boundaries such as flood 

zones, reforested land, and lake); and the land-use related weighting parameters 

(i.e. land use influence distance, and land use influence weighting factor); 

• Creating weighted map; 

• Processing the land use conversion. 

The land use change patterns can also be transformed into a time series by 

knowing the rate of change of the most important land use type that drives the 

whole change in pattern. 

To keep the integrated model simple and practical, these land use change patterns 

under various scenarios are stored off-line in the form of library files within the 

integrated system, which links to the hydrological component. Users will need to 

select one scenario from these pre-selected scenarios in order to conduct the 

sensitivity analysis on the variability of streamflows. 
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APPENDIX 6-A: WEIGHTING PARAMETERS FOR LAND USE 

CONVERSION 

Business-as-usual 
Dlllnce ZDnl, 0 rilllnDIZOf'll,G 

State, k 1 2 3 4 5 6 7 8 10 State, k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 282.8 :m 316.2 360.6 -t00 412.3 100 141.4 200 223.6 282.8 :m 316.2 360.6 400 412.3 
~ II meters (eel lizt .. 11:0rrt Clilr.a~-(mt1u,100m1 

I Fran: Prlmlryto,.. to: Urban I Frcm Prlmlry- to: r.,,.i.n 
Primary forest -0.3 -0.3 0 0 0 0 0 0 0 0 Primaryflnsl 0 0 0 0 0 0 0 0 0 0 
SBcondaryfot&st 0 0 0 0 0 0 0 0 0 0 Secondary fo18SI 0 0 0 0 0 0 0 0 0 0 
RefOIBstad 0 0 0 0 0 0 0 0 0 0 Rafol8Slad 0 0 0 0 0 0 0 0 0 0 
frrigatadpaddy 0 0 0 0 0 0 0 0 0 0 lni(/alad paddy 0.2 0.2 0 0 0 0 0 0 0 0 
Reinled paddy 0 0 0 0 0 0 0 0 0 0 Reinlad patJdy 0.2 0.2 0 0 0 0 0 0 0 0 
Vegetable ganlen 0 0 0 0 0 0 0 0 0 0 Vegetable Qllrden 0.8 0.8 0 0 0 0 0 0 0 0 
/,lxac/Qllllien 0 0 0 0 0 0 0 0 0 0 l,lxedosnJen 0.8 0.8 0 0 0 0 0 0 0 0 
T6Q8/lln(Dryfand) 0 0 0 0 0 0 0 0 0 0 Tega/an {Dry/and) 0.8 0.8 0 0 0 0 0 0 0 0 
(.lt,en 0.75 0.75 0 0 0 0 0 0 0 0 lkf>an 0.25 0.25 0.25 0 0 0 0 0 0 0 

I Fran: Secondary fol'III to: Urban g Frcm k:ondarytOrlll to: Tega/In 
Primary forest 0 0 0 0 0 0 0 Primaryfot&sl 0 0 0 0 0 0 0 0 0 0 
SBcondaryfOIBst 0 0 0 0 0 0 0 Secondary forasl 0 0 0 0 0 0 0 0 0 0 
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lrriflatadpaddy 0 0 0 0 0 0 0 fni(/alad paddy 1.5 1.5 1.5 0 0 0 0 0 0 0 
Rain/ad paddy 0 0 0 0 0 0 0 Rainfad patJdy 1.5 1.5 1.5 0 0 0 0 0 0 0 
Vegetable garden 0 0 0 0 0 0 0 Vegetable aarden 5 5 5 0 0 0 0 0 0 0 
/,lxac/Qllrden 0 0 0 0 0 0 0 l,lxedosnJen 5 5 5 0 0 0 0 0 0 0 . 
Teaalan /Dryfand) 0 0 0 0 0 0 0 T egllllln {Dry/and) 5 5 5 0 0 0 0 0 0 0 
(.lt,en 3 1 0 0 0 0 lkf>an 2 2 2 1.5 1.5 0 0 0 0 0 

IN Fran: lrrtgllod pllldy to: Urban IN Frcm lrrtgllld paddy to: Tf911,tn 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primary fot&st 0 0 0 0 0 0 0 0 0 0 
SBcondery fOIBst 0 0 0 0 0 0 0 0 0 0 Secondary fo195/ 0 0 0 0 0 0 0 0 0 0 
Refotastad 0 0 0 0 0 0 0 0 0 0 Raforoslad 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 lnigalad paddy 0 0 0 0 0 0 0 0 0 0 
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(.lt,en 5 5 3 3 1 0 0 lkf>an 0 0 0 0 0 0 0 0 0 

V Fran: Vog Gardon to: Urban V Frcm Vog Gani., to: Ttgll/lln 
Primary forest 0 0 0 0 0 0 0 0 0 Primary fot8sl 0 0 0 0 0 0 0 0 0 
SBcondery fot&st 0 0 0 0 0 0 0 0 0 Secondary fo18SI 0 0 0 0 0 0 0 0 0 
Raforestad 0 0 0 0 0 0 0 0 0 Raforoslad 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 lni(/alad paddy 0 0 0 0 0 0 0 0 0 
Rairladpaddy 0 0 0 0 0 0 0 0 0 Rllinfadpaddy 0 0 0 0 0 0 0 0 0 
Vegetable ganlen 0 0 0 0 0 0 0 0 0 Vegetable Qllrden 0 0 0 0 0 0 0 0 0 
/,lxac/Qllllien 0 0 0 0 0 0 0 0 0 l,lxedosnJen 0 0 0 0 0 0 0 0 0 
T6Q81an (Dryfand) 0 0 0 0 0 0 0 0 0 T egllllln (Dry/and) 0 0 0 0 0 0 0 0 0 
(.lt,en 2 0 0 0 0 0 0 0 0 lkf>an 0 0 0 0 0 0 0 0 0 

V1 Fran: Ill gonion to: Urban V1 Froot Ill gon1., to: Ttgll/lln 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primary fot&st 0 0 0 0 0 0 0 0 0 0 
SBcondaryfOIBst 0 0 0 0 0 0 0 0 0 0 Secondary forost 0 0 0 0 0 0 0 0 0 0 
RefOIBstad 0 0 0 0 0 0 0 0 0 0 Relorostad 0 0 0 0 0 0 0 0 0 0 
lrriflatadpaddy 0 0 0 0 0 0 0 0 0 0 lni(/atad paddy 0 0 0 0 0 0 0 0 0 0 
Rain/ad paddy 0 0 0 0 0 0 0 0 0 0 Rainfad patJdy 0 0 0 0 0 0 0 0 0 0 
Vegetable garden 0 0 0 0 0 0 0 0 0 0 Vegetable aarden 0 0 0 0 0 0 0 0 0 0 
/,lxac/garden 0 0 0 0 0 0 0 0 0 0 l,lxedosnJen 0 0 0 0 0 0 0 0 0 0 
Teaalan (Dryfand) 0 0 0 0 0 0 0 0 0 0 T egllllln (Dry/and} 0 0 0 0 0 0 0 0 0 0 
(.lt,en 1 0.5 0.5 0 0 0 0 lkf>an 0 0 0 0 0 0 0 0 0 0 

w Fran: Dryllnd (togolln) to: Urban VII Fram ToglWI to: Tf911,tn (NA) 
Primary forest 0 0 0 0 0 0 Primaryfotast 0 0 0 0 0 0 0 0 0 0 
SBcondaryfOIBst 0 0 0 0 0 0 Secondary fo18SI 0 0 0 0 0 0 0 0 0 0 
RefOIBstad 0 0 0 0 0 0 Reloroslad 0 0 0 0 0 0 0 0 0 0 
lrriflatadpaddy 0 0 0 0 0 0 lni(/alad paddy 0 0 0 0 0 0 0 0 0 0 
Rain/ad paddy 0 0 0 0 0 0 Rainfed paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganlen 0 0 0 0 0 0 Vegetable aarden 0 0 0 0 0 0 0 0 0 0 
/,lxac/Qllrden 0 0 0 0 0 0 Mixed garden 0 0 0 0 0 0 0 0 0 0 
Teaalan /Dryfand} 0 0 0 0 0 0 T egllllln (Dry/and) 0 0 0 0 0 0 0 0 0 0 
(.lt,en I lkf>an 0 0 0 0 0 0 0 0 0 0 

I Note: (NA) Nol appli::able 
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Chapter 6: Land use component 

Continuation from the previous page 

Business-as-usual 

Diatance zone, o DilWIOlzone,o 
State, k 3 4 5 6 7 8 9 10 Sla1e, k 1 2 3 4 5 6 7 8 9 10 

100 141.4 200 223.6 282.8 :m 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 :m 316.2 360.6 400 412.3 
Di11n:i1 ii rnekn (otl aizt • 100,rf Dil-ln-(col lia· 100m) 

From: Mnlry forlll lo: lllxganlon From: Mnlry- lo: Vog111ni., 
Primaryforesl -0.1 0 0 0 0 0 0 0 Primary fotast -0.1 0 0 0 0 0 0 0 0 
Secondary fotast 0 0 0 0 0 0 0 0 Secondaryfo,ast 0 0 0 0 0 0 0 0 0 
RafotaslJJd 0 0 0 0 0 0 0 0 Rsforasflld 0 0 0 0 0 0 0 0 0 
lrrigaledpaddy 0 0 0 0 0 0 0 0 /nigallldpeck1f 0 0 0 0 0 0 0 0 0 
Rainledpeck1f 0 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 0 
Vegetable ganien 0.5 0.5 0 0 0 0 0 0 Vegolablegardlln 0.5 0.5 0 0 0 0 0 0 0 
Mxeelganien 0.5 0.5 0 0 0 0 0 0 l.fxedgardlln 0.5 0.5 0 0 0 0 0 0 0 
Tega/an (D,yland) 0 0 0 0 0 0 0 0 T egalen {Ckylend) 0 0 0 0 0 0 0 0 0 
UrtJan 0 0 0 0 0 0 0 0 ut>an 0 0 0 0 0 0 0 0 0 

From: Secondary forlll lo: lllxganlon II From: Socondary larul lo: Vog111ni., 
Primaryforesl 0 0 0 0 0 0 0 0 Primary fotast 0 0 0 0 0 0 0 0 0 0 
Secondary fotast 0 0 0 0 0 0 0 0 Secondaryfo,ast 0 0 0 0 0 0 0 0 0 0 
RafOIBslJJd 0 0 0 0 0 0 0 0 Relorasflld 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 lrrigallldpeck1f 0 0 0 0 0 0 0 0 0 0 
Rainleelpeck1f 0 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganien 2 2 0 0 0 0 0 0 Vegolablegardlln 5 5 0 0 0 0 0 0 0 0 
Mxeelganien 2 2 0 0 0 0 0 0 l.fxedgardlln 5 5 0 0 0 0 0 0 0 0 
Tega/an (D,yianc/) 3 3 0 0 0 0 0 0 T egalen (Ckylend) 5 5 0.5 0.5 0.5 0.5 0 0 0 0 
UrtJan 0 0 0.2 0.2 0.2 0.2 0 0 ut>an 0 0 0 0 0 0 0 0 0 0 

m From: lrrlgatod plddy lo: 1111 ganlon Ill From: lrrlgotal paddy 10: Vog111ni., 
Primary foresl 0 0 0 0 0 0 0 0 Primary fotast 0 0 0 0 0 0 0 0 0 
Secondary IOl8st 0 0 0 0 0 0 0 0 Secondary lorasl 0 0 0 0 0 0 0 0 0 
RafotaslJJd 0 0 0 0 0 0 0 0 Ralor&Sflld 0 0 0 0 0 0 0 0 0 
lrrigaledpaddy -0.2 -0.2 -0.2 0 0 0 0 0 lrrigallldpeck1f 0 0 0 0 0 0 0 0 0 
Rain/eel PB<klt 0 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 0 
Vegotable(JBnien 0 0 0 0 0 0 0 0 Vegotab.legardlln 0.4 0.4 0.4 0.3 0.2 0 0 0 0 
lbeelganien 0.2 0.2 0 0 0 0 0 0 Mxedgardlln 0.3 0.3 0.2 0.2 0 0 0 0 0 
Tega/an (D,yland) 0 0 0 0 0 0 0 0 T egalen (Ckylenc/) 0.2 0.2 0 0 0 0 0 0 0 
UrtJan 0 0 0 0 0 0 0 0 ut>an 0 0 0 0 0 0 0 0 0 

IV From: Rllnlod plddy lo: lllxganlon IV From: Ruilod paddy to: Vog111ni., 
Primaryforesl 0 0 0 0 0 0 0 0 Primaryfotast 0 0 0 0 0 0 0 0 0 
Secondary fotast 0 0 0 0 0 0 0 0 Secondary lo,asl 0 0 0 0 0 0 0 0 0 
RafotaslJJd 0 0 0 0 0 0 0 0 Ra/o,asflld 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 lrrigallldpeck1f 0 0 0 0 0 0 0 0 0 
Rain/eel PB<klt 0 0 0 0 0 0 0 0 Rainfeel paddy 0 0 0 0 0 0 0 0 0 
Vegetable(JBnien 0.5 0.5 0.5 0 0 0 0 0 Vegotab.legardlln 0.5 0.5 0 0 0 0 0 0 0 
Mxeelganlen 0.5 0.5 0.5 0 0 0 0 0 l.fxedgardlln 0.5 0.5 0 0 0 0 0 0 0 
Tega/an (D,ylanc/) 0 0 0 0 0 0 0 0 T egalen (Ckylend) 0.2 0.2 0 0 0 0 0 0 0 
UrtJan 0 0 0 0 0 0 0 0 ut>an 0 0 0 0 0 0 0 0 0 

V From: Vog Gani., lo: lllxganlon V From: Vog (lllld• lo: Vog111ni., (NA) 
Primary forest 0 0 0 0 0 0 0 Primaryfon,st 0 0 0 0 0 0 0 0 0 0 
Secondary fotast 0 0 0 0 0 0 0 Secondary lorasl 0 0 0 0 0 0 0 0 0 0 
RafOIBslJJd 0 0 0 0 0 0 0 Ralor&Sflld 0 0 0 0 0 0 0 0 0 0 
/rrigaledpaddy 0 0 0 0 0 0 0 lrrigallldpeck1f 0 0 0 0 0 0 0 0 0 0 
Rainleelpeck1f 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 0 0 
Vegetableganien 0 0 0 0 0 0 0 Vegofllblegardlln 0 0 0 0 0 0 0 0 0 0 
Mxeelganien 0.2 0.2 0.2 0.2 0 0 0 l.fxedgardlln 0 0 0 0 0 0 0 0 0 0 
Toga/an (D,ytand) 0 0 0 0 0 0 0 T egalen (Ckylend) 0 0 0 0 0 0 0 0 0 0 
UrtJan 0 0 0 0 0 0 0 ut>an 0 0 0 0 0 0 0 0 0 0 

VI From: 1111111nton 10: lllxganlon (NA) VI From: 1111 (lllld• lo: Vog111ni., 
Primary foresl 0 0 0 0 0 0 0 0 0 0 Primaryfotast 0 0 0 0 0 0 0 0 0 
Secondary fOIBsl 0 0 0 0 0 0 0 0 0 0 SecondaryfotaSt 0 0 0 0 0 0 0 0 0 
RafotaslJJd 0 0 0 0 0 0 0 0 0 0 RB/o,asteel 0 0 0 0 0 0 0 0 0 
lrrigaledpaddy 0 0 0 0 0 0 0 0 0 0 lrrigallldpeck1f 0 0 0 0 0 0 0 0 0 
Rairteelpeck1f 0 0 0 0 0 0 0 0 0 0 Rainfeel paddy 0 0 0 0 0 0 0 0 0 
Vegetable ganien 0 0 0 0 0 0 0 0 0 0 Vegofllblegardlln 0.5 0.5 0 0 0 0 0 0 0 
Mxeel(JBnlen 0 0 0 0 0 0 0 0 0 0 l.fxedgardlln ·1 -0.5 -0.5 0 0 0 0 0 0 
Tega/an (D,ylanc/) 0 0 0 0 0 0 0 0 0 0 Tega/an (Ckylend) 0 0 0 0 0 0 0 0 0 
UrtJan 0 0 0 0 0 0 0 0 0 0 ut>an 0 0 0 0 0 0 0 0 0 

VII From: Cryllnd (t1g1lln) to: lllxganlon VII From: Togalln to: Vog111ni., 
Primaryforast 0 0 0 0 0 0 0 0 Primary fOIBsl 0 0 0 0 0 0 0 0 0 
Secondary fOIBsl 0 0 0 0 0 0 0 0 Secondaryfo,ast 0 0 0 0 0 0 0 0 0 
RafotaslJJd 0 0 0 0 0 0 0 0 Rsforosflld 0 0 0 0 0 0 0 0 0 
lrrigaledpaddy 0 0 0 0 0 0 0 0 lrrigallldpeck1f 0 0 0 0 0 0 0 0 0 
Rairteelpeck1f 0 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 0 
Vegetable ganien 0.5 0.5 0.5 0 0 0 0 0 Vegofllblegardlln 4 4 2 0 0 0 0 0 0 
lbeelganlen 4 0 0 0 0 0 l.fxedgardlln 0.5 0.5 0.5 0 0 0 0 0 0 
Tega/an (D,ylanc/) 0 0 0 0 0 0 T egalen (Dryland} 0 0 0 0 0 0 0 0 0 
UrtJan 0 0 0 0 0 0 ut>an 0 0 0 0 0 0 0 0 0 

INote: (NA) Not applcable 
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Chapter 6: Land use component 

Continuation from the previous page. 

Business-as-usual 
DiltMce zone, o Dil11razone, o 

S1Bte, k 2 3 4 5 6 7 8 9 10 Slate, k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 282.8 llO 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 :m 3162 360.6 400 412.3 

CXatMce in ITlllerl (oel llze • 1~ Ololanooln_( ... lia•100m) 

I From: Primary follll to: Rlnlld paddy I From: Primary - 10: tmgad pacldy 
Pnmaryforast -5 0 0 0 0 0 0 0 0 0 Prtmlll)'""8sl .5 0 0 0 0 0 0 0 0 0 
Secmda,y""8sl 0 0 0 0 0 0 0 0 0 0 Seconda,y lo,ast 0 0 0 0 0 0 0 0 0 0 
flefot9Sl8d 0 0 0 0 0 0 0 0 0 0 fle/o,asted 0 0 0 0 0 0 0 0 0 0 
ltrigetedpaddy 0.2 0.2 0 0 0 0 0 0 0 0 lrrfgatedpadly 0.5 0.5 0.5 0.5 0 0 0 0 0 0 
Reittedpadly 0.2 0.2 0 0 0 0 0 0 0 0 fleinfedpsddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ga,r/811 0.2 0.2 0 0 0 0 0 0 0 0 Vegelsbl9gsrmn 0 0 0 0 0 0 0 0 0 0 
Alxedgsrrlen 0.2 0 0 0 0 0 0 0 0 0 l.m!dgamr,n 0 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 0 Tegallln (Dryland} 0 0 0 0 0 0 0 0 0 0 
(.lt,an 0 0 0 0 0 0 0 0 0 0 Utlan 0 0 0 0 0 0 0 0 0 0 

I From: SlcC01day tortot to: Rlnlld paddy I From: 9-nday lcnll 10: tmgad pacldy 
1'11ma,yforast 0 0 0 0 0 0 0 0 0 0 

Prima,y """" 
0 0 0 0 0 0 0 0 0 0 

Secmda,yfot9sl 0 0 0 0 0 0 0 0 0 0 Seconda,y/o,ast 0 0 0 0 0 0 0 0 0 0 
flefOffJSl8d 0 0 0 0 0 0 0 0 0 0 flelol8Sl8d 0 0 0 0 0 0 0 0 0 0 
lrriglltedpeddy 0 0 0 0 0 0 0 0 0 0 lrrfgatedpadly 2 0.5 0.5 0.5 0 0 0 0 0 0 
Fleittedpadly 5 0 0 0 0 0 0 0 0 0 fleinfedpsddy 0 0 0 0 0 0 0 0 0 0 
Vegetable garr/811 0 0 0 0 0 0 0 0 0 0 Vegetsblegsrmn 0 0 0 0 0 0 0 0 0 0 
Alxedgsrrlen 0 0 0 0 0 0 0 0 0 0 l.m!dgamr,n 0 0 0 0 0 0 0 0 0 0 
Tegalan(Drytand) 0 0 0 0 0 0 0 0 0 0 Tega/an (Dryland} 0 0 0 0 0 0 0 0 0 0 
(.lt,an 0 0 0 0 0 0 0 0 0 0 Utlan 0 0 0 0 0 0 0 0 0 0 

• From: lrrlgltadpacldy to: Rlnlld paddy (NA) Ill From: lnlgltld paddy 10: ~pacldy (NA) 
Pnmaryforast 0 0 0 0 0 0 0 0 0 0 Prtmaryfot9s/ 0 0 0 0 0 0 0 0 0 0 
s«:ondaryfot9s/ 0 0 0 0 0 0 0 0 0 0 Seoonda,y lo,ast 0 0 0 0 0 0 0 0 0 0 
flefOffJSl8d 0 0 0 0 0 0 0 0 0 0 flelol8Sl8d 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 lrrfgatedpadly 0 0 0 0 0 0 0 0 0 0 
Reittedpadly 0 0 0 0 0 0 0 0 0 0 fleinfedpsddy 0 0 0 0 0 0 0 0 0 0 
Vegetable garr/811 0 0 0 0 0 0 0 0 0 0 Voge-garden 0 0 0 0 0 0 0 0 0 0 
Alxedgsrr/811 0 0 0 0 0 0 0 0 0 0 l.m!dgarden 0 0 0 0 0 0 0 0 0 0 
Tega/an(Drytand) 0 0 0 0 0 0 0 0 0 0 T egalan (Dryland} 0 0 0 0 0 0 0 0 0 0 
(.lt,an 0 0 0 0 0 0 0 0 0 0 Utlan 0 0 0 0 0 0 0 0 0 0 

IV From: Rllnlld pacldy to: Rlnlld paddy (NA) IV From: Rolled paddy to: ~pacldy (NA) 
Plimaryforast 0 0 0 0 0 0 0 0 0 0 Pnma,yfot9s/ 0 0 0 0 0 0 0 0 0 0 
Secooda,yfot9s/ 0 0 0 0 0 0 0 0 0 0 Seoondary lo,ast 0 0 0 0 0 0 0 0 0 0 
flefot9Sl8d 0 0 0 0 0 0 0 0 0 0 flelol8Sl8d 0 0 0 0 0 0 0 0 0 0 
lrriglltodpeddy 0 0 0 0 0 0 0 0 0 0 lrrfgatedpadly 0 0 0 0 0 0 0 0 0 0 
flemclpadly 0 0 0 0 0 0 0 0 0 0 fleinfedpsddy 0 0 0 0 0 0 0 0 0 0 
Vegetablegarr/811 0 0 0 0 0 0 0 0 0 0 Vegetsblegsrden 0 0 0 0 0 0 0 0 0 0 
Alxedgsrr/811 0 0 0 0 0 0 0 0 0 0 l.m!dgarden 0 0 0 0 0 0 0 0 0 0 
Tegalan(Drytand) 0 0 0 0 0 0 0 0 0 0 T egalan (Dryland} 0 0 0 0 0 0 0 0 0 0 
(.lt,an 0 0 0 0 0 0 0 0 0 0 Utlan 0 0 0 0 0 0 0 0 0 0 

V From: Vog gordon to: Rllnlld paddy (NA) V From: Vog gonr., to: tn1gltld pacldy (NA) 
P11maryforast 0 0 0 0 0 0 0 0 0 0 Prtmaryfot9s/ 0 0 0 0 0 0 0 0 0 0 
Secooda,yfot9s/ 0 0 0 0 0 0 0 0 0 0 Seoonda,y fo,ast 0 0 0 0 0 0 0 0 0 0 
flefot9s/ed 0 0 0 0 0 0 0 0 0 0 flefo,astsd 0 0 0 0 0 0 0 0 0 0 
lrrigatedpeddy 0 0 0 0 0 0 0 0 0 0 lrrfgatodpadly 0 0 0 0 0 0 0 0 0 0 
Rainledpadly 0 0 0 0 0 0 0 0 0 0 fleinfedpaddy 0 0 0 0 0 0 0 0 0 0 
Vegetable garr/811 0 0 0 0 0 0 0 0 0 0 Vegelsbl9garden 0 0 0 0 0 0 0 0 0 0 
Alxed gsrrlen 0 0 0 0 0 0 0 0 0 0 l.m!dgarden 0 0 0 0 0 0 0 0 0 0 
Tegalan(Drytand) 0 0 0 0 0 0 0 0 0 0 T egallln (Dryland) 0 0 0 0 0 0 0 0 0 0 
(.lt,an 0 0 0 0 0 0 0 0 0 0 Utlan 0 0 0 0 0 0 0 0 0 0 

VI From: lbldgordon to: Rllnlld paddy (NA) VI From: _ganr_, to: lrrlgltadpaddy (NA) 
Pnmaryforast 0 0 0 0 0 0 0 0 0 0 

Prtma,y """" 
0 0 0 0 0 0 0 0 0 

Secooda,yfot9s/ 0 0 0 0 0 0 0 0 0 0 Seoonda,y fo,ast 0 0 0 0 0 0 0 0 0 
fleforest8d 0 0 0 0 0 0 0 0 0 0 fle(o,astsd 0 0 0 0 0 0 0 0 0 
lrriglltedpeddy 0 0 0 0 0 0 0 0 0 0 lmgatod padly 0 0 0 0 0 0 0 0 0 
Reinledpadly 0 0 0 0 0 0 0 0 0 0 fleinfedpaddy 0 0 0 0 0 0 0 0 0 
Vegetable garr/811 0 0 0 0 0 0 0 0 0 0 Vegetable garden 0 0 0 0 0 0 0 0 0 
Alxed gsrrlen 0 0 0 0 0 0 0 0 0 0 l.m!dgarden 0 0 0 0 0 0 0 0 0 
Togalan(Dryland) 0 0 0 0 0 0 0 0 0 0 T egallln (Dryland) 0 0 0 0 0 0 0 0 0 
(.lt,an 0 0 0 0 0 0 0 0 0 0 Utlan 0 0 0 0 0 0 0 0 0 

VII From: Dryllnd (lojlllln) to: Rllnlld paddy VII From: Oryllnd (IWQllln) 10: lrrlgltad pacldy 
Prtmaryforast 0 0 0 0 0 0 0 0 0 Prtm/11)'""8sl 0 0 0 0 0 0 0 0 0 0 
Secooda,yfot9s/ 0 0 0 0 0 0 0 0 0 Secondaryfo,ast 0 0 0 0 0 0 0 0 0 0 
flefot9Sl8d 0 0 0 0 0 0 0 0 0 fle/o,astsd 0 0 0 0 0 0 0 0 0 0 
IITil}lltedpeddy 0 0 0 0 0 0 0 0 0 lnigatod padly 0.2 0.2 0 0 0 0 0 0 0 0 
Reittedpadly 0.5 0.5 0 0 0 0 0 0 0 Rainfed paddy 0 0 0 0 0 0 0 0 0 0 
Vegetablel/Srr/811 0 0 0 0 0 0 0 0 0 Vegetable garden 0 0 0 0 0 0 0 0 0 0 
Alxedgsrr/811 0 0 0 0 0 0 0 0 0 l.m!dl/Srden 0 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 T egalan (Dryland} 0 0 0 0 0 0 0 0 0 0 
(.lt,an 0 0 0 0 0 0 0 0 0 Utlan 0 0 0 0 0 0 0 0 0 0 

!Note: (NA) Nol applicable 
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Chapter 6: Land use component 

Continuation from the previous page. 

Business-as-usual 
llatance zone, a Clltara zont, a 

State, k 1 2 3 4 5 6 7 8 9 10 Slate, k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 

Cblance ii rraen (eel Ille• 100"9 D11llnoo~-,co1 .... 100m) 

I From: Primary folNI to: Socandlry , .... t Froot Primary- to: Primary- (NA) 
Primarylore,t -0.5 -0.5 -0.5 -0.2 -0.2 0 0 0 0 Prfmaty""8st 0 0 0 0 0 0 0 0 0 
Secondary forest 0.2 0.2 0.2 0 0 0 0 0 0 Sea>ndary lo18SI 0 0 0 0 0 0 0 0 0 
Retomsted 0 0 0 0 0 0 0 0 0 Relo18Sl8d 0 0 0 0 0 0 0 0 0 
lrrigllledpaddy 0.2 0.2 0.2 0 0 0 0 0 0 ltrlgaledpaddy 0 0 0 0 0 0 0 0 0 
FIBinfodpaddy 1 0 0 0 0 0 0 Reinled paddy 0 0 0 0 0 0 0 0 0 
VegetableQBn/611 0.5 0.5 0.5 0.5 0 0 0 Vegolab/elJlln/en 0 0 0 0 0 0 0 0 0 
l.txodl}lln/611 0.5 0.5 0.5 0.5 0 0 0 l.fxedgan/en 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland} 1 1 0.5 0.5 0.5 0.5 0 0 0 Tega/an (Dry/and) 0 0 0 0 0 0 0 0 0 
Ut>an 0.5 0.5 0 0 0 0 0 0 0 UilJan 0 0 0 0 0 0 0 0 0 

I From: Secondary forlll to: Socandlry ,. ... (NA) • Fr<rn:-rmayfcnol to: Primary- (NA) 
Primarylore,t 0 0 0 0 0 0 0 0 0 0 Primsly""8st 0 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 Sea>ndary lo,asf 0 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 Relo18Sl8d 0 0 0 0 0 0 0 0 0 0 
lrrigllledpaddy 0 0 0 0 0 0 0 0 0 0 lrrfgaledpaddy 0 0 0 0 0 0 0 0 0 0 
FIBirledpaddy 0 0 0 0 0 0 0 0 0 0 Reinled paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable QBnien 0 0 0 0 0 0 0 0 0 0 Vegolablel}llnilln 0 0 0 0 0 0 0 0 0 0 
l.txodl}lln/611 0 0 0 0 0 0 0 0 0 0 l.fxedgan/en 0 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland} 0 0 0 0 0 0 0 0 0 0 T egBlan {Dry/and) 0 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 0 UilJan 0 0 0 0 0 0 0 0 0 0 

• From: lnlgllod paddy to: Socandlry ,.,.. (NA) IN From: lrrlgltod paddy to: Primary- (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Prfmatyforest 0 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 Sea>ndary lo18SI 0 0 0 0 0 0 0 0 0 0. 
Retomsted 0 0 0 0 0 0 0 0 0 0 Relo18Sl8d 0 0 0 0 0 0 0 0 0 0 
frrigllledpaddy 0 0 0 0 0 0 0 0 0 0 ftrlgaledpaddy 0 0 0 0 0 0 0 0 0 0 
Reirlodpaddy 0 0 0 0 0 0 0 0 0 0 Reinled paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable gan/en 0 0 0 0 0 0 0 0 0 0 Vegolablel}llnilln 0 0 0 0 0 0 0 0 0 0 
l.txodl}llnien 0 0 0 0 0 0 0 0 0 0 l.txedgan/en 0 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland} 0 0 0 0 0 0 0 0 0 0 Tega/an (Dry/and) 0 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 0 UilJan 0 0 0 0 0 0 0 0 0 0 

IV From: Rllnled paddy to: SocandlrylolNI (NA) IV From: Rllnlod paddy to: Primary- (NA) 
Pr1marylore,t 0 0 0 0 0 0 0 0 0 0 Primslyforest 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 Sea>ndary lo,asf 0 0 0 0 0 0 0 0 0 
Relomsted 0 0 0 0 0 0 0 0 0 0 Relo,asled 0 0 0 0 0 0 0 0 0 
lrrigllledpaddy 0 0 0 0 0 0 0 0 0 0 lrrfgaledpaddy 0 0 0 0 0 0 0 0 0 
Reirlodpaddy 0 0 0 0 0 0 0 0 0 0 Reinled paddy 0 0 0 0 0 0 0 0 0 
Vegetablegan/en 0 0 0 0 0 0 0 0 0 0 Vegelablel}lln/en 0 0 0 0 0 0 0 0 0 
l.txodl}lln/611 0 0 0 0 0 0 0 0 0 0 l.fxedgan/en 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland} 0 0 0 0 0 0 0 0 0 0 Tega/an (Dry/and) 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 0 UilJan 0 0 0 0 0 0 0 0 0 

V From: Veg g1rdon to: Socandlry ,. ... (NA) V From: Veg gan1., to: PrlmaryforNI (NA) 
Primarylore,t 0 0 0 0 0 0 0 0 0 0 Pr1maryforest 0 0 0 0 0 0 0 0 0 
Seccndary forest 0 0 0 0 0 0 0 0 0 0 Sea>ndary /o,asl 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 Relo,asled 0 0 0 0 0 0 0 0 0 
lrrigllledpaddy 0 0 0 0 0 0 0 0 0 0 ltrlgaled paddy 0 0 0 0 0 0 0 0 0 
Rairledpaddy 0 0 0 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 0 
Vegetablegan/en 0 0 0 0 0 0 0 0 0 0 Vegolablel}llnilln 0 0 0 0 0 0 0 0 0 
l.txodl}lln/611 0 0 0 0 0 0 0 0 0 0 l.txedfllln/en 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland} 0 0 0 0 0 0 0 0 0 0 T egBlan (Dry/and) 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 0 UilJan 0 0 0 0 0 0 0 0 0 

VI From: 11Iodg1rclln to: Socandlry lorlll (NA) VI From: IIDdgard., to: PrlmaryforNI (NA) 
Primarylore,t 0 0 0 0 0 0 0 0 0 0 Prfmaty""8st 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 Sea>ndary fo,asl 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 Relo,asled 0 0 0 0 0 0 0 0 0 
lrrigllledpaddy 0 0 0 0 0 0 0 0 0 0 ltrlgaledpaddy 0 0 0 0 0 0 0 0 0 
FIBirledpaddy 0 0 0 0 0 0 0 0 0 0 Reinled paddy 0 0 0 0 0 0 0 0 0 
Vegetablegan/en 0 0 0 0 0 0 0 0 0 0 Vegolablel}llnilln 0 0 0 0 0 0 0 0 0 
l.txodl}lln/611 0 0 0 0 0 0 0 0 0 0 l.fxedgan/en 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland} 0 0 0 0 0 0 0 0 0 0 Tega/an (Dry/and) 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 0 UilJan 0 0 0 0 0 0 0 0 0 

VII From: Cryllnd (lagllan I to: Socandlry lorlll (NA) VII From: Dryllrm (tagllln) to: PrlmaryforNI (NA) 
Primarylore,t 0 0 0 0 0 0 0 0 0 0 Prfmaty""8st 0 0 0 0 0 0 0 0 0 
Seccndaryforest 0 0 0 0 0 0 0 0 0 0 Sea>ndarylo/8SI 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 Relo,asled 0 0 0 0 0 0 0 0 0 
lrrigllledpaddy 0 0 0 0 0 0 0 0 0 0 ltrlgaled paddy 0 0 0 0 0 0 0 0 0 
Reirledpaddy 0 0 0 0 0 0 0 0 0 0 Reinled paddy 0 0 0 0 0 0 0 0 0 
Vegetable gan/en 0 0 0 0 0 0 0 0 0 0 Vegolablel}llnilln 0 0 0 0 0 0 0 0 0 
l.txodl}llnien 0 0 0 0 0 0 0 0 0 0 l.fxedgan/en 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland} 0 0 0 0 0 0 0 0 0 0 T egatan (Dry/and) 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 0 UilJan 0 0 0 0 0 0 0 0 0 

!Note: (NA) Not appicabla 

256 



Chapter 6: Land use component 

Ecological concern 
DalMCe ZDf1I I (I Dilllrazorw, (I 

State, k 1 2 3 4 5 6 7 8 9 10 Slate, k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 2828 m 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 :DJ 316.2 360.6 400 412.3 

IMltn:e ii rrwtlfl (otl Ilia• 100"1 Dll-il-(collia•100m) 

I From: l'mllry lo...i to: IA-bin (NA) I FrCllt l'mllryfarNI to: r.,..n (NA) 
PrfmeryforeSI 0 0 0 0 0 0 0 0 Pnmsryfotesl 0 0 0 0 0 0 0 0 0 0 
Secmdsry 10f8sl 0 0 0 0 0 0 0 0 &,a,ndllry follSI 0 0 0 0 0 0 0 0 0 0 
Flefotestsd 0 0 0 0 0 0 0 0 FlefollSIIJd 0 0 0 0 0 0 0 0 0 0 
lrrfgel8dpaddy 0 0 0 0 0 0 0 0 lrrfgetsdl>Jdd'f 0 0 0 0 0 0 0 0 0 0 
Flemdl>Jdd'f 0 0 0 0 0 0 0 0 Rainledf)llddy 0 0 0 0 0 0 0 0 0 0 
Veg61BIN galllen 0 0 0 0 0 0 0 0 Vegelablegardtn 0 0 0 0 0 0 0 0 0 0 
l.fxedgan1en 0 0 0 0 0 0 0 0 l.fJredgalllen 0 0 0 0 0 0 0 0 0 0 
Tege/an (Drylsnd) 0 0 0 0 0 0 0 0 T egalen (Dryland) 0 0 0 0 0 0 0 0 0 0 
IJrllan 0 0 0 0 0 0 0 0 titian 0 0 0 0 0 0 0 0 0 0 

I From: Secondary forlll to: IA-ban (NA) I FrCllt Secondary lcnat to: r.,..n (NA) 
Pr1lnary foreSI 0 0 0 0 0 0 0 0 Prtmaryfotesl 0 0 0 0 0 0 0 0 0 0 
Secmdsry 10f8sl 0 0 0 0 0 0 0 0 &,a,ndllryfollSI 0 0 0 0 0 0 0 0 0 0 
Flefoteslod 0 0 0 0 0 0 0 0 FlefollSIIJd 0 0 0 0 0 0 0 0 0 0 
lrrfgel8dpaddy 0 0 0 0 0 0 0 0 lrrtgatsdl>Jdd'f 0 0 0 0 0 0 0 0 0 0 
Ralnledl>Jdd'f 0 0 0 0 0 0 0 0 Rainledf)llddy 0 0 0 0 0 0 0 0 0 0 
Veg61BIN galllen 0 0 0 0 0 0 0 0 Vegelablegardtn 0 0 0 0 0 0 0 0 0 0 
l.fxedgatden 0 0 0 0 0 0 0 0 l.fJredgaroen 0 0 0 0 0 0 0 0 0 0 
Tega/an (Drylsnd) 0 0 0 0 0 0 0 0 Tega/en (Dryland) 0 0 0 0 0 0 0 0 0 0 
IJrllan 0 0 0 0 0 0 0 0 titian 0 0 0 0 0 0 0 0 0 0 

II From: kTlgadecl plddy to: IA-bin NBR ·5 NI FrCllt lnlgllld paddy to: r.,..n 
PnmaryforeSI 0 0 0 0 0 0 0 0 Pnmaryfotesl 0 0 0 0 0 0 0 0 0 0 
Secondaryfotesl 0 0 0 0 0 0 0 0 &,a,ndllry forasl 0 0 0 0 0 0 0 0 0 0 
Flefoteslod 0 0 0 0 0 0 0 0 Fleforastsd 0 0 0 0 0 0 0 0 0 0 
lrrfgel8dpaddy 0 0 0 0 0 0 0 0 /rrtge/edl>Jdd'f 0 0 0 0 0 0 0 0 0 0 
Flemdl>Jdd'f 0 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 0 0 
Veg61BIN garden 0 0 0 0 0 0 0 0 Vegelableganilln 0 0 0 0 0 0 0 0 0 o· 
l.fxedgan1M 0 0 0 0 0 0 0 0 l.fxedgalllen 0 0 0 0 0 0 0 0 0 0 
Tege/an (Drylsnd) 0.5 0.5 0.5 0.5 0 0 0 0 Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 0 
IJrllan 5 5 3 3 1 0 0 titian 0 0 0 0 0 0 0 0 0 0 

IV From: Ralnled plddy to: IA-bin NBR -5 IV FrCllt llullod paddy to: r.,..n 
PrtmeryforeSI 0 0 0 0 0 0 0 0 0 0 Primary fotesl 0 0 0 0 0 0 0 0 0 0 
SecMdaryfotesl 0 0 0 0 0 0 0 0 0 0 &,a,ndllry k>rasl 0 0 0 0 0 0 0 0 0 0 
Flefotestsd 0 0 0 0 0 0 0 0 0 0 Fleforastsd 0 0 0 0 0 0 0 0 0 0 
lrrfgel8dpaddy 0 0 0 0 0 0 0 0 0 0 lrrtgatsdl>Jdd'f 0 0 0 0 0 0 0 0 0 0 
Fleln/odl>Jdd'f 0 0 0 0 0 0 0 0 0 0 Rainledf)llddy 0 0 0 0 0 0 0 0 0 0 
Veg61BIN gllfrlM 0 0 0 0 0 0 0 0 0 0 Vegelablegardtn 0 0 0 0 0 0 0 0 0 0 
l.fxedgan1en 0 0 0 0 0 0 0 0 0 0 l.fxedganilln 0 0 0 0 0 0 0 0 0 0 
Tega/an (Drylsnd) 0 0 0 0 0 0 0 0 0 0 Tega/en (Dryland) 0 0 0 0 0 0 0 0 0 0 
IJrllan 5 5 3 3 0 0 titian 0 0 0 0 0 0 0 0 0 0 

V From: Vog Gonion to: IA-bin NBR -5 y FrCllt Vog Gird• to: r.,..n 
PrtmeryforeSI 0 0 0 0 0 0 0 0 0 0 Prfmeryfotesl 0 0 0 0 0 0 0 0 0 0 
SecMdarylOf8sl 0 0 0 0 0 0 0 0 0 0 &,a,ndllry forasl 0 0 0 0 0 0 0 0 0 0 
Flel0f8slod 0 0 0 0 0 0 0 0 0 0 Fleforastsd 0 0 0 0 0 0 0 0 0 0 
lrrfgel8dpaddy 0 0 0 0 0 0 0 0 0 0 lrrtgaledl>Jdd'f 0 0 0 0 0 0 0 0 0 0 
Raifiedl>Jdd'f 0 0 0 0 0 0 0 0 0 0 Rainledf)llddy 0 0 0 0 0 0 0 0 0 0 
Veg61BIN gardM 0 0 0 0 0 0 0 0 0 0 Vegelablegardtn 0 0 0 0 0 0 0 0 0 0 
l.fxedgllfrlM 0 0 0 0 0 0 0 0 0 0 l.fxedgaroen 0 0 0 0 0 0 0 0 0 0 
Tegaian(Drylsnd) 0 0 0 0 0 0 0 0 0 0 Tega/an /Dryland) 0 0 0 0 0 0 0 0 0 0 
IJrllan 2 0 0 0 0 0 0 0 0 0 titian 0 0 0 0 0 0 0 0 0 0 

VI From: llbcld gordln to: IA-bin NBR .5 VI From: - gardm to: r.,..n 
Primary forest 0 0 0 0 0 0 0 0 0 0 Prtmeryfotesl 0 0 0 0 0 0 0 0 0 
SecMdaryfotesl 0 0 0 0 0 0 0 0 0 0 &,a,ndllry follSI 0 0 0 0 0 0 0 0 0 
Rafoteslod 0 0 0 0 0 0 0 0 0 0 FlefollSled 0 0 0 0 0 0 0 0 0 
lrrfgel8dpaddy 0 0 0 0 0 0 0 0 0 0 lrrfgeledl>Jdd'f 0 0 0 0 0 0 0 0 0 
Flemdl>Jdd'f 0 0 0 0 0 0 0 0 0 0 Rainledf)llddy 0 0 0 0 0 0 0 0 0 
Vsg61BIN gardM 0 0 0 0 0 0 0 0 0 0 Vegelableganilln 0 0 0 0 0 0 0 0 0 
l.fxedgllfrlM 0 0 0 0 0 0 0 0 0 0 l.fxedgalllen 0 0 0 0 0 0 0 0 0 
Tega/an (Drylsnd) 0 0 0 0 0 0 0 0 0 0 T sga/an (Dryland) 0 0 0 0 0 0 0 0 0 
IJrllan 4 4 1 1 0.5 0.5 0 0 0 0 titian 0 0 0 0 0 0 0 0 0 

w From: Oryllnd(t9/an) to: Urban NBR .5 VII From Togolln to: r.,, .. n (NA) 
Pr1lnary foreSI 0 0 0 0 0 0 0 0 0 0 Primary forasl 0 0 0 0 0 0 0 0 0 0 
SecMdaryfotesl 0 0 0 0 0 0 0 0 0 0 SearldaryforeSI 0 0 0 0 0 0 0 0 0 0 
Flefotestsd 0 0 0 0 0 0 0 0 0 0 Reforested 0 0 0 0 0 0 0 0 0 0 
lrrfgel8dpaddy 0 0 0 0 0 0 0 0 0 0 lrrfgeledf)llddy 0 0 0 0 0 0 0 0 0 0 
Raittedl>Jdd'f 0 0 0 0 0 0 0 0 0 0 Ralnfed paddy 0 0 0 0 0 0 0 0 0 0 
Veg61BIN glln1M 0 0 0 0 0 0 0 0 0 0 Vegetable gerdsn 0 0 0 0 0 0 0 0 0 0 
l.fxedganien 0 0 0 0 0 0 0 0 0 0 l.limt/gerdsn 0 0 0 0 0 0 0 0 0 0 
Tega/an(Drylsnd) 0 0 0 0 0 0 0 0 0 0 Tegelan /Drylard) 0 0 0 0 0 0 0 0 0 0 
IJrllan 4 4 4 1 1 0 0 0 0 Ut>an 0 0 0 0 0 0 0 0 0 0 

Note: All forests are given a weighing factor of -4 
(NA) Not applicable 
NBA North Bandun re ion, and the corres ondin wei htin value 
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Chapter 6: Land use component 

Continuation from the previous page. 

Ecological concern 
Dllancl ZOl'll,O --· State, k 1 2 3 4 5 6 7 8 10 Slate, k 1 2 3 4 5 6 7 8 9 10 

100 141.4 200 223.6 282.8 :llO 316.2 360.6 400 412.3 100 141.4 200 2Zl.6 282.8 :DI 316.2 360.6 "400 412.3 
tlaunce n 1111ters (otl alze • 100rrf D11-~-(colut•100m) 

I From: l'mllry lorwot to: lllnd gonion I Frcm l'mllry- to: v.g gonion (NA) 
Prtmaryfcnlst -0.1 0 0 0 0 0 0 0 0 PrlmBJybl.sl 0 0 0 0 0 0 0 0 0 0 
Sllcondary lonJSI 0 0 0 0 0 0 0 0 0 Secxmdarylo/1ISI 0 0 0 0 0 0 0 0 0 0 
FiefOIBsted 0 0 0 0 0 0 0 0 0 Fleloresled 0 0 0 0 0 0 0 0 0 0 
frrlg81edpaddy 0 0 0 0 0 0 0 0 0 lrrtgaledpa~ 0 0 0 0 0 0 0 0 0 0 
Ramledpa~ 0 0 0 0 0 0 0 0 0 Rainfed paddy 0 0 0 0 0 0 0 0 0 0 
Vegotable ganlsn 0.5 0.5 0 0 0 0 0 0 0 V11g1118b/og,nlen 0 0 0 0 0 0 0 0 0 0 
Auedg,lllen 0.5 0.5 0 0 0 0 0 0 0 l.fxedganlen 0 0 0 0 0 0 0 0 0 0 
Tega/an (Dryfand} 0 0 0 0 0 0 0 0 0 Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 0 
Ll1,an 0 0 0 0 0 0 0 0 0 Ullan 0 0 0 0 0 0 0 0 0 0 

From: Soconday lcwNI to: lllnd g,nlon II Frcm -nday ,_ lo: Vog gonion (NA) 
Pr1maryfcnlst 0 0 0 0 0 0 0 0 0 PrlmBJy ,.,.., 0 0 0 0 0 0 0 0 0 0 
Secondary lonJSI 0 0 0 0 0 0 0 0 0 Secondary lores! 0 0 0 0 0 0 0 0 0 0 
RalonJsted 0 0 0 0 0 0 0 0 0 Fleloresled 0 0 0 0 0 0 0 0 0 0 
lrriQaledpaddy 0 0 0 0 0 0 0 0 0 lrrlgaledpa~ 0 0 0 0 0 0 0 0 0 0 
Rained pa~ 0 0 0 0 0 0 0 0 0 Ra/nfed paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganlen 2 2 0 0 0 0 0 0 0 V11g1118b/og,nlen 0 0 0 0 0 0 0 0 0 0 
Aued/llfnlen 2 2 0 0 0 0 0 0 0 l.f>edganlen 0 0 0 0 0 0 0 0 0 0 
Tega/an (Dryfand} 3 3 0 0 0 0 0 0 0 Tega/an (Drylend} 0 0 0 0 0 0 0 0 0 0 
Ll1,an 0 0 0.2 0.2 0.2 0.2 0 0 0 Ullan 0 0 0 0 0 0 0 0 0 0 

II From: imglll9d paddy to: lllnd gonion RI Frcm lrrlg,tod paddy to: Vog gonion NIR -5 
Prtmaryfcnlst 0 0 0 0 0 0 0 0 Pr1mary ,.,.., 0 0 0 0 0 0 0 0 0 0 
Sllcondary lonJSI 0 0 0 0 0 0 0 0 Secondary fores/ 0 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 Fleloresled 0 0 0 0 0 0 0 0 0 0 
lrriQaledpaddy -0.2 -0.2 -0.2 0 0 0 0 0 lmgaled pa~ 0 0 0 0 0 0 0 0 0 0 
Rainledpa~ 0 0 0 0 0 0 0 0 Rainfed paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganlen 0 0 0 0 0 0 0 0 V11g1118b/og,nlen 0.4 0.4 0.4 0.3 0.2 0 0 0 0 0 
Auedg,nlen 0.2 0.2 0 0 0 0 0 0 l.f..ctg-n 0.3 0.3 0.2 0.2 0 0 0 0 0 0 
Tega/an (Dryfand} 0 0 0 0 0 0 0 0 Tega/an (Drylend} 0.2 0.2 0 0 0 0 0 0 0 0 
Ll1,an 0 0 0 0 0 0 0 0 Ullan 0 0 0 0 0 0 0 0 0 0 

IV From: Rllrndplddy to: lllnd gonion IV Frcm -lad poddy lo: Vog gonion NIR -5 
Pr1maryfcnlst 0 0 0 0 0 0 0 0 0 PrlmBJyfOIBSI 0 0 0 0 0 0 0 0 0 0 
Secondary ,.,.., 0 0 0 0 0 0 0 0 0 Secondary lores! 0 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 Fleloresled 0 0 0 0 0 0 0 0 0 0 
lrriQaledpaddy 0 0 0 0 0 0 0 0 0 lrrlgaledpa~ 0 0 0 0 0 0 0 0 0 0 
Rainledpa~ 0 0 0 0 0 0 0 0 0 Ralnfed paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganlen 0.5 0.5 0.5 0 0 0 0 0 0 V11g111ablo g,nlen 0.5 0.5 0 0 0 0 0 0 0 0 
Aued/llfnlen 0.5 0.5 0.5 0 0 0 0 0 0 l.fxedganlen 0.5 0.5 0 0 0 0 0 0 0 0 
Tega/an (Dryfand} 0 0 0 0 0 0 0 0 0 Tega/on (Drylend} 0.2 0.2 0 0 0 0 0 0 0 0 
Ll1,an 0 0 0 0 0 0 0 0 0 Ullan 0 0 0 0 0 0 0 0 0 0 

V From: Vog Gonion to: lllnd g,nlon V Frcm Vog g,rd., to: Vog gonion (NA) 
Pr1mary forest 0 0 0 0 0 0 0 0 Pr1maryfot8SI 0 0 0 0 0 0 0 0 0 
Secondary foreSI 0 0 0 0 0 0 0 0 Secondary lores! 0 0 0 0 0 0 0 0 0 
RalonJsted 0 0 0 0 0 0 0 0 Fle/o,asled 0 0 0 0 0 0 0 0 0 
/rriQaledpaddy 0 0 0 0 0 0 0 0 lrrtgaledpa~ 0 0 0 0 0 0 0 0 0 
Rainledpa~ 0 0 0 0 0 0 0 0 Rainfed paddy 0 0 0 0 0 0 0 0 0 
Vegetable ganlen 0 0 0 0 0 0 0 0 V11g11lablog,nlen 0 0 0 0 0 0 0 0 0 
l.uedg,nlen 0.2 0.2 0.2 0.2 0 0 0 0 l.f>edganlen 0 0 0 0 0 0 0 0 0 
Tega/an (Dryfand} 0 0 0 0 0 0 0 0 Tegelan (Drylend} 0 0 0 0 0 0 0 0 0 
Ll1,an 0 0 0 0 0 0 0 0 Ullan 0 0 0 0 0 0 0 0 0 

VI From: 1111111 g,rdon to: lllnd gonion (NA) VI Frcm -gard., to: Vog gonion NBR -5 
Pr1maryforest 0 0 0 0 0 0 0 0 0 0 Pr1maryfot8SI 0 0 0 0 0 0 0 0 0 0 
Secondary foreSI 0 0 0 0 0 0 0 0 0 0 Secondary fores/ 0 0 0 0 0 0 0 0 0 0 
RalonJsted 0 0 0 0 0 0 0 0 0 0 Fle/o,asled 0 0 0 0 0 0 0 0 0 0 
lrrlg81edpaddy 0 0 0 0 0 0 0 0 0 0 lrrtgaledpa~ 0 0 0 0 0 0 0 0 0 0 
Rainledpa~ 0 0 0 0 0 0 0 0 0 0 Rainfed paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganlen 0 0 0 0 0 0 0 0 0 0 V11g1118b/og,nlen 0.5 0.5 0 0 0 0 0 0 0 0 
Auedg,lllen 0 0 0 0 0 0 0 0 0 0 l.fxedganlen -1 -0.5 -0.5 0 0 0 0 0 0 0 
Tega/an (Dryfand} 0 0 0 0 0 0 0 0 0 0 Tegelan (Dryland) 0 0 0 0 0 0 0 0 0 0 
Ll1,an 0 0 0 0 0 0 0 0 0 0 Ullan 0 0 0 0 0 0 0 0 0 0 

VII From: l)yilnd (1ogoiln) lo: lllnd g,nlon w Frcm Togailn to: Vog gonion NIR -5 
Pr1maryfcnlst 0 0 0 0 0 0 0 0 Pr1mery foreSI 0 0 0 0 0 0 0 0 0 
Sllcondary lonJSI 0 0 0 0 0 0 0 0 Secondary fo,asl 0 0 0 0 0 0 0 0 0 
Rafotlsted 0 0 0 0 0 0 0 0 Fle/o,asled 0 0 0 0 0 0 0 0 0 
lrrlg818dpaddy 0 0 0 0 0 0 0 0 lmgaledpa~ 0 0 0 0 0 0 0 0 0 
Rained pa~ 0 0 0 0 0 0 0 0 Rainfed paddy 0 0 0 0 0 0 0 0 0 
Vegetable gen/en 0.5 0.5 0.5 0 0 0 0 0 V11g111ab/og,nlen 4 4 2 0 0 0 0 0 0 
l.fxedg,lllen 4 4 1 0 0 0 0 0 l.f..ctg-n 0.5 0.5 0.5 0 0 0 0 0 0 
Tega/an (Dryfand} 0 0 0 0 0 0 0 0 Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 
Ll1,an 0 0 0 0 0 0 0 0 Ullan 0 0 0 0 0 0 0 0 0 

Note: All forests ara given a weighlilg factor of -4 
(NA) Not applicable 
NBR North Bandun re ion, and the corres ondin wai htin value 
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Chapter 6: Land use component 

Continuation from the previous page. 

Ecological concern 
Dillmce zone, o Dlt,razora.o 

Slate, k 2 3 4 5 6 7 8 10 Slale, k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 2828 300 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 

()ltlra i, ffllt8nl {OIi ale• 1~ Cilllnclln_( ... lia•1<nn) 

I Fron,: Pnnary folNI lo: Rllnlod poddy (NA) I From Pnnary- lo: lrrlgDd poddy (NA) 
Pl1mary forest 0 0 0 0 0 0 0 0 0 0 Primarylotvst 0 0 0 0 0 0 0 0 0 0 
Secondarylotvst 0 0 0 0 0 0 0 0 0 0 Secondarylo,ast 0 0 0 0 0 0 0 0 0 0 
Rafot&S/Sd 0 0 0 0 0 0 0 0 0 0 Rslo,asted 0 0 0 0 0 0 0 0 0 0 
lnigaled paddy 0 0 0 0 0 0 0 0 0 0 lrrlgatedJ)lldt/y 0 0 0 0 0 0 0 0 0 0 
Rairled J)lldt/y 0 0 0 0 0 0 0 0 0 0 Rslnfedpeddy 0 0 0 0 0 0 0 0 0 0 
Vegetable garden 0 0 0 0 0 0 0 0 0 0 Vegetable gan/en 0 0 0 0 0 0 0 0 0 0 
l.fxedgarden 0 0 0 0 0 0 0 0 0 0 l.fxedgarden 0 0 0 0 0 0 0 0 0 0 
Tega/an(Drytand} 0 0 0 0 0 0 0 0 0 0 Tega/an (Dryfand) 0 0 0 0 0 0 0 0 0 0 
l.ltban 0 0 0 0 0 0 0 0 0 0 l.lt>an 0 0 0 0 0 0 0 0 0 0 

II Fran: Secondary lorlll lo: Rllnlod poddy (NA) g Fran: Secondary lcnll lo: lmgadpoddy (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Prlmarylonlst 0 0 0 0 0 0 0 0 0 0 
Secondarylotvst 0 0 0 0 0 0 0 0 0 0 &Jronclarylorest 0 0 0 0 0 0 0 0 0 0 
Ralon!S/Sd 0 0 0 0 0 0 0 0 0 0 Rsfo,asted 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 lrrigatec/J)lldt/y 0 0 0 0 0 0 0 0 0 0 
Ralmec/J)lldt/y 0 0 0 0 0 0 0 0 0 0 Rslnfedpeddy 0 0 0 0 0 0 0 0 0 0 
Vegetable garden 0 0 0 0 0 0 0 0 0 0 Vegetable gan/en 0 0 0 0 0 0 0 0 0 0 
l.fxedgarden 0 0 0 0 0 0 0 0 0 0 l.fxedgarden 0 0 0 0 0 0 0 0 0 0 
Tega/an (Drytand} 0 0 0 0 0 0 0 0 0 0 Tega/an (Dryfand) 0 0 0 0 0 0 0 0 0 0 
l.ltban 0 0 0 0 0 0 0 0 0 0 l.lt>an 0 0 0 0 0 0 0 0 0 0 

NI Fran: lrrlg-poddy lo: Rllnlod poddy (NA) NI Fran: lrrlgllad paddy 10: lmgllacl poddy (NA) 
Primery forest 0 0 0 0 0 0 0 0 0 0 Primerylotvst 0 0 0 0 0 0 0 0 0 
Secondary lotvst 0 0 0 0 0 0 0 0 0 0 &Jronclary lo18St 0 0 0 0 0 0 0 0 0 
Rafot8S/Sd 0 0 0 0 0 0 0 0 0 0 Rslorosteo 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 Irrigated Jllldt/y 0 0 0 0 0 0 0 0 0 
Rairled J)lldt/y 0 0 0 0 0 0 0 0 0 0 Rslnfedpeddy 0 0 0 0 0 0 0 0 0 
Vegetable gan/en 0 0 0 0 0 0 0 0 0 0 Vegetablegoldan 0 0 0 0 0 0 0 0 0 
l.fxedgarden 0 0 0 0 0 0 0 0 0 0 l.fxedgarden 0 0 0 0 0 0 0 0 0 
Tega/an (Drytand} 0 0 0 0 0 0 0 0 0 0 Tega/an (Dry/and/ 0 0 0 0 0 0 0 0 0 
1./tban 0 0 0 0 0 0 0 0 0 0 l.lt>an 0 0 0 0 0 0 0 0 0 

IV Fran: RII- poddy IO: Rllnlod poddy (NA) IV Fran: Rllnlod paddy 10: lrrlgalad poddy (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primeryfot&st 0 0 0 0 0 0 0 0 0 0 
Secondary fot&st 0 0 0 0 0 0 0 0 0 0 &JronclarylollSI 0 0 0 0 0 0 0 0 0 0 
Rafot&S/Sd 0 0 0 0 0 0 0 0 0 0 Re/o,asteo 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 lrrlgaleOJ)lldt/y 0 0 0 0 0 0 0 0 0 0 
Rairled J)lldt/y 0 0 0 0 0 0 0 0 0 0 Rslnfed peddy 0 0 0 0 0 0 0 0 0 0 
Vegelable gan/en 0 0 0 0 0 0 0 0 0 0 Vegetable gan/en 0 0 0 0 0 0 0 0 0 0 
l.fxedgarden 0 0 0 0 0 0 0 0 0 0 l.fxedgarden 0 0 0 0 0 0 0 0 0 0 
Tega/an (Drytand} 0 0 0 0 0 0 0 0 0 0 Tega/en (Dry/and/ 0 0 0 0 0 0 0 0 0 0 
l.ltban 0 0 0 0 0 0 0 0 0 0 l.ll>an 0 0 0 0 0 0 0 0 0 0 

V Fran: Veg g1nlon lo: Rllnlod poddy (NA) V Fran: Veg gon1., to: lrrlgalad poddy (NA) 
Pr1marylorest 0 0 0 0 0 0 0 0 0 0 Pnmerylotost 0 0 0 0 0 0 0 0 0 0 
Secondarylotvst 0 0 0 0 0 0 0 0 0 0 &Jronclarylorast 0 0 0 0 0 0 0 0 0 0 
RalotoSISd 0 0 0 0 0 0 0 0 0 0 Rslorested 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 Irrigated J)lldt/y 0 0 0 0 0 0 0 0 0 0 
Rainled J)lldt/y 0 0 0 0 0 0 0 0 0 0 Rain/eel peddy 0 0 0 0 0 0 0 0 0 0 
Vegelablegarden 0 0 0 0 0 0 0 0 0 0 Vegetablegan/en 0 0 0 0 0 0 0 0 0 0 
l.fxedgarden 0 0 0 0 0 0 0 0 0 0 l.fxedgarden 0 0 0 0 0 0 0 0 0 0 
Tega/an (Drytand} 0 0 0 0 0 0 0 0 0 0 Tega/an (Dryfand) 0 0 0 0 0 0 0 0 0 0 
l.ltban 0 0 0 0 0 0 0 0 0 0 l.ll>an 0 0 0 0 0 0 0 0 0 0 

VI Fran: Ibid gadon lo: Rllnlod poddy (NA) VI From -gad., 10: lrrlgalad poddy (NA) 
Primerylorest 0 0 0 0 0 0 0 0 0 0 Primary fot8st 0 0 0 0 0 0 0 0 0 0 
Secondary fot&st 0 0 0 0 0 0 0 0 0 0 &Jronclarylorast 0 0 0 0 0 0 0 0 0 0 
Rafot&sted 0 0 0 0 0 0 0 0 0 0 Rslorosteo 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 Irrigated Jllldt/y 0 0 0 0 0 0 0 0 0 0 
Rainled J)lldt/y 0 0 0 0 0 0 0 0 0 0 Rslnfed peddy 0 0 0 0 0 0 0 0 0 0 
Vegelable garden 0 0 0 0 0 0 0 0 0 0 Vegetable gan/en 0 0 0 0 0 0 0 0 0 0 
l.fxec/gan/611 0 0 0 0 0 0 0 0 0 0 l.fxedgarden 0 0 0 0 0 0 0 0 0 0 
Tega/an (Drytand} 0 0 0 0 0 0 0 0 0 0 Tega/an (Dryfand) 0 0 0 0 0 0 0 0 0 0 
l.ltban 0 0 0 0 0 0 0 0 0 0 l.ll>an 0 0 0 0 0 0 0 0 0 0 

VII Fran: Dryllnd (IOgllln) lo: Rllnlod poddy VII Fran: Dryland (/oQllln) lo: lrrlgalad poddy 
Prtmarylorest 0 0 0 0 0 0 0 0 0 Primary fot8st 0 0 0 0 0 0 0 0 0 0 
Secondaryforost 0 0 0 0 0 0 0 0 0 &Jronclarylorast 0 0 0 0 0 0 0 0 0 0 
RalotoSISd 0 0 0 0 0 0 0 0 0 Rslorosted 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 Irrigated J)lldt/y 0.5 0.5 0 0 0 0 0 0 0 0 
Rairled J)lldt/y 0.5 0.5 0 0 0 0 0 0 0 Rslnfed peddy 0 0 0 0 0 0 0 0 0 0 
Vegelable gan/en 0 0 0 0 0 0 0 0 0 Vegetable Qllldan 0 0 0 0 0 0 0 0 0 0 
l.fxedgarden 0 0 0 0 0 0 0 0 0 l.fxedgarden 0 0 0 0 0 0 0 0 0 0 
Tegalan(Drytand} 0 0 0 0 0 0 0 0 0 Tega/an (Dry/and/ 0 0 0 0 0 0 0 0 0 0 

l.ltban 0 0 0 0 0 0 0 0 0 l.lt>an 0 0 0 0 0 0 0 0 0 0 

Note: All foresls are given a weighting factor of -4 
(NA) Not applicable 
NBA North Bandun re ion, and the corres ondin wei htin value 
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Chapter 6: Land use component 

Continuation from the previous page. 

Ecological concern 
OillJrce zor-., 0 CIIIIID zone, o 

State, k 1 2 3 4 5 6 7 8 9 10 Slate, k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 

Chirco n-(ool azo • 100!rj Dll-ln-(Cllllia•100m) 

I F rem: Primary lorNt to: Socondar,lorNt (NA) I From: Primary- to: PrlmaryfarNI (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primary/onJst 0 0 0 0 0 0 0 0 0 
Secot>:laryfolast 0 0 0 0 0 0 0 0 0 0 Soconda,y A:>1851 0 0 0 0 0 0 0 0 0 
Rafolasted 0 0 0 0 0 0 0 0 0 0 Rll/o,asfed 0 0 0 0 0 0 0 0 0 
lrrlfllllsdpaddy 0 0 0 0 0 0 0 0 0 0 /nigaled pa'*1y 0 0 0 0 0 0 0 0 0 
Ralnledpa'*1y 0 0 0 0 0 0 0 0 0 0 Rainr.dpaddy 0 0 0 0 0 0 0 0 0 
VBflelabteganien 0 0 0 0 0 0 0 0 0 0 V8f181ab/eflllrden 0 0 0 0 0 0 0 0 0 
M>cedganlen 0 0 0 0 0 0 0 0 0 0 M>cedganion 0 0 0 0 0 0 0 0 0 
Tega/an (D,yland) 0 0 0 0 0 0 0 0 0 0 T 8f1Bllln (Dryland) 0 0 0 0 0 0 0 0 0 
l,lt,an 0 0 0 0 0 0 0 0 0 0 LltJen 0 0 0 0 0 0 0 0 0 

H From: Socondar, fcrNI to: Socondar,forNI (NA) I From: S-ndary fonNI to: PrlmaryfarNI (NA) 
l'l1mary forest 0 0 0 0 0 0 0 0 0 0 Primary forest 0 0 0 0 0 0 0 0 0 0 
Secot>:Je,y folast 0 0 0 0 0 0 0 0 0 0 Soconda,y lo18SI 0 0 0 0 0 0 0 0 0 0 
Rafolasted 0 0 0 0 0 0 0 0 0 0 Rlllo18Sled 0 0 0 0 0 0 0 0 0 0 
/rrlfllllsdpaddy 0 0 0 0 0 0 0 0 0 0 /ntgaled pa'*1)! 0 0 0 0 0 0 0 0 0 0 
Ramdpa'*1y 0 0 0 0 0 0 0 0 0 0 Ralnr.dpaddy 0 0 0 0 0 0 0 0 0 0 
V8f1elabteganlen 0 0 0 0 0 0 0 0 0 0 V8f181ab/eflllrden 0 0 0 0 0 0 0 0 0 0 
M>cedganlen 0 0 0 0 0 0 0 0 0 0 M>cedganlon 0 0 0 0 0 0 0 0 0 0 
Tega/an (D,yland) 0 0 0 0 0 0 0 0 0 0 Tega/en (Dryland) 0 0 0 0 0 0 0 0 0 0 
l,lt,an 0 0 0 0 0 0 0 0 0 0 LltJen 0 0 0 0 0 0 0 0 0 0 

Ill From: lrrlgatod paddy to: SocondaoyforNI (NA) Ill Fran: lrrtgatod paddy lo: PrlmarytonNI (NA) 
l'l1mary forest 0 0 0 0 0 0 0 0 0 0 Primaty forest 0 0 0 0 0 0 0 0 0 0 
Secot>:Je,y folast 0 0 0 0 0 0 0 0 0 0 Soconda,y lo18SI 0 0 0 0 0 0 0 0 0 0 
Rafolasted 0 0 0 0 0 0 0 0 0 0 Rll/o,asled 0 0 0 0 0 0 0 0 0 0 
lrrlfllllsdpaddy 0 0 0 0 0 0 0 0 0 0 lntgaled pa'*1y 0 0 0 0 0 0 0 0 0 0 
Ramdpa<l1y 0 0 0 0 0 0 0 0 0 0 Ralnr.dpaddy 0 0 0 0 0 0 0 0 0 0 
VBflelabteganien 0 0 0 0 0 0 0 0 0 0 V8f181ab/eflllrden 0 0 0 0 0 0 0 0 0 0 
M>cedganlen 0 0 0 0 0 0 0 0 0 0 M>cedgan1an 0 0 0 0 0 0 0 0 0 0 
Tega/an (D,yland) 0 0 0 0 0 0 0 0 0 0 T 8f1Bllln (Dryland/ 0 0 0 0 0 0 0 0 0 0 
l,lt,an 0 0 0 0 0 0 0 0 0 0 LltJen 0 0 0 0 0 0 0 0 0 0 

IV From: Ralnfed paddy to: Socondar,torNI (NA) IV From: Rolled paddy to: Prlmaryfonll (NA) 
l'l1mary forest 0 0 0 0 0 0 0 0 0 0 Pnmary/onJst 0 0 0 0 0 0 0 0 0 0 
Secot>:laryforr,st 0 0 0 0 0 0 0 0 0 0 Soconda,y lo18SI 0 0 0 0 0 0 0 0 0 0 
Rafolasted 0 0 0 0 0 0 0 0 0 0 Rlllo18Sled 0 0 0 0 0 0 0 0 0 0 
lrrlfllllsdpaddy 0 0 0 0 0 0 0 0 0 0 /ntgaled pa'*1)! 0 0 0 0 0 0 0 0 0 0 
Rainledpa'*1y 0 0 0 0 0 0 0 0 0 0 Ralnled paddy 0 0 0 0 0 0 0 0 0 0 
V8f1elabteganien 0 0 0 0 0 0 0 0 0 0 V8f181B/J/egarden 0 0 0 0 0 0 0 0 0 0 
M>cedganlen 0 0 0 0 0 0 0 0 0 M>cedgarden 0 0 0 0 0 0 0 0 0 0 
Tega/an{D,yland) 0 0 0 0 0 0 0 0 0 T 8f1Bllln (Dryland) 0 0 0 0 0 0 0 0 0 0 
l,lt,an 0 0 0 0 0 0 0 0 0 LltJen 0 0 0 0 0 0 0 0 0 0 

V From: Vog 111nlln to: Socondar,torNI (NA) V From: Vog gon1., to: PrlmaryfonNI (NA) 
Prima,y forest 0 0 0 0 0 0 0 0 0 0 Primaryfolast 0 0 0 0 0 0 0 0 0 
Secot>:Je,y folast 0 0 0 0 0 0 0 0 0 0 Soconda,y lo18SI 0 0 0 0 0 0 0 0 0 
Rafolasted 0 0 0 0 0 0 0 0 0 0 Rafo,asled 0 0 0 0 0 0 0 0 0 
lrrlfllllsdpaddy 0 0 0 0 0 0 0 0 0 0 /ntgaled pa'*1)! 0 0 0 0 0 0 0 0 0 
Ralnledpa'*1y 0 0 0 0 0 0 0 0 0 0 Rainr.dpadc/)' 0 0 0 0 0 0 0 0 0 
V8f1elabte ganlen 0 0 0 0 0 0 0 0 0 0 V8f181ab/eflllrden 0 0 0 0 0 0 0 0 0 
M>cedganlen 0 0 0 0 0 0 0 0 0 0 M>cedgarden 0 0 0 0 0 0 0 0 0 
Tega/an (D,yland) 0 0 0 0 0 0 0 0 0 0 T8f1Bllln (Dry/end) 0 0 0 0 0 0 0 0 0 
l,lt,an 0 0 0 0 0 0 0 0 0 0 LltJen 0 0 0 0 0 0 0 0 0 

VI From: 11x.i111rclln to: Socondar,torNt (NA) VI From: _gard., to: PrlmarytonNI (NA) 
Pnma,yforest 0 0 0 0 0 0 0 0 0 0 Primary folast 0 0 0 0 0 0 0 0 0 
Secot>:la,yfolast 0 0 0 0 0 0 0 0 0 0 Soconda,y lo18SI 0 0 0 0 0 0 0 0 0 
Rafolasted 0 0 0 0 0 0 0 0 0 0 Ra/o,asled 0 0 0 0 0 0 0 0 0 
lnigaled paddy 0 0 0 0 0 0 0 0 0 0 lntgaled pa'*1y 0 0 0 0 0 0 0 0 0 
Ralnr.dpa'*1y 0 0 0 0 0 0 0 0 0 0 Ralnled paddy 0 0 0 0 0 0 0 0 0 
V8f1etabteganlen 0 0 0 0 0 0 0 0 0 0 V8f181ab/eflllrden 0 0 0 0 0 0 0 0 0 
M>cedganlen 0 0 0 0 0 0 0 0 0 0 M>cedgarden 0 0 0 0 0 0 0 0 0 
Tega/an (D,yland) 0 0 0 0 0 0 0 0 0 0 T 8f1Bllln /Dryland) 0 0 0 0 0 0 0 0 0 
l,lt,an 0 0 0 0 0 0 0 0 0 0 LltJen 0 0 0 0 0 0 0 0 0 

VII From: Dryllnd (legllln) to: Socondar,forNI (NA) VN Fran: Dryland (tagllan) to: PrlmaryfarNI (NA) 
Pnma,ylorest 0 0 0 0 0 0 0 0 0 0 Prima,y folast 0 0 0 0 0 0 0 0 0 0 
Secot>:Je,y folast 0 0 0 0 0 0 0 0 0 0 Soconda,y lo18SI 0 0 0 0 0 0 0 0 0 0 
Rafolasted 0 0 0 0 0 0 0 0 0 0 Rlllo18Sled 0 0 0 0 0 0 0 0 0 0 
lrrlfllllsdpaddy 0 0 0 0 0 0 0 0 0 0 /ntgaled pa'*1)! 0 0 0 0 0 0 0 0 0 0 
Ralnledpa'*1y 0 0 0 0 0 0 0 0 0 0 Ralnled paddy 0 0 0 0 0 0 0 0 0 0 
V8f1elabteganien 0 0 0 0 0 0 0 0 0 0 V8f181ab/eflllrden 0 0 0 0 0 0 0 0 0 0 
M>cedganlen 0 0 0 0 0 0 0 0 0 0 l.fxedgarden 0 0 0 0 0 0 0 0 0 0 
Toga/an (D,yland) 0 0 0 0 0 0 0 0 0 0 T 8f1Bllln /Dryland) 0 0 0 0 0 0 0 0 0 0 
l,lt,an 0 0 0 0 0 0 0 0 0 0 LltJen 0 0 0 0 0 0 0 0 0 0 

Nole: All forests are given a weighing factor of -4 
(NA) Nol applicable 
NBA North Bandun re ion, and the corres ondin wei htin value 
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Chapter 6: Land use component 

Pro-Industrialisation 
Di!lance zone, o 0.11notzona, o 

Slate, k 1 3 4 5 6 7 8 9 10 Slate, k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 

llelanceilrT'lllerl(oel liH• 100"1 Di1-~-(mllia•100m) 

I Fran: Primary loNII to: Urban I From: Primary larut to: T.,..n 
Prfma,yforost -0.1 -0.1 0 0 0 0 PrimBJYlon!st 0 0 0 0 0 0 0 0 0 
Secondary lon!st 0 0 0 0 0 0 Secondary forasl 0 0 0 0 0 0 0 0 0 
Rolon!sted 0 0 0 0 0 0 Re/orasled 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 lrrigaled psddy 0.2 0.2 0 0 0 0 0 0 0 
Roirledpsddy 0 0 0 0 0 0 Rainled psddy 0.2 0.2 0 0 0 0 0 0 0 
Vegelablegsn/en 0 0 0 0 0 0 Vegofabl&I/Bnlon 0.8 0.8 0 0 0 0 0 0 0 
l.fred(111nJOII 0 0 0 0 0 0 l.fmdgen/en 0.8 0.8 0 0 0 0 0 0 0 
Tega/an (Drytand) 0 0 0 0 0 0 Tega/an (Dryland) 0.8 0.8 0 0 0 0 0 0 0 
UrlJan 0.5 0 0 0 0 0 l..ltlen 0.25 0.25 0.25 0 0 0 0 0 0 

u Fran: Socondlry forlll to: Urban u From: Soconda,y IOINI to: T.,..n 
Plima!yforost 0 0 0 0 0 0 0 Prfmary lon!st 0 0 0 0 0 0 0 0 0 
Secondary lon!st 0 0 0 0 0 0 0 Secondary forast 0 0 0 0 0 0 0 0 0 
Rolon!sted 0 0 0 0 0 0 0 Relorasled 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 lrrigaled psddy 1.5 1.5 1.5 0 0 0 0 0 0 
Rairledpsddy 0 0 0 0 0 0 0 Rainfed psddy 1.5 1.5 1.5 0 0 0 0 0 0 
Vegelablegsn/en 0 0 0 0 0 0 0 Vegofabl&1111nlon 5 5 5 0 0 0 0 0 0 
l.fred(111nJOII 0 0 0 0 0 0 0 l.fmdgen/en 5 5 5 0 0 0 0 0 0 
Tega/an (Dry/and) 0 0 0 0 0 0 0 Tega/an (Dryland) 5 5 5 0 0 0 0 0 0 
UrlJan 6 6 3 3 3 1 0 l..ltlen 2 2 2 1.5 1.5 0 0 0 0 

tu Fran: lrrlgllad paddy to: Urban Ill From: lrrlglted paddy to: Toga/an 
Prfmary forest 0 0 0 0 0 0 0 0 0 0 Primarylon!st 0 0 0 0 0 0 0 0 0 
5«:ondarylorast 0 0 0 0 0 0 0 0 0 0 Secondary forest 0 0 0 0 0 0 0 0 0 
Ralon!sted 0 0 0 0 0 0 0 0 0 0 Reforested 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 Irrigated psddy 0 0 0 0 0 0 0 0 0 
Rainled psddy 0 0 0 0 0 0 0 0 0 0 Rainfed psddy 0 0 0 0 0 0 0 0 0 
Vegetable gsnion 0 0 0 0 0 0 0 0 0 0 Vegetable (111nlon 0 0 0 0 0 0 0 0 0 
l.fredl/Bnien 0 0 0 0 0 0 0 0 0 0 l.fmdgenlen 0 0 0 0 0 0 0 0 0 
TB(1Blan(Dryfand) 0.6 0.6 0.6 0.6 0 0 0 0 0 0 Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 
UrlJan 9 9 6 6 3 3 1.5 1.5 1.5 1.5. Utien 0 0 0 0 0 0 0 0 0 

IV Fran: Rllnledpaddy to: Urban IV From: Rmled paddy to: Toga/an 
PlimaJy forest 0 0 0 0 0 0 0 0 Primarylon!st 0 0 0 0 0 0 0 0 
Secondary lon!st 0 0 0 0 0 0 0 0 Secondary forast 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 Rolorasted 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 lrrigaled psddy 0 0 0 0 0 0 0 0 
Rairledpsddy 0 0 0 0 0 0 0 0 Rainled psddy 0 0 0 0 0 0 0 0 
Vegetable ganJen 0 0 0 0 0 0 0 0 Vegofabl&1111nlon 0 0 0 0 0 0 0 0 
l.fred(111nJen 0 0 0 0 0 0 0 0 l.fmdgen/en 0 0 0 0 0 0 0 0 
T egalan (Dry/and} 1 1 0 0 0 0 0 0 T egalan (Dry/and) 0 0 0 0 0 0 0 0 
UrlJan 9 9 6 6 3 3 1 I' Utien 0 0 0 0 0 0 0 0 

V Fran: Veg Gordin to: Urban V From: Veg Gird., to: Toga/on 
Prfma,yforost 0 0 0 0 0 0 0 Prfmll/)'lon!st 0 0 0 0 0 0 0 0 0 
Secondary lon!st 0 0 0 0 0 0 0 Secondary forest 0 0 0 0 0 0 0 0 0 
Raforasted 0 0 0 0 0 0 0 Rolorested 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 Irrigated psddy 0 0 0 0 0 0 0 0 0 
Rairled psddy 0 0 0 0 0 0 0 Rainfed psddy 0 0 0 0 0 0 0 0 0 
Vegetable gsn/on 0 0 0 0 0 0 0 Vegofabl&I/Bnlon 0 0 0 0 0 0 0 0 0 
1.tred1111nJen 0 0 0 0 0 0 0 l.fmdgen/en 0 0 0 0 0 0 0 0 0 
TB(1Blan(Dryfand) 0 0 0 0 0 0 0 Tega/an (Dry/and} 0 0 0 0 0 0 0 0 0 
UrlJan 3 2 1 1 1 0 0 l..ltlen 0 0 0 0 0 0 0 0 0 

VI Fran: lobod g1rclon to: Urban VI From: llud gan1., to: Toga/an 
Prfmary forest 0 0 0 0 0 0 0 0 0 Prfmarylon!st 0 0 0 0 0 0 0 0 
5«:ondll/)'lon!st 0 0 0 0 0 0 0 0 0 Secondary forest 0 0 0 0 0 0 0 0 
Flolon!sted 0 0 0 0 0 0 0 0 0 Flolorosted 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 Irrigated psddy 0 0 0 0 0 0 0 0 
Floinled psddy 0 0 0 0 0 0 0 0 0 Rainled psddy 0 0 0 0 0 0 0 0 
Vegelable gsn/en 0 0 0 0 0 0 0 0 0 Vegol8ble(111nlon 0 0 0 0 0 0 0 0 
l.fredl/Bnien 0 0 0 0 0 0 0 0 0 l.fmdgen/en 0 0 0 0 0 0 0 0 
To(1Blan (Drytand) 0 0 0 0 0 0 0 0 0 T egalan (Dryland) 0 0 0 0 0 0 0 0 
UrlJan 6 3 3 3 2 2 1 0 l..ltlen 0 0 0 0 0 0 0 0 

VII Fran: l)yllnd (laQllln) to: Urban VII From: Togalln to: Toga/an (NA) 
Prfmary forest 0 0 0 0 0 0 0 0 0 Prfmary lon!st 0 0 0 0 0 0 0 
5«:ondaryforast 0 0 0 0 0 0 0 0 0 Secondary forest 0 0 0 0 0 0 0 
Flolon!sted 0 0 0 0 0 0 0 0 0 Rolorosted 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 lrrigatedpsddy 0 0 0 0 0 0 0 
Floirled psddy 0 0 0 0 0 0 0 0 0 Rainfed psddy 0 0 0 0 0 0 0 
Vegelable gsn/en 0 0 0 0 0 0 0 0 0 Vegol8ble(111nlon 0 0 0 0 0 0 0 
l.fredl/Bnien 0 0 0 0 0 0 0 0 0 l.fmdgen/en 0 0 0 0 0 0 0 
Ta(1Blan(Dryfand) 0 0 0 0 0 0 0 0 0 Tega/an (Dryland) 0 0 0 0 0 0 0 
UrlJan 6 6 6 2 2 2 1 1 l..ltlen 0 0 0 0 0 0 0 

I Note: (NA) : Not applicable 

261 
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Continuation from the previous page. 

Pro-industrialisation 
OiU1C8 zone, a Dilt1nmzon1,a 

State, k 1 2 3 4 5 6 7 8 9 10 State, k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 2828 300 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 300 3162 360.6 400 412.3 

Oialance ii rraera (oel lize • 10Jni Olo-ln-(oolola•100rn) 

I Fran: Primary loral to: Mind gonion I Fran Primary- to: Vog gonion 
Primary forest -0.1 0 0 0 0 0 0 0 0 Prim8f'(fotast -0.1 0 0 0 0 0 0 0 0 
Second8f'(fotast 0 0 0 0 0 0 0 0 0 Sea>ndary lo18SI 0 0 0 0 0 0 0 0 0 
RelOl8sted 0 0 0 0 0 0 0 0 0 Relo18Sllld 0 0 0 0 0 0 0 0 0 
l,rigated paddy 0 0 0 0 0 0 0 0 0 lrrtgallld paddy 0 0 0 0 0 0 0 0 0 
Relrtedpaddy 0 0 0 0 0 0 0 0 0 Ra/llledpaddy 0 0 0 0 0 0 0 0 0 
Vegelllbleganlen 0.5 0.5 0 0 0 0 0 0 0 Vegetable ganlen 0.5 0.5 0 0 0 0 0 0 0 
l.fxedgarrlen 0.5 0.5 0 0 0 0 0 0 0 M/Jaldganlen 0.5 0.5 0 0 0 0 0 0 0 
Tega/an {Dry/and) 0 0 0 0 0 0 0 0 0 T egalan (Dryland) 0 0 0 0 0 0 0 0 0 
l.kban 0 0 0 0 0 0 0 0 0 Urfllln 0 0 0 0 0 0 0 0 0 

u Fran: Secondary forlll to: Mind gonion II Fran Secondary tonal lo: Vog gonion 
Primary forest 0 0 0 0 0 0 0 0 0 Primaryfotast 0 0 0 0 0 0 0 0 0 0 
Secondary fotast 0 0 0 0 0 0 0 0 0 Sea>ndary fora,/ 0 0 0 0 0 0 0 0 0 0 
Refotasted 0 0 0 0 0 0 0 0 0 /lelora,llld 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 /rrtgallld paddy 0 0 0 0 0 0 0 0 0 0 
Relrtedpaddy 0 0 0 0 0 0 0 0 0 Ra/llledpaddy 0 0 0 0 0 0 0 0 0 0 
Vegelllblegartlen 2 2 0 0 0 0 0 0 0 Vegetable ganlen 5 5 0 0 0 0 0 0 0 0 
l.fxed gartlen 2 2 0 0 0 0 0 0 0 M/Jaldganlen 5 5 0 0 0 0 0 0 0 0 
Tega/an (Dry/and) 3 3 0 0 0 0 0 0 0 Tega/an //Jryland) 5 5 0.5 0.5 0.5 0.5 0 0 0 0 
l.kban 0 0 0.2 0.2 0.2 0.2 0 0 0 Urfllln 0 0 0 0 0 0 0 0 0 0 

II Fran: ~ plddy to: Mind gonion Ill Fran lrrlgolod poddy to: Vog gonion 
Prim8f'(forest 0 0 0 0 0 0 0 0 0 0 Primarylorast 0 0 0 0 0 0 0 0 0 0 
Second8l'(lor8st 0 0 0 0 0 0 0 0 0 0 Sea>ndary lora,I 0 0 0 0 0 0 0 0 0 0 
RelOl8sted 0 0 0 0 0 0 0 0 0 0 /lelora,llld 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy -0.2 -0.2 -0.2 0 0 0 0 0 0 0 /rrtgallldpaddy 0 0 0 0 0 0 0 0 0 0 
Reinledpaddy 0 0 0 0 0 0 0 0 0 0 Ra/llledpaddy 0 0 0 0 0 0 0 0 0 0 
Vegetable gartlen 0 0 0 0 0 0 0 0 0 0 Vegetable ganlen 0.4 0.4 0.4 0.3 0.2 0 0 0 0 0 
l.fxedgartlen 0.2 0.2 0 0 0 0 0 0 0 0 MIJald ganlen 0.3 0.3 0.2 0.2 0 0 0 0 0 0 
Tega/an {Dry/and) 0 0 0 0 0 0 0 0 0 0 T egalan (Dryland) 0.2 0.2 0 0 0 0 0 0 0 0 
l.kban 0 0 0 0 0 0 0 0 0 0 Urfllln 0 0 0 0 0 0 0 0 0 0 

IV Fran: Rllnled plddy to: Mind gonion IV Fran Rllnfld paddy to: Vog gonion 
Prim8f'(forest 0 0 0 0 0 0 0 0 0 Primarylorast 0 0 0 0 0 0 0 0 0 
Secondary lorast 0 0 0 0 0 0 0 0 0 Sea>ndary lo18SI 0 0 0 0 0 0 0 0 0 
RefOl8sted 0 0 0 0 0 0 0 0 0 /lelora,llld 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 lrrtgallldpaddy 0 0 0 0 0 0 0 0 0 
Reinledpaddy 0 0 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 0 
Vegetablegartlen 0.5 0.5 0.5 0 0 0 0 0 0 Vegetable ganlen 0.5 0.5 0 0 0 0 0 0 0 
l.fxedganten 0.5 0.5 0.5 0 0 0 0 0 0 M/Jaldganlen 0.5 0.5 0 0 0 0 0 0 0 
Tega/an (Dry/and) 0 0 0 0 0 0 0 0 0 Tegalan(CJryland) 0.2 0.2 0 0 0 0 0 0 0 
l.kban 0 0 0 0 0 0 0 0 0 Urfllln 0 0 0 0 0 0 0 0 0 

V Fran: Vog Gardon to: Mind gonion V Fran Vog gon1., to: Vog gonion (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primarylorast 0 0 0 0 0 0 0 0 0 0 
Secondary lorasl 0 0 0 0 0 0 0 0 0 0 Sea>ndary lora,t 0 0 0 0 0 0 0 0 0 0 
RefOl8sted 0 0 0 0 0 0 0 0 0 0 Re/ora,llld 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 frrtgallldpaddy 0 0 0 0 0 0 0 0 0 0 
Reinfedpaddy 0 0 0 0 0 0 0 0 0 0 Ra/llfedpaddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganten 0 0 0 0 0 0 0 0 0 0 Vegetable ganlen 0 0 0 0 0 0 0 0 0 0 
l.fxedgartlen 0.2 0.2 0.2 0.2 0 0 0 0 0 0 M/Jaldganlen 0 0 0 0 0 0 0 0 0 0 
Tega/an (Dry/and) 0 0 0 0 0 0 0 0 0 0 Tega/an (CJryland) 0 0 0 0 0 0 0 0 0 0 
l.kban 0 0 0 0 0 0 0 0 0 0 Urfllln 0 0 0 0 0 0 0 0 0 0 

VI Fran: Ibid gorcfon to: Mind gonion (NA) VI Fran - gan1., to: Vog gonion 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primaryfotasl 0 0 0 0 0 0 0 0 0 0 
Second81'( lorast 0 0 0 0 0 0 0 0 0 0 Sea,ndary fora,I 0 0 0 0 0 0 0 0 0 0 
Relorasted 0 0 0 0 0 0 0 0 0 0 Relora,llld 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 frrtgallld paddy 0 0 0 0 0 0 0 0 0 0 
Reinledpaddy 0 0 0 0 0 0 0 0 0 0 Painted paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable gartlen 0 0 0 0 0 0 0 0 0 0 Vegetable ganlen 0.5 0.5 0 0 0 0 0 0 0 0 
l.fxedgartlen 0 0 0 0 0 0 0 0 0 0 MIJald ganlen -1 -0.5 -0.5 0 0 0 0 0 0 0 
Tega/an (Dry/and) 0 0 0 0 0 0 0 0 0 0 T egalan (Dryland) 0 0 0 0 0 0 0 0 0 0 
l.kban 0 0 0 0 0 0 0 0 0 0 Urfllln 0 0 0 0 0 0 0 0 0 0 

VII Fran: l)yllnd ~ogolln) to: Mind gonion VII Front Togalln lo: Vog gonion 
Primary forest 0 0 0 0 0 0 0 0 Primarylorast 0 0 0 0 0 0 0 0 
Secondary fotasl 0 0 0 0 0 0 0 0 Sea>ndary lo18SI 0 0 0 0 0 0 0 0 
Relorasted 0 0 0 0 0 0 0 0 /lelora,ted 0 0 0 0 0 0 0 0 
frrigatsdpaddy 0 0 0 0 0 0 0 0 lrrtgallld paddy 0 0 0 0 0 0 0 0 
Ra,inled paddy 0 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 
Vegelllblegartlen 0.5 0.5 0.5 0 0 0 0 0 Vegetable ganlen 4 4 2 0 0 0 0 0 
l.fxedgartlen 4 4 1 0 0 0 0 0 l.fxedganlen 0.5 0.5 0.5 0 0 0 0 0 
Tega/an (Dry/and) 0 0 0 0 0 0 0 0 Tega/an (Dryland) 0 0 0 0 0 0 0 0 
l.kban 0 0 0 0 0 0 0 0 Urfllln 0 0 0 0 0 0 0 0 

!Note: (NA) : Not applicable 
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Continuation from the previous page. 

Pro-industrialisation 
Oilt.Mct zr:ne, a Dll!aazont,G 

State,k 1 2 3 4 5 6 7 8 9 10 Slate, k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 2828 300 316.2 360.6 400 412.3 100 141.4 200 223.6 2112.8 300 316.2 360.6 400 412.3 

Du1cei1.....,.(colli2o•10011'j Cil-ln-(collilo• 100m) 

I From: Primary lollll to: Rllnlod plddy I From: Primary- 10: lrrtgad paddy 
PrfmBJy forest -5 0 0 0 0 0 0 Primarylon!st -5 0 0 0 0 0 0 0 0 
Secondary folllst 0 0 0 0 0 0 0 Sec:ondaryfol8SI 0 0 0 0 0 0 0 0 0 
Rsfolllstad 0 0 0 0 0 0 0 Rsforasled 0 0 0 0 0 0 0 0 0 
lrrl(/IIIBd paddy 0.2 0.2 0 0 0 0 0 lnfgaled pamly 0.5 0.5 0.5 0.5 0 0 0 0 0 
Rsiftedpamly 0.2 0.2 0 0 0 0 0 Rain/eel paddy 0 0 0 0 0 0 0 0 0 
Vegelllblegal!len 0.2 0.2 0 0 0 0 0 VagalBbjagalden 0 0 0 0 0 0 0 0 0 
l.fxeelgal!/en 0.2 0 0 0 0 0 0 l.fx&dgal!llln 0 0 0 0 0 0 0 0 0 
Tagalan (Dry/and) 0 0 0 0 0 0 0 Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 
ui,,,,, 0 0 0 0 0 0 0 l.kban 0 0 0 0 0 0 0 0 0 

u From: Socondlry forlll to: Rllnlod plddy • Front Secondary lcnet 10: lrrtgatad paddy 
PrfmBJyforest 0 0 0 0 0 0 0 0 Primary folllst 0 0 0 0 0 0 0 0 0 0 
Secondary folllst 0 0 0 0 0 0 0 0 Secondary forasl 0 0 0 0 0 0 0 0 0 0 
Rsfolllstad 0 0 0 0 0 0 0 0 Rsforasled 0 0 0 0 0 0 0 0 0 0 
lrrl(IIIIBd paddy 0 0 0 0 0 0 0 0 frrigaled pamly 2 0.5 0.5 0.5 0 0 0 0 0 0 
Rslrted pamly 5 0 0 0 0 0 0 0 Rain/ad paddy 0 0 0 0 0 0 0 0 0 0 
Vegetablegal!len 0 0 0 0 0 0 0 0 VagalBbjagarden 0 0 0 0 0 0 0 0 0 0 
l.fxeelgard911 0 0 0 0 0 0 0 0 l.fx&dgarden 0 0 0 0 0 0 0 0 0 0 
Tagalan (Dry/and) 0 0 0 0 0 0 0 0 Tega/an (Drylend) 0 0 0 0 0 0 0 0 0 0 
ui,,,,, 0 0 0 0 0 0 0 0 l.kban 0 0 0 0 0 0 0 0 0 0 

m From: lfTlgated paddy to: Rllnlod plddy (NA) IU Front lrrlgllod paddy 10: ~paddy (NA) . 
Primary forest 0 0 0 0 0 0 0 0 0 Primarylon!st 0 0 0 0 0 0 0 0 0 0 
Secondary folllst 0 0 0 0 0 0 0 0 0 Secondary fol8SI 0 0 0 0 0 0 0 0 0 0 
Rsfolllstad 0 0 0 0 0 0 0 0 0 RsforaslBd 0 0 0 0 0 0 0 0 0 0 
lrrigalBd paddy 0 0 0 0 0 0 0 0 0 /rrigaled pamly 0 0 0 0 0 0 0 0 0 0 
Ralnleelpamly 0 0 0 0 0 0 0 0 0 Rain/ad paddy 0 0 0 0 0 0 0 0 0 0 
Vegelllblegal!len 0 0 0 0 0 0 0 0 0 VagalBbjagarden 0 0 0 0 0 0 0 0 0 0 
l.fxeelgarden 0 0 0 0 0 0 0 0 0 l.fx&dgardlln 0 0 0 0 0 0 0 0 0 0 
Tagalan (Dry/and) 0 0 0 0 0 0 0 0 0 T egalan (Dry/and) 0 0 0 0 0 0 0 0 0 0 
ui,,,,, 0 0 0 0 0 0 0 0 0 l.kban 0 0 0 0 0 0 0 0 0 0 

IV From: Rllnledpoddy to: Rllnlod plddy (NA) IV Front -lod paddy to: ~paddy (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primaryfolllst 0 0 0 0 0 0 0 0 0 0 
Secondary f0t0st 0 0 0 0 0 0 0 0 0 0 Secondary forast 0 0 0 0 0 0 0 0 0 0 
Rsf0t0stad 0 0 0 0 0 0 0 0 0 0 Rsforasled 0 0 0 0 0 0 0 0 0 0 
lrrl(/IIIBd paddy 0 0 0 0 0 0 0 0 0 0 lrrigaled pam/y 0 0 0 0 0 0 0 0 0 0 
Ralnleelpamly 0 0 0 0 0 0 0 0 0 0 Rain/ad paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable garden 0 0 0 0 0 0 0 0 0 0 VagalBbjagarden 0 0 0 0 0 0 0 0 0 0 
l.fxeelgal!/en 0 0 0 0 0 0 0 0 0 0 l.fx&dgal!llln 0 0 0 0 0 0 0 0 0 0 
Tagalan (Dry/and) 0 0 0 0 0 0 0 0 0 0 T egatan (Drylend) 0 0 0 0 0 0 0 0 0 0 
ui,,,,, 0 0 0 0 0 0 0 0 0 0 l.kban 0 0 0 0 0 0 0 0 0 0 

V From: Vog gonion to: Rllnlod plddy (NA) V From: Vogg,rd• to: lrrtgatad paddy (NA) 
PrfmBJyforest 0 0 0 0 0 0 0 0 0 0 Primaryfolll/11 0 0 0 0 0 0 0 0 0 0 
Secondaryfolllst 0 0 0 0 0 0 0 0 0 0 Secondary forast 0 0 0 0 0 0 0 0 0 0 
Rsfolllstad 0 0 0 0 0 0 0 0 0 0 Rsforasled 0 0 0 0 0 0 0 0 0 0 
lrrl(/IIIBd paddy 0 0 0 0 0 0 0 0 0 0 Irrigated pam/y 0 0 0 0 0 0 0 0 0 0 
Ralnleelpamly 0 0 0 0 0 0 0 0 0 0 Rain/ad paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable gall/en 0 0 0 0 0 0 0 0 0 0 Vagatablogalden 0 0 0 0 0 0 0 0 0 0 
l.fxeelgal!/en 0 0 0 0 0 0 0 0 0 0 l.fx&dgalden 0 0 0 0 0 0 0 0 0 0 
Tagalan (Dry/and} 0 0 0 0 0 0 0 0 0 0 Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 0 
ui,,,,, 0 0 0 0 0 0 0 0 0 0 l.kban 0 0 0 0 0 0 0 0 0 0 

'II From: lhod gardon to: Rllnlod plddy (NA) 'II Front llncl ganr., to: lrrlgalad paddy (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 Primaryfolllsl 0 0 0 0 0 0 0 0 0 0 
Secondary folllst 0 0 0 0 0 0 0 0 0 Secondary forast 0 0 0 0 0 0 0 0 0 0 
Rsfolllstad 0 0 0 0 0 0 0 0 0 Rsforasled 0 0 0 0 0 0 0 0 0 0 
lrrl(/lllfldpaddy 0 0 0 0 0 0 0 0 0 lrrigsled pam/y 0 0 0 0 0 0 0 0 0 0 
Rai11edpam/y 0 0 0 0 0 0 0 0 0 Rain/ad paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable garden 0 0 0 0 0 0 0 0 0 VagalBbja garden 0 0 0 0 0 0 0 0 0 0 
l.fxeelgarden 0 0 0 0 0 0 0 0 0 l.fx&dgarden 0 0 0 0 0 0 0 0 0 0 
Tagalan (Dry/and) 0 0 0 0 0 0 0 0 0 Tega/an (Dry/and) 0 0 0 0 0 0 0 0 0 0 
ui,,,,, 0 0 0 0 0 0 0 0 0 l.kban 0 0 0 0 0 0 0 0 0 0 

vu From: Olyllnd (fe911M) to: Rllnlod plddy w Front llrytlnd (llgllln) to: ~poddy 
Primary forest 0 0 0 0 0 0 0 0 Primaryfolllsl 0 0 0 0 0 0 0 0 
Secondary l0t0st 0 0 0 0 0 0 0 0 Secondary forast 0 0 0 0 0 0 0 0 
Rsfolllstad 0 0 0 0 0 0 0 0 Rsforasled 0 0 0 0 0 0 0 0 
lrriglllBd paddy 0 0 0 0 0 0 0 0 /rrigaled pamly 0.2 0.2 0 0 0 0 0 0 
Rai11ed pamly 0.5 0.5 0 0 0 0 0 0 Rain/eel paddy 0 0 0 0 0 0 0 0 
Vegetable gal!len 0 0 0 0 0 0 0 0 VagalBbja garden 0 0 0 0 0 0 0 0 
l.fxeelgarden 0 0 0 0 0 0 0 0 l.fx&dgsrden 0 0 0 0 0 0 0 0 
Tagalan (Dry/and) 0 0 0 0 0 0 0 0 Tega/an (Drylend) 0 0 0 0 0 0 0 0 
ui,,,,, 0 0 0 0 0 0 0 0 l.kban 0 0 0 0 0 0 0 0 

!Note: (NA) : Not applicable 
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Pro-industrialisation 
Oi8Uf1CI zone, o Dlltanol.zot11, a 

State, k 1 2 3 4 5 6 7 8 10 Sla1e. k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 282.8 300 316.2 360.6 400 4123 100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 

Oillonce ii -10011121. ,oo .. Ol,-ln-(Ollllla•100m) 

From: Primary lo!NI 10: Soccx,cf1oy lo!NI I From Primary - to: Primary- (NA) 
Primary forest -0.5 -0.5 -0.5 -0.2 -0.2 0 0 0 Primary forest 0 0 0 0 0 0 0 0 0 0 
Secondary fomst 0.2 0.2 0.2 0 0 0 0 0 Soa>ndary ,O,ast 0 0 0 0 0 0 0 0 0 0 
Reforestsd 0 0 0 0 0 0 0 0 Refo,asted 0 0 0 0 0 0 0 0 0 0 
ftri(/IIIBdpaddy 0.2 0.2 0.2 0 0 0 0 0 tmgatedpaddy 0 0 0 0 0 0 0 0 0 0 
Rairiedpaddy 1 1 1 0 0 0 0 0 Rainfed ,-Jdy 0 0 0 0 0 0 0 0 0 0 
Vegetable glltrlen 1 1 0.5 0.5 0.5 0.5 0 0 Vegelablt1111den 0 0 0 0 0 0 0 0 0 0 
Mxed111nlwl 1 0.5 0.5 0.5 0.5 0 0 l.lixodgaldon 0 0 0 0 0 0 0 0 0 0 
Tegafan(Dryfand} 1 1 0.5 0.5 0.5 0.5 0 0 T eglllan (ar,t,nd) 0 0 0 0 0 0 0 0 0 0 
l.lb!n 0.5 0.5 0 0 0 0 0 0 lkt>on 0 0 0 0 0 0 0 0 0 0 

I From: Secondary lorlll to: Socondloy lo!NI (NA) II From Socondarylorut to: Primary- (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primary forest 0 0 0 0 0 0 0 0 0 0 
Secondary lotBst 0 0 0 0 0 0 0 0 0 0 Soa>ndary fo,asl 0 0 0 0 0 0 0 0 0 0 
Refomsted 0 0 0 0 0 0 0 0 0 0 Re/o,asted 0 0 0 0 0 0 0 0 0 0 
ftri(/IIIBdpaddy 0 0 0 0 0 0 0 0 0 0 fmgatedpaddy 0 0 0 0 0 0 0 0 0 0 
Rairiedpaddy 0 0 0 0 0 0 0 0 0 0 Rainfed ,-Jdy 0 0 0 0 0 0 0 0 0 0 
Vegetable glltrlen 0 0 0 0 0 0 0 0 0 0 Vegelablt1111den 0 0 0 0 0 0 0 0 0 0 
Mxec/1111!/en 0 0 0 0 0 0 0 0 0 0 l.lindgaldon 0 0 0 0 0 0 0 0 0 0 
Tega/an (Dry/and} 0 0 0 0 0 0 0 0 0 0 T eglllan (Dt}18nd} 0 0 0 0 0 0 0 0 0 0 
l.lb!n 0 0 0 0 0 0 0 0 0 0 lkt>on 0 0 0 0 0 0 0 0 0 0 

ID From: lmgltad paddy to: Socondloylo!NI (NA) ut From: lnlglllll paddy to: Primary- (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primary forest 0 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 Soa>ndary fo,asl 0 0 0 0 0 0 0 0 0 0 
Refomstsd 0 0 0 0 0 0 0 0 0 0 Reforasted 0 0 0 0 0 0 0 0 0 0 
ftri(/IIIBdpaddy 0 0 0 0 0 0 0 0 0 0 lmgatedpaddy 0 0 0 0 0 0 0 0 0 0 
Raltiedpaddy 0 0 0 0 0 0 0 0 0 0 Rainfed ,-Jdy 0 0 0 0 0 0 0 0 0 0 
Vegetable gal!len 0 0 0 0 0 0 0 0 0 0 Vegetable 1111den 0 0 0 0 0 0 0 0 0 0 
Mxedj!llnlwl 0 0 0 0 0 0 0 0 0 0 l.lindgaldon 0 0 0 0 0 0 0 0 0 0 
Tej!llfan(Drytand} 0 0 0 0 0 0 0 0 0 0 T eglllan (ar,t,nd) 0 0 0 0 0 0 0 0 0 0 
l.lb!n 0 0 0 0 0 0 0 0 0 0 lkt>on 0 0 0 0 0 0 0 0 0 0 

IV From: Rllnled paddy to: Socondloylo!NI (NA) IV From: Rllnr.r paddy to: Primary- (NA) 
Primarylorost 0 0 0 0 0 0 0 0 0 0 Primaryforost 0 0 0 0 0 0 0 0 0 
Secondary tomst 0 0 0 0 0 0 0 0 0 0 Soa>ndary fo,ast 0 0 0 0 0 0 0 0 0 
Raforestsd 0 0 0 0 0 0 0 0 0 0 Re/JJ,asted 0 0 0 0 0 0 0 0 0 
ltri(/llledpaddy 0 0 0 0 0 0 0 0 0 0 lmgatedpaddy 0 0 0 0 0 0 0 0 0 
Rairiedpaddy 0 0 0 0 0 0 0 0 0 0 Rainfed ,-Jdy 0 0 0 0 0 0 0 0 0 
Vegetable gal!len 0 0 0 0 0 0 0 0 0 0 Vegelablt1111den 0 0 0 0 0 0 0 0 0 
Mxec/1111!/en 0 0 0 0 0 0 0 0 0 0 l.lindgalden 0 0 0 0 0 0 0 0 0 
Tega/an (Dry/and} 0 0 0 0 0 0 0 0 0 0 T egatan (Dt}1and} 0 0 0 0 0 0 0 0 0 
l.lb!n 0 0 0 0 0 0 0 0 0 0 lkt>on 0 0 0 0 0 0 0 0 0 

V From: Vog gordln to: Socondloylo!NI (NA) V From: Vog gird., to: Primary- (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primary forest 0 0 0 0 0 0 0 0 0 0 
Secondary tomst 0 0 0 0 0 0 0 0 0 0 Soa>ndary forast 0 0 0 0 0 0 0 0 0 0 
Rafomsted 0 0 0 0 0 0 0 0 0 0 Relorasled 0 0 0 0 0 0 0 0 0 0 
ltri(/IIIBdpaddy 0 0 0 0 0 0 0 0 0 0 tmgatedpaddy 0 0 0 0 0 0 0 0 0 0 
Rainledpaddy 0 0 0 0 0 0 0 0 0 0 Rainfedpeddy 0 0 0 0 0 0 0 0 0 0 
Vegotableglltrlen 0 0 0 0 0 0 0 0 0 0 Vegelablt1111den 0 0 0 0 0 0 0 0 0 0 
Mxec/1111!/en 0 0 0 0 0 0 0 0 0 0 l.lixedgaldon 0 0 0 0 0 0 0 0 0 0 
Tega/an (Dry/and} 0 0 0 0 0 0 0 0 0 0 Tega/an (DryfandJ 0 0 0 0 0 0 0 0 0 0 
l.lb!n 0 0 0 0 0 0 0 0 0 0 lkt>on 0 0 0 0 0 0 0 0 0 0 

VI From: llxld gorclln to: Socondloylo!NI (NA) VI From: llxld ganr., to: Prlmlrylorul (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primary forest 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 Soa>ndary fo,asl 0 0 0 0 0 0 0 0 0 
Reforestsd 0 0 0 0 0 0 0 0 0 0 Re/JJrasled 0 0 0 0 0 0 0 0 0 
ltri(/llladpaddy 0 0 0 0 0 0 0 0 0 0 lmgatedpaddy 0 0 0 0 0 0 0 0 0 
Rainledpaddy 0 0 0 0 0 0 0 0 0 0 Rainled ,-Jdy 0 0 0 0 0 0 0 0 0 
Vegotablegal!len 0 0 0 0 0 0 0 0 0 0 Vegelablt1111den 0 0 0 0 0 0 0 0 0 
Mxedllllflen 0 0 0 0 0 0 0 0 0 0 l.lixedgalden 0 0 0 0 0 0 0 0 0 
Te111tan (Dry/and} 0 0 0 0 0 0 0 0 0 0 Tega/an (ar,t,nd) 0 0 0 0 0 0 0 0 0 
Llt>an 0 0 0 0 0 0 0 0 0 0 lkt>on 0 0 0 0 0 0 0 0 0 

w From: Dryllnd (mg,lln) to: Socondloylo!NI (NA) VII From: Dryllnd (tegolln) to: Prlmlrylorul (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primary forest 0 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 

Soa>ndary "'""'' 
0 0 0 0 0 0 0 0 0 0 

Reforestsd 0 0 0 0 0 0 0 0 0 0 Re/JJrasted 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 lmgatedpaddy 0 0 0 0 0 0 0 0 0 0 
Rairledpaddy 0 0 0 0 0 0 0 0 0 0 Rainfed ,-Jdy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganlwl 0 0 0 0 0 0 0 0 0 0 Vegelablt1111den 0 0 0 0 0 0 0 0 0 0 
Mxedj!llnlwl 0 0 0 0 0 0 0 0 0 0 l.lindgaldon 0 0 0 0 0 0 0 0 0 0 
T egatan (Dry/and} 0 0 0 0 0 0 0 0 0 0 T eglllan (Dt}1and) 0 0 0 0 0 0 0 0 0 0 
l)ban 0 0 0 0 0 0 0 0 0 0 lkt>on 0 0 0 0 0 0 0 0 0 0 

!Note: (NA) : Not applicable 
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Pro-Agriculture 

Oillance ZIXW, O Dllllraza.,a 
State, k 1 2 3 4 5 6 7 8 9 10 State, k t 2 3 4 5 6 7 8 9 10 

100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 
Cblanco ~ .-. (otl .,. • 100nj llllamln-(..aliaa100m) 

I From: Primary fora! lo: Urban I From: Primary- to: r.-n 
Pnmarylorosl -0.3 -0.3 0 0 0 0 0 0 0 0 PnmaryknSI 0 0 0 0 0 0 0 0 0 0 
S6contlaryfomsl 0 0 0 0 0 0 0 0 0 0 Secondary lo19St 0 0 0 0 0 0 0 0 0 0 
Rofomsllld 0 0 0 0 0 0 0 0 0 0 FIB/o19Sted 0 0 0 0 0 0 0 0 0 0 
lrrigatsdpaddy 0 0 0 0 0 0 0 0 0 0 lrrlgatedpat/rtt 0.2 0.2 0 0 0 0 0 0 0 0 
Reirlodpaddy 0 0 0 0 0 0 0 0 0 0 Raintlldpad/Jot 0.2 0.2 0 0 0 0 0 0 0 0 
VagstatieQBl1iOII 0 0 0 0 0 0 0 0 0 0 Vegetable galdon 0.8 0.8 0 0 0 0 0 0 0 0 
l.txlldgarr/OII 0 0 0 0 0 0 0 0 0 0 l.badaa,,i,n 0.8 0.8 0 0 0 0 0 0 0 0 
Toga/an /Drytand) 0 0 0 0 0 0 0 0 0 0 Taglllan {Drylend} 0.8 0.8 0 0 0 0 0 0 0 0 
Ubsn 0.1 0 0 0 0 0 0 0 0 0 l.ltlan 0.25 0.25 0.25 0 0 0 0 0 0 0 

• From: Secondary farlll to: Urban • Fran: Socondaryl- to: r.-n 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primary forest 0 0 0 0 0 0 0 0 0 0 
Secondary knsl 0 0 0 0 0 0 0 0 0 0 Sea>ndary lo19SI 0 0 0 0 0 0 0 0 0 0 
Rofomsllld 0 0 0 0 0 0 0 0 0 0 FIB/o19Sted 0 0 0 0 0 0 0 0 0 0 
/rrigatsdpaddy 0 0 0 0 0 0 0 0 0 0 /mgated paddy 1.5 1.5 1.5 0 0 0 0 0 0 0 
Relnllldpaddy 0 0 0 0 0 0 0 0 0 0 llalntlld padO'f 1.5 1.5 1.5 0 0 0 0 0 0 0 
VagstatieQBl1iOII 0 0 0 0 0 0 0 0 0 0 Vegelllblegaldon 5 5 5 0 0 0 0 0 0 0 
l.txlldganlOII 0 0 0 0 0 0 0 0 0 0 l.badganion 5 5 5 0 0 0 0 0 0 0 
Toga/an (Drytand) 0 0 0 0 0 0 0 0 0 0 T agllllln /Drylend) 5 5 5 0 0 0 0 0 0 0 
Ubsn t.3 t.3 t.3 0.7 0.7 0.7 0.7 0.7 0 l.ltlan 2 2 2 1.5 t.5 0 0 0 0 0 

tu From: lrrigltect plddy to: Urban NI Fran: lrrigltad paddy to: Tf11Un 
Primarylorosl 0 0 0 0 0 0 0 0 Primaryfomsl 0 0 0 0 0 0 0 0 0 
S6contlarylorosl 0 0 0 0 0 0 0 0 Sea>ndary lo19SI 0 0 0 0 0 0 0 0 0 
Refomsllld 0 0 0 0 0 0 0 0 FIB/orosted 0 0 0 0 0 0 0 0 o· 
lrrigatsdpaddy 0 0 0 0 0 0 0 0 lmgatlldpat/rtt 0 0 0 0 0 0 0 0 0 
Reinllldpaddy 0 0 0 0 0 0 0 0 Rainflld padO'f 0 0 0 0 0 0 0 0 0 
Vagslatie gan/OII 0 0 0 0 0 0 0 0 Vegelllblegaldon 0 0 0 0 0 0 0 0 0 
l.txlldg&n/OII 0 0 0 0 0 0 0 0 l.badaa,,i,n 0 0 0 0 0 0 0 0 0 
Toga/an (Drytand) 0.1 0.1 0 0 0 0 0 0 Taga/an (Drylend) 0 0 0 0 0 0 0 0 0 
Ubsn 1 0.1 0.1 0 0 0 0 0 l.ltlan 0 0 0 0 0 0 0 0 0 

IV From: Ralnlect plddy to: Urban IV Fran: -lad paddy to: r.-n 
PrimaryforBSI 0 0 0 0 0 0 0 0 Primaryknsl 0 0 0 0 0 0 0 0 0 
Secondaryfomsl 0 0 0 0 0 0 0 0 Sea>ndary lo19SI 0 0 0 0 0 0 0 0 0 
Roforosllld 0 0 0 0 0 0 0 0 FIB/orostlld 0 0 0 0 0 0 0 0 0 
lrrigatsdpaddy 0 0 0 0 0 0 0 0 fmgatlldpat/rtt 0 0 0 0 0 0 0 0 0 
Relnllldpaddy 0 0 0 0 0 0 0 0 llalntlldpsddy 0 0 0 0 0 0 0 0 0 
Vagstatiegan/OII 0 0 0 0 0 0 0 0 Vegelllblegaldon 0 0 0 0 0 0 0 0 0 
l.fxlldg&n/OII 0 0 0 0 0 0 0 0 l.badganlon 0 0 0 0 0 0 0 0 0 
Toga/an (Drytand) 0 0 0 0 0 0 0 0 Taglllan (Drylend) 0 0 0 0 0 0 0 0 0 
Ubsn 1 0.6 0.6 0.6 0 0 0 0 l.ltlan 0 0 0 0 0 0 0 0 0 

V From: Vog Gonion to: Urban V From: Vog Gorda, to: T.-n 
Prtmarylorosl 0 0 0 0 0 0 0 0 0 Pri,r,arykJttsl 0 0 0 0 0 0 0 0 0 0 
S6contlaryknsl 0 0 0 0 0 0 0 0 0 Sea>ndary fo195t 0 0 0 0 0 0 0 0 0 0 
Rel0t8sllld 0 0 0 0 0 0 0 0 0 FIB/orosted 0 0 0 0 0 0 0 0 0 0 
lrrigatsdpaddy 0 0 0 0 0 0 0 0 0 lmgatedpat/rtt 0 0 0 0 0 0 0 0 0 0 
Roinllldpaddy 0 0 0 0 0 0 0 0 0 ReintlldpadO'f 0 0 0 0 0 0 0 0 0 0 
Vagstatie g8J1!0II 0 0 0 0 0 0 0 0 0 Vegetable galdon 0 0 0 0 0 0 0 0 0 0 
l.txlldgarr/OII 0 0 0 0 0 0 0 0 0 l.badganlon 0 0 0 0 0 0 0 0 0 0 
Toga/an (Drytand) 0 0 0 0 0 0 0 0 0 T agalan {Drylend} 0 0 0 0 0 0 0 0 0 0 
Ubsn 0 0 0 0 0 0 0 0 0 l.ltlan 0 0 0 0 0 0 0 0 0 0 

VI From: llx.i 111rclon to: Urban VI Fran: IIDcfganta, to: Tf11Un 
PnmaryforBSI 0 0 0 0 0 0 0 0 Primary fomsl 0 0 0 0 0 0 0 0 0 0 
S6contlaryfomsl 0 0 0 0 0 0 0 0 Sea>ndary lo19SI 0 0 0 0 0 0 0 0 0 0 
Refomsllld 0 0 0 0 0 0 0 0 Flelo19Stlld 0 0 0 0 0 0 0 0 0 0 
lrrigatsdpaddy 0 0 0 0 0 0 0 0 /mgatlldpaddy 0 0 0 0 0 0 0 0 0 0 
Rein/lldpaddy 0 0 0 0 0 0 0 0 Raintlld pad/Jot 0 0 0 0 0 0 0 0 0 0 
Vagslatie QSniOII 0 0 0 0 0 0 0 0 Vegelllblegaldon 0 0 0 0 0 0 0 0 0 0 
l.txlldg&n/OII 0 0 0 0 0 0 0 0 Afxedgaldon 0 0 0 0 0 0 0 0 0 0 
Tega/an (Drytand) 0 0 0 0 0 0 0 0 T agalan (Dry/and} 0 0 0 0 0 0 0 0 0 0 
Ubsn 0.8 0.8 0.2 0.2 0.2 0 0 0 l.ltlan 0 0 0 0 0 0 0 0 0 0 

VII From: Oryllnd (logllln) to: Urban YR Fran: Togalln lo: Tf11Un (NA) 
Primary forest 0 0 0 0 0 0 0 0 0 0 Primary fomsl 0 0 0 0 0 0 0 0 0 0 
Secondary fomsl 0 0 0 0 0 0 0 0 0 0 Sea>ndary fo195t 0 0 0 0 0 0 0 0 0 0 
Rofomsllld 0 0 0 0 0 0 0 0 0 0 FIB/o19Stlld 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 lmgatlldpaddy 0 0 0 0 0 0 0 0 0 0 
Relnllldpaddy 0 0 0 0 0 0 0 0 0 0 Reintlld padO'f 0 0 0 0 0 0 0 0 0 0 
VagstatiegBl1i011 0 0 0 0 0 0 0 0 0 0 Vegelllblegaldon 0 0 0 0 0 0 0 0 0 0 
l.txlldganlsn 0 0 0 0 0 0 0 0 0 0 l.badga,mn 0 0 0 0 0 0 0 0 0 0 
Toga/an (Drytand) 0 0 0 0 0 0 0 0 0 0 T aga/an (Dry/and) 0 0 0 0 0 0 0 0 0 0 
Ubsn 4 4 2 2 2 2 0 0 0 0 l.ltlan 0 0 0 0 0 0 0 0 0 0 

I Note: !NA) : Not ~elicable 
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Pro-agriculture 
c:ut.a ZDne, Cl Dllllnalzona, Q 

State, k 1 2 3 4 5 6 7 8 9 10 Slate, t 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 282.8 nl 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 :m 316.2 360.6 400 412.3 

Cuwa n rnetn (oal liz• • 100"1 Cill .... il_( ...... •100m) 

I From: Prin11y tor.a 10: lllud gardon t From: Prinlly- to: Vog ganlln 
Pm!Btyforosl -0.1 0 0 0 0 0 0 0 0 PrfmBtyforosl -0.1 0 0 0 0 0 0 0 
Second81)' fot8st 0 0 0 0 0 0 0 0 0 Semndllryfof9SI 0 0 0 0 0 0 0 0 
Refot8sled 0 0 0 0 0 0 0 0 0 Rel-Orosted 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 lnfgatsdpaddy 0 0 0 0 0 0 0 0 
Reinletlpaddy 0 0 0 0 0 0 0 0 0 Relnted paddy 0 0 0 0 0 0 0 0 
V1111etablo gan/811 0.5 0.5 0 0 0 0 0 0 0 Vsgo-gold9n 0.5 0.5 0 0 0 0 0 0 
AfJteelgord811 0.5 0.5 0 0 0 0 0 0 0 AfJtedgeld9n 0.5 0.5 0 0 0 0 0 0 
Tega/an (Dry/and} 0 0 0 0 0 0 0 0 0 T ega/8n /D1f8fld) 0 0 0 0 0 0 0 0 
lltJan 0 0 0 0 0 0 0 0 0 IM>an 0 0 0 0 0 0 0 0 

a From: Socondlry lafllt 10: lllud gardon II From: Socondlryloml to: Vog ganlln 
Pnms,yforosl 0 0 0 0 0 0 0 0 0 PrfmBtyforosl 0 0 0 0 0 0 0 0 0 
Second81)' fot8st 0 0 0 0 0 0 0 0 0 Semndllryforost 0 0 0 0 0 0 0 0 0 
Refot8sted 0 0 0 0 0 0 0 0 0 Rel-Orosted 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 lnfgated paddy 0 0 0 0 0 0 0 0 0 
Rerled paddy 0 0 0 0 0 0 0 0 0 Ralnted paddy 0 0 0 0 0 0 0 0 0 
V1111etablo gan/811 2 2 0 0 0 0 0 0 0 Vsgo-gold9n 5 5 0 0 0 0 0 0 0 
AfJteelgord811 2 2 0 0 0 0 0 0 0 AfJtedgald9n 5 5 0 0 0 0 0 0 0 
Tega/an (Drytand} 3 3 0 0 0 0 0 0 0 T1111alan /D1f8fld) 5 5 0.5 0.5 0.5 0.5 0 0 0 
lltJan 0 0 0.2 0.2 0.2 0.2 0 0 0 IM>an 0 0 0 0 0 0 0 0 0 

II From: lmgltad palely 10: lllud gardon Ill From: irTlgllld paddy to: Vog ganlln 
Pm!Btyforos/ 0 0 0 0 0 0 0 PrfmBty fot8st 0 0 0 0 0 0 0 0 
Secondary fot8st 0 0 0 0 0 0 0 Semndary forost 0 0 0 0 0 0 0 0 
Refot8sted 0 0 0 0 0 0 0 Rel-Orosted 0 0 0 0 0 0 0 0 
Irrigated paddy -0.2 -0.2 -0.2 0 0 0 0 lnfgated paddy 0 0 0 0 0 0 0 0 
Rain/eel paddy 0 0 0 0 0 0 0 Relnted paddy 0 0 0 0 0 0 0 0 
V1111etablo gan/811 0 0 0 0 0 0 0 Vsgo-gold9n 0.4 0.4 0.4 0.3 0.2 0 0 0 
ldxeelgord811 0.2 0.2 0 0 0 0 0 AfJtedgald9n 0.3 0.3 0.2 0.2 0 0 0 0 
Tega/an (Drytand} 0 0 0 0 0 0 0 T 1111atan (Drytw,d} 0.2 0.2 0 0 0 0 0 0 
lltJan 0 0 0 0 0 0 0 IM>an 0 0 0 0 0 0 0 0 

IV From: Rllnlod palely 10: lllud gardon IV From: -led paddy to: Vog ganlln 
P7imaryforosl 0 0 0 0 0 0 0 PrfmBtyforosl 0 0 0 0 0 0 0 0 
Secondary fot8st 0 0 0 0 0 0 0 Semndary forost 0 0 0 0 0 0 0 0 
Refot8sted 0 0 0 0 0 0 0 Relorosted 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 lntgated paddy 0 0 0 0 0 0 0 0 
Flainleelpaddy 0 0 0 0 0 0 0 Relnted paddy 0 0 0 0 0 0 0 0 
V1111etablo gard811 0.5 0.5 0.5 0 0 0 0 Vsgo-gold9n 0.5 0.5 0 0 0 0 0 0 
AfJteelgord811 0.5 0.5 0.5 0 0 0 0 AfJtedgald9n 0.5 0.5 0 0 0 0 0 0 
Tega/an (Drytand} 0 0 0 0 0 0 0 T1111atan (Dryland} 0.2 0.2 0 0 0 0 0 0 
lltJan 0 0 0 0 0 0 0 IM>an 0 0 0 0 0 0 0 0 

V From: Vog Gonion 10: lllud gardon y From: Vog gan1., to: Vog ganlln (NA) 
P11mBtyforosl 0 0 0 0 0 0 0 0 Pnmaryfot8st 0 0 0 0 0 0 0 0 0 
Secondary fot8st 0 0 0 0 0 0 0 0 Semndary forost 0 0 0 0 0 0 0 0 0 
Refot8sted 0 0 0 0 0 0 0 0 Rel-Orosted 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 tntgated paddy 0 0 0 0 0 0 0 0 0 
Reinleelpaddy 0 0 0 0 0 0 0 0 Relnted paddy 0 0 0 0 0 0 0 0 0 
V"'1elablogardsn 0 0 0 0 0 0 0 0 Vsgo-gold9n 0 0 0 0 0 0 0 0 0 
ldxeel gard811 0.2 0.2 0.2 0.2 0 0 0 0 AfJtedgald9n 0 0 0 0 0 0 0 0 0 
Tega/an (Drytand} 0 0 0 0 0 0 0 0 T 11111/an (Drytw,d} 0 0 0 0 0 0 0 0 0 
lltJan 0 0 0 0 0 0 0 0 IM>an 0 0 0 0 0 0 0 0 0 

YI From: Ibid garclon to: lllud garden (NA) YI From: IIDcl gan1., to: Vog ganlln 
Prlm8l)'forosl 0 0 0 0 0 0 0 0 0 Primary fot8st 0 0 0 0 0 0 0 0 
Secondary fot8st 0 0 0 0 0 0 0 0 0 Semndary forost 0 0 0 0 0 0 0 0 
Refot8sted 0 0 0 0 0 0 0 0 0 Rel-Orasted 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 lnfgated paddy 0 0 0 0 0 0 0 0 
Flainledpaddy 0 0 0 0 0 0 0 0 0 Rainted paddy 0 0 0 0 0 0 0 0 
V1111etablegard811 0 0 0 0 0 0 0 0 0 Vsgo-gold9n 0.5 0.5 0 0 0 0 0 0 
ldxeelgord811 0 0 0 0 0 0 0 0 0 AfJtedgald9n -1 -0.5 -0.5 0 0 0 0 0 
Tega/an (Drytand} 0 0 0 0 0 0 0 0 0 Tega/an (Drytw,d} 0 0 0 0 0 0 0 0 
lltJan 0 0 0 0 0 0 0 0 0 IM>an 0 0 0 0 0 0 0 0 

VII From: Cryllnd (togalln) to: lllud gardon VII From: Togalln to: Vog ganlln 
P7imaryforosl 0 0 0 0 0 0 0 Pml8l)'fot8sl 0 0 0 0 0 0 0 0 
Secondary forosl 0 0 0 0 0 0 0 Semndary forost 0 0 0 0 0 0 0 0 
Refot8steel 0 0 0 0 0 0 0 Reforasted 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 lnfgated paddy 0 0 0 0 0 0 0 0 
Rainledpaddy 0 0 0 0 0 0 0 Rain/eel paddy 0 0 0 0 0 0 0 0 
V1111etablo gan/811 0.5 0.5 0.5 0 0 0 0 Vsgo-gold9n 4 4 2 0 0 0 0 0 
ldxeelgord811 4 4 1 0 0 0 0 AfJtedgald9n 0.5 0.5 0.5 0 0 0 0 0 
Tega/an (Drytand} 0 0 0 0 0 0 0 T 1111atan (Drytw,d} 0 0 0 0 0 0 0 0 
lltJan 0 0 0 0 0 0 0 IM>an 0 0 0 0 0 0 0 0 

!Note: (NA) : Not applicable 
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Pro-agriculture 
CXllanct ZIDf'II, a Dlllln:IIZCN,a 

State,k 1 2 3 4 5 6 7 8 9 10 State, k 1 2 3 4 5 6 7 8 9 10 
100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 
---( .. llizt·1~ Clio"'1ot In_ (OIi iia • 100m) 

I From: Prtrnary forat to: Rllntld paddy I Frcrn: Prtrnary - to: lfflgad plddy 
Prtmarytorest -5 0 0 0 0 0 0 0 Primalyltnst 0.5 0.5 0.5 0.5 0 0 0 0 0 0 
SecordBl)'lotest 0 0 0 0 0 0 0 0 Sec>m:fa,y lolasl 0 0 0 0 0 0 0 0 0 0 
Relotestsd 0 0 0 0 0 0 0 0 Relo18Sted 0 0 0 0 0 0 0 0 0 0 
lrri(llltec/paddy 0.2 0.2 0 0 0 0 0 0 lrrtgated psddy 0 0 0 0 0 0 0 0 0 0 
Rek!led psddy 0.2 0.2 0 0 0 0 0 0 Rain/ad paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganlen 0.2 0.2 0 0 0 0 0 0 Vegttabef18/tlen 0 0 0 0 0 0 0 0 0 0 
l.txodgaroen 0.2 0 0 0 0 0 0 0 ldadganlen 0 0 0 0 0 0 0 0 0 0 
Toga/lln/0,yland) 0 0 0 0 0 0 0 0 Tega/an (Drylond) 0 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 lkllrln 0 0 0 0 0 0 0 0 0 0 

I From: Socondlry forlll to: Rllntld paddy II Frcrn: 9-nclarylarut to: lfflgad paddy 
Prima,yforest 0 0 0 0 0 0 0 0 0 Primalylotest 0 0 0 0 0 0 0 0 0 
SecordBl)'lotest 0 0 0 0 0 0 0 0 0 Semnda,y fo18SI 0 0 0 0 0 0 0 0 0 
Relotestsd 0 0 0 0 0 0 0 0 0 Relo18Sted 0 0 0 0 0 0 0 0 0 
lrr1gatedpaddy 0 0 0 0 0 0 0 0 0 lrrtgaltdpsddy 2 0.5 0.5 0.5 0.2 0.2 0 0 0 
Relnfodpsddy 5 0 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 0 
Vegetable ganion 0 0 0 0 0 0 0 0 0 Vegelllblof181'*'n 0 0 0 0 0 0 0 0 0 
l.txodf18n/on 0 0 0 0 0 0 0 0 0 ldadgllldsn 0 0 0 0 0 0 0 0 0 
Toga/lln(D,yland) 0 0 0 0 0 0 0 0 0 T egaJan (Drylond) 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 lkllrln 0 0 0 0 0 0 0 0 0 

II From: lnig-plddy to: Rllntld paddy (NA) tu Frcrn: lnlgltld paddy to: ln1gad plddy (NA) 
Prima,yforesl 0 0 0 0 0 0 0 0 0 Prima,ylotest 0 0 0 0 0 0 0 0 0 0 
Secorda,ylotest 0 0 0 0 0 0 0 0 0 Semnda,y lo18SI 0 0 0 0 0 0 0 0 0 0 
Relotestod 0 0 0 0 0 0 0 0 0 Relorosted 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 lrrtgaltd psddy 0 0 0 0 0 0 0 0 0 0 
Rainlodpsddy 0 0 0 0 0 0 0 0 0 Ralnled paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganion 0 0 0 0 0 0 0 0 0 Vegtlllblof181'*'n 0 0 0 0 0 0 0 0 0 0 
l.txodfl8nion 0 0 0 0 0 0 0 0 0 ldadgllldsn 0 0 0 0 0 0 0 0 0 0 
Toga/lln(D,yland) 0 0 0 0 0 0 0 0 0 Tega/on (Drylond) 0 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 lkllrln 0 0 0 0 0 0 0 0 0 0 

IV From: Rllnlld plddy to: Rllntld paddy (NA) IV Frcrn: Rllnlld paddy to: ln1gltld plddy (NA) 
Prima,y forest 0 0 0 0 0 0 0 0 0 PrimaJy lotest 0 0 0 0 0 0 0 0 0 0 
Secorda,ylotest 0 0 0 0 0 0 0 0 0 Semnda,y lo18SI 0 0 0 0 0 0 0 0 0 0 
F/alOIBSIBd 0 0 0 0 0 0 0 0 0 Relorasted 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 lrrtgated psddy 0 0 0 0 0 0 0 0 0 0 
Ralnlodpsddy 0 0 0 0 0 0 0 0 0 Ralnled paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganion 0 0 0 0 0 0 0 0 0 Vegtlllblof181'*'n 0 0 0 0 0 0 0 0 0 0 
l.txodfl8nlon 0 0 0 0 0 0 0 0 0 ldadganlen 0 0 0 0 0 0 0 0 0 0 
Toga/lln(D,yland) 0 0 0 0 0 0 0 0 0 Tega/on (Drylond) 0 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 lkllrln 0 0 0 0 0 0 0 0 0 0 

V From: Veg gonion to: Rllntld paddy (NA) V From Veg 81fd• to: ln1gltocl plddy (NA) 
Prima,y forest 0 0 0 0 0 0 0 0 0 Ptimarylotest 0 0 0 0 0 0 0 0 0 0 
Secorda,y I018SI 0 0 0 0 0 0 0 0 0 Semnda,y lo18SI 0 0 0 0 0 0 0 0 0 0 
Ralotestsd 0 0 0 0 0 0 0 0 0 Relo18Sted 0 0 0 0 0 0 0 0 0 0 
lrri(llltsdpaddy 0 0 0 0 0 0 0 0 0 lrrtgated psddy 0 0 0 0 0 0 0 0 0 0 
Rak!led psddy 0 0 0 0 0 0 0 0 0 Rainlod paddy 0 0 0 0 0 0 0 0 0 0 
VegotBble ganion 0 0 0 0 0 0 0 0 0 Vegttabef18/tlen 0 0 0 0 0 0 0 0 0 0 
l.txodfl8nion 0 0 0 0 0 0 0 0 0 ldadganirln 0 0 0 0 0 0 0 0 0 0 
Toga/lln(D,yland) 0 0 0 0 0 0 0 0 0 T egalan (Oyland) 0 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 lkllrln 0 0 0 0 0 0 0 0 0 0 

VI From: lllld g,rdln to: Rllntld paddy (NA) VI From -1111<1• to: ln1gltocl plddy (NA) 
Prlma,y forest 0 0 0 0 0 0 0 0 0 0 Prima,y I018SI 0 0 0 0 0 0 0 0 0 0 
Secorda,y lotest 0 0 0 0 0 0 0 0 0 0 Semnda,y fo18SI 0 0 0 0 0 0 0 0 0 0 
Relotestsd 0 0 0 0 0 0 0 0 0 0 Relo18Sted 0 0 0 0 0 0 0 0 0 0 
lrri(llltec/paddy 0 0 0 0 0 0 0 0 0 0 lrrtgated psddy 0 0 0 0 0 0 0 0 0 0 
Rak!led psddy 0 0 0 0 0 0 0 0 0 0 Rainled paddy 0 0 0 0 0 0 0 0 0 0 
Vegetable ganion 0 0 0 0 0 0 0 0 0 0 Vegelllbloganirln 0 0 0 0 0 0 0 0 0 0 
l.txodganion 0 0 0 0 0 0 0 0 0 0 ldadgaltlen 0 0 0 0 0 0 0 0 0 0 
Toga/lln(D,yland) 0 0 0 0 0 0 0 0 0 0 Tega/an (Drylond) 0 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 0 lkllrln 0 0 0 0 0 0 0 0 0 0 

VII From: Dryllnd (mg,iln) to: Rllntld paddy VII Frcrn: Drytoncl (,__n) to: ln1gltocl plddy 
Prima,y forest 0 0 0 0 0 0 0 0 0 Primalylotest 0 0 0 0 0 0 0 0 0 
SecordBl)'lotest 0 0 0 0 0 0 0 0 0 Semnda,y roros, 0 0 0 0 0 0 0 0 0 
Relotestsd 0 0 0 0 0 0 0 0 0 Relo18Sted 0 0 0 0 0 0 0 0 0 
lrri(llltsdpaddy 0 0 0 0 0 0 0 0 0 lrrtgaltd psddy 1 1 1 0.5 0.5 0.5 0.5 0 0 
Ralrlod psddy 0.5 0.5 0 0 0 0 0 0 0 Ralnled paddy 0 0 0 0 0 0 0 0 0 
VegslBble ganiBII 0 0 0 0 0 0 0 0 0 Vegelllblof181'*'n 0 0 0 0 0 0 0 0 0 
l.txodgaroen 0 0 0 0 0 0 0 0 0 ldadgllldsn 0 0 0 0 0 0 0 0 0 
Toga/lln(D,yland) 0 0 0 0 0 0 0 0 0 T egalan (Oy/and) 0 0 0 0 0 0 0 0 0 
Ut>an 0 0 0 0 0 0 0 0 0 lkllrln 0 0 0 0 0 0 0 0 0 

!Note: (NA) : Not applicable 
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Pro-agriculture 

Diltance zone, o OIIWIOI ZDM, d 
Slate, k 1 3 4 5 6 7 8 9 10 Slale,k 1 2 3 4 5 6 7 8 9 10 

100 141.4 200 223.6 2828 300 316.2 360.6 400 412.3 100 141.4 200 223.6 282.8 300 316.2 360.6 400 412.3 
Dillln::e ii nwtn (cal •• • 100m) Qal!nel In rrBIIII (cell alZI • 1<Dn) 

I From: Primary lol'NI to: Secondary forell I Fram: Pm,ory 1-1 • to: Primlry- (NA) 
l'nmll!Ylorest -0.5 -0.5 -0.5 -0.2 -0.2 0 0 0 0 0 Primary lo18St 0 0 0 0 0 0 0 0 0 0 
Secondart forest 0.5 0.5 0.5 0 0 0 0 0 0 0 Sea>,d,rylotast 0 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 Refor8Sled 0 0 0 0 0 0 0 0 0 0 
trrtgatedpaddy 0.2 0.2 0.2 0 0 0 0 0 0 0 Irrigated paddy 0 0 0 0 0 0 0 0 0 0 
Flainlodpaddy 1 1 0 0 0 0 0 0 0 Flainled paddy 0 0 0 0 0 0 0 0 0 0 
Vegetablegsn:len 1 0.5 0.5 0.5 0.5 0 0 0 0 Vegetable garden 0 0 0 0 0 0 0 0 0 0 
ldxodgsn:len 1 0.5 0.5 0.5 0.5 0 0 0 0 Mind garden 0 0 0 0 0 0 0 0 0 0 
Togs/an (Dryland) 1 1 0.5 0.5 0.5 0.5 0 0 0 0 Tegatan (Dryland) 0 0 0 0 0 0 0 0 0 0 
Uf1an 0.5 0.5 0 0 0 0 0 0 0 0 utan 0 0 0 0 0 0 0 0 0 0 

u From: Socondary lol'NI to: Secondary loreot (NA) Fram: -ry lorNI to: Primlry- (NA) 
Prinwylorest 0 0 0 0 0 0 0 0 0 0 Primary lo18St 0 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 Sea,ndo,y- 0 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 Refor8Sled 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 frrtgatedpaddy 0 0 0 0 0 0 0 0 0 0 
Flainledpaddy 0 0 0 0 0 0 0 0 0 0 Flalnlod paddy 0 0 0 0 0 0 0 0 0 0 
Vegelablegan:len 0 0 0 0 0 0 0 0 0 0 Vegetable garden 0 0 0 0 0 0 0 0 0 0 
ldxodgsn:len 0 0 0 0 0 0 0 0 0 0 Mind garden 0 0 0 0 0 0 0 0 0 0 
Togs/an (Dryland) 0 0 0 0 0 0 0 0 0 0 Tegatan (Drytand) 0 0 0 0 0 0 0 0 0 0 
Uf1an 0 0 0 0 0 0 0 0 0 0 utan 0 0 0 0 0 0 0 0 0 0 

Ill From: lrrlglllod paddy lo: Secondary foreot (NA) Ill Fram: lrrlgllal poddy to: Primlry- (NA) 
Prinwylorest 0 0 0 0 0 0 0 0 0 0 Primary lo18St 0 0 0 0 0 0 0 0 0 0 
Seconc/aJy forest 0 0 0 0 0 0 0 0 0 0 Sea>,d,rylotast 0 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 Refor8Sled 0 0 0 0 0 0 0 0 0 0 
/rrtgaledpaddy 0 0 0 0 0 0 0 0 0 0 Irrigated paddy 0 0 0 0 0 0 0 0 0 0 
Reinledpaddy 0 0 0 0 0 0 0 0 0 0 Reinled paddy 0 0 0 0 0 0 0 0 0 0 
Vegetablegsn:len 0 0 0 0 0 0 0 0 0 0 Vegetable garden 0 0 0 0 0 0 0 0 0 0 
ldxodgsn:len 0 0 0 0 0 0 0 0 0 0 Mixed garden 0 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 0 Tega tan (Dryland) 0 0 0 0 0 0 0 0 0 0 
Uf1an 0 0 0 0 0 0 0 0 0 0 !.l1lan 0 0 0 0 0 0 0 0 0 0 

IV From: Rllnfod palely to: Secondary'"'"" (NA) IV Fram: Rllnlal poddy to: Primlry- (NA) 
Prtmarytorest 0 0 0 0 0 0 0 0 0 0 Prlmarylol8SI 0 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 Sea>,d,rylorest 0 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 Reforested 0 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 Irrigated paddy 0 0 0 0 0 0 0 0 0 0 
Flainfodpaddy 0 0 0 0 0 0 0 0 0 0 Rainfedpaddy 0 0 0 0 0 0 0 0 0 0 
Vegetable gsn:len 0 0 0 0 0 0 0 0 0 0 Vof181ablegarden 0 0 0 0 0 0 0 0 0 0 
ldxodgsn:len 0 0 0 0 0 0 0 0 0 0 Mind garden 0 0 0 0 0 0 0 0 0 0 
Togs/an (Dryland) 0 0 0 0 0 0 0 0 0 0 Tegatan (Dryland) 0 0 0 0 0 0 0 0 0 0 
Uf1an 0 0 0 0 0 0 0 0 0 0 Urban 0 0 0 0 0 0 0 0 0 0 

V From: Vog garden to: Secondary loreot (NA) V Fram: Vogganl111 to: Primlry- (NA) 
Prtmaryforest 0 0 0 0 0 0 0 0 0 0 PrimaryfollSI 0 0 0 0 0 0 0 0 0 
Sea,ndaryforest 0 0 0 0 0 0 0 0 0 0 Sea,ndo,y- 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 Reforested 0 0 0 0 0 0 0 0 0 
lrrtgaledpaddy 0 0 0 0 0 0 0 0 0 0 Irrigated paddy 0 0 0 0 0 0 0 0 0 
Rainfodpaddy 0 0 0 0 0 0 0 0 0 0 Ralnlod paddy 0 0 0 0 0 0 0 0 0 
Vegetablagsn:len 0 0 0 0 0 0 0 0 0 0 Vof181able garden 0 0 0 0 0 0 0 0 0 
ldxodgsn:len 0 0 0 0 0 0 0 0 0 0 l.lindgsn:lan 0 0 0 0 0 0 0 0 0 
Togs/an (Dryland) 0 0 0 0 0 0 0 0 0 0 Tega/an (Drytand) 0 0 0 0 0 0 0 0 0 
Uf1an 0 0 0 0 0 0 0 0 0 0 !.l1lan 0 0 0 0 0 0 0 0 0 

VI From: 11..i gonion lo: Secondary foreot (NA) VI Front Mlllod garden to: 
Primlry '"'"" 

(NA) 
Prtmarylorest 0 0 0 0 0 0 0 0 0 0 Primary lorost 0 0 0 0 0 0 0 0 0 
Secondart forest 0 0 0 0 0 0 0 0 0 0 Sea,ndo,y/otast 0 0 0 0 0 0 0 0 0 
Reforested 0 0 0 0 0 0 0 0 0 0 Raforested 0 0 0 0 0 0 0 0 0 
Irrigated paddy 0 0 0 0 0 0 0 0 0 0 Irrigated paddy 0 0 0 0 0 0 0 0 0 
Rainled paddy 0 0 0 0 0 0 0 0 0 0 Rainledpaddy 0 0 0 0 0 0 0 0 0 
Vegetablegsn:len 0 0 0 0 0 0 0 0 0 0 Vaf181ablegsn:lan 0 0 0 0 0 0 0 0 0 
ldxodgsn:len 0 0 0 0 0 0 0 0 0 0 Mind garden 0 0 0 0 0 0 0 0 0 
Togs/an (Dryland) 0 0 0 0 0 0 0 0 0 0 Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 
Uf1an 0 0 0 0 0 0 0 0 0 0 utan 0 0 0 0 0 0 0 0 0 

w From: [)yllnd (ll!lllan) to: Secondary loreot (NA) VII Fram: Dryllnd (laglllln) to: Primlry- (NA) 
Prinwylorest 0 0 0 0 0 0 0 0 0 0 Primary lo18SI 0 0 0 0 0 0 0 0 0 
Secondary forest 0 0 0 0 0 0 0 0 0 0 Sea,ndllrylorest 0 0 0 0 0 0 0 0 0 
Ralorested 0 0 0 0 0 0 0 0 0 0 Raforestod 0 0 0 0 0 0 0 0 0 
lrrtgaledpaddy 0 0 0 0 0 0 0 0 0 0 Irrigated paddy 0 0 0 0 0 0 0 0 0 
Rainlodpaddy 0 0 0 0 0 0 0 0 0 0 Rainfedpaddy 0 0 0 0 0 0 0 0 0 
Vegetablagsn:len 0 0 0 0 0 0 0 0 0 0 VOf181ab/a garden 0 0 0 0 0 0 0 0 0 
ldxodgsn:len 0 0 0 0 0 0 0 0 0 0 Mind garden 0 0 0 0 0 0 0 0 0 
Tega/an (Dryland) 0 0 0 0 0 0 0 0 0 0 Tega/an (Drytand) 0 0 0 0 0 0 0 0 0 
Uf1an 0 0 0 0 0 0 0 0 0 0 utan 0 0 0 0 0 0 0 0 0 

!Note: (NA) : Not applicable 
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CHAPTER 7 

CLIMATE COMPONENT WITHIN THE FRAMEWORK 

OF AN INTEGRATED SYSTEM 

7.1 INTRODUCTION 

The climate component in this thesis is part of the proposed integrated model used 

to conduct a sensitivity analysis of river flow variability with respect to changes in 

land use and climate. This climate component is used to create climate scenarios. 

These, together with the land use scenarios (Chapter 6), will be used by the 

hydrological component as the inputs for calculating the streamflow. 

Basic methods used to generate climate scenarios have been reviewed in Chapter 

4. This chapter will focus on how to create climate change scenarios within the 

integrated system family of CLIMP ACTS and its new variant created for this 

thesis, called INDOCLIM. The CLIMP ACTS integrated system was selected for 

generating the climate change scenarios because of its flexibility enabling it to be 

easily adapted to any region in the world and to be designed for sensitivity studies 

of any climate change related issue (Warrick et al., 1996; 2001; Kenny et al., 

1995; 1999a; 1996b). The discussion in this chapter includes the creation of 

baseline data, identification and selection of the underlying greenhouse gas 

(GHG) emission scenarios, and the general circulation model (GCM) patterns to 

be used, which will be accomplished through reviewing some regional climate 

change studies in relation to the study area. 
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7.2 CONCEPT OF THE CLIMPACTS FAMILY OF MODELS 

CLIMP ACTS is a computer-based integrated system that combines models and 

data sets for the purpose of undertaking climate change impact assessments for 

New Zealand. The original CLIMP ACTS model was used to assess three sectors: 

natural vegetation (tree species), agriculture (grasslands and arable crops), and 

horticulture (kiwifruit). Many of its variants have been developed and used in 

parts of the world for a similar use, that is to conduct impact assessments of 

climate change focusing on selected sectors (Warrick, in press). BDCLIM, for 

example, was developed for Bangladesh with a focus on the water resources 

sector (Warrick et al., 1996), and PACCLIM was developed for Pacific Island 

countries, and focuses on coastal resources, agriculture, water resources and 

health sectors (Kenny, 1999). These variants were reproduced with a similar 

concept and core code of the CLIMP ACTS model. The key aspects of this family 

of model are simplicity and flexibility. The models can also be adapted quickly to 

follow developments in climate change science. 

The conceptual structure of the CLIMP ACTS family consists of several models 

and analytical tools, which can be divided into two main stages (Figure 7.1). The 

first stage is a scenario generator (above the dashed line in Figure 7.1) and the 

second stage consists of sectoral models (below the dashed line). 

The scenario generator component comprises a global climate model which links 

with a regional climate change scenario generator. The regional climate change is 

derived by bringing together: all historical climate data (temperature and rainfall) 

for base-line construction; patterns of climate change from GCMs; and 

temperature and sea-level change patterns which are the output of the global 

climate model. They are then processed in the regional climate change scenario 

generator. 
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Figure 7.1: Schematic representation of the PACCLIM model system (a variant 
of CLIMPACTS) and its main components. (Source: Kenny et al., 1999.) 

The global climate model used in CLIMP ACTS is MAGI CC (Model for 

Assessment of Greenhouse gas Induced Climate Change). It is classified as a 

simple climate model (Harvey et al., 1997) and can be used to generate time­

dependent global temperature and sea-level change induced by the emission of 

GHGs (Wigley and Raper, 1992; Wigley et al., 2000; Hulme et al., 20001·1). 

The sectoral models are used to generate regional sectoral environmental effects 

from the selected scenarios. They use the outputs from the scenario generators as 

inputs in order to assess the sectoral impacts. The number of models in this 

7-1 MAGICC 2.4 is the latest version that has been developed with a similar concept to the earlier versions. 
This version was used in the IPCC Second Assessment Report to produce global mean-temperature 
projections (Kallenberg et al., 1996) and sea-level projections (Warrick et al., 1996). 
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section of the CLIMP ACTS model depends on the number of impact assessments 

required. 

The recent variants of CLIMP ACTS use two key sets of GHG emissions 

scenarios; the IPCC IS92 policy scenarios (first published by Leggett et al., 1992; 

and revised by Houghton et al., 1995), and the SRES marker scenarios (Al, A2, 

Bl, B2 story-line families) (IPCC, 2000). The global mean temperature change 

for the SRES marker scenarios is shown in Figure 7 .2. 

There are several options with regard to GCM patterns to be used. A selection of 

patterns to be used will be discussed in a later section, together with the base-line 

construction. 

The prototype of the integrated model for this thesis (INDOCLIM) is produced 

based on the concept of this family model. The INDOCLIM generates climate 

data as required by the hydrological component, and simultaneously processes the 

impact of such changes through the hydrological component (water balance 

model) which is attached to this integrated system. Details of this integrated 

model are discussed in a later section. 

The next section discusses the selection of GHG emission scenarios and GCM 

patterns for INDOCLIM, by reviewing some regional climate change studies in 

relation to the study area. 
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Figure 7.2: The range of projected global average temperature increase relative to 
1990 as estimated by Working Group I of the IPCC for scenarios from the Special 
Report on Emissions Scenarios (SRES). The shaded envelope is the maximum to 
minimum range of global average temperature derived from several GCMs with 
all SRES (Source: McCarthy et al., 2001.) 

7.3 REGIONAL AND LOCAL CLIMATE CHANGE 

Global warming causes changes in the climate that may vary in magnitude from 

place to place (IPCC-TGCIA, 1999; Kattenberg et al., 1996). Published reports on 

future climate change in tropical regions are few in comparison to the mid-latitude 

regions, probably because the climate in the tropics is less subject to change than 

in the mid-latitude areas, or maybe because of the dominance of mid-latitude 

climate change impact studies, or maybe because of difficulties in dealing with 

specific problems in the tropics such as the deep tropical convection and tropical 

cyclones (Hulme and Viner, 1998). The most comprehensive report on future 

climate changes for the tropical region of Southeast Asia is perhaps the article in 

the Third Assessment Report (TAR) of the IPCC Working Group II (Lal et al., 

2001). Hulme and Viner (1998) presented one of the few reports on the climate 

change specifically in tropical areas. At a country level, Hulme and Sheard (1999) 
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presented some details of climate change scenarios for the Indonesian region. 

Some earlier reports focusing on sectoral impacts of climate change for some 

parts oflndonesia were presented by Murdiyarso (1996) and Amien et al. (1996). 

Southeast Asian region 

Lal et al. (2001) reported scenarios of future climate change in Asia based on the 

radiative forcing inferred from likely future increases in GHGs and sulphate 

aerosols as prescribed under IS92a emission scenarios (Leggett et al., 1992; 

Houghton et al., 1995). The scenarios were developed using several AOGCMs 

(Coupled Atmospheric-Ocean General Circulation Models), which were selected 

after validation on the basis of pattern correlation coefficients and root mean 

square errors between the observed and model-simulated seasonal mean sea-level 

pressure, surface air temperature, and rainfall patterns over some Asian regions. 

(An example is given here for the Southeast Asian region [Figure 7.3], which 

shows that ECHAM4, HadCM2 and CCSR produced superior results to other 

models.) The IPCC report uses four models for the analysis of climate change in 

the Asian region, namely HadCM2 (Hadley Climate Centre, U.K.) (Mitchell et 

al., 1999), ECHAM4 (German Climate Research Centre) (Rockener et al., 1996), 

CSIRO (Commonwealth Scientific and Industrial Research Organisation, 

Australia) (Hirst et al., 1999), and CCSR (Center for Climate System Research, 

Japan) (Emori et al., 1995). 

A summary of climate changes in the Asian region and its sub-regions is given in 

Table 7 .1. The mean air temperature for the area is given at the top of the table, 

and precipitation at the bottom of the table. The shaded rows are the values for the 

Southeast Asian tropical region. The scenarios of changes in air temperature and 

precipitation were developed with a 1961-1990 baseline, with three future time 

periods of projection centred around the 2020s (2010-2029), the 2050s (2040-

2069), and the 2080s (2070-2099). 
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Figure 7.3: Validation of simulated and observed area-averaged annual cycle of 
surface air-temperature over Southeast Asia. (Source: Lal et al., 2001.) 

With an increase in atmospheric concentration of GHGs under the IS92a emission 

scenarios, the annual mean warming over the whole land region of Asia is 

projected to increase by l.6°C in the 2020s, 3.1 °C in the 2050s, and 4.6°C in the 

2080s. A combined influence of GHGs and sulphate aerosols will limit the 

increase of surface warming to l.4°C in the 2020s, 2.5°C in the 2050s, and 3.8°C 

in the 2080s. For the Southeast Asian sub-region, under an increased 

concentration of GHGs only, the annual mean warming is projected to increase by 

1.05°C in the 2020s, 2.15°C in the 2050s, and 3.03°C in the 2080s. With a 

combination of GHGs and sulphate aerosols, the annual mean warming is 

restricted to 0.96°C in the 2020s, l.72°C in the 2050s, and 2.49°C in the 2080s. 

As can be seen in Table 7 .1, the seasonal variations over the land regions of Asia 

also change, with the warming in the winter being higher than the warming in 

summer. These different magnitudes of seasonal warming are also expected to 

occur in the Southeast Asia region, but with relatively lower magnitudes. 
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Table 7.1: Plausible changes in area-averaged surface air temperature (top) and precipitation 
(bottom) over Asia and its subregions as a result of future increases in greenhouse gases 
(under IS92a emission scenarios), as inferred from an ensemble of data generated in 
experiments with CCSR/NIES, CSIRO, ECHAM4, and HadCM2 AOGCMs. Numbers in 
parentheses are area-averaged changes when direct effects of sulphate aerosols are included. 
(Source: Lal et al., 2001.) 

Temperature change (2C) 
2020s 2050s 2080s 

Regions Annual Winter Summer Annual Winter Summer Annual Winter Summer 

Asia 1.58 1.71 1.45 3.14 3.43 2.87 4.61 5.07 4.23 
(1.36) (1.52) (1.23) (2.49) (2.77) (2.23) (3.78) (4.05) (3.49) 

Boreal 2.17 2.66 1.71 4.32 5.52 3.29 6.24 8.04 4.82 
(1.88) (2.21) (1.47) (3.52) (4.46) (2.83) (5.30) (6.83) (4.24) 

Arid/Semi-arid 
- Central Asia 1.61 1.56 1.77 3.18 2.81 3.55 4.83 4.41 5.34 

(1.47) (1.55) (1.49) (2.69) (2.61) (2.59) (4.15) (3.78) (4.36) 
• Tibet 1.77 1.90 1.62 3.38 3.55 3.19 5.04 5.39 4.69 

(1.56) (1.83) (1.40) (2.62) (2.94) (2.27) (4.06) (4.32) (3.73) 

Temperate 1.49 1.74 1.23 2.86 3.26 2.48 4.34 5.11 3.67 
(1.19) (1.50) (0.99) (2.10) (2.40) (1.72) (3.31) (3.83) (2.77) 

Tropical 
- South Asia 1.36 1.62 1.13 2.69 3.25 2.19 3.84 4.52 3.20 

(1.06) (1.19) (0.97) (1.92) (2.08) (1.81) (2.98) (3.25) (2.67) 
-SE Asia 1.05 1.12 1.01 2.15 2.28 2.01 3.03 3.23 2.82 

(0.96) (0.94) (0.96) (1.72) (1.73) (1.61) (2.49) (2.51) (2.34) 

Precipitation change (%) 
2020s 2050s 2080s 

Regions Annual Winter Summer Annual Winter Summer Annual Winter Summer 

Asia 3.6 5.6 2.4 7.1 10.9 4.1 11.3 18.0 5.5 
(2.3) (4.3) (1.8) (2.9) (6.5) (1.5) (7.0) (12.1) (3.5) 

Boreal 6.1 11.1 2.6 12.8 23.8 5.1 20.7 39.5 7.7 
(6.7) (10.7) (3.3) (12.0) (19.7) (7.1) (18.9) (31.5) (10.3) 

Arid/Semi-arid 
• Central Asia 1.3 3.0 -2.1 1.3 6.9 -2.3 -1.3 6.9 -4.0 

(1.1) (2.7) (5.9) (0.6) (1.4) (0.7) (-3.6) (1.0) (-1.8) 
• Tibet 5.9 8.9 4.4 9.0 19.2 4.7 12.8 25.6 5.7 

(3.4) (7.4) (1.7) (7.5) (14.8) (1.7) (11.5) (18.8) (3.8) 

Temperate 3.9 4.2 3.7 7.9 13.3 5.4 10.9 20.1 7.8 
(0.9) (0.4) (1.2) (1.3) (4.3) (0.7) (4.8) (7.1) (3.1) 

Tropical 
• South Asia 2.9 2.7 2.5 6.8 -2.1 6.6 11.0 5.3 7.9 

(1.0) (-10.1) (2.8) (-2.4) (·14.8) (0.1) (·0.1) (-11.2) (2.5) 
• SE Asia 2.4 1.4 2.1 4.6 3.5 3.4 8.5 7.3 6.1 

(1.7) (3.3) (1.2) (1.0) (2.9) (2.6) (5.1) (5.9) (4.9) 
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Precipitation is also expected to increase in most parts of Asia as the result of an 

increase of atmospheric concentration of OHOs (under the IS92a emission 

scenarios). The annual area-mean precipitation over the land regions of Asia is 

projected to increase by 3.6% in the 2020s, 7.1 % in the 2050s, and 4.61 % in the 

2080s. When sulphate aerosols are combined with the OHOs, the increase is 

limited to 2.3% in the 2020s, 2.9% in 2050s and 7 .0% in the 2080s. A similar case 

is encountered in Southeast Asia, where under the IS92a emission scenarios the 

precipitation is projected to increase by 2.4% in 2020s, 4.6% in the 2050s, and 

8.5% in the 2080s. With the inclusion of sulphate aerosols, the increase is 1.7% in 

the 2020s, 1.0% in the 2050s, and 5.1 % in the 2080s. 

In summary, results from the four best AOOCM experiments (HadCM2, 

ECHAM4, CSIRO, and CCSR) suggest that with the prescribed emissions 

scenarios of OHOs (and sulphate aerosols), the climate of the Southeast Asian 

region will be warmer and wetter in all seasons than the current climate condition. 

Country level: Indonesia 

In general, the changes in Indonesia's climate show a similar trend to the changes 

in the Southeast Asian region. Hulme and Sheard ( 1999) generated climate change 

scenarios for Indonesia based on four SRES scenarios (B 1, B2, Al and A2). 

These four SRES scenarios represent OHO emissions ordered from low levels of 

emission to high levels.1-2 Three different sensitivity values were chosen: l.5°C 

(low), 2.5°C (medium), and 4.5°C (high). Future global warming was calculated 

by using a simple climate model created from a combination of the SRES 

scenanos and climate sensitivity (i.e. B 1-low, B2-mid, Al-mid, and A2-high). 

The simulations of the climate response to the increased OHO concentrations for 

7-2 The change in carbon emissions from energy/industrial sources in comparison to the year 2000 emissions 
(estimated) for the four scenarios ranges from a decrease of 4% (scenario B 1 - the lowest) to an increase by 
320% (scenario A2 - the highest). Atmospheric CO2 concentrations increase for all scenarios from about 370 
ppmv to 550 ppmv by 2100 (the lowest) and to over 830 ppmv (the highest). 
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Indonesia were performed by seven climate laboratories located in six different 

countries. The results described here are the median responses of the climate 

model simulations. 

The air temperature in Indonesia will increase rather slowly in the future 

compared to the global average, with a rate in a range between about 0.1 °C/decade 

for the Bl-low scenario and 0.3°C/decade for the A2-high scenario compared to 

the global average, which is in a range between 0.1 °C/decade for the BI-low and 

0.4°C/decade for the A2-high.7-3 This rate of warming is quite uniform throughout 

the year for the whole region, including Java. 

The future annual average precipitation over the Indonesian region increases 

across the majority of Indonesia, except in the southern part including Java. 

During the high rainfall season (December to February), parts of Sumatra and 

Borneo become 10 - 30% wetter in the 2080s. However, the southern part of 

Indonesia (including Java and Bali) may become drier by about 5 - 15% (under B­

l low and A2 high scenarios respectively). During the June to August months 

(low rainfall season), the changes in precipitation are generally smaller. Negative 

changes (drier) may occur in the south, particularly in Java with a range of 

changes from 0% (B-1 low scenario) to about 15% drier in west and central Java 

(A-2 high scenario) and from 0% (B-1 low scenario) to 25% drier in east Java (A-

2 high scenario). 

A previous study by Hulme and Viner (1998) based on the IS92 emission 

scenarios and UK.TR (U.K. Meteorological Office Model with Transient 

Response) experiment over the Indonesian region shows an increase in 

precipitation at the beginning of the rainy season (September to November), and a 

7-3 The temperature data from 12 carefully selected climate stations in Indonesia show an increasing trend of 
temperature at a rate between 0.2 and 0.4°C/decade since 1970 (De Rozari, 1993). In 1998, the increase was 
almost I °C higher than the average increase in the 1960-1990 period (Hulme and Sheard, 1999). 
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reduction towards the end of the season (December to February), while the March 

to August period shows little precipitation change. 

Local level: West Java 

The number of studies on the impacts of climate change which include climate 

change scenarios is very small. Some of them are by Murdiyarso (1996) and 

Arnien et al., (1996). 

Murdiyarso applied scenarios generated by the relatively low spatial resolution 

GISS (Goddard Institute for Space Studies) model of the equilibrium response 

type GCM to study water resources in a large sized catchment in west Java. It was 

found that doubling atmospheric CO2 concentration would increase the 

precipitation which causes a significant increase in the water surplus of 132%. 

Another study at a local scale (west Java) used GCMs (GISS, GFDL, and UKMO) 

to simulate climate changes in order to assess the impact of such changes on rice 

yields. The three models indicated that a direct doubling of atmospheric CO2 

concentrations would increase minimum and maximum temperatures by 7.6 -

16.8°C and precipitation by 20.5 - 91.7%. The GISS transient climate scenarios 

show that the maximum and minimum temperatures increase respectively by 

3.5% and 4.9% in 2010, 6.9% and 9.8% in 2030, and 11.1 % and 15.75% in 2050. 

The precipitation increase for west Java varies from 7 - 8.7% in 2010. 

The results of these local studies are different to the results of a study by Hulme 

and Sheard (1999). In particular, the local studies show scenarios of increasing 

precipitation in west Java, which is in contrast to decreasing precipitation as 

shown by Hulme and Sheard. This difference is very significant and may cause a 

high degree of uncertainty. The cause of the difference may be due to the 

resolution, where low resolution GCMs tend to average the climatic variation that 
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may exhibit a higher resolution. In fact, a similar trend of increasing mean 

temperature and precipitation were shown by these two local studies and the area­

mean climate change simulation at a regional scale. Another possible cause is 

simply scientific and model improvement (i.e. different GCMs produce different 

results). 

Extreme events and variability (El Nino and Southern Oscillation) 

As already discussed in Chapter 2 Section 2.6, the extreme events such as El Nifio 

and La Nifia have significant impacts in Indonesia. The El Nifio causes severe 

drought in Indonesia while the other extreme, La Nifia (the opposite of El Nifio ), 

causes unusually heavy rainfall. 

This kind of inter-annual variation of extreme events can be examined from the 

climate record. Based on precipitation data recorded since early 1980s, it was 

found that Indonesia has been affected by severe drought (El Nifio) in 1982/1983, 

1986/1987 and 1997/1998 (Hulme and Sheard, 1999). When El Nifio is followed 

by La Nifia, a very high inter-annual variation may occur (Brookfield and Byron, 

1993). 

IPCC has recognised that extreme events in the Asian region (not only ENSO 

related events) have increased in intensity and frequency (Lal et al., 2001). This is 

supported by Irawan (2002) who reported that, based on the Southern Oscillation 

Index (SOI) values during the 1876-2000 period, the frequency of El Nifio tended 

to increase from once in every 8 years during the 1876-1976 period to once in 

every 4 years during 1977-2000. The El Nifio events with the highest intensity 

were recorded in 1982 and 1997 with the annual average SOI values were -21.4 

and -18.1 respectively. 
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Being able to model the changes in the variations of these extreme events is 

important for anticipating in advance the occurrence of these events. The 

mechanism of the El Nifio phenomenon is commonly associated with the 

Southern Oscillation. However, the repeatability of this phenomenon is still 

unpredictable because what triggers the mechanism of this event is still not well 

understood (Cuny, 2001). It has been claimed that the inter-annual climate 

variations, such as El Nifio, are possible to model using the complex AOGCMs 

(Harvey et al., 1997; Tet, 1995) but for now little confidence has been gained 

from modelling (Hulme and Viner, 1998). 

Therefore, the proposed integrated model does not include the interannual 

variation of the climate even though the variability of this interannual variation, in 

particular El Nifio and La Nifia, are important for adaptation planning. The model 

will only calculate average climatic values. In interpreting the results for 

adaptation planning, users will have to consider possible variability by assuming 

that the variability of climate will go along in parallel with the average values. 

In summary, it is clear that various GCM experiments and GHG emission 

scenarios can result in a large variation in climate variables such as temperature 

and precipitation (see the summary on Table 7.2). Another important finding 

noted by Hulme and Sheard (1999) and Hulme and Viner (1998) is that the 

seasonal variations of precipitation also change. This may affect the seasonal 

streamflow variability. In particular for Java, the dry season has no or little change 

in terms of precipitation, and the rainy season becomes drier but with a possible 

precipitation increase at the beginning of the rainy season and a reduction at the 

end of the rainy season, i.e. shorter rainy season but with more intense 

precipitation and prolonged dryness in the dry season. For the inter-annual 

variability and extreme events, at present the modelling is still weak. 
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Table 7.2: Summary of regional and local climate change (impact) studies with respect to the study area, Bandung basin, west Java. 

GHG emission Temperature 
Area Reference GCM experiments 2xC02 increase 2080 scenario (no S02 aerosol)* 

SE Asia Lal et al. (2001) HadCM2 IS92a 3.03°C 
ECHAM4 
CSIRO 
CCSR 

---- --·- -·---·--·--····-----··--- -------------·······- --··--·-··-·-··-··--···---------···- ·---···--·····-·-·-·----·-··· 

Indonesia Hulme and Median response from SRES Climate sensitivity: 0.8°C (81) - 2.4°C 
Sheard (1999) 7 Climate Laboratories (81, 82, A1 and A2) 2.5°C (1.5 - 4.5) (A2) 

in 6 different countries 

____ .. ________ .. ,,-................... -..... -........ _ _______ .. ______ .. _______ ... _ ............. _ .... _ .. ___ ,,, ....... _. 
.. -.--.. ---------------···-··-··--- ..------·-·-··-·-··-··----· ··--···-·····-----····-···------------ ···-· 

Hulme and Viner UKTR IS92 
(1998) 

-·---·--- ·- --_____ ,. ____ 
·-- .. 

West Java Murdiyarso GISS Precipitation: 
(1996) +132% 

Amien et al. GISS Temperature: 
(1996) GFDL +7.6°C - 16.8°C 

UKMO Precipitation: 
+20.5% - 91. 7% 

~----·---· 
GISS transient Year 2010: 

3.5%- 4.9% 

• With SRES scenarios, the SO:! gas emission is included and therefore it may result in lower temperature increase than the IS92 scenarios. 
DJF = December, January, February; MAM = March, April, May; JJA = June, July, Au~st; SON = September, October, November. 
Blank cell means no information. 

Precipitation increase 2080 
(no S02 aerosol)* 

7.0% 

-·-·······--------.. --··-·-··-·-----·-··---------···· 
DJF: 

Sumatra/Borneo: + 10 - 30% (81-A2) 
Java/Bali: -5--15% (B 1-A2) 

JJA: 
generally little change over the region, 

west/central Java: 0--15% (B1-A2) 
east Java: 0--25% (B1-A2) 

···----··---·----·····---------------

SON: increase 
DJF: decrease 

MAM JJA: little change 

Year 2010: 
7%-8.7% 
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7.4 DEVELOPMENT OF INDOCLIM 

This section discusses in some detail the development of a new variant of the 

CLIMP ACTS family for the purpose of integrating the climate scenarios, land use 

scenarios and the hydrology component into one system in order to produce 

streamflows as the output. This new variant is called INDOCLIM. Its concept is 

similar to other variants of the CLIMP ACTS family. In addition, because 

INDOCLIM is developed for the study area of this thesis, there is a need to 

understand how the baseline is constructed behind this model, and how the GHG 

emission scenarios and GCM patterns are selected. 

Concept of INDOCLIM: Integrating land use, climate and 

hydrological components 

One of the main advantage of the CLIMP ACTS family models is the flexibility to 

add (and remove) sectoral impact models as an integrated model within this 

system. This allows the variants of this family to be designed according to the 

user's wish. Hence, the outputs are sectoral, depending on the models that are 

attached to this system. 

INDOCLIM is a prototype model, which is developed for the purpose of this 

thesis, that is for the assessment of seasonal streamflow variability under the 

influence of land use pattern change and climate change. It is a member of 

CLIMP ACTS family, and therefore the structure of this model does not differ 

greatly from the CLIMPACTS model and its other variants.74 The differences are 

only in the sectoral model section, where two components are added. One 

7-4 The INDOCLIM structure is not discussed further in this section, because of a similarity between its 
structure and the CLIMPACTS (or PACCLIM in Figure 7.1). Refer to section 7.2 for discussion of the 
CLIMPACTS family. 
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component is a water balance model, and the other one is a library of land use 

change patterns (Figure 7.4 ). The water balance model is added into the system in 

order to compute the total monthly runoff directly. This water balance model has 

been designed separately (see Chapter 5). The land use scenario component is also 

added into the system in order to be able to find out the impacts of both land use 

change and climate change on the streamflows. This land use scenario component 

is in a form of a library file containing several sets of land use scenarios that have 

also been constructed separately (see Chapter 6). Therefore, by bringing together 

the land use scenario component and the water balance model into INDOCLIM, a 

complete integrated model is produced. 

Emissions 
Scenarios and 

User-defined Model 

Streamflows 

GCM Patterns 

Interpolated Climate 
Data 

Library of land use 
change patterns 

Figure 7.4: Schematic representation of INDOCLIM (a variant of CLIMPACTS) 
and its main components. 
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Baseline construction 

Several types of climate data are required for the base line. These are a set of data 

that are to be projected from this model. They consist of long-term monthly 

mean data that are distributed over the basin on grid cells of 1 km2 in size. For 

this study, the data consist of the average daily temperature (Tavr) and precipitation 

(P). 

The climate time series data are the average monthly data from a long-term 

record, preferably a 30-year record (e.g. Kenny et al., 1995; Hulme et al., 2000). 

However, due to the limited availability of data, only 10 continuous years (1985 -

1994) of data records are used. The precipitation data come from 22 rain stations 

all over the Bandung basin area. These data are interpolated by using a GIS tool 

with an inverse distance method.7-5 The remaining climate data come from one 

station only.7 -<> The later ones are good quality data from the Meteorological and 

Geophysical Office in Bandung (see Chapter 3 for the availability of data). The 

temperature data are interpolated over the whole basin area based on a 

temperature gradient relationship, of which a 100m increase in the elevation 

causes a 0.6°C drop in temperature. All the data are interpolated into grid squares 

of lxl km that cover the whole basin. 

7-5 Several methods of interpolation are available in the ILWIS 3.0 GIS package (ITC, 2001). Among them 
are the Thiessen Polygon method, inverse distance method, linear decrease method, and moving surface 
method. The Thiessen Polygon method is unfavourable because the rain stations are not evenly distributed 
over the basin. The inverse distance method creates a bull's eye pattern around the source points. The linear 
distance method eliminates this kind of pattern and tends to average the input data. Thus, the linear method 
eliminates local variations. In many cases, local variations are important, especially when conducting a 
sensitivity study with a specific time/period and locally distributed parameters. Probably, the best method is 
the moving surface method, in which the bull's eye patterns are reduced and local varitions are preserved. 
However, this method requires more densely and evenly distributed data source points. 

1-6 There are two climate stations in the Bandung region from where the climate data can be obtained. One 
station has continuous and high quality records of data (BMG Bandung). The other one (Ciparay) produces 
climate records with a significant proportion of blank records (see Chapter 3 for more detail). 
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GHG emissions scenarios and GCM experiments 

The GHG emission scenarios provide a tool to explore how human activity may 

change the composition of the atmospheric gases. In the end, it will be reflected in 

the climate change scenarios. The emission scenarios are normally selected from 

predefined emission scenarios, and the selection of these scenarios will determine 

the radiative forcing of the climate change (i.e. different emission scenarios will 

result in a different amount of global warming). 

There are sets of emissions scenarios that have been accepted by IPCC: the SRES 

(Special Report on Emissions Scenarios) (IPCC, 2000) and IS92 (1992 IPCC 

Scenarios) (Leggett et al., 1992; and revised by Houghton et al., 1995). A 

comparison of these two sets of scenarios and their environmental consequences 

is given in Table 7.3. Both sets are available as options in the CLIMPACTS 

family of models. However, for reasons of simplicity and practicality, this 

prototype model limits the selection of scenarios to the recent SRES only. Climate 

sensitivity may also be set from low (l.5°C) to high (4.5°C) and, therefore, can 

increase the range of exploration further. In this case, Table 7 .3 can be used as a 

rough guide for selecting the scenarios. (See also Figure 7.2 as a graphic 

illustration of temperature range resulting from SRES.) 

The choice of GCMs pattern is also quite wide. In general, the transient response 

AOGCMs with 'warm' start at present are considered as the most advanced model 

that can represent physical processes of climate change. Therefore, old GCMs 

with equilibrium response should not be used. (Now, the IPCC Data Distribution 

Centre provides data from the transient response AOGCM experiments only. 

These are available on-line http://ipcc-ddc.cru/uea.ac.uk/crudata/examine/ 

emissions/emissions. html.) 
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Table 7.3: Summary of comparison between the IS92 scenarios (top) and SRES 
scenarios (bottom) together with their estimated environmental consequences. Model 
calculations are by the IPCC SAR version of MAGICC (Wigley and Raper, 1992; 
Version 2.3, May 1997). Changes are with respect to the 1961-1990 average. Aerosol 
effects are included. (Source: IPCC-TGCIA, 1999.) 

Scenario estimates 1990 IS92 scenarios for 2100 
IS92a IS92b IS92c IS92d IS92e IS92f 

Population (billion) 5.252 11.3 11.3 6.4 6.4 11.3 17.6 
Economic growth rate - 2.3 2.3 1.2 2 3 2.3 (annual GNP; % per year) 
CO2 concentration (ppmv)a 354 708 685 471 542 954 820 
Global annual-mean 

2.18 2.13 1.47 1.75 2.64 2.52 
.. temperature change (0 C)b _ ·- -

····---------1-------·····- ·-·-.. -------
Range (°C)c - 1.50-3.14 1.46-3.06 1.29-2.18 1.18-2.56 1.83-3.73 1.74-3.59 
Global mean sea-level rise 

51 50 40 45 57 56 (cm)b -
,, .. ,_, ______ ,,_,.,_,.,. ___ ,,_, _____________ .. _ .. _____ ,_ .. ____ .................. ·--.... -

Range (cm)c - 20-90 20-89 14-76 16-82 24-98 23-96 

Scenario estimates 1990 
SRES marker scenarios for 2100 

Population (billion) 
Economic growth rate 
(annual GNP; % per year) 

5.252 

A1 
7.1 

CO2 concentration (ppmv)a 354 680 
Global annual-mean 

A2 
15.1 

834 

3.09 

B1 B2 
7.2 10.4 

547 601 

2.04 2.16 
temperature change.(0 C)~_ ... __ -~----- --·-- .. ~:-~: __ _ .... ,_ .. _ .. __ --- •----------
Range (°C)c - 1.70-3.66 2.12-4.41 1.37-2.99 

62 50 Global mean sea-level rise _ 58 52 

..... (cm)b.. _ -·-------- .. ___ _ -------------·- ...................... ·-------·-------·---- ... -------.. -
Range (cm)c 23-101 27-107 19-90 20-93 

a best-guess assumptions re. C cycle; b assuming 2.5°C climate sensitivity; c based on 1.5°C and 4.5°C climate 
sensitivity range. 

As has been discussed in section 7.3 (see also Figure 7.3), some GCMs can show 

better correlation with the observed data than the other models. Notably, for the 

Southeast Asian region the experiments using HadCM2, ECHAM4, CSIRO and 

CCSR are better than the others. This should not limit the use of other GCM 

patterns, particularly for conducting sensitivity analysis. However, for reasons of 

simplicity and practicality, this integrated prototype model will use only those 

four GCM patterns. 
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Scaling method: calculating change in climate variable 

using GCM patterns 

The pattern of change in a climate variable for some distant future time on a 

specific grid point on earth, M,;(t), can be calculated by taking the corresponding 

climate variable generated by a GCM corresponding to a global mean-warming of 

llTc (Mc,i) and scaling it by !lT(t)lllTc (Wigley et al., 2000; Hulme et al., 2000). 

The climate variable can be, for example, temperature, precipitation, or sun 

radiation. This scaling method assumes that the patterns of future climate change 

remain quite similar regardless of the overall global-mean climate change (Wigley 

et al., 2000). Mathematically, it can be expressed as (Wigley et al., 2000): 

where: 

M. (t) = M . · !lT(t) 
I C,l !lT 

C 

(Eq. 7-1) 

M;(t) is the pattern of change in a climate variable X as a function of 

position (grid point i) and time (t); 

M c,i is the change in a climate variable X at a grid point i corresponding 

to a global mean temperature change obtained from a GCM; 

!lT(t) is the global mean temperature change at future time t produced as 

output from a global climate model (e.g. MAGICC}7-7; 

!lTc is the global mean temperature change obtained from a GCM. 

The grid resolution in this scaling method corresponds to the output resolution of 

the GCM patterns, usually at 5°x5° in latitude and longitude. 

The ratio of the change of climate pattern at a grid point i per 1 °C increase in 

global temperature, i.e. M c,i / !lTc , is known as a normalised pattern. This 

normalised pattern simplifies the calculation of the climate variable change in 

7-7 MAGICC uses 1961-1990 as the baseline period. 
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response to global wanning, by multiplying the corresponding normalised pattern 

with the change in global-mean temperature. 

Each GCM has its own normalised pattern. The normalised patterns of 

precipitation and mean temperature from four GCMs for the study area are listed 

in Table 7.4. These are for a grid cell between 5° - 10° southern latitude and 105° 

to 110° eastern longitude, obtained from climate scenario generator SCENGEN 

(Hulme et al., 2000). (The location of Bandung basin is about 6°43' - 7°04' 

southern latitude, and 107°15' and 107°55' eastern longitude.) 

All of the models show a future increase in the mean temperature, but a variation 

in changes in precipitation (Table 7.4, see also Figure 7 .5). The largest increase in 

temperature is generated by HadCM2, with significant monthly variation from 0.8 

- l.2°C/°Cg1oba1 while the smallest increase is by CCSR-NIES. A future increase in 

annual precipitation is shown by CSIRO-TR and CCSR-NIES with the largest 

increase of 9% by CCSR-NIES in October. A future decrease in annual 

precipitation is shown by HadCM2 and ECHAM4, with the largest decrease of 

22% by HadCM2 in August. 

Using GCM results for the hydrological component 

The climate variables from the GCM results, as required by the hydrological 

component, need to be downscaled to a basin scale in order to conduct a 

streamflow sensitivity analysis. In fact, these climate variables need to be 

distributed over the basin area for the cell-by-cell water balance calculation. 

The integrated model of this study uses a simple method to downscale the GCM 

patterns, which has been used in SCENGEN (Hulme et al., 2000).7-8 This method 

7-s The methods to downscale the GCM results have been discussed in Chapter 4. 
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Table 7.4: Nonnalised patterns of changes in mean temperature (dT mean) and 
precipitation (~P) in the grid area between latitudes of 5-I0°S and longitudes of 105-
1 lQ°E containing Bandung basin, for 1 °C increase in the global-mean temperature. 
The values were obtained by using MAGICC/SCENGEN version 2.4 (Hulme, 2000). 
Baseline is the 1961-1990 period. 

fl T mean (2C/2Cgiobal) flP (o/o/2Ca1oba1) 

en en a: w a: w .. 
N 6 ~ • ·g, N 6 ~ • :Ii!: :Ii!: :Ii!: :Ii!: & 
0 a: c( ca a: c( ca 
"Cl a: en ::c .. 0 a: en ::c .. 

en ~ "Cl en ~ ca 0 0 ca 0 0 ::c 0 0 w c( ::c 0 0 w c( 

January 1.1 0.8 0.9 0.8 0.9 -4.0 -0.7 7.1 -2.2 0.1 
February 1.1 0.8 0.9 0.9 0.9 -1.7 0.9 0.2 -3.0 -0.9 
March 1.2 0.8 0.9 0.9 0.9 -2.7 3.9 0.3 -3.2 -0.4 
April 1.1 0.8 0.8 0.9 0.9 -3.3 4.8 -1.7 -1.3 -0.4 
May 1.0 0.8 0.8 0.9 0.9 6.1 5.4 -1.2 -6.6 0.9 
June 1.0 0.8 0.8 0.9 0.9 -0.5 4.4 2.2 -5.9 0.0 
July 0.9 0.8 0.7 0.9 0.8 -9.6 0.8 -2.8 -11.1 -5.7 
Aug.JS! 0.8 0.8 0.7 0.9 0.8 -22.0 5.0 -1.5 -14.5 -8.3 
September 0.9 0.8 0.8 0.9 0.8 -18.8 8.0 3.6 -8.1 -3.8 
October 1.0 0.8 0.8 0.9 0.9 -11.1 5.2 9.1 -17.6 -3.6 
November 1.1 0.8 0.8 0.9 0.9 -8.5 -2.9 -0.9 -7.9 -5.1 
December 1.1 0.8 0.9 0.9 0.9 -6.2 -0.1 -0.5 4.4 -0.6 
ANNUAL 1.0 0.8 0.8 0.9 0.9 -6.9 2.9 1.2 -6.4 -2.3 
• Average value is from the four GCMs used here. 

of downscaling requires an interpolation of the GCM results to a finer scale grid 

size of 0.5° in latitude and longitude. The interpolated data are then combined 

with the observed data in order to obtain the change in the climate data at a basin 

scale. These climate data are distributed for every cell in the basin area. 

Two climate variables from the climate scenarios are required by the hydrological 

component as the inputs for conducting the sensitivity analysis on streamflows. 

Precipitation is required as the input for the water balance model. The mean 

temperature is used to calculate PET (potential evapotranspiration). 

The PET is calculated using the Penman method that requires many types of 

climate data. There is only one climate station that supplies reliable data for a long 

period of observation. Of all of the data required for calculating the PET, 

temperature is the only variable that can be projected for the whole basin area 
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~T mean 
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1.2 -r---7"1"'S--------------I --------~ 
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- HadCM2 

O 0.8 
0 0.6 -t-----------------1 

- CSIRO-TR 
- CCSR-NIES 

0.4 -t-----------------1 
- ECHAM4 
- - -Avera e 0.2 ;-------------------------< '-------------"'<--~ 
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15.0 ------------------
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~-- -----

5. 0 +-+~ -------::::,,_,.....~ ~ ---~---+j---:.\-.\--~ - HadCM2 
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-25.0 -+-------~~---------' 

Figure 7.5: Monthly variation of normalised patterns from various GCM patterns; 
change in temperature (top), and change in precipitation (bottom). 

based on the defined temperature gradient. Other variables; sunshine hours, 

relative humidity, and wind speed do not show any strong functional relationship 

with the elevation (Chapter 5 Section 5.5). Therefore, the monthly PET 
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calculation for each cell relies on the temperature change only (assuming other 

variables have uniform values for each month). 

In calculating the average monthly PET, therefore, it is possible to calculate the 

PET on an average monthly basis for each cell in the study area as a functional 

relationship of mean-temperature only. This assumes that all climate variables 

will use the same monthly values. 

7.4 CONCLUSION 

• INDOCLIM is based on the structures of the CLIMP ACTS family of models. 

It makes use of the flexible structure of CLIMP ACTS, in particular the 

sectoral-impact models section, where a previously developed water balance 

model is added. A library of land use patterns from a range of policy 

scenarios is connected into the system so that users can select the land use 

change patterns for analysis. The output of the model is a hydrograph of 

monthly streamflows. 

• INDOCLIM contains four erruss1on scenanos (SRES) and four GCM 

patterns. Users can choose any combination of these emission scenarios and 

GCM patterns, together with the land use scenarios, in order to perform 

sensitivity analysis. This enables exploration of the sensitivity of the impacts 

from a wide range of possibilities. 
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CHAPTER 8 

IMPLEMENTATION OF THE INTEGRATED MODEL: IMPACT 

ASSESSMENTS OF VARIOUS LAND USE AND CLIMATE 

CHANGE SCENARIOS ON RIVER FLOWS 

8.1 INTRODUCTION 

The prototype of an integrated model has been created by integrating the land use, 

climate and hydrological components in one system called INDOCLIM (Chapter 

7). The model has the specific purpose of conducting sensitivity analysis on river 

flows with respect to changes in land use patterns and climate, and combinations 

thereof. 

This chapter describes results of the implementation of this integrated model in 

the study area. It gives a detailed assessment of the effects of these two 

components on the flows of the Citarum River, which is the only river system in 

the study area. It is conducted by assessing the effect of various land use change 

scenarios alone on the river flows with the climate component turned off, another 

assessment by assessing the effect of the climate change alone with the land use 

component turned off, and by assessing the effect of various combinations of land 

use change scenarios and climate change scenarios. This chapter also makes an 

evaluation of the integrated model based on its use in the preliminary assessment. 
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8.2 PARAMETER SELECTION 

The integrated model is designed to be user-friendly. It is created as a decision 

support tool for land use planners and decision makers to examine possible 

changes in land use and how these changes would affect the river flows. Users 

with limited knowledge of hydrology can use this model. 

The model provides users with selections of pre-determined parameters as shown 

in Figure 8.1. The selections include: policy-related land use scenarios; changes in 

global temperature based on GHG emission scenarios; and downscaled GCM 

patterns. Additional parameters are the climate sensitivity (~T2x) and the year of 

projection. The land use patterns consist of four time series scenarios (business­

as-usual, ecological concern, pro-industrialisation and pro-agriculture), two non­

time series patterns (all forested land and almost all agricultural land), and a 

baseline which is the land use pattern in 1990. The projections of global climate 

LAND USE 

Landa--111: 
1 BIU 
J Eccqy 
3 Pro-~ 
t Pro-~ 
5 Mlnll 

GHG Emission 

Etnllliall .... : 
t M 
J A2 
3 81 
'82 ....... (I.., .,... .. .,....._ 

. ... 1'11(1980) 

Press Ctrl+r to run water balance 

11111! 
,_ Qi:]· 

·S11acta..en aooo n 210011111111 rn.VII d 10 yas. 

Figure 8.1: Example of the menu page of INDOCLIM (Excel version). 
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changes consist of the four IPCC SRES emission scenarios (Al, A2, Bl and B2) 

(IPCC, 2000) and a baseline (no change). The selections of GCM patterns consist 

of HadCM2 (Mitchell et al., 1999), CSIRO-TR (Hirst et al., 1999), ECHAM4 

(Rockener et al., 1996), CCSR-NIES Japan (Emori et al., 1995), and the average 

of the previous four GCM patterns. 

The range of parameter selections as given above allows many combinations of 

parameters to be analysed. Two combinations of selections can be analysed at the 

same time. Therefore, the results of two different scenarios can be compared 

immediately. The effects of land use change or climate change can be switched 

off by selecting their respective baselines. Therefore, it allows an analysis based 

on the selections for land use change or climate change only, or a combination of 

both land use change and climate change. 

An example of the output is shown in Figure 8.2. It shows comparative results in 

terms of the actual discharge and percentage of monthly changes with respect to 

the baseline. These two charts provide quick visual representations of sensitivity 

analysis for possible changes in land use and climate. 
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Figure 8.2: Example of output from INDOCLIM. The hydrograph shows a comparative 
change between the reference scenario and the policy scenario. The sensitivity chart 
shows percentages of monthly changes relative to the baseline. The table under the charts 
shows selected parameters used in this example. 
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8.3 VARIABILITY OF RIVER FLOWS UNDER VARIOUS LAND USE 

AND CLIMATE CHANGE SCENARIOS 

Impacts of land use change scenarios on river flows 

The effects of various land use patterns on the river flows can be analysed by 

switching off the climate component. The analysis can be done in time-series with 

respect to the selected policy scenarios. In addition, non-time series extreme cases 

and a baseline are used for a more comprehensive analysis. 

Change in annual discharge under various land use change scenarios 

The four policy-related land use change scenarios result in various effects on river 

flows (Figure 8.3). In general, the pro-agriculture scenario produces higher annual 

discharge than the other land use scenarios. The effect of this scenario is greater 

with time, i.e. when more land is converted. The ecological concern and pro­

industrialisation scenarios show a decrease in the annual discharge whereas the 

business-as-usual policy shows a small change in the annual discharge. 

Table 8.1 summarises the effects of these various land use scenarios on the annual 

yields, which is also presented graphically in Figure 8.4. Extreme cases can cause 

a considerable decrease of 44. 7% in the river flows relative to the current baseline 

if the whole area is forested, and an increase of 36.2% if deforested (all forest is 

converted to agricultural land). The land use change scenarios with a time-series 

between 2000 and 2100 suggest a non-linear variability of changes. The highest 

discharge is obtained under the pro-agriculture scenario which shows an increase 

of 15% in the mid-century (2050) and nearly 18% in 2100 relative to the current 
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Figure 8.3: Effects of various land use change scenarios on the river flows. The climate 
component is switched off. 

baseline. The lowest discharge is obtained under the pro-industrialisation scenario 

which shows a decrease of 6.8% in 2050 and about 8% in 2080 and 2100. 

Effects of land use change on seasonal variability of river flows 

Seasonal variability is also affected by the land use patterns. This can be easily 

examined by looking at the relative changes in monthly discharge from various 

land use scenarios relative to the baseline (Figure 8.5). The pro-agriculture 

scenario produces an increase of seasonal variability in the discharge with the 

highest increase in July and lowest increases in March and November. The pro­

industrialisation scenario produces a large seasonal variation in the discharge, 
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Table 8.1: Changes in average annual discharge under various land use patterns. 

A. Annual discharge (m3/s) 

Time series 
Business-as-usual 
Ecology 
Pro-Industrialisation 

..... Pro-agriculture ..................... 

Non-time series 
Baseline 
Forestation 
Deforestation 

2000 ! 

1 

63.51 I 
63.10 

I 64.00 
64.42 ..... i ....... ···················· 

63.73 
35.23 
86.78 

2020 2040 

64.03 63.78 
62.14 61.58 
62.40 59.91 
68.93 72.10 ..................... 

B. Percentage of change relative to the current baseline (%) 

2000 ! 2020 I 2040 

Time series 
Business-as-usual -0.35 0.47 0.08 
Ecology -0.99 -2.49 -3.37 
Pro-Industrialisation 0.42 -2.09 -5.99 

..... Pre-agriculture ...... 0.49 8.16 13.13 

Non-time series 
Baseline -
Forestation -44.72 
Deforestation 36.17 

I 2050 I 2060 I I 2080 I 2100 
I I I 
t I I 

I 
64.03 I 63.49 

I 61.91 l 61.24 I 

I 59.41 I 58.64 J .J 73.28 ! 73.60 
·•········•·•··· ..... .. ............... 

I 
63.85 I 63.66 

I 

61.25 1 61.09 
58.63 i 58.91 
74.61 I 75.03 .. .. ....... -................. 

2050 
; 

2060 I 2080 l 2100 i 

0.47 -0.38 0.19 -0.11 
-2.86 -3.91 -3.89 -0.14 
-6.78 -7.99 -8.00 -7.56 
14.99 15.48 17.07 17.73 

with a large decrease in January to September in companson with the other 

scenarios and an increase in November and December. Figure 8.5 also shows that 

the lowest low flow is produced under the pro-industrialisation scenario whereas 

the highest low flow is under the pro-agriculture scenario. 

Extreme cases can demonstrate the effect of land use change on the river flows 

more clearly. If the whole basin is forested, the discharge is significantly reduced 

(Figure 8.6). The monthly discharge is reduced within a range of 24% in 

November and 62% in July. The opposite result is produced if the basin 1s 

deforested, i.e. forest is converted to agricultural land and the urban area is 

unchanged with respect to the baseline. The discharge reaches the highest increase 

of 54% in July and the lowest increase of 24% in November. 
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Figure 8.4: Percentage of changes in annual discharge relative the baseline as the 
result of changes in land use patterns. The climate component is switched off. 
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Figure 8.5: Percentage changes in monthly discharges relative to the baseline under 
various land use scenarios. The climate component is switched off. 
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Figure 8.6: Changes in monthly discharge under extreme land use patterns for all forest 
and deforestation (a), and percentage of changes relative to the baseline (b). The climate 
component is switched off. 

The actual change in the quantity of the monthly discharge may provide useful 

information for understanding the implications of the changes (Figure 8. 7). It 

shows, for example, how much the actual change in the high flow may increase 

the risk of floods. It also can show how much the water may decrease during the 

dry season which could affect water supplies. 

Variability of river flows under climate change 

INDOCLIM allows a simulation of climate change under various conditions. It 

requires a selection of emission scenarios and GCM pattern combinations such as 

shown in Figure 8.1. Therefore, there are many possible combinations that can be 

derived from this wide selection of emission scenarios and GCM patterns. 

The impacts of various IPCC SRES emission scenarios (Al, A2, Bl and B2) on 

the river flows are assessed in order to reveal the possible changes resulted from 

these emission scenarios. The assessment is conducted using the model with the 

climate sensitivity set to the best guess (2.5°C) and the GCM pattern to average. 

These various emission scenarios result in a decrease in the annual runoff for 

2050 in a range between 11.5% and 26% relative the baseline. The variation in the 
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Figure 8.7: Change in the actual monthly discharge (in m3/s) under various land use 
scenarios. The climate component is switched off. 

monthly discharge between these various emission scenarios ranges from 2.2% to 

4.8% in 2050. In 2100, this variation becomes wider with a range between 4.6% 

and 15.5% (Figure 8.8). 

A variation in climate sensitivity also results in a variation in the monthly 

discharge (Figure 8.9). The percentage of changes for monthly discharge in 2050 

relative to the baseline for the lowest climate sensitivity (1.5°C) to the highest 

(4.5°C) differs by 6.8 to 15.3% if the land use component is switched off, the 

emission scenario is set to A2 and GCM to the average. With time, the difference 
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Figure 8.8: Effects of various emission scenarios on the percentage changes of monthly 
discharge relative to the baseline for 2050 (a), and 2100 (b). The land use scenario is 
switched off, GCM is set to the average, and ~ T zx = 2.5°C. 
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Figure 8.9: The effect of variation in climate sensitivity on the monthly discharge for 
2050 (a) and 2080 (b), and the corresponding percentages of change relative to the 
baseline (c) and (d) respectively. The GHG emission scenario is set to A2, GCM is set to 
the average, and the land use scenario is switched off. 

in the percentage of changes also increases, i.e. the range of uncertainty from this 

variation in climate sensitivity becomes wider. This range of differences depends 

on the GCM pattern used and the selected emission scenario. In other words, if a 

different emission scenario or GCM pattern is used, the percentage change in the 

monthly discharge may be different. In general, the results show that the 

magnitude of changes in the monthly discharge is magnified with an increase in 

the climate sensitivity (GCM is set to the average.) 

The future climate variables are determined by the selection of GCM patterns (see 

Table 7 .2 in Chapter 7). Therefore, under different GCM patterns, the output of 

the model may also be different. This is shown in Figure 8.10 where variation in 
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Figure 8.10: Variation in the monthly discharge as the result of variation in GCM 
patterns for 2050 (a), and the percentage of changes relative to the baseline (b). The 
CSIRO-TR produces the largest increase (September) whereas HadCM2 produces the 
largest decrease (August). The emission scenario is set to Al, climate sensitivity to 2.5, 
and the land use component is switched off. 

monthly discharge is produced under various GCM patterns. The monthly 

discharge shows an increase relative to the baseline for the GCM pattern of 

CSIRO-TR from March to October and a decrease in January, whereas the 

remainder are virtually unchanged. An opposite condition is produced by the 

CCSR-NIES pattern which shows an increase in the discharge for January, 

February and October, and a decrease from March to August. Other GCMs 

(HadCM2 and ECHAM4) show a decrease in the monthly discharge with time, 

with the largest decrease produced by the HadCM2 in August. The average of the 

four GCM patterns used in this model also shows a decrease in monthly discharge 

with the largest decrease being in August. 

Table 8.2 shows monthly discharge variations resulting from land use scenarios 

with the climate component switched off (upper part), and from climate change 

scenarios under various GCM patterns with the land use component switched off 

(lower part). In general, the climate change has larger impacts on the runoff than 

the land use change. The land use change causes monthly variation in the monthly 

discharge with a range of -12.92% to 20.6% in 2050 and -14.46% to 24.76% in 

2080 whereas the climate change can cause monthly variation with a range of 

-53.15% to 11.73% in 2050, and-71.47% to 18.19% in 2080. 
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Table 8.2: Summary of the percentage of changes in monthly discharge relative to the 
baseline under various land use scenarios and GCM patterns. 

A.2050 

Annual Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Land use change 
Business-as-usual 0.5 -0.4 3.2 -1.7 -0.7 -0.5 -1.2 -2.2 -1 .5 0.0 2.5 4.3 4.8 
Ecology -2.9 -4.7 -1 .2 -4.9 -4.0 -4.0 -4.3 -5.2 -4.0 -2.4 0.4 2.2 1.1 

Pro-Industry -6.8 -7.7 -6.1 -9.9 -10.1 -10.1 -11 .2 -12.9 -10.4 -6.4 -0.1 4.7 3.7 

Pro-Agriculture 15.0 12.7 18.2 11 .7 14.7 18.5 19.6 20.6 18.4 16.6 12.8 10.4 12.3 

Max 15.0 12.7 18.2 11.7 14.7 18.5 19.6 20.6 18.4 16.6 12.8 10.4 12.3 
Min ·6.8 ·1.7 -6.1 -9.9 ·10.1 ·10.1 ·11.2 ·12.9 ·10.4 -6.4 -0.1 2.2 1.1 

GCM pattern 

HadCM2 -36.4 -36.2 -34.9 -34.5 -35.7 -35.1 -42.5 -49.8 -53.2 -48.7 -34.9 -24.7 -27.0 

CSIRO-TR 5.0 -3.5 1.8 4.2 9.6 9.9 8.9 7.7 9.4 11 .7 9.3 -0.2 0.3 

ECHAM4 -30.2 -24.8 -26.4 -27.0 -29.4 -38.1 -40.8 -46.4 -45.8 -38.4 -38.8 -22.9 -12.7 

CCSR 0.2 9.5 5.3 0.1 -4.9 -4.2 -2.4 -4.4 -3.5 0.3 7.0 -1.8 -2.6 

Average -17.3 -16.3 -15.5 -15.3 -16.2 -18.8 -21.4 -25.8 -26.0 -21.4 -16.6 -14.4 -13.7 

Max 5.0 9.5 5.3 4.2 9.6 9.9 8.9 7.7 9.4 11.7 9.3 -0.2 0.3 

Min -36.4 -36.2 -34.9 -34.5 -35.7 -38.1 -42.5 -49.8 ·53.2 -48.7 -38.8 ·24.7 •27.0 

B.2080 

Annual Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Land use change 

Business-as-usual 0.2 -0.4 -0.4 -1.8 -0.7 -0.3 -1.0 -2.2 -1.6 0.1 2.9 5.0 5.5 

Ecology -3.9 -5.9 -5.6 -5.8 -4.8 -4.6 -4.9 -5.9 -4.5 -2.7 0.4 2.4 1.0 

Pro-Industry -8.0 -8.5 -10.4 -10.7 -11 .2 ·11 .1 ·12.4 ·14.5 -11 .9 -7.6 ·0.6 4.8 3.8 

Pro-Agriculture 17.1 14.7 16.7 13.9 17.5 22.3 23.6 24.8 21.7 19.3 14.6 11 .5 13.8 

Max 17.1 14.7 16.7 13.9 17.5 22.3 23.6 24.8 21.7 19.3 14.6 11.5 13.8 

Min -8.0 -8.5 ·10.4 -10.7 -11.2 -11.1 ·12.4 ·14.5 ·11.9 •7.6 -0.6 2.4 1.0 

GCM pattern 

HadCM2 -48.4 -44.7 -47.5 -47.3 -50.2 -46.5 -56.5 -66.6 -71 .5 ·64.5 -45.4 -32.5 -33.5 

CSIRO-TR 7.3 -5.1 -2.5 6.5 15.3 16.2 14.5 12.4 14.8 18.2 14.3 -0.4 0.6 

ECHAM4 -42.0 -32.9 -40.1 -38.7 -41.8 -53.7 -57.2 ·64.4 -62.4 -50.4 -52.7 -30.2 -13.8 

CCSR -0.4 14.6 2.6 0.2 -7.3 -6.2 -3.7 -7.0 -5.6 0.3 10.6 ·2.9 -4.0 

Average -25.6 -23.2 -26.7 -22.7 ·24.0 -27.3 -31.2 -37.7 -38.1 -31.0 -23.9 -21.0 -18.3 

Max 7.3 14.6 2.6 6.5 15.3 16.2 14.5 12.4 14.8 18.2 14.3 -0.4 0.6 

Min -48.4 -44.7 -47.5 -47.3 ·50.2 ·53.7 -57.2 -66.6 -71.5 -64.5 ·52.7 -32.5 -33.5 

Note: All unit in %. 
The climate change is simulated with emission scenario set to A2, and climate sensitivity to 2.5°C. 
Red numbers indicate the minimum figure in the column, whereas green numbers indicate the maximum. 
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Spatial variation of the runoff 

The integrated system allows a spatial analysis for examining the variation in the 

runoff resulting from the land use change and climate change. This spatial 

analysis can be performed because the integrated system uses a cell-by-cell basis 

in its calculation. 

Figure 8.11 shows changes in average annual volume of runoff (in mm) relative to 

the baseline. In this analysis, the climate component and the land use component 

are analysed separately in order to find the characteristics of changes from each 

component. The time frame is set to 2050. The climate change is analysed under 

various GCM patterns, with the emission set to A2 and the climate sensitivity to 

2.5°C. 

In general, the HadCM2 and ECHAM4 patterns cause a decrease in the runoff, 

with some local larger decreases as indicated by the blue shading. An increase in 

the runoff is very pronounced by the lake site (red). The CSIRO-TR gives an 

increase in the runoff (yellowish green) and some pronounced increases locally. 

The CCSR pattern produces relatively small changes compared to the other GCM 

patterns. A relatively small decrease occurs slightly north of the basin centre, and 

an increase by the lake side. 

The runoff variation resulting from the changes in land use shows significantly 

different patterns. The land use changes cause very distinct local variations in 

comparison to the climate change which shows a more gradual change of patterns. 

In general, the pro-industrialisation scenario causes the largest local variations, 

followed by the business-as-usual pattern. The pro-agriculture scenario shows an 

increase in the runoff mainly by the boundary of the basin, which is mostly the 

result of conversion of forest to agricultural land. The ecological concern policy 

scenario shows no changes in the Northern Bandung region. The change in the 

runoff mainly occurs in the centre of the basin. 
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A. CLIMATE CHANGE 

B. LAND USE 

Change in a range of: -100% and + 100%. 
Outside this range is given value of either minimum 
(blue), or maximum (red). 

Figure 8.11: Spatial variation in the runoff resulting from climate change (A), and land 
use change (B), in 2050. 
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Variability of river flows under combination of climate change 

and land use change scenarios 

The previous sections of this chapter describe separately the influence of land use 

change and climate change on the river flows. There are many potential 

combinations of the land use scenarios and climate change scenarios. Some 

possible combinations are given in Figure 8.12. This section will focus on some 

combinations of land use scenario and climate change parameters as shown in 

Figure 8 .12 that may have significant influence on the reduction of dry-season 

flow (low flow), the increase in the high flow, and the change in variability 

between the dry and the wet seasons. 

Low flow 

HadCM2 and ECHAM4 GCM patterns produce a decrease in low flow whereas 

CSIRO-TR and CCSR-NIES produce a decrease in the low flow depending on the 

land use scenarios. The largest decrease in the low flow is produced when the 

GCM pattern is set to HadCM2 (Figure 8.12a). The figure also shows that the land 

use policy of pro-industrialisation produces the lowest low flow whereas the pro­

agriculture scenario produces the smallest decrease in the low flow. The 

sensitivity of change is increased if the emission scenario of A2 occurs (for years 

after 2050) and the climate sensitivity is set to high (4.5°C). The model also shows 

that by 2100, the dry-season flow in August is reduced by nearly 90% relative to 

the baseline (under A2 emission scenario, best guess climate sensitivity and 

HadCM2 pattern). 
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Figure 8.12: The effect of various land use change scenarios and climate change on the 
river flows under various GCM patterns in 2050. (l) The hydrograph, (2) The relative 
difference with respect to the baseline. The emission scenario is Al, ~T2x = 2.5°C. 
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High flow 

An increase in the high flow (March to April) is produced when the CSIRO-TR 

pattern and pro-agriculture scenario are combined (Figure 8.12b). In general, this 

GCM pattern causes an increase in the river flow discharge for the whole year. 

The percentage increase from May to September is the highest relative to the 

baseline (the emission scenario is set to A2, climate sensitivity is 2.5°C, and the 

land use is pro-agriculture). However, the highest discharge occurs in April. 

Changes in seasonal variability 

The change in seasonal variability can be measured from the changes in the 

discharge of high flow months and low flow months relative to the baseline 

(graphs 2 in Figure 8.12). An increase in the high flow followed with a decrease 

in the low flow results in a greater variability whereas a decrease in the high flow 

in combination with an increase in the low flow causes a reduction in the 

variability. In many cases, the changes in seasonal variability may also be 

followed by a change in the overall annual discharge that may obscure the 

changes in variability (Figure 8.12). 

Figure 8.12 also shows that the change in the variability depends on both the 

GCM pattern and the land use pattern. The business-as-usual scenario m 

combination with the CSIRO-TR pattern produces a significant mcrease of 

discharge in April and relatively small increases in July and August. The pro­

agriculture scenario with the same GCM pattern produces a large increase in April 

and relatively small increases from October to January. The opposite result is 

produced when the CCSR-NIES pattern is used. A decrease in discharge occurs in 

April ( except for the pro-agriculture land use scenario), and relatively small 

increases are produced from October to February depending on the land use 

scenarios. The HadCM2 and ECHAM4 show large decreases in March and April 
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with any land use patterns and relatively small decreases from October to 

December. 

8.4 IMPLICATIONS OF RESULTS FOR THE STUDY AREA 

The results from the model indicate that the projected monthly discharge may 

increase or decrease depending on the selected land use and climate scenarios. 

These findings have a significant implication for the study area. These may help 

policymakers and land use planners to anticipate the impacts of future climate 

conditions. It should be noted, however, that these are scenarios and not future 

predictions. Some implications from the results are discussed as follows: 

• A decrease in the annual discharge 

A possible decrease in the annual discharge has been noted. The decrease 

is caused by the combination of land use change (pro-industrialisation land 

use scenario) and the HadCM2 GCM pattern. The annual discharge may 

cause a reduction in the volume of water in the Saguling dam that may 

disturb the operation of power water generation at this dam. It may also 

force the wet agricultural land to be converted to less water consumptive 

agriculture such as vegetables and secondary crops (palawija). A change 

from planting paddy to planting secondary crops because of the shortage 

of water has occurred in Madiun, east Java (Kompas, 2000). Implementing 

a pro-agriculture policy focusing on dry-land agriculture may minimise the 

severe dryness that may be caused climate change. 

• An increase in the annual discharge 

A possible increase in monthly discharge has been noted in particular 

under a combination of the CSIRO climate change pattern and the pro­

agriculture land use scenario. The high flow may cause an increase in the 
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risk from floods. Minimising the risk may require, for example, a 

construction of flood prevention structures. The risk of floods may also be 

minimised by implementing a specific land use policy, such as 

reforestation, in order to reduce the runoff, as suggested by INDOCLIM. 

• Spatial variation 

Spatial changes in the runoff are influenced by both the climate and land 

use. In general, the climate change causes a gradual change in local 

variation whereas the land use change causes a more distinct change. This 

suggests that there are opportunities for controlling the runoff locally in 

order to manage the entire river flows, as part of an integrated river 

management programme. 

8.5 EVALUATION OF THE INTEGRATED MODEL FOR A 

PRELIMINARY ASSESSMENT 

The integrated model is useful if it can be used for conducting impact assessments 

by comparing impacts with and without change of conditions (Major and 

Frederick, 1997). This is the basic purpose of the integrated model INDOCLIM, 

which brings together the complex relationship between land use, climate and 

hydrological components into one system for comparing the impact (i.e. 

sensitivity analysis) under various conditions (i.e. 'what if questions). The 

integrated model is, therefore, evaluated based on the ease of conducting this kind 

of sensitivity analysis and whether it helps the users (policymakers and planners) 

in examining the impacts under various pre-determined scenarios of land use 

changes and climate changes. In addition, this evaluation serves as a base for 

future improvement or development of this trial model. 
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The evaluation specifically will discuss the model design and its performance (i.e. 

the characteristics of the model), and some feedbacks from potential users. 

Characteristics of the integrated model 

INDOCLIM is designed to be simple and easy to use. It is a user-friendly system 

with pre-selected options or parameters of land use and climate scenarios (see 

Figure 8.1). Users can explore the impacts of many possible combinations from 

the provided options for answering 'what if questions. They can assess the 

impact of land use changes solely on the streamflows, or climate change only, or 

the combined effects of the land use change and the climate change. The output 

results are visualised in the form of charts. The model allows two sets of selected 

combinations of parameters (reference scenario and policy scenario) to be 

analysed and compared at the same time, and these charts provide a quick 

visualisation of results for comparative and sensitivity analysis from those sets 

of combinations. The model also allows the results to be compared with the 

baseline condition for quick visualisation of sensitivity analysis. These all make 

the model easy to use even by users without having any hydrological knowledge. 

In any impact assessment studies using any model, the results of analysis should 

be carefully interpreted. This is because some values of parameters used in the 

model were estimated and may not be transported or adopted directly to a 

different area (Conway, 2001). In this integrated model, the projected monthly 

discharge resulting from various sets of selected parameters shows a wide range 

of values that may increase or decrease (Table 8.1 and Table 8.2). Therefore, there 

is some degree of uncertainty involved. 

The uncertainty m the integrated model comes from several points: the 

uncertainty in the climate change scenarios; the uncertainty in the land use 

component, in particular, how certain the real future patterns will match with the 
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patterns shown by the model; and the uncertainty on the values of parameters used 

in the hydrological component. 

The uncertainty in the climate scenarios mainly comes from the climate sensitivity 

and the GCM patterns (see Table 4.4 in Chapter 4). This integrated system 

provides three values: l.5°C for the lowest, 4.5°C for the highest, and 2.5°C for 

the best guess. The probability distribution for the uncertainty assessment of these 

values is not yet known. The model, however, allows users to explore the effects 

from this variation in the climate sensitivity values on the results. The GCM 

patterns, which are created by a number of centres, also show some differences 

that need to be assessed by means of validation. Some efforts on validating the 

patterns have been conducted for the Southeast Asia region (see Figure 7 .3 in 

Chapter 7). The results however are still not conclusive, in particular for the 

Indonesian region or specifically Java. 

In regards to future land use patterns resulting from the model, the uncertainty is 

due to the nature of the model itself. The land use component uses an empirical 

spatial type model, which is static (Chapter 4 Section 4.5). The land use model is 

selected based on the ease in creating land use change scenarios in a spatial format 

for sensitivity analysis. The more complex dynamic model promises better results 

on the modelled patterns. However, creating more accurate land use change 

patterns is not the purpose of the thesis. The purpose is to be able to demonstrate 

the sensitivity of river flows under various policies. Therefore, the policy-related 

scenarios in this thesis, as described in Chapter 6 Section 6.5, can only provide 

some guidance on the sensitivity impacts of those scenarios on the river flows. 

The uncertainty on the hydrological component comes mainly from the estimated 

values of parameters used. A different result may be produced when the estimated 

value is set differently. For example, if the estimated water consumption (ki) of 

the urban area is changed from 1.0 to 0.8, a significantly different output with an 

increase in the monthly discharge is obtained (Figure 8.13). This parameter needs 

316 



Chapter 8: Implementation of the integrated model 

A. lo urban area = 1.0 

(1) 160 ,---------------, 
140 -t--------,,......_..,,------------l 
120 -t--~ -.:.,,_----------l 
100 n.:=--:-u---~ ----------l 

~ 00 -t-.=-S----¥~ ---------l 
E 60 -t------~ ~ -------,60~ 

40 +----~~~-=-~---1 
20 -t--------------i 
O+--~~ ~~~ --------i 

-+- Bau --- Ecology -.- Industry 

--Agriculture - Base line 

(2) 
30 ~-------------, 
20 +--------- --- -----j 
10 +--- --- -----------j 

• 0 +--------- --------1 

~ -10 ,--------,;~~~~~"""9~ 
-20 +---=--....,L,.....;~-=-~~---j 
-30 +.ICll~;-<"---H------- ----1 

-40 +---"cl~f-----------1 
-50 +--~~--~-r-----r---r----r----r---r----1 

-- BaU --- Ecology -+- Industry __._ Agriculture 

B. lo urban area = 0.8 

(1) 160 - ----------~ 
140 +---------- -----i 
120 +--~--------------i 
100 -t----H?"""'il'<\-------------1 

~ 00 +.--=J'--~,----- ---~ 
E 60 +:--'---------"~~----~ ,a-l :t====~~~~~ O+----------- ----< 
-+- Bau --- Ecology -.- Industry 

--Agriculture - Base line 

(2) 30 -----------~ 
20 +----------------< 

10 +--- -----,7"""a:,,.,,,c:-- - --- ---I 

• 0 
~ -10 
E -20 .,....... _____ ___ ___ _._. 

-30 +----------------< 
-40 +--- -------------< 

-50 +------------ ----< 
-- BaU --- Ecology -+- Industry __._ Agriculture 

Figure 8.13: Effects of different water consumption (kt) values for urban area on the 
monthly discharge under various land use scenarios. (a) kt of urban area = 1.0, which is 
used in INDOCLIM, and (b) kt of urban area = 0.8. The climate component is set with 
emission scenario= Al, GCM = HadCM2, and ~T2x = 2.5°C. 

to be studied further in order to reduce some degrees of uncertainty, probably 

through a number of detail studies on small size catchments. However, it is 

possible for future model to provide a range of possible values for the parameters 

which area not calibrated well, ranging from the likely minimum to the likely 

maximum and possible best guess values, such as optional climate sensitivity 

values as provided by the climate component. It is also possible to provide an 

option for advanced users with good hydrological knowledge to have some 

flexibility in putting the values. By providing such facilities, the users can explore 

the range of possible results from the model. 
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In summary, policymakers should anticipate the impact of changes very carefully 

(Hobbs et al. 1997). INDOCLIM, in this case, is used as a decision supporting 

tool for the policymakers to examine possible changes in land use and the climate 

and how these changes would affect the river flows. 

Feedbacks from potential users 

This integrated model is one step towards a better integrated model for conducting 

sensitivity analysis under the influence of land use and climate change scenarios. 

The structure of this integrated model is flexible to allow an update of the data set 

or an upgrade for each of its components. It also allows for additional or 

replacement of library files, such as the land use scenarios file, for better analysis 

in order to answer specific 'what if questions. The hydrological component rriay 

also be upgraded or updated to allow some changes in the values of parameters 

and assumptions when new values are identified. Therefore, this structure allows 

the model to be continuously developed and improved for its accuracy and use. 

Feedbacks were received after an informal introduction of this integrated system 

in late July 2002 to about 50 people representing several institutions involved in 

policymaking and water resources research in the West Java province. These 

include: Environmental Protection Agency of West Java, the Provincial 

Government Office of West Java, the Government Office of the Bandung 

Municipality, Bandung Institute of Technology, Research and Development 

Centre for Water Resources, Directorate of Environmental Geology, Research 

Centre for Geotechnology - UPI, Engineering Consulting companies, member of 

Parliaments for the West Java Province, and some non-government organisations. 

Some of the feedbacks are: 

• Scenarios of land use change patterns need to be flexible, which allows 

any kind of patterns to be assessed using this integrated system. The aim is 
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to produce an integrated system as a learning tool as well as an analytical 

tool. Hence, the system becomes more like a game of which the users can 

change the patterns to what they like, and view the results quickly. This 

method will allow the creation of non-time series and unrealistic patterns, 

that can be included in the future version of the model; 

• Methods for explicitly assessing adaptation measures need to be 

included in the integrated system. Some adaptation measures can already 

be assessed, even though indirectly. For example, the effects of application 

of methods to conserve the hydrological parameters, which could allow the 

urban area to expand widely, can already be assessed using this model. Such 

procedures involve changing the parameter values. However, because this 

involves a different purpose of the model, it will be useful if adaptation 

could be treated separately as a new component to the integrated system; 

• The model needs to be able to assess where reforestation and check­

dams for regulating the river flows can take place in order to get the 

most effective results. This can be done by a detailed spatial analysis on 

sub-cathments that will determine the nature of runoff from each sub­

catchments; 

• Specific water balance components need to be analysed. In particular, the 

baseflow component, is an interest to some potential users for an assessment 

on the availability of water during the dry season. This water balance 

component can be extracted easily from the integrated model and displayed 

on a separate window; 

• The effect of forest cutting on the climate, at a catchment scale, needs to 

be integrated into the system. The relationship between forest and climate, 

in particular the precipitation, has been studied for the Bandung basin based 

on long-term existing data. The preliminary results show that this kind of 
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relationship exists but there has not been a conclusive result gained from 

this study (Setiawan, personal communication, August 2002). With a 

flexible nature of the model, this relationship between the forest and 

precipitation can be included in the model that will allow a better 

assessment on how this particular land use may influence the river flows. 

8.6 CONCLUSION 

This chapter demonstrates the operation of the integrated model and the use of the 

model for conducting a sensitivity analysis of the effects of land use and climate 

changes on the river flows. This model is suitable as a decision support tool for 

the users, particularly policymakers, for examining the possible changes in land 

use patterns and how these changes could affect the river flows, even though some 

improvements and developments are required for direct use by the policymakers. 

This integrated model provides a selection of land use change scenarios and 

climate change scenarios. This wide range of selection allows a comprehensive 

analysis for exploring 'what if questions. The model also allows two different 

sets of parameter combinations (reference scenario and policy scenario) to be 

analysed at the same time. The results can be compared immediately for a 

sensitivity analysis of two different conditions. 

The model can be used to identify scenarios that may produce some significant 

changes in the river flows that may have significant impacts on the area, such as 

the possibility of extreme low flows, highest high flows, and changes in seasonal 

variability. This would be very useful for determining anticipating actions that 

may be required in terms of land use management. 
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The trial model of this integrated system has been used for conducting some 

analyses. It has been found that changes in seasonal river flows can be as the 

result of both land use and climate changes. The climate change has a larger 

impact in changing the discharge at a regional scale, but may also cause local 

variation. The land use change has distinct influence at a local scale. This left 

some opportunity to anticipate and manage the variation in the river flows that 

may be caused by climate change. 

An evaluation of the integrated model shows that some degree of uncertainty 

involved in the model. The users are asked to treat and interpret the results 

carefully. The flexible structure of the model allows the model to be continuously 

developed and improved for providing options that allow the users to explore a 

range possible results that may be influenced by variation in the estimated 

parameters, and for accommodating feedbacks from the potential users. 
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CHAPTER 9 

SUMMARY AND CONCLUSION 

9.1 INTRODUCTION 

This thesis has sought to develop a policy-relevant, integrated system for 

examining the effects of changes in land use patterns and climate on the quantity 

and variability of river flows. It began with the question: "Is the increase in river 

flow variability the result of climate change or land use changes?" This 

highlighted the need for an integrated model as a tool that can help policymakers 

in managing a water resource, in particular the variability of river flows under 

uncertain changes in land use patterns and climate. This tool is particularly 

necessary for a basin that undergoes rapid changes in its land use pattern, such as 

the Bandung basin in Indonesia, which has been selected as the study area for this 

thesis. 

This chapter summarises the main focus of this thesis, which is the construction of 

the integrated model that has been covered in a large proportion of this thesis 

(Chapters 4, 5, 6 and 7). It also describes the value of this model, the broader 

implication that may result from this thesis, and the contributions of this thesis to 

knowledge. 
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9.2 SUMMARY OF THE MODEL DEVELOPMENT AND 

RESULTS 

How the model is constructed 

The integrated system, INDOCLIM, has been created by integrating policy 

oriented land use change scenarios and climate change scenarios which are linked 

to a hydrological component for calculating the monthly discharge as output. It is 

a user-oriented program, created as a decision support tool for policymakers in 

examining the possible changes in land use patterns and how these changes 

together with the changes in climate would affect the river flows. This integrated 

system adopts a physically-distributed parameter type of model to allow the 

changes in land use patterns to be calculated immediately on a cell-by-cell basis. 

Each component was developed separately. The hydrological component uses a 

water balance fundamental equation for its calculation. The calculation is on a 

cell-by-cell basis to allow the changes from the other components (land use and 

climate) that are distributed on lxl km2 grid cells over the study area to be 

calculated immediately. The land use component is used to generate scenarios of 

land use change patterns. These changes of patterns were constructed by using a 

GIS based on the principle of a cellular automata method which was introduced in 

White and Engelen (1993). The climate component adopts the integrated 

framework system used in the CLIMPACTS family of models (Warrick et al., 

1996; 2001; Kenny et al., 1995). 
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Capability and the value of the integrated model 

INDOCLIM provides users with selections of pre-determined parameters, 

including the land use scenarios, GHG emission scenarios, GCM patterns, climate 

sensitivity and the year of projection. Many possible combinations can be 

generated from these selections to answer 'what if questions. These are inputs 

that need to be determined by users in order to assess the impacts of the selected 

combination of inputs on the river flows. Two sets of selected combinations can 

be assessed and compared at the same time in the form of a chart for immediate 

sensitivity analysis. The changes in land use patterns and climate are in a time­

series between 2000 and 2100, so that the impact of these changes on the river 

flows can also be assessed in a time-series. 

This capability of accommodating many possibilities makes INDOCLIM suitable 

for policymakers in examining the impact of possible changes in land use and 

climate on the river flows. INDOCLIM can demonstrate the importance of 

changes in land use patterns only by switching off the climate component, or the 

changes in the climate component only by setting the land use to the baseline, or it 

can also assess the impact of a combination of land use and climate scenarios on 

the quantity and variability of river flows. Therefore, this integrated model can 

provide a tool for a comprehensive and integrated analysis in exploring 'what if 

questions. 

The model is simple, accommodative and transportable. It is simple in that it is 

easy to use. Any user without knowledge of hydrology can use this model. It is 

accommodative by providing a wide range of selections for answering 'what if 

questions. The flexible structure of this integrated system allows for an update to 

the data set to be used, and an additional or a replacement of library files to 

answer specific 'what if questions that the users wish. This model is transportable 

in that its structure and methods for generating the land use change as well as 
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climate change scenarios can be applied to different river basins. In particular, it 

can be transported to areas with similar characteristics in terms of data availability 

such as different places in Indonesia and other countries in southeast Asia. In 

addition, the output of this integrated model is also easily visualised in the form of 

charts, which is an advantage for quick comparison analysis and sensitivity 

assessment. 

The model can be used to examine the impacts of land use and climate change on 

runoff on every cell in the study area. This capability allows spatial examination 

to identify local variation caused by the changes in the land use and climate. 

This integrated model has been implemented in the study area, the Bandung basin, 

Indonesia. 

Results 

This thesis shows that: 

• Both the changes in land use and climate have impacts on the river 

flows (the annual yield, monthly discharge and seasonal variation); 

• Climate change has a greater possible impact on the change in the 

annual discharge than land use. Changes in land use only can cause the 

annual discharge to decrease by 8% (under pro-industrialisation scenario) 

and increase by 18% (under pro-agriculture scenario), for the year 2080. 

(Extreme cases where all forested areas and all deforested areas are replaced 

by agricultural land show a decrease in discharge of 44.7% and an increase 

of 36.2%, respectively.) Climate change alone can cause a decrease of 

between 11.5% and 26% relative to the baseline (with the GCM pattern set 

to the average of HadCM2, CSIRO-TR, ECHAM4, and CCSR/NIES; and a 

climate sensitivity of 2.5°C); 
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• The climate has a greater possible impact on monthly variation than the 

land use (relative to the baseline). The change in monthly discharge caused 

by the land use change varies between -14.46% and 24.76% in 2080, and 

for climate change varies between -71.47% and 18.19% in 2080. 

• A superimposed effect of land use change and climate change can have 

an effect of exacerbating the impacts. Low flow is the lowest under the 

pro-industrialisation and HadCM2 pattern (reduced by 90% in 2080 with A2 

emission scenario, and 2.5°C climate sensitivity), whereas the largest high 

flow is produced under a combination of the pro-agriculture policy and the 

CSIRO-TR pattern. (The highest increase of 51.45% occurs in May, but the 

actual increase in discharge of 45.2m3/s occurs in April. Conditions include: 

A2 emission scenario; best guess climate sensitivity; and for the year 

2100.); 

• The change in land use has a more significant impact at a local scale 

than climate. The spatial runoff variation shows that the climate change 

causes a gradual change in local variation whereas the land use change 

causes a more distinct change, and therefore has more local importance. 

These findings suggest that climate change has a greater influence on the 

variability of the river flows. However, the findings also show the important 

aspect of land use which can increase or reduce the impacts of the changes caused 

by climate change. In addition, the pronounced change in runoff at a local scale is 

more likely caused by land use change. Therefore, the issue of land use 

management as part of the integrated management programme in order to achieve 

sustainable development is very relevant. 
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9.3 BROADER IMPLICATION AND CONTRIBUTION TO 

KNOWLEDGE 

This thesis has an implication for increasing awareness of an integrated 

assessment to examine the possible changes in the quantity and variability of river 

flows as the result of changes in both land use patterns and climate. In particular, 

it shows the importance of both the land use component and the climate 

component in assessing the possible future quantity and variability of river flows. 

Specifically, the thesis contributes to knowledge in several ways: 

First, this thesis has made a significant contribution to the development of a 

policy-related integrated system that links the land use component and the 

climate component into the hydrological component for assessing the impacts of 

changes in land use and climate on river flows. This is the first model to be 

developed for this specific purpose, in particular for an Indonesian catchment. The 

model has specific characteristics in comparison to existing integrated models 

such as Hasan (1999) (QUEST) and Vorosmarty et al. (1991) as follows: 

• It is a catchment scale model 

This integrated model that brings together the land use scenarios and climate 

change scenarios is applicable for a catchment scale. The land use scenarios 

are in time-series to allow assessment of variability of river flows under 

selected land use policies over time, and may be combined with the time­

series climate scenarios for a more comprehensive analysis. This kind of 

model is not available anywhere else, particularly in Indonesia; 
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• It is user oriented 

The model is designed specifically for policymakers and planners, and is 

facilitated by constructing policy-oriented land use scenarios, even though 

the model can be useful as a learning tool for general users; 

• It is transportable 

The framework and method of the integrated model can be applied to any 

other catchment with similar data availability. The land use change 

scenarios and climate change scenarios are site specific. However, the 

flexible structure of the integrated system that has been adopted from the 

CLIMP ACTS family of models allows replacement of necessary library 

files in order to transport it to different places. 

Second, this thesis has made a significant methodological contribution in the 

development of the integrated system. Specifically, the contribution to the 

methodology is as follows: 

• For the hydrological component 

a). A method to calculate the monthly variation in the land use water 

consumption coefficients (k,), particularly for agricultural land, has 

been introduced. These coefficients are necessary for determining the 

monthly consumption of water for specific land use types. In an area 

where one land use type is predominant over other types, or when one 

land use type has grown to become the dominant type, this can be very 

significant in causing variability of monthly discharge; 

b). A method to estimate uncalibrated storm runoff parameters has 

been introduced. This method combines the runoff coefficient given in 

the US SCS method, which is land use dependent, and the storm runoff 

values that take into account geological factors only into storm runoff 

coefficients that take into account both geology and land use. 
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• For the land use component 

The procedures used to create these policy-related land use patterns for the 

purpose of this thesis are different from the approach used by White and 

Engelen (1993), even though the principal method is the same (cellular 

automata). The new procedures and methods introduced in this thesis 

include: 

a). A method to define the hierarchical transition rules, including the 

identification of likeliness of conversion from one state of land use to 

another state; 

b). A method to define the weighting parameters for each selected policy­

related scenario; and 

c). A method to construct the changes in the land use pattern and to convert 

them into a time-series change. 

9.4 LIMITATIONS OF THE MODEL AND SUGGESTED FUTURE 

IMPROVEMENT 

The mam limitation of this model is the number of assumptions and 

simplifications used in the model. The lack of data also creates limitations in the 

model. In addition, because this model is the first of its kind, there is plenty of 

room for improving it to become a better model. These limitations and 

improvements are described on a component basis. 

Hydrological component 

• Limited amount of data are used for calibration and validation of the 

hydrological model. The amount of available data, in terms of length of 

periodical records and data distribution over the study area, is not adequate 
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for proper calibration and examination of the validity of the model. If a 

larger area was chosen for calibration and validation, providing data are 

adequate, a better representation of the whole area may result. In the future, 

more data may become available that allow better calibration and validation 

of the model. 

• Another limitation is the lack of more definite water consumption 

coefficient values (k1) for reducing uncertainty in interpreting the results of 

this integrated model for some estimated values. In particular, the k1 values 

for forest, urban area and dry-agricultural land need to be investigated 

further. A different k1 value, for example by changing the k1 value for urban 

from 1.0 to 0.8, significantly changes the annual volume of runoff as well as 

the seasonal variability of the river flows (Chapter 8, Figure 8.10). The 

monthly k1 values for forest may need to be determined from some detail 

studies, and also need to be classified in detail based on the characteristics 

of the forest, i.e. primary forest, secondary forest and reforested land. The k1 

for urban areas may be quite unique because the overall consumption of 

water in the urban area may also depend on the population density and types 

of urban areas (i.e. housing, industries, park, etc.) For the dry agricultural 

land, the improvement requires details of crop patterns, in particular 

knowing when the land is planted, fallow, or abandoned. 

• Some storm runoff coefficients are estimated that need to be investigated 

in more detail, in order to be able to reduce uncertainty, and in particular, 

for replacing the completely estimated values (for geology type 3 in the 

study area). The relative difference in the storm runoff coefficients may 

create a significant difference in the output as has been analysed in Chapter 

5. A method to estimate these coefficients has been developed, but it still 

requires some tests. Poor data availability in regards to geology type 3 area 

also prevents a proper calibration of these values. A more detail study to 

investigate the correct values needs to be conducted ideally on an area with 
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homogeneous land use and with good data input and output, and with more 

data become available in the future, the calibration can also be conducted. 

Land use component 

• A different approach in generating land use change scenarios may be 

required to replace the static model with a dynamic model for a better 

land use change allocation procedure. For example, the roading network 

and the rules of urban allocation are assumed to stay unchanged for the 

whole time series. In reality, some new roads may be constructed that can 

alter the distribution of urban areas and gardens, such as the new toll road 

which was opened in 1991. With advancements in technology for 

construction or soil conservation, it may be possible to allow the urban area 

to expand to a higher slope, or there may some changes with regard to the 

elevation at which the settlement could expand, and so on. 

• The method used to determine the likelihood of conversion from one land 

use state to another state as used in this thesis is very subjective. Further 

study may be required to standardise the method in determining the 

weighting parameters. A more quantitative approach is preferred to allow 

better judgments in deciding the weighting factors. 

• The land use model used in this thesis uses a limited number of physical 

factors, which are: slope, elevation, distance to the main road, and distance 

to the river. There could be some other important physical factors that 

need to be included in the construction of scenarios, which can contribute 

locally to the land use distribution patterns such as soil fertility and 

groundwater conditions. These were not analysed in this thesis because of 

the lack of data. The analysis of distribution patterns of land use would be 

more comprehensive if more possible land use distribution influencing 

332 



Chapter 9: Summary and conclusion 

factors were included, and those that have significant influence on the land 

use patterns could be selected in a systematic way from the list of available 

factors. 

Climate component 

• Interannual climate variation and extreme events such as El Nino and La 

Nina are excluded from this integrated model because of difficulty in 

modelling with good confidence (see Chapter 7 Section 7.3). This climate 

variability is an important aspect to be considered in implementing the 

adaptation measures. The future model will need to include the variability 

aspect of the climate. 

As mentioned earlier, data availability is the main constrain in developing the 

model well. In particular, it prevents well calibration and validation to be properly 

conducted. Good long-term and well distributed data, which includes the 

hydrological, land use and climate data, can increase the confidence in, and the 

reliability of, the integrated model. Availability of multi-temporal land use data 

such as land use maps, air photos, or satellite images can help to calibrate and 

validate the land use change model. A long term climate data set can reveal and 

make possible the assessment of the interannual climate variability in more detail, 

including the possible decadal climate variability as mentioned by Dam (1994) 

(see Chapter 3 Section 3.2). 

In dealing with uncertainty that comes from model parameter values, additional 

options for allowing users with some hydrological knowledge to choose the 

values should be provided in the future model developments. These would give a 

flexibility to the users for exploring the possible range of results that may be 

produced from the variation in the parameter values. 
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In addition, as described in Chapter 8, Section 8.5, several other improvements 

and developments are also required for the model to be more useful for the 

policymakers and other potential users, as follows: 

• The land use change patterns need to be flexible (i.e. accommodative); 

• Possible methods of adaptation need to be included in the integrated system; 

• The model needs to be able to determine where reforestation and check­

dams for regulating the river flows can be effectively placed; 

• The model needs to be able to analyse specific water balance component 

such as baseflows; 

• The effect of forest cutting on the climate at a catchment scale needs to be 

included in the integrated system. 

The integrated system that has been developed omits the dynamic feedback links. 

As already discussed in Chapter 4, Section 4.2, such dynamic links exist. Within 

each of the components of this model, the dynamic feedbacks also exist. For 

example, the nature of land use is dynamic because of the dynamic interaction of 

the socio-economic drivers (see Chapter 4, Section 4.5 on Land use component). 

The change in the climate, which influences the agroclimate, may affect the 

cropping pattern that in the end causes changes in the distribution of monthly 

crop-coefficient factors (Chapter 5, Section 5.5). At this stage, this kind of fully 

dynamic model is still difficult and beyond the scope of this thesis. In the future, 

the possibility to develop a dynamic integrated model type may be explored. 

Finally, despite the limitations described above, the trial model can demonstrate 

well the impacts of land use change and climate change on the variability of the 

river flow in a medium sized river basin. Combinations of various scenarios of 

both land use and climate change can give various results on the hydrograph of 

the river flows. Therefore, the users of this model can look at a wide range of 

possible impacts of such uncertain changes. More importantly, the users may 

learn how to anticipate such changes by assessing the favourable land use policy 

in order to minimise the risk resulting from the likely unavoidable climate 
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changes. By doing this, one step towards sustainable water resources for 

sustainable development is gained. 

REFERENCES 

Dam, M.AC. 1994. The Late Quaternary Evolution of the Bandung Basin, West 
Java, Indonesia. Thesis, Vrije Universiteit Amsterdam. 

Hasan, N.M.H. 1999. A large scale ecosystem scenario development tool based on 
QUEST. Information Paper For NEITLAP Regional Conference -
Making A Difference: Progress in Environmental Education, Training and 
Research in Asia and the Pacific. 30 September - 2 October 1999, Phuket, 
Thailand 

Kenny, G.J., Warrick, R.A, Mitchell, N.D., Mullan, AB. and Salinger, M.J. 
1995. CLIMPACTS: an integrated model for assessment of the effects of 
climate change on the New Zealand environment. Journal of 
Biogeography 22, 883-895. 

Vorosmarty, C.J., Moore III, B., Grace, A, Peterson, B.J., Rastetter, E.B. and 
Melillo, J. 1991. Distributed parameter models to analyze the impact of 
human disturbance of the surface hydrology of a large tropical drainage 
basin in Southern Africa. In: F.H.M. van de Ven, D. Gutknecht, D.P. 
Loucks and K.A Salewicz (eds.), Hydrology for the Water Management of 
Large River Basins. IAHS Publ. No. 201, 233-244. 

Warrick, R.A, Kenny, G.J. and Harman, J.J. (eds.) 2001. The Effects of Climate 
Change and Variation in New Zealand, An Assessment Using the 
CLIMAPCTS System. International Global Change Institute, University of 
Waikato, Hamilton, New Zealand. 

Warrick, R.A, Kenny, G.J., Sims, G.C., Ericksen, N.J., Ahmad, AK. and Mirza, 
M.Q. 1996. Integrated model systems for national assessments of the 
effects of climate change: applications in New Zealand and Bangladesh. 
Water, Air, and Soil Pollution 92, 215-227. 

White, R. and Engelen, G. 1993. Cellular automata and fractal urban form: a 
cellular modelling approach to the evolution of urban land-use patterns. 
Environment and Planning A 25, 1175-1199. 

335 


	13118
	13119
	13120
	13121
	13122
	13123
	13124
	13125
	13126
	13127
	13128
	13129
	13130
	13131
	13132
	13133
	13134
	13135
	13136
	13137
	13138
	13139
	13140
	13141
	13142
	13143
	13144
	13145
	13146
	13147
	13148
	13149
	13150
	13151
	13152
	13153
	13154
	13155
	13156
	13157
	13158
	13159
	13160
	13161
	13162
	13163
	13164
	13165
	13166
	13167
	13168
	13169
	13170
	13171
	13172
	13173
	13174
	13175
	13176
	13177
	13178
	13179
	13180
	13181
	13182
	13183
	13184
	13185
	13186
	13187
	13188
	13189
	13190
	13191
	13192
	13193
	13194
	13195
	13196
	13197
	13198
	13199
	13200
	13201
	13202
	13203
	13204
	13205
	13206
	13207
	13208
	13209
	13210
	13211
	13212
	13213
	13214
	13215
	13216
	13217
	13218
	13219
	13220
	13221
	13222
	13223
	13224
	13225
	13226
	13227
	13228
	13229
	13230
	13231
	13232
	13233
	13234
	13235
	13236
	13237
	13238
	13239
	13240
	13241
	13242
	13243
	13244
	13245
	13246
	13247
	13248
	13249
	13250
	13251
	13252
	13253
	13254
	13255
	13256
	13257
	13258
	13259
	13260
	13261
	13262
	13263
	13264
	13265
	13266
	13267
	13268
	13269
	13270
	13271
	13272
	13273
	13274
	13275
	13276
	13277
	13278
	13279
	13280
	13281
	13282
	13283
	13284
	13285
	13286
	13287
	13288
	13289
	13290
	13291
	13292
	13293
	13294
	13295
	13296
	13297
	13298
	13299
	13300
	13301
	13302
	13303
	13304
	13305
	13306
	13307
	13308
	13309
	13310
	13311
	13312
	13313
	13314
	13315
	13316
	13317
	13318
	13319
	13320
	13321
	13322
	13323
	13324
	13325
	13326
	13327
	13328
	13329
	13330
	13331
	13332
	13333
	13334
	13335
	13336
	13337
	13338
	13339
	13340
	13341
	13342
	13343
	13344
	13345
	13346
	13347
	13348
	13349
	13350
	13351
	13352
	13353
	13354
	13355
	13356
	13357
	13358
	13359
	13360
	13361
	13362
	13363
	13364
	13365
	13366
	13367
	13368
	13369
	13370
	13371
	13372
	13373
	13374
	13375
	13376
	13377
	13378
	13379
	13380
	13381
	13382
	13383
	13384
	13385
	13386
	13387
	13388
	13389
	13390
	13744
	13745
	13746
	13747
	13748
	13749
	13750
	13751
	13752
	13753
	13754
	13755
	13756
	13757
	13758
	13759
	13760
	13761
	13762
	13763
	13764
	13765
	13766
	13767
	13768
	13769
	13770
	13771
	13772
	13773
	13774
	13775
	13776
	13777
	13778
	13779
	13780
	13781
	13782
	13783
	13784
	13785
	13786
	13787
	13788
	13789
	13790
	13791
	13792
	13793
	13794
	13795
	13796
	13797
	13798
	13799
	13800
	13801
	13802
	13803
	13804
	13805
	13806
	13807
	13808
	13809
	13810
	13811
	13812
	13813
	13814
	13815
	13816
	13817
	13818
	13819
	13820
	13821
	13822
	13823
	13824
	13825
	13826
	13827
	13828
	13829



