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ROLE OF SAFETY STANDARDS AND LAND SUBSIDENCE IN 
SUSTAINABLE INTEGRATED DEVELOPMENT AND 
MANAGEMENT OF TIDAL AREAS AN INVENTORY 

 
Bart Schultz1 

 
ABSTRACT 

 
The reclamation, development and management of tidal areas requires an integrated 
approach in which the various relevant aspects would have to be taken into account. 
Two of the important aspects in this approach are the design standards for drainage 
and flood protection provisions, and land subsidence. With respect to the flood 
protection provisions it is important to note that in quite some of the reclaimed tidal 
areas there is a rapid urbanisation going on.There may be different reasons for the 
land subsidence, like to compaction of soft layers, oxidation of peat soils, or tectonic 
movement. In extreme cases the land subsidence may be even more than 200 mm 
per year. The combination of these two aspects requires due attention to prevent, or 
reduce at least as much as possible calamities in these sensitive flood prone areas. 
 
In this paper an inventory will be presented of the relevant values, processes and 
approaches of these two aspects that generally play an important role in the 
integrated approach. Attention will be paid to how they may impact the conditions in 
tidal areas and what measures could be considered to take them into account in 
sustainable integrated development and management. 
 
Keywords: man-induced change, tidal area, design standard, drainage, flood 
protection, subsidence. 

 
1. INTRODUCTION 

 
Although there is world wide a major concern for the impacts of climate change on 
extreme rainfalls, increase in peak river discharges and sea level rise, 80 – 90% of 
the urbanisation takes place in flood prone areas. A significant part of these areas is 
located in tidal coastal and deltaic regions (Schultz, 2018). 
 
The reclamation, development and management of tidal areas requires an integrated 
approach in which the various relevant aspects would have to be taken into account. 
Two of the important aspects in this approach are the design standards for drainage 
and flood protection provisions, and land subsidence.With respect to the first aspect 
the risk of flooding is generally insufficiently taken into account in political decision-
making, resulting in inadequate measures to prevent or at least reduce the risk of 
flooding, although the facts have been regularly highlighted in scientific literature 
(Schultz, 2018).As far as the second aspect is concerned it is important that in the 
majority of reclaimed tidal areas there is land subsidence and oxidation of the topsoil, 
which in extreme cases may be even more than 200 mm per year. There may be 
different reasons for this land subsidence, like compaction of soft layers, oxidation of 
peat soils, or tectonic movement. The combination of these two aspects requires due 
attention to prevent, or reduce at least as much as possible calamities in these 
sensitive flood prone areas. 
 

 
1 Prof. em. Land and Water Development IHE Delft, Lelystad, the Netherlands, Tel.: +31 320 222775. 
 E-mail: schultz1@kpnmail.nl. 
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In this paper an inventory will be presented of the relevant values, processes and 
approaches that play a role. Attention will be given to how they may impact the 
conditions in tidal areas and what measures could be considered to take them into 
account in sustainable integrated development and management. 

 
2. DRAINAGE AND FLOOD PROTECTION 

 
In reclaimed tidalareas generally drainage and flood protection will be required. In 
most cases design standards for drainage and flood protection of urban areas need to 
be significantly higher than those for similar systems in rural areas. For drainage 
systems this is primarily caused by the fact that in urban areas the period between 
precipitation and the resulting discharge is much shorter than in rural areas. Another 
important reason is that the value of public and private property per unit area in urban 
areas is many times higher than in rural areas (Schultz, 2012). Therefore, due to the 
rapid urbanisation, especially in emerging and least developed countries, increasingly 
problems occur to achieve an adequate overall water management where the interests 
of both the urban and rural community are being served at an adequate level of service. 
 
Measures in the field of flood management and flood protection would generally have 
to be designed at a much higher level of safety than measures for drainage, while 
dead and displaced people and damage due to flooding may be much higher than in 
case of inundation due to exceedance of the discharge capacity of drainage 
schemes. Also in this case distinction would have to be made among urban and rural 
areas, although this is not always possible in densely populated regions. In such 
cases the measures would have to be based on the urban requirements. With respect 
to actual measures for flood management and flood protection distinction is made 
between structural and non-structural measures (Working Group on Non-structural 
Aspects of Flood Management, 1999; van Duivendijk, 2005). 

 
Design standards for drainage and flood protection 
 
For drainage systems in flat, flood prone tidal areas the preferred water levels and 
acceptable exceedance may be summarised as follows (Schultz, 2018): 
 

(a) preferred normal conditions. These are the conditions one would like to 
maintain in the area. They result in a preferred water level, or water levels 
and operation rules for the discharge structures, like outlet sluices, or 
pumping stations. The criteria are strongly linked to the soil type and type of 
land use, like: agriculture, housing, industry, recreation and nature 
conservation; 

(b) design conditions. These are the conditions on which the designs of the 
drainage systems are based. In general these conditions are formulated as: 

 
• exceedance of the preferred water level(s); 
• duration of the exceedance; 
• the chance per year for which the prescribed exceedance can occur; 

 
(c) extreme conditions. Although this is generally not a design criterion, control 

computations can be made for extreme situations. In these situations bankfull 
storage in the drains is generally considered. When the results are 
considered unacceptable, the design criteria would have to be modified. 

 
With respect to the measures in the field of flood protection, the damage in the rural 
areas will primarily be reduction in yield of crops and in the coastal areas the risk of 
flooding with saline water. The design standards have to be such that these risks are 
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reduced to an acceptable level, which will normally be in the order of magnitude of a 
chance of occurrence of 5 to 10% per year. However, especially the rapid 
urbanisation in tidal regions in emerging countries has resulted in the situation that 
the level of flood protection is generally far below the economic optimum. With 
exception of the flood protection provisions in the Netherlands actual levels are 
generally between chances of occurrence of 0.5 to 5% per year (Table 1) (Schultz, 
2018). In such cases there is a serious risk of loss of a large number of human lives, 
enormous displacements of people from the flooded areas and huge damage when 
really an extreme event would occur. Developments in least developed countries may 
be characterised by similar processes, although at a slower speed. The too low level 
of flood protection even still occurs in several of the developed countries. For 
example the new flood protection provisions that were implemented after the 
hurricane Katrina flooding in the area of New Orleans have only a level of safety with 
a chance of occurrence of 1% per year. This implies that when a hurricane of the 
same magnitude as Katrina - which was about 3.5 out of a range of 5 classes - would 
hit New Orleans, flooding can be again the result. This almost happened in 2008 
when hurricane Gustav approached New Orleans, but fortunately at the last moment 
it followed a more western direction (Schultz, 2018). 
 

Table 1. Some characteristic design standards for flood protection 
 

City/country Chance of failure 
in percent per year 

Dhaka, Bangladesh 
Australia, United Kingdom and USA 
(including New Orleans after Katrina) 

India: cities, industry 
rural area 

China: large cities 
cities 

rural area 
British Columbia, Canada 

2 
1 
 
1 
4 

0.5 
1 
5 

0.5 
 
Design standards would have to be linked to the economic value and possible 
damage of public and private property in the tidal area, as well as to the risk for death 
and displacement. It is generally difficult to value human life. Therefore a well known 
approach is to determine the economic optimum level of protection, to take into 
account the population in the tidal area and finally to take a political decision on the 
design standard for the structural measures. With respect to this it has to be realised 
that flood protection provisions can never be designed in such a way that the risk of 
failure can be excluded (Schultz, 2018). In Japan the Department of Public Works and 
Highways and Japan International Cooperation Agency (2002, 2010) have developed 
very practical technical standards and guidelines for planning and design of flood 
control, as well as for design of flood control structures. However, in these guidelines 
it has not been specified for which chance of occurrence they apply. In Australia the 
Victoria Department of Environment, Land, Water and Planning (2015) has also 
published very clear standards. These are based on a chance of occurrence of 1% 
per year. 
 
The effect that the increase in value of property may have on design standards for 
flood protection is indicated in Figure 1 (after Schultz, 2001a). This figure shows in 
essence that when the value of property in an area is increasing the damage due to 
flooding will increase proportionately. Due to this the optimal level of safety would 
have to increase as well. In this example from a chance of occurrence of about 4% 
per year in 2015 to a chance of occurrence of 0.1% per year in 2065. At these 
chances of occurrence the total of costs for flood protection and damage are minimal. 
This would mean significant investments in flood protection just to maintain the 
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economic optimal level. In this theoretical example the increase in number of people 
in the flood prone area has even not yet been taken into account. 

 

 
 

Figure 1. Interactions between design frequency of flood protection provisions, costs 
and damage (after Schultz 2001) 

 
3. LAND SUBSIDENCE IN RECLAIMED TIDAL AREAS 
 
Land subsidence data 
 
In the majority of the reclaimed tidal areas there is substantial land subsidence and 
oxidation of the topsoil. In extreme cases - reclamation of peat soils in the humid 
tropics, groundwater extraction from deeper layers in urban and industrial areas, or 
reclamation of soft clay layers - areas may experience land subsidence of 100 to 150 
mm/year, or evenmore than 200 mm/year. Land subsidence data for recent decades 
in various relevant locations are shown in Table 2. With respect to the data in this 
Table it has to be realised that different publications present different data. This can 
be caused by various reasons, like: the publications describe different periods or 
different parts of the concerned cities, or different methods are being applied to 
determine the land subsidence. The author has tried to derive reasonable ranges of 
land subsidence out of the various publications that are listed in Table 2. In case of 
100 mm/year, the impact of the highest forecast of sea level rise by the 
Intergovernmental Panal on Climate Change (IPCC) (2014) of 0.98 m by the end of 
2100 occurs in about ten years due to the land subsidence and oxidation (Figure 2) 
(Schultz, 2018). 
 
With respect to land subsidence Syvitski et al. (2009) made an assessment in 33 
delta’s. Erkens et al. (2015) studied the situation for several major cities. Erkens and 
Sutanudjaja (2015) are working on the preparation of a global land subsidence map. 
 
Due to this in tidal regions especially land subsidence and to a certain extent sea 
level rise may have significant consequences for drainage and flood protection. It may 
imply that drainage by gravity in time will have to be replaced by drainage by 
pumping. Three situations concerning inner and outer water levels can be 
distinguished: 
 

(a) the outer water level is always lower than the inner water level, which 
allows for drainage by gravity; 

(b) the outer water level is always higher than the inner water level. In this 
case the water always needs to be removed from the drained area by 
means of pumps; 

0

500

1000

1500

Cost 2015 Damage 2015
Total 2015 Damage 2065
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(c) the outer water level varies between the two situations described above, 
in which case gated structures are required, or a combination of such 
structures with a pumping station. In fact this is a transitional situation, 
while in due time only drainage by pumping will be possible. 

 

 
 

Figure 2. Sea level rise and land subsidence, based on the highest forecast of the 
Intergovernmental Panel of Climate Change (2014) and expected land subsidence 
and oxidation in the humid tropics. For land subsidence and oxidation of peat (100 - 
150 mm/year) the maximum has been set at 5.00 m, while it may be supposed that by 
that time the land will be under water. However, in urban areas (5 - 10 cm/year) even 
more land subsidence can occur (Schultz, 2018) 
 
Especially in the humid tropical region the land subsidence and oxidation of reclaimed 
peat soils for agricultural purposes may in due time result in unaffordable costs for 
pumping and abandoning of the reclaimed area. Such consequences would have to 
be taken into account in the selection of areas that would be suitable for reclamation. 
 

Table 2. Land subsidence data for recent decades for various relevant locations 
(updated after Schultz, 2018) 

 

Location 
Land 

subsidence 
in cm/year 

Source 

Tokyo 
Semarang, Surabaya 

 
Jakarta 

Bangkok, Taishi 
Tianjin 

San Francisco Bay area, 
Bolivar Coast Polders 

Yuanchang 
Houston-Galveston; Ho Chi 

Minh City 
 

Manila, New Orleans, 
Shanghai, Ganges 
Brahmaputra Delta 

Mekong Delta, Venice 
Mississippi Delta 

1 - 24 
6 – 20 

 
0.5 - 17 
4 - 12 
3 - 11 

0.2 - 10 
6 - 8 
4 - 5 

 
2 – 4 

 
1 – 4 

0 – 3.5 

Sato et al., 2006 
Sarah et al., 2011; Soedarsono and Marfai, 

2012; Abidin et al., 2013 
Abidin et al., 2015; Kurniawan A, web site. 
Phien-weij et al., 2006; Wang et al., 2018 

Lixin et al., 2011 
Shirzaei and Bürgmann, 2018; Schultz and 

Mendez, in print 
Wang et al., 2018 

Abidin et al., 2008; Miller and Shirzaeia, 
2019; Asikin, undatad 

Alam, 1996; Yuan et al., 2015; 
 

Minderhoud et al., 2015; Allison et al., 2016 
Allison et al., 2016 
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4. THE SITUATION IN THE NETHERLANDS 
 

In the Netherlands digging of simple open field drains to drain the peat soils started 
around the 10th century (De Bruin and Schultz, 2003; Van de Ven, 2004). Due to the 
temperate climate conditions and adapted water management measures the peat 
polders subside nowadays by about 10 mm/year. However, due to the continuously 
required drainage since the beginning these lands have subsided in total 4 to 5 
metres, which amounts to an average of 0.4 to 0.5 metres per century (Figure 3). 

 
Figure 3. Land subsidence, sea level rise and water management measures in the 

Netherlands since 900 (after De Jong et al., 1999) 
 

After several hard lessons in its history the Netherlands government decided after the 
flooding of 1953 in the southwestern part of the country for much higher design 
standards for flood protection than those shown in Table 1. The until recently applied 
standards per type of dike-ring area2 are shown in Figure 4. As far as the level of 
protection is concerned a distinction is made between densely populated areas and 
less dense populated areas that can be flooded from the sea, areas that can be 
flooded by the main rivers and transition areas that can be flooded from the sea or by 
the rivers. In fact it is known that even these standards are still too low, especially for 
the densely populated western part of the country. Therefore a Delta Committee was 
appointed to make an investigation and to formulate future directions. This Committee 
recommended in 2008 to increase the standards design standards for flood protection 
provisions at least with a factor 10 (Delta Committee, 2008). This advice has been 
accepted by Government and in 2014 new design standardsfor flood protection at 
primary level have been presented (Ministry of Infrastructure and the Environment 
and the Ministry of Economic Affairs, 2014). Especially for the river dikes these 
proposed standards are much stronger that those presented in Figure 4 (Schultz, 
2018). 

 
 

Figure 4. Until recently applied safety standards per dike-ring area in the Netherlands 
(Technical Advisory Committee on Water Defences, 2000) 

 

 
2 A dike-ring is the area of land that is protected from floodingby an individual dike. 

http://en.wikipedia.org/wiki/Flooding
http://en.wikipedia.org/wiki/Dike_(construction)
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Since the acceptance of the recommendations by the Delta Committee a start has 
been made with the implementation of the so-called Delta Programme. For the 
implementation of this programme a special Delta Commissioner has been appointed 
with far reaching responsibilities. The programme consists of a wide range of 
activities that will be implemented over the coming years. The status per 2015 is 
shown in Figure 5. In the programme a new approach with respect to flood risk 
management will be followed, in which the various failure mechanisms of flood 
protection provisions will be taken into account. It also implies that a direct link has 
been formulated between floods and their potential consequences with respect to 
individual death and economic damage. The resulting maps for 2020 and 2050 are 
shown in respectively Figure 6 for the risk of individual death and in Figure 7 for 
economic damage. 
 

 
 

Figure 5. Projects within the framework of the Delta Programme, status by 2015 
(Ministry of Infrastructure and the Environment and the Ministry of Economic Affairs, 

2014) 
 

 
(a) (b) 

 
Figure 6. Annual chance of an individual dying in 2020 (a) and 2050 (b)as a result of 
floodingunder the new approach for the design of flood protection provisions (Ministry 
of Infrastructure and the Environment and Ministry of Economic Affairs, 2014) 
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(a) (b) 

 
Figure 7. Annual estimated chance of economic damage per ha in Euro in 2020 (a) 
and 2050 (b) as a result of flooding under the new approach for the design of flood 
protection provisions (Ministry of Infrastructure and the Environment and Ministry of 
Economic Affairs, 2014) 

 
5. RECOMMENDATIONS 
 
The development and implementation of integrated flood management and flood 
protection packages is urgently required. It will especially be the responsibility of 
those in charge - government, irrigation and drainage agencies, municipalities and 
farmers - to take the right decisions. Many other parties are involved in drainage, 
flood management and flood protection activities. However, they can only contribute. 
Critical issues with respect to drainage and flood protection will be (Schultz, 2018): 
 

(a) need for modernisation of (urban) drainage schemes; 

(b) need for optimisation of flood protection measures related to increase in 
value of protected public and private properties, population growth and 
land subsidence; 

(c) need for a development strategy for short, medium and long-term 
perspectives of the tidal flood prone areas, especially in the emerging 
and least developed countries; 

(d) development and implementation of integrated drainage, flood 
management and flood protection packages, especially for densely 
populated tidal regions. 

 
6. CONCLUDING REMARKS 

 
The reclamation, development and management of tidal flood prone areas requires 
an integrated approach in which the various relevant aspects would have to be taken 
into account. Two of the important aspects in this approach are the design standards 
for drainage and flood protection provisions, and land subsidence.In such an 
approach the specific physical conditions will have to play an important role in order 
to prevent reduced benefits from generally considerable investments, and to reduce 
death, displacement and damage. 
 
In order to cope with the rapid developments in tidal regions, especially in emerging 
and least developed countries, in the coming decades a significant improvement of 
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drainage and flood protection provisions will be required. To a certain extent this also 
applies to the developed countries. 
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CLIMATE CHANGE IMPACT ON IRRIGATION  
IN MEKONG DELTA OF VIETNAM 

 
Koji Kitamura1 

 
ABSTRACT 

 
The Mekong Delta is a tidal area in southwestern Vietnam where the Mekong River 
approaches and empties into the sea through a network of distributaries. The Mekong 
Delta of Vietnam is one of the most productive rice areas of the globe. Mekong River 
Commission has implemented a study of climate change impacts on irrigation and 
agriculture in the Mekong Delta in the so-called Council Study. The study compares 
baseline scenario and 2040 climate change scenario with modelling. While the 
climate change impact has only marginal impact on drought, flood duration decreases 
and peak flooding increases. The salinity intrusion is complex although salinity 
intrusion is affected by upstream river flow, sea level rise and flow regulation. The 
Mekong Delta area will foresee a decay of its irrigated agriculture driven by the 
urbanization growth and the effects of the climate change (salinization and water level 
rise). There is no doubt that the climate change effects will bring a lot of uncertainty to 
the region. If the figures characterising the extension of the irrigation area in the delta 
should not vary drastically, there is a large uncertainty on the cropping patterns and 
alternative crops that farmers will adopt. 
 
Keywords: Irrigation, Climate change, Mekong Delta, Vietnam. 
 
1. INTRODUCTION 
 
The Mekong Delta is the region in southwestern Vietnam where the Mekong River 
approaches and empties into the sea through a network of distributaries. The Mekong 
Delta region encompasses a large portion of southwestern Vietnam of over 40,500 
km2. The size of the area covered by water depends on the season. The Mekong 
Delta, as a region, lies immediately to the west of Ho Chi Minh City, roughly forming a 
triangle. The Mekong Delta region of Vietnam displays a variety of physical 
landscapes, but is dominated by flat flood plaints in the south, with a few hills in the 
north and west. The present Mekong Delta system has two distributary channels, 
both discharging directly into the East Sea. 
 
Being a low-lying region, the Mekong Delta is particularly susceptible to floods 
resulting from rises in sea level due to climate change. A study of the climate change 
has predicted that, besides suffering from drought brought on by seasonal decrease 
in rainfall, many provinces in the Mekong Delta will be flooded. Another problem 
caused by climate change is the increasing soil salinity near the coasts. 
 

 
Figure 1. Mekong Delta 
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Mekong River Commission (MRC) is an inter-governmental organization that works 
directly with the governments of Cambodia, Lao PDR, Thailand, and Vietnam to 
jointly manage the shared water resources and the sustainable development of the 
Mekong River. Its mission is to promote and coordinate sustainable management and 
development of water and related resources for the counties` mutual benefit and the 
people`s well-being.  

 
 

Figure 2. Mekong River Basin 
 

The MRC looks across all sectors, including identification of opportunities for 
agriculture including irrigation, fisheries sustainability, freedom of navigation, 
sustainable hydropower, flood management, preservation and conservation of 
important ecosystems. It also helps its member countries face the future effects of 
more extreme floods, and prolonged drought and sea level rise associated with 
climate change. In providing its advice, the MRC aims at facilitating dialogue among 
governments, the private sector, and civil society. 
 
The MRC has implemented so-called Council Study. The MRC Member Countries` 
Prime ministers agreed at the 3rd Mekong-Japan Summit in Bali, Indonesia, in 
November 2011, to conduct a study on sustainable management and development of 
the Mekong River including impacts by mainstream hydropower projects. On 8 
December 2011, the MRC Council, composed of representative ministers from MRC 
member countries, agreed to implement the study, thus the name `Council Study`. 
 
The Council Study analysis of development in the Mekong Basins includes irrigation, 
agriculture and land use, hydropower, transportation, domestic and industrial water 
use flood protection and includes climate change. The Council study team then 
assess the impact of these development on environment, peoples` well-being and 
economy. The Council Study includes the climate change impacts on irrigation and 
agriculture in the Mekong Delta of Vietnam. 
 
The Mekong Delta of Vietnam is one of the most productive rice area of the globe. 
The gross area is 3.9 million hectares with an agriculture land of 2.7 million ha 
producing more than 20 million tons of rice per year. From 1996 to present, along with 
the development of socio-economic in the Mekong Delta, state and people have to 
build more irrigation systems throughout the region. Until now, the channel system 
was completed building on basic level, especially the main channel, premier and 
secondary canals. Inland irrigation system was also noted in the areas of investment 
have produced a stable structure. 
 
In the area of irrigation development projects earlier and synchronized planning has 
brought greater efficiency, such as salinity control, increasing the supply of fresh 
water during the dry season, improve flood control, drainage alum, and water supply, 
and land improvement, agricultural development for diversified and higher standards 
of living. At the same time, thanks to irrigation systems have brought many new areas 
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open, contributing to switch production from rice cultivation to aquaculture seafood on 
a large coastal area. 
 
Irrigation has been moving away from thinking to prevent saltwater salinity control, 
actively serving both the agriculture and fisheries. Planning work is trying to integrate 
and coordinate between departments, water objects, between the mining and 
resource use, between economic development and social and environmental 
protection, diversity in production between export-oriented agriculture with the 
construction of large-scale production of key agricultural products. 
 
The issue of environmental protection, ecological protection of mangroves, and 
infrastructure development of new settlements in the flooded areas are also of 
interest. The State is gradually overcoming the asynchronous investment, lack of 
focus areas to promote efficiency projects. 
 
Reality show for years, investment in construction is essential, but the mechanism 
and investment management operation is equally important, ensure economic 
stability, growth general social and agricultural production, fisheries in the project area 
in particular in accordance with set objectives. This is the main issue with the system 
works in the Mekong Delta. The major infrastructure works for the irrigation sector are 
dedicated to flood protection, salt intrusion prevention and water supply. In the current 
situation, 1.9 million ha are fully developed. The total annual water needs are up to 
16.8 BCM. Three seasons of rice production are occurring in the delta area. 
 
2. METHODS 
 
2.1  Council Study  

 
The Council Study provides reliable scientific environment, social, and economic 
impacts of water resources development in the Mekong River encompassing cross-
cutting sectors and impacts, including irrigation in the Mekong Delta of Vietnam. 
 
The Council Study fills major knowledge gaps on the environmental, social, and 
economic impacts of major development in the Mekong Basin in the short, medium 
and long term. The Council study enhances the ability of MRC to advise Member 
Countries on the potential benefits and impacts of water resource development of the 
basin based on sound scientific evidence; optimise the Basin Development process; 
and ultimately contribute to sound decision making by the Member Countries in the 
development of the Mekong Basin. A spill over effect of the Council Study is to 
promote capacity building and ensure technology transfer to member Countries 
during the entire study process. 
 
The Council Study has been led by a regional coordinator with the support from a 
core technical group comprising regional and international experts broken down into 
the following. Six thematic teams formulate water-resource development scenarios 
surrounding six areas: irrigation, agriculture and land use, hydropower, flood 
protection, domestic and industrial water use, and navigation. Five discipline teams 
who conduct hydrologic, biological, socio-economic, macro-economic, and climate 
change assessment. This team assess the baseline status of the Mekong Basin and 
impacts of formulated scenarios. 
 
2.2  Scope of the Assessment 
 
As defined by the Council Study Inception report and the Implementation Plan, 
irrigation thematic team studies: irrigation water use and return flows, changes in 
downstream flow, water quality, irrigation impacts on the other sectors, and the other 
sector impacts on irrigation, especially on dry season irrigation. The Council Study 
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modelling is set up for the whole basin including the Mekong Delta of Vietnam to 
account for its hydrology and different development interventions. 
 
Irrigation data collected from member countries by irrigation thematic team are in 
provincial level. Vietnam provided data for the entire watershed area for year 2007. 
 
2.3  Irrigation Modelling Methodology 
 
The hydrological indicators that affect irrigation demand include: rainfall, soil water 
content, and evapotranspiration including impact of temperature. 
 
Irrigation demand and sustainable potential for irrigation has been computed with the 
DSF IQQM model based on these hydrological factors. The model requires inputs 
from the hydrological model SWAT including daily rainfall, potential 
evapotranspiration and water yield. The computation method for crop water demand 
in IQQM is based on reference plant (grass surface) and crop dependent crop 
coefficient as implemented in the FAO-56 model. 
 
In addition to the hydrological conditions irrigation demand depends on crop growth 
which in turn is affected by water availability, soil fertility, temperature, salinity, 
flooding and CO2 concentration. These factors in addition to detailed hydrological 
conditions are included in the FAO AquaCrop model that is integrated in the IWRM 
model. The IQQM computation is spatially lumped for sub-areas whereas the 
IWRM/AquaCrop model is distributed and taken fully into account spatial variation. 
The land use information for the AquaCrop modelling is based on the MRC 2010 land 
cover map supplemented with the Basin Development Plan 2 (BDP2) Irrigation 
data.The BDP2 data is available as irrigation area map data. This provincial 
information was used to derive spatial distribution through GIS programming. 
Different approaches for distributing the irrigation areas were trialled. The most 
natural results have been obtained using existing irrigation channels as basis for the 
distribution. 
 
2.4  Climate Change Scenario for Council Study 

 
Due to limitation of time and other resources, only climate change scenario for 2040 
was selected for climate change impact assessment within the Council Study. 
Because the time horizon of change considered in the Council Study is 2040, it 
should be noted that climate change impacts can be expected to increase after 2040 
even if gas emissions are stabilized.  
 
3. RESULTS AND DISCUSSION 
 
3.1  Irrigation Area 
 
The Mekong Delta of Vietnam has slightly decreasing trend for irrigation 2007 to 
2040. The irrigation area in wet season is around 50% higher than those in dry 
season. The irrigation water demand has been  slightly decreasing. The Mekong 
Delta requires irrigation water in dry season 4-5 times more than those in wet season.  
 
3.2  Climate Change Impacts 
 
The climate change affects rice growth including precipitation, evapotranspiration, 
flooding, sediments, drought and salinity intrusion in the Mekong Delta of Vietnam. 
 
Figure 3 shows wet season (May – October) distribution of average daily rainfall for 
the scenarios BL (base line 2007) and M3CC (2040 climate change). As can be seen 
from the figure the characterizations of the scenarios are not necessarily accurate 
and changes have large variation spatially. 
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Figure 3. Wet season average rainfall for the climate change scenario 
 
Figure 4 shows dry season average precipitation for the climate change scenarios. 
Here the scenario characterizations are clearer. 
 

 
 

Figure 4. Dry season average rainfall for the climate change scenario 
 
Evapotranspiration (ET) shows evaporation from ground and vegetation. Unlike 
potential evapotranspiration PET (PT) is the actual evaporation affected by soil and 
vegetation. Increased temperature, surface evaporation and plant transpiration 
increase ET but it is also dependent on available surface and soil water. Figure 5 
shows computed evapotranspiration for the baseline and the climate change scenario. 
Climate change increases ET where water is available such as the irrigated areas. 
The increase is caused mainly by temperature increase. For plant growing periods 
also growth increases increasing ET. 
 

 
 

Figure 5. Computed evapotranspiration for the baseline and the climate change 
scenario 
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Member countries assess drought larger problem than flooding as the countries have 
adapted living with floods and floods are essential for proper functioning of the 
Mekong system. There are many indicators for flooding also available from modelling 
such as crop yield. Figure 6 shows another indicator which is number of months when 
precipitation is less than half of potential evapotranspiration (PET). The main climate 
change scenario has only marginal impact on this indicator. 
 

 
 

Figure 6. Average number of drought months in the baseline and change in the 2040 
climate change scenario 

 
Figure 7 shows baseline flood duration and change in 2040 and 2040 climate change 
scenarios. For the most part flood duration decreases in the future development 
scenarios except for some areas in the flood periphery. Also, extreme flood events 
are reduced as the hydropower reservoirs store peak flood water. Climate change 
can on the other hand increase peak flooding even with the extensive hydropower 
development.  
 

 
 

Figure 7. Average flood duration in the baseline, 2040 change, and 2040 climate 
change 

 
Flooding is beneficial for rice production in providing fertile soil to paddies, flushing 
harmful substance from soil and recharging soil water. On the other hand too much 
flooding can slow down rice growth or damage it through long submersion. In Figure 8. 
shows rice yield when rice is planted mid-June and change for 2040 scenario. The 
scenario is hypothetical in the sense that farmers would not plant rice when flood 
damages are expected but it illustrates clearly how hydropower development in 2040 
and other scenarios reduces flooding and increase yields for wet season rice not 
protected against flooding. 
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Figure 8. Flooding impact on no-flood protected rice production. Left baseline for rice 
planted mid-June and right yield increase in 2040 scenario 

 
Figure 9 shows salinity intrusion for the year 1998 hydrological conditions for baseline, 
2020 and 2040. Salinity intrusion is affected by upstream river flow, sea level rise and 
flow regulation. Because of this the salinity changes between the scenarios are 
complex. 
 

 
 

Figure 9. Salinity intrusion computed for the year 1998 for these scenarios 
  
4. CONCLUSIONS 
 
The Mekong Delta area will foresee a decay of its irrigated agriculture driven by the 
urbanization growth and the effects off the climate change (salinization and water 
level rise). There is no doubt that the climate change effects will bring a lot of 
uncertainty to the region. If the figures characterising the extension of the irrigation 
area in the delta should not vary drastically, there is a large uncertainty on the 
cropping patterns and alternative crops that the farmers will adopt. The switch to 
aquaculture currently undertaken will have to be observed particularly. 
 
Climate change will bring uncertainties and threats to the Mekong Delta area. 
Droughts are predicted to increase either in frequency and intensity. The 2015-2016 
El Nino episode has severely impacted the rice cultivation. In this context irrigation 
infrastructure development will play a key role to secure access to water resources 
and limit the impacts. 
 
Climate change is an important facet of expected change but one that is expected to 
be relatively slow change with a high degree of uncertainty for the water sector which 
is very dependent on projections of changes in rainfall and sea level rise. Adaptation 
plans for future climate that do not consider the whole environment of development 
and change should be of concern as they will have a high risk of becoming 
redundant, or solving last years problems and result in wasted expenditure. 
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Much more productive is likely to be integration of climate change into development 
planning, for example adding allowances to the height of new roads or urban 
development rather than increasing levels later. In the Mekong Delta of Vietnam 
though there is still a lack of realistic macro level planning for climate change. 
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SEAWATER INTRUSION INTO A THREE-DIMENSIONAL 
GROUNDWATER SYSTEM AT A COASTAL LOW AND 

INTERMEDIATE LEVEL RADIOACTIVE WASTE DISPOSAL SITE 
 

Chansung Oh1, Hanyong Um2 and Jeongryeol Jang3 
 

ABSTRACT 
 

A series of three-dimensional numerical simulations using a hydrodynamic dispersion 
numerical model is performed to analyse and predict groundwater flow and salt 
transport at a site for low and intermediate level radioactive waste disposal. The study 
area is located on a south-eastern coast in Republic of Korea, and it is hydro 
geologically composed of a series of anisotropic geological formations, which are 
dissected by several major vertical fracture zones. In the disposal site, a repository 
including six underground silos and lower construction and upper operation tunnels is 
connected with the silos. A series of steady-state numerical simulations with model 
calibrations is performed first before completion of the repository. A series of 
transient-state numerical simulations is then performed to obtain spatial distributions 
and temporal changes of reference hydraulic heads, groundwater flow flux, seawater-
normalized salt concentrations, and salt transport flux during construction and 
operation phases of the repository. The steady- and transient-state numerical 
simulation results also show that the hydrogeological characteristics of the whole 
geological system are even more controlled by the fracture zones than the geological 
formations. Therefore it may be concluded that either small-scale joint sets and large-
scale fracture zones cannot always be ignored if they are observed in actual 
geological systems, and thus they must be properly considered when more rigorous 
and reasonable predictions of long-term groundwater flow and salt transport under 
construction, operation and post-closure of a low and intermediate level radioactive 
waste repository are to be obtained. 
 
Keywords: Hydrodynamic dispersion numerical model, Low and intermediate level 
radioactive waste disposal site, Ground water flow, Salt transport 
 
1. INTRODUCTION 
 
Seawater intrusion is one of major problems to date in coastal aquifers all over the 
world. Freshwater aquifer plays a role preventing seawater from occupying the 
coastal aquifers, and provides sustainable water resources to human activities. 
However, anthropogenic exploitation of groundwater for need to agricultural irrigations, 
construction of urban structures, and supplying drinking water can lead to a severe 
seawater intrusion in coastal areas. In the US, incidences of salt water intrusion have 
been documented along the Atlantic coastal zone for more than 100 years (Barlow 
and Wild, 2002). In extreme case, seawater intrusion leads to the abandonment of 
supply wells when concentrations of dissolved ions, such as chloride, in water exceed 
drinking-water standards (Barlow, 2003). Salinization of groundwater caused by 
seawater intrusion is considered a special category of pollution that threatens 
groundwater resources (Adb-Elhamid and Javadi, 2011). In many cases, the 
transient-state numerical simulations based on the density-dependent dispersive 
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interface approach have been employ natural (e.g., rise in sea level due to climate 
changes and tidal effect) and anthropogenic activities (e.g., excessive groundwater 
withdrawal and rapid urbanization) as main factors causing seawater intrusion in a 
specific coastal aquifer. 
 
There are other anthropogenic activities to induce falling down groundwater level to 
below mean sea level; construction of underground facilities for storage of oil, 
liquefied natural gas, or radioactive waste near the seashore can also contribute to 
intensified drawdown of groundwater level. Especially, disposal of low and 
intermediate level radioactive waste (LILW), which mainly storages at near-surface 
(around < -100 m below mean sea level), has been practiced since the early 1940’s 
(Kittel, 1989), Many of researchers simulated and analysed the groundwater flow at a 
coastal LILW disposal site such as Rokkasho (Japan) and Sellafield (UK) as well as 
Gyeongju (Republic of Korea) (Sasaki et al., 1998; McKeown et al., 1999; Park et al., 
2008). Practically, it is important to evaluate the seawater transport in the vicinity of a 
coastal disposal site (Andrade et al., 2006; Karasaki et al., 2006; Yamaguchi et al., 
2008). Because dissolved chloride ion in seawater attacks concrete based materials, 
which are usually used as engineering barriers in LILW disposal facilities, and can 
shorten its integrity and service life (Andrade et al., 2006). Karasaki et al. (2006) 
stated that importance of the interactions between freshwater and salt water for 
assessing the long term safety of a repository near the seashore. Therefore, the 
numerical simulations of groundwater flow and salt transport are essential before and 
after the construction of LILW repository. 
 
The purposes of current study are to effectively simulate and quantitatively analyse a 
fully coupled density-dependent groundwater flow and salt transport during the 
construction, operation, and post-closure phases of the coastal LILW repository at 
Gyeongju site. To achieve these objectives, a three-dimensional geologic formation 
model including fracture zones and disposal facilities for LILW is established first from 
the hydrogeological literature data. This geological formation model is discretized with 
a hexahedral mesh. A series of steady- and transient-state numerical simulations with 
model calibrations is then performed to demonstrate the density-dependent 
saturated-unsaturated groundwater flow and salt transport using a generalized 
multidimensional hydrodynamic dispersion numerical model. In addition, the travel 
distance and time of the groundwater at each disposal silo to biosphere as well as 
seawater-normalized salt concentration are analysed for the safety assessment of 
LILW disposal site. 
 
2. NUMERICAL MODEL 
 
The hydrodynamic dispersion numerical model used in this study is COFAT3D (Kim 
and Yeh, 2004) in Groundwater Modeling System (GMS). This numerical model is a 
general multidimensional hybrid Lagrangian-Eulerian finite element model and can 
simulate density-dependent groundwater flow and solute transport in unsaturated 
fracture porous geologic media, which are heterogeneous and true anisotropic, and 
advection and hydrodynamic dispersion with adsorption, degradation, and decay 
behaviours of solute. It can also simulate multicomponent solute transport as well as 
precipitation, evapotranspiration, infiltration, and seepage phenomenon and calculate 
rates and amounts with time of groundwater and solutes inward or/and outward 
arbitrary structures using element cluster technique (Kim and Yeh, 2004). 
 
This numerical model uses the adaptive finite difference time-stepping scheme for 
transient problems, the incremental Picard method for coupled nonlinear problems, 
and one of five conventional and preconditioned conjugate gradient (PCG) iterative 
methods for matrix solutions. In this study, the linearized groundwater flow and solute 
transport matrix equations are solved sequentially by the incomplete Cholesky LU 
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decomposed preconditioned conjugate gradient (ICPCG) iterative method, while the 
convergence criteria for pressure head and seawater-normalized solute concentration 
are set equal to 10-3 m and 10-3 for nonlinear iterations and 10-4 m and 10-4 for linear 
iterations. 
 
3. STUDY AREA 
 
3.1  Description of the Study Area  
 
The study area is located on the south-eastern coast in Gyeongju, Korea (Fig.1). The 
basement rocks are mainly Cretaceous sedimentary rock (sandstone, siltstone, and 
mudstone) and intruded by Tertiary plutonic (i.e., granodiorite, diorite) and extrusive 
rocks (i.e., rhyolite, porphyritic trachyandesite) with dissected by large-scale five 
vertical fracture zones which are mainly normal fault. Quaternary alluvial layer is 
locally distributed along the valley and seashore. Therefore, the study area is 
hydrogeologically composed of a series of anisotropic geologic formations (i.e., rock 
masses) containing frequently fracture zones. Each anisotropic rock mass is 
constituted porous rock matrix and joint sets, and entirely acts as a fractured porous 
geologic medium, compounded irregular thicknesses and contained numerous joints 
and bedding planes of various orientations. 
 

 
 

Figure 1. Location and geologic maps of the study area and layout of the low and 
intermediate level radioactive waste disposal repository. The silos are 
numbered 2, 4, 6, 5, 3, and 1 clockwise from the upper left one. 

 
3.2  Low and Intermediate Level Radioactive Waste   
 
An underground geological disposal for the radioactive wastes have been considered 
the preferred solutions for an effective protection of public health from the risk 
associated with radioactive wastes in many countries because it is the only method 
for isolating radioactive waste, which fulfils the requirement for long-term safety (Loew, 
2004). Currently, it is reported that the low and intermediate level radioactive wastes 
have almost reached their storage capacities in the nuclear power plants, which are 
located in Wolsong, Yonggkwang, Ulchin, and Kori. The study area selected for the 
LILW facility is about 2,140,139 m2 and its disposal amount for the initial phase of 
repository to 100,000 drums, and further 700,000 drum capacities would be extended. 
LILWs, which generated by nuclear materials from operation of nuclear power plant 
and radioisotope use, are disposed to six silos in the fractured crystalline rock 
masses. 
 
The silos are designed that the diameter measures 26.8 m, and the height is 50 m at 
depth between -80 m and -130 m below the mean sea level and each silo is 
connected with lower construction tunnel and upper operation tunnel (Fig. 2). The 
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lower construction tunnel will be used for the next construction phases, and also it is 
about 2,000 m long with 6.5 m height and 7.2 m width and is connected to the six 
vertical silos. Meanwhile the upper operation tunnel will be used for the waste 
transportation, and also it is about 1,500 m long with same height and width to the 
construction tunnel. 
 

 
 

Figure 2. Conceptual model of the low and intermediate level radioactive waste 
disposal repository. 

 
3.3  Geologic Formation Model and Finite Element Mesh  
 
The geologic formation has organized into layered different hydrogeological units (i.e., 
basement rocks, weathered rock and soil, Fig. 3a), and is discretized into 117,648 
irregular hexahedral elements with 126,540 nodes as shown in Fig. 3b. The silos are 
also discretized with actually identical volume (25 x 25 x 50) and the disposal facilities 
are set up one’s own depth considering an actual design of silos, construction and 
operation tunnels (KHNP, 2007) through moving a nodes. Note that finite element 
mesh (FEM) is much more discretized in the vicinity of disposal facilities area than the 
other area in order to consider concrete lining, so-called engineering barrier, and 
excavation disturbed/damaged zones (EDZ). In this FEM, thickness of EDZ and 
concrete lining set equal to 11 m and 1 m, respectively. 
 
3.4  Material Properties  
 
The material properties of the geological media and fracture zones are obtained from 
site investigation and safety analysis reports (KHNP, 2005; KHNP, 2006; KHNP, 
2007), and are summarized in Table 1. Other data (e.g., saturated hydraulic 
conductivity of matrix, dispersion coefficient, tortuosity, unsaturated hydraulic 
parameters, molecular diffusion coefficients of salt) are gained from survey reports 
and references (Li and Gregory, 1974; Winograd and Thordarson, 1975; Anderson, 
1979; Freeze and Cherry, 1979; Klotz et al., 1980; van Genuchten, 1980; Carsel and 
Parrish, 1988; Domenico and Schwartz, 1990; Neumann, 1990; Aizawa et al., 2004). 
Using a series of statistical method for joint data of the boreholes (see Fig. 1), the 
number of representative joint sets, strikes, and dips in each of geological media are 
obtained and summarized in Table 2. The statistical method is the Fuzzy Clustering 
Technique (Hammah and Curran, 1999), has four cluster validity criteria tools such as 
fuzzy hyper-volume, Xie-Beni index, average partition density, and partition density. 
Joint spacing of each rock mass is estimated by arithmetic average among spacings 
of each joint set. Apertures of joint sets are calculated by cubic law (Snow, 1969) from 
saturated hydraulic conductivity of geological media and joint spacing. 
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Figure 3. Three-dimensional geological formation model (a) with the fracture zones 
and disposal facilities of the low and intermediate level radioactive waste 
repository without the weathered rock and soil over bedrock (sedimentary 
rock, granodiorite 1, granodiorite 2, diorite, and rhyolite), and also (b) is 
three-dimensional finite element mesh with boundary conditions. 

  
4. STEADY-STATE NUMERICAL SIMULATIONS 
 
4.1  Boundary Conditions 
 
The horizontal bottom and the lateral vertical surfaces in landward side are assigned 
to no-flow and no-transport boundary conditions for groundwater flow and for solute 
transport, respectively (Fig. 3b). The landward surface is assigned to variable 
precipitation-infiltration-seepage boundary condition for groundwater flow which can 
reasonably simulate the interactions between precipitation and groundwater and 
Neumann boundary condition for solute transport which solute cannot come into the 
model domain but can go out from model domain. Net annual precipitation rate 
considered evapotranspiration is assumed 338.1 m/year which corresponding to 20% 
(An et al., 2008) of the annual average precipitation rate (from Dec. 2005 to Dec. 
2006) of 1,690.5 mm/year. Meanwhile, the maximum hydraulic head is fixed to 0 m at 
the eastern coastline and the seafloor and lateral vertical surface in seaward side are 
applied to Dirichlet boundary for groundwater flow, considering hydraulic head 
increases as seawater depth is deepen due to density of seawater. For solute 
transport, variable run-in/flow-out boundary condition, which solute concentration in 
groundwater can be lower than that in seawater along the groundwater flow path, is 
assigned. 
 
4.2  Numerical Modeling Calibration 
 
The numerical modeling is calibrated by a series of trial-and-error steady-state 
numerical simulations in which the joint apertures of each geological formation (i.e., 
sedimentary rock, granodiorite1, granodiorite 2, diorite, and rhyolite) are adjusted. 
The joint apertures of each geological formation are selected as a target property to 
calibrate the numerical modeling since the saturated hydraulic conductivities of the 
geologic formations are more dependent on the joint sets than the porous rock matrix 
(Parsons, 1966; Snow, 1968; Snow 1969); moreover, they actually are not measured 
data but calculated one according to a pumping test with pecker. The joint aperture of 
each formation is calculated values within the lower and upper limit of its saturated 
hydraulic conductivity. 
 
The data for 29 observed groundwater levels from 41 total boreholes (KHNP, 2006; 
KHNP, 2007) are used for the calibration; additionally, these data are repeatedly 
compared with the calculated data for groundwater levels, which are obtained by 
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steady-state numerical simulations changing the joint apertures of geological 
formations, before the construction of the repository. The coefficient of determination 
(R2) and root mean square error (RMSE) are used as validation parameters for the 
numerical modeling calibration. R2 and RMSE improved from 0.440 to 0.907 and from 
10.613 m to 5.580 m before and after the numerical model calibration, respectively. 
The calibrated joint aperture of each geological formation is marked by an arrow on 
Table 2. The numerical modeling is well calibrated to represent the real field. 
Therefore, these calibration results are expected to enhance the accuracy and 
expectation on hydrogeological changes in the vicinity of LILW repository. 
 

Table 1. Material properties of the geologic media. 
 

Property 
 

Sediment
ary rock 

Granodio
rite 
1 

Granodi
orite 

2 
Diorite 

 
Rhyolit

e 
 

Weathe
red 
rock 

Weathe
red soil 

Fractur
e zones 

Porosity of rock 
matrix a 

[dimensionless] 

1.22×10-2 
 

5.00×10
-3 
 

5.00×10-

3 
 

3.40×10
-3 
 

2.63×10
-2 
 

3.40×10
-1 
 

4.50×10
-1 
 

4.00×10
-1 
 

Local saturated hydraulic conductivity tensor of rock matrix a 

xx satK   [m/sec] b 9.40×10-13 2.45×10
-12 

2.45×10-

12 
2.45×10

-12 
3.10×10

-10 
3.40×10

-6 
4.42×10

-6 
4.71×10

-6 

yy sa tK   [m/sec] b 9.40×10-13 2.45×10
-12 

2.45×10-

12 
2.45×10

-12 
3.10×10

-10 
3.40×10

-6 
4.42×10

-6 
4.71×10

-6 

zz satK   [m/sec] b 9.40×10-13 2.45×10
-12 

2.45×10-

12 
2.45×10

-12 
3.10×10

-10 
3.40×10

-6 
4.42×10

-6 
4.71×10

-8 

Longitudinal 
dispersivity [m] 36.19 36.19 36.19 36.19 36.19 72.38 72.38 72.38 

Transversal 
dispersivity [m] 3.62 3.62 3.62 3.62 3.62 7.24 7.24 7.24 

Solid density [kg/m3] 2.71×103 2.69×10
3 2.69×103 2.70×10

3 
2.65×10

3 
2.69×10

3 
2.69×10

3 
2.68×10

3 

Compressibility 
[m2/N] 1.62×10-11 1.67×10

-11 
1.67×10-

11 
2.76×10

-11 
1.07×10

-10 
1.36×10

-8 
4.16×10

-8 
2.58×10

-8 

Tortuosity 
[dimensionless] 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 

Residual water 
saturation wrS  
[dimensionless] 

2.07×10-1 

 

2.07×10
-1 

 

1.94×10-

1 

 

1.94×10
-1 

 

2.32×10
-1 

 

2.56×10
-1 

 

2.56×10
-1 

 

2.56×10
-1 

 

van Genuchten’s unsaturated hydraulic parameters 

v  [m-1] 1.00 1.00 0.50 0.50 1.90 5.90 5.90 5.90 

vn  1.23 1.23 1.09 1.09 1.31 1.48 1.48 1.48 

 

a The porosity and local saturated hydraulic conductivity values are for the rock     
 matrices only, and the other values are for the whole geologic media. The 
 porosity and global saturated hydraulic conductivity values for the whole 
 geologic media are calculated from the data in Tables 1 and 2 using the 
 mathematical equations suggested by Kim (2005, 2007). 

 
b x , y , and z  are the local or material principal axes (Kim, 2005, 2007). 
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Table 2. Material properties of the representative joint sets in the geologic media. 
 

Geologic 
medium 

(geologic 
formation 
or fracture 

zone) 

Joint set or 
fracture 

zone 
number 

Strike [°] 
 

Dip [°] 
 

Spacing [m] 
 

Aperture 
range [m] 
(lower and 

upper limits) 

Aperture 
[m] 

(before and 
after model 
calibration) 

Sedimentary 
rock Joint set 1 N75E 62SE 3.25×10-1 6.00×10-6 2.98×10-5 

 Joint set 2 N60W 59SW 1.80×10-1 
~ ↓ 

 Joint Set 3 N30E 61NW 4.75×10-1 

 Joint Set 4 N21E 49SE 8.20×10-1 5.64×10-5 6.56×10-6 

Granodiorite 
1 Joint set 1 N79W 50SW 2.95×10-1 5.42×10-6 3.79×10-5 

 Joint set 2 N55E 51SE 1.01×100 
~ ↓ 

 Joint set 3 N78W 49NE 5.00×10-1 

 Joint set 4 N1W 39NE 5.57×10-1 8.92×10-5 7.52×10-6 

Granodiorite 
2 Joint set 1 N59W 41NE 4.80×10-1 1.54×10-5 3.82×10-5 

 Joint set 2 N29E 46SE 4.76×10-1 ~ ↓ 

 Joint set 3 N73W 47SW 8.72×10-1 8.38×10-5 2.58×10-5 

Diorite Joint set 1 N18W 44NE 8.57×10-1 1.20×10-5 3.86×10-5 

 Joint set 2 N29E 48NW 8.18×10-1 
~ ↓ 

 Joint set 3 N35E 45SE 4.10×10-1 

 Joint set 4 N73W 48SW 7.30×10-1 7.28×10-5 4.34×10-5 

Rhyolite Joint set 1 N77W 45SW 1.10×100 3.14×10-5 3.54×10-5 

 Joint set 2 N15E 38SE 5.00×10-1 ~ ↓ 

 Joint set 3 N68W 45NE 5.60×10-1 4.08×10-5 3.65×10-5 

Fracture 
zone Z21 N73W 90  

 

 Z22 N69E 90  

 Z23 N87E 90  

 Z31 N68E 90  

 Z32 N61W 90  

 
4.3  Results of the Calibrated Steady-State Numerical Simulations 
 
The steady-state numerical simulation results are shown in Fig. 4. The three-
dimensional reference hydraulic head is shown in Fig. 4a. Its spatial distribution is 
distorted according to the topography. Especially, the distortion is observed in an area 
near the fracture zones, which has higher hydraulic conductivity than that of the other 
geological formations. As a result, the groundwater flow flux in the horizontal sections 
beneath the silos with a z of -130 m (Fig. 4c) is very large in the fracture zones and 
the groundwater first flows toward the subsurface and then discharges to the sea 
along the fracture zones and coastline. The flow length and time are estimated from 
each silo’s mid-point with a z of -105 m to the ground surface using the distributions 
of the groundwater flow lines. Silo of no. 2 located the farthest away from the 
coastline had a flow length of 584.64 m and a time of 7.53 years. In addition, silo of 
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no. 5 located the closest to the coastline has a flow length of 286.93 m and a time of 
2.92 years. 
 
The three-dimensional spatial distribution of the 0.01 isochlor line of the seawater-
normalized salt concentration is shown in Fig. 4b. It is distorted and divided by the 
fracture zone. In other words, the seawater-normalized salt concentration cannot 
intrude beyond the fracture zones vertically, but can intrude in a parallel direction 
along zones. It is clearly observed in the horizontal sections beneath the silos with a z 
of -130 m (Fig. 4d). 
 

 
 

Figure 4.   Calibrated the steady-state spatial distributions of three-dimensional (a) 
reference hydraulic head and (b) seawater-normalized salt concentration 
with two-dimensional horizontal sections of (c) groundwater flow flux and 
(d) seawater-normalized salt transport flux beneath the silos with a z of -
130 m before the construction stage of silos and construction and 
operation tunnels (t = 0 years). 

 
5. TRANSIENT-STATE NUMERICAL SIMULATIONS 
 
5.1  Numerical Simulation Setups 
 
The transient-state numerical modeling is done to simulate the temporal changes of 
the groundwater flow and salt transport due to the construction, operation, and post-
closure phases of the disposal facilities for the LILW using the results of the steady-
state numerical simulation as the initial conditions. The periods of transient-state 
numerical simulations are set up to 2,060 years with 1,014 time steps, which are 
more than enough to reach the equilibrium-state for the distributions of groundwater 
flow and salt transport and it is divided into three phases as aforementioned. The first 
is the construction phase which consists of 2 years (t = 0 ~ 2 years) of time period 
with 32 time steps, and the second is the operation phase, which consists of 58 years 
(t = 2 ~ 60 years) with 321 time steps, and the last phase is the post-closure phase, 
which consists of 2,000 years (t = 60 ~ 2,060 years) with 661 time steps. To simulate 
the behaviors of groundwater flow and salt transport into the excavated tunnels and 
silos during the construction phase, the pressure head of each facility node is set 
equal to zero. Meanwhile, during the operation phase, the nodes for zero pressure 
head condition were removed. The saturated hydraulic conductivity of the concrete 
lining as the engineering barrier is assumed to be maintained 3.0ⅹ10-11 m/sec with a 

porosity of 0.15 until 900 years (t = 960 years), and then, increases up to 3.0ⅹ10-4 
m/sec with a porosity of 0.30 due to the deterioration of the concrete lining (KHNP, 
2008). 
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5.2  Results of the Transient-State Numerical Simulations 
 

The transient-state spatial distributions of the silos and tunnels at the end of the 
construction phase are shown in Fig. 5. The two-dimensional spatial distributions are 
represented as horizontal sections beneath the silos with a z of -130 m (Figs. 5a and 
5b) and with vertical sections running across the center of the silos with a y of 1,520 
m (Figs. 5c and 5d), respectively. 
 
The groundwater flow flux (Fig. 5a) is intensified along the fracture zones because of 
their relatively higher hydraulic conductivity than the geological formations’ one, and 
groundwater is converged on the silos and the construction and operation tunnels 
during the construction of the LILW repository However, some of the groundwater 
flow flux along the Z21 and Z31 are unaffected by the construction of the LILW 
repository, and they reach the seepage surface in the coastal area. The drawdown of 
the reference hydraulic head occurs largely around the repository site located on 
granodiorite 2 between Z22 and Z23 fracture zones, which are clearly seen in Fig. 5c. 
The drawdown is even greater at the silos than at the facility tunnels. The 
groundwater table drops to the upper part of the silos (z of -80 m). However, these 
phenomena are extremely limited in the vicinity of them because of the hydraulic 
conductivity differences between sedimentary and granodiorite 2 rocks (Table 1). 
 
As shown in Fig. 5b, salt transport flux gradually increases to the rock of the waste 
disposal site during the construction of the LILW repository. The fracture zones, Z22, 
Z23 and Z32 may have an important role as a hydrogeological boundary as well as in 
the retardation of seawater intrusion. Thus, the seawater-normalized salt 
concentration is only observed at the silos of no. 5 and 6 and it became even steeper 
at the fracture zones. During the construction of the disposal facilities, the seawater 
front line extended to the silos mainly along the joint sets of each anisotropic 
geological formation(Fig. 5d). As a result, seawater intrusion occurs towards the 
waste disposal facilities, and particularly, the salt moves faster along the permeable 
fracture zones (Fig. 5b).  
 

 
 

Figure 5.    Transient-state spatial distributions of two-dimensional horizontal sections 
of (a) groundwater flow flux and (b) seawater-normalized salt transport 
flux beneath the silos with a z of -130 m and vertical sections of (c) 
reference hydraulic head and (d) seawater-normalized salt concentration 
running across the center of the silos with a y of 1,520 m at the end of 
construction stage of silos and construction and operation tunnels (t = 2 
years). 
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The seawater-normalized salt concentration at the silo no. 5 has a maximum value of 
0.0014 for the entire construction and operation phases. Generally, a seawater-
normalized salt concentration of 0.03 is equivalent to a total dissolved solid (TDS) of 
1,000 ppm, which is used as a guideline to distinguish between freshwater and 
seawater (Barlow, 2003). The disposal silos no. 5 and no. 6 are vulnerable to 
seawater intrusion due to the construction of the LILW repository, but seawater 
intrusion should not be caused the performance deterioration due to groundwater 
salinization. In the operation and post-closure phases, the distributions of 
groundwater flow and salt transport have reached their initial steady-state conditions. 
 
6. CONCLUSIONS 
 
A series of three-dimensional numerical simulations using a hydrodynamic dispersion 
numerical model is performed to analyse and predict density-dependent groundwater 
flow and salt transport at a site for low and intermediate level radioactive waste 
disposal. A series of steady-state numerical simulations with model calibrations is 
performed first, and its results are validated reasonably well with respect to field 
measurements of water table. The steady state numerical simulation results show 
that the hydrogeological characteristics of each anisotropic geological formation (i.e., 
porous rock matrix plus joint sets) are more dependent on the joint sets than the 
porous rock matrix. The steady and transient state numerical simulation results also 
show that the hydrogeological characteristics of the whole geological system (i.e., 
geological formations plus fracture zones) are even more controlled by the fracture 
zones than the geological formations. Therefore it may be concluded that either 
small-scale joint sets or large-scale fracture zones cannot always be ignored if they 
are observed in actual geological systems, and thus they must be properly 
considered when more rigorous and reasonable predictions of long-term groundwater 
flow and salt transport under construction and operation of a low and intermediate 
level radioactive waste repository are to be obtained.  
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STRATEGIES FOR PROMOTING THE SUSTAINABLE 
DEVELOPMENT OF LAND AND WATER RESOURCES IN THE 

TIDAL AREAS OF SOUTHWESTERN TAIWAN  
 

Chung-Feng Ding1, Yu-Ching Lin2, Reuy- Chi Kao3 
 

ABSTRACT 
 

Taiwan has short rivers because of steep terrain and high mountains. It is a challenge 
to store enough water from precipitation for domestic, industrial and agricultural 
objectives usage in Taiwan. Due to the lack of surface water in the south-west coastal 
plains, that located at the tail of irrigation networks, as well as the tidal area of 
Taiwan, lead to over pumping of groundwater that induce land-subsidence in these 
areas. For Taiwan with limited land resources, strategies to decrease the pumpage 
that are executed to deal with the land subsidence, focus on the transformation of 
major industries in the coastal areas, i.e. promote the sea water breeding and dry 
corps cultivate, on the improvement of irrigation efficiency, i.e. precision irrigation, and 
on the enhancement of groundwater management, i.e. monitoring the real-time 
pumping behaviour to reduce the pumpage, meanwhile increase the recharge of 
groundwater. It is expected to strength the sustainable development of both land and 
water resources in these areas. This article reports some achievements of these 
strategies in Taiwan, mainly with the deployment of monitoring and controlling 
devices to achieve the goal of effective utilization of groundwater that based on the 
comprehensive foundation of ICT technology and infrastructure in Taiwan. 

 
Keywords: land subsidence, IOT, automatic control, water saving. 
 
1. INTRODUCTION 
 
Taiwan owns steep terrain, the plain area is located in the southwestern part of it, 
only about one-thirds of the island's area, but most population live here and it is a 
major food warehouse of Taiwan. The uneven distribution of rainfall and limited 
reservoir capacity, the use of water resources in the southwestern region can not 
avoid the use of groundwater. These alluvial plains have been subsided by over-
pumping groundwater since the 1970s, resulting in seawater intrusion, soil 
salinization and stagnant flooding. The phenomenon seriously affects the sustainable 
use of land and water resources in Taiwan. 
 
The subsidence area in Taiwan has exceeded 2,000 square kilometres since 1970s. 
By 2018, the persistent subsiding (annual subsiding rate exceed 3 cm/year) area 
maintained to be about 400 square kilometres, and the annual maximum subsidence 
rate was reduced from over 17 down to 7 centimetres per year. The variation of the 
persistent subsiding area and maximum annual subsiding rate in last decade are 
shown on figure 1 and figure 2  

 
1 Tainan Hydraulics Laboratory, National Cheng Kung University (THL,NCKU). 5th Floor, No.500, Sec. 3, 

Anming Rd., Annan Dist., Tainan City 70955, Taiwan,ROC; E-mail: cfding@thl.ncku.edu.tw 
2 Tainan Hydraulics Laboratory, National Cheng Kung University (THL,NCKU). 5th Floor, No.500, Sec. 3, 

Anming Rd., Annan Dist., Tainan City 70955, Taiwan,ROC; E-mail: huilan@thl.ncku.edu.tw 
3 Tainan Hydraulics Laboratory, National Cheng Kung University (THL,NCKU). 5th Floor, No.500, Sec. 3, 

Anming Rd., Annan Dist., Tainan City 70955, Taiwan,ROC; E-mail: rckao@thl.ncku.edu.tw 
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Figure.1 the subsiding areas of Taiwan from year 2001〜2018(source: reference 1) 
 

 
 

Figure.2 the maximum annual subsiding rate in Taiwan from year 2001〜2018 
(source: reference 1) 

 
2. STRATEGYAND MEASUREMENT 
 
In order to slow down the subsidence situation effectively, the Taiwan government 
handles and promotes prevention and reclamation strategies and measures to deal 
with the land subsidence issues. The relevant achievements are described as 
following, 
 
2.1  Increase New Water Resources 
 
The government promotes to construct reservoirs and detention ponds, also 
encourage the sectors to use desalination water, formulate the enforcement for industrial 
sectors to use reclaimed water, in order to reduce the possibility of extracting 
groundwater. 
 
2.2  Decrease the Water Demands 

 
(i) Accuracy controlling of water supply network 

 
In different water use objectives that including the domestic, industrial and agriculture 
demands, all are requested to save water consumption. For agricultural sector, 
persistently promote the accuracy / fine irrigation on farm, drip irrigation in 
greenhouse. The pioneer automatic controlling system is established since year 
2017, that remote controlling the opening of the gates and conduct water discharge 
according to the water demand of each growth stage of planted corps. All the water 
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requirement of each farm can be satisfied and controlled with sensors of water table 
and soil moisture in canal and on farm, and weather station on test field. The area of 
test field in 2017 is 1.5hectares and 4.5hectares in 2018. For the purpose to save 
water, the test scenarios combined with interval irrigation, to evaluate the 
effectiveness of automatic irrigation systems on canal and on farm (paddy fields). The 
comparison between automatic irrigation and traditional irrigation is shown as figure 
2, and the test data are listed in table 1.The water saved in the 2nd season crop (in 
wet season) is 15-20% and the 1stseason crop(in dry season) is 2~7%. 

 

 
 

Figure.3 the operation difference between automatic irrigation and original irrigation  
 

Table.1 the statistic of water saving efficiency in irrigation scenarios 
 

 
2017 2018 

1stseason crop 2ndseason 
crop 

1stseason crop 2ndseason 
crop 

supply 
in canal 

actual irrigation 
 (104 M3) 45.0 30.5 32.3 34.4 

test field(104 M3) *1 － 27.5~29.0 30.7~31.6 31.1~31.6 

water saving (%) － 5%~10% 2%~5% 8%~13% 

supply 
onFarm 

original irrigation 
(104 M3/ha) 1.02 0.69 0.74 0.62 

interval irrigation*2 
(104 M3/ha) － 0.57~0.59 0.69~0.72 0.50~0.53 

water saving (%) － 14.5%~18.0% 2.9%~7.2% 13.8% ~19.3% 

automatic irrigation system  
andinterval irrigation － 15%~20% 2%~7% 15%~20% 

 
Note:1. test field means the canal deployed with automatic controlling devices l including weather station, 

gates controller and water table sensors, soil moisture tensiometer. 
2. interval irrigation means irrigated in turn every 7.5days in an irrigation district divided into 3 sub- district. 
3.source:reference 2. 

 
(ii) Sector transformation and adjustment 

 
The government promotes the farmland fallow policy to farmers or fish farmers with 
subsidy,to transfer farming patternand to adjust the production. 
Because the land subsidence areas located on the coastal area, the aquaculture is 
the main sector, therefore transfer the fresh-water breeding to seawater species or to 
cultivate low water demand crops to replace paddy. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 
 

 

 

 

 

 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 
 

 

 

 

 

 

 

 

 

automatic irrigation  

 
4G / MDVPN 

NB-IoT 

IoT Gateway 

L o R a W A N  

? ooriginal irrigation  

weather st.



3rd World Irrigation Forum (WIF3) 
1-7 September 2019, Bali, Indonesia 

International Workshop 
 SDTA.04 

 

 
4 

 

 
2.3 Strengthen Management Effectiveness 
 
The available surface water is limited in Taiwan, especially the new reservoir 
constructing in almost impossible in recent years, therefore how to raise the water 
use efficiency in every water-objective, mainly decrease the usage of groundwater in 
the areas lack of surface water.  

 
(i)  enforcements :  

 
To restrict land and sector development type and density in land subsidence 
areas, delimit the upstream recharge reservation areas and reduce extra 
loading, ex. remove earth embankment or super tower buildings in subsidence 
prone areas. 
 

(ii) actions: real-time monitoring of pumpage 
 
Generally, deploy water meter to monitoring the discharge of groundwater, to 
check the pumpage exceed the allowance of water right or not, make sure the 
well-owner pump in proper behavior that permitted by local government. The 
regulation is delimited as, 
 
a. the pumping wells for industrial and domestic objectives must deploy water 

meters to record the pumpage, because most of them extract groundwater 
from multi-layered confined aquifers, and sometimes including unconfined 
aquifer.  

 
b. the wells for irrigation, most extract groundwater from unconfined aquifer in  

shallow depth. Considering the number of wells and the revenue of 
agricultural cultivation is less than other sectors. The consumption of water 
for each well is estimated by electricity meter that deployed by power 
company. Based on the water-electricity ratio of each well combined with 
the device to record the switch on-off behavior, wireless transmit to server 
to monitoring the estimated pumpage. The power on-off recorder is 
developed with MEMS(Micro Electro Mechanical System)，the device is 
shown as figure 4. And an end-user APP of mobile device also developed. 

 

 
 

Figure.4 The on-off recording and controlling module of pumping well(left) and the 
Device appearance (right) 
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2.4 Groundwater Recharge (Reflect to the Recovery of Groundwater Table) 
 
Groundwater recharge is high-relative to the distribution of rainfall during the year. 
Since 2011, the government focused on recharge in both the Pingtung Plain and 
Chuo-shuiriver alluvial plain, where are the severe land subsidence areas in Taiwan 
by storing run-off water during wet season. Based on the field investigation, the 
annual recharge in Chuo-shui River is about 87 million tons with detention ponds. And 
the project of Da Chao zhou artificial recharge lake is divided into two phases, the first 
phase (50 hectares) is finished in 2018, the annual recharge is estimated about 16.8 
million tons, and 150 million tons per year is expected when the completion of artificial 
recharge lake in 500 hectares. 
 
2.5 Landscape Adjustments 
 
The land value in low-lying and flooding areas is weak and limited to cultivate stably. 
That is why aquaculture could develop in these areas. Therefore, to create a wetland 
environment and build up high and low landforms through embankments and artificial 
detention ponds to reduce flooding heights of peakand beautify the landscape for 
ecotourism development. 
 

 
 

Figure.4  the wetland ecotourism in subsidence regions 
 
2.6 Flooding Disaster Reduction 
 
The land subsidence areas usually accompany with flooding disaster. Following the 
world trend to formulate the smart city, and based on the foundation of mature 
technology of internet communication and comprehensive infrastructure, the Taiwan 
government now promotes early warning system to reduce the flooding damage. 
Develop low cost sensor to catch the flooding process data and assemble the 
information from public and volunteers.  
 
The low-cost (convenient)sensors have been developed by Water Resources 
Agency(WRA) and Chunghwa Telecom in 3 discrete detecting types that fixed 
flooding depth in 5cm, 30cm and 50cm, the floating ball type, copper cable type and 
hot line(call number)type, and a continuous water-head sensor, as figure 5.All the 
detecting signals(flooding depth and time) will collect and transmit to information 
server that in the disaster prevention and mitigation center of WRA in flooding 
duration by telecommunication box or wireless transmission networks. Recently, for 
expanding the data collection ways, the government not only deploys the detectors in 
flooding prone area, but also develops the water disaster notification system for public 
and volunteers. By using smart phone to take the flooding depth photos and upload to 
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the server to recognize the flooding depth, as in figure6. Governments assemble all 
flooding information for decision making of the emergency relief and resources 
allocation. 

  
Floating-ball detector Copper cable detector 

  
Call number detector Water-head(continuos) 

detector 
 

Figure.5  four type of flooding depth detector (source :reference 3) 
 

 
 

Figure.6 the flooding recognition and information system (source :reference 3) 
 
According to the disasters mitigation experience of Japanese, 70% disaster mitigation 
due to self-assistant resources. In order to reduce the flooding disaster, especially in 
flooding prone areas, to strength the disaster prevention knowledge and self-assistant 
abilities of local residents, also to union the local community and people for flooding 
mitigation in land subsidence areas are very important. That can help the people to 
find a way to survive during flooding period. Therefore, the local government assists 
to organize water disaster prevention community and to train the local residents to 
have the pre-disaster, under-disaster, and post-disaster preparations and related 
responses for damage mitigation. 
 
3. CLOSING REMARK 

 
In recent years, based on mature communication technology and comprehensive 
infrastructure, Taiwan has set a vision for smart water management, meanwhile 
focused on developing simple and low-cost sensors to facilitate the Internet of Things 
of water management system. At present, the sub-systems of groundwater pumping 
dynamic management and water-saving irrigation network has been gradually set up 
to decrease the severity of the subsidence area, and the early warning system in the 
flooding prone (subsidence or low-lying) areas also has been constructed to reduce 
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the flooding damages. All the successful results should be shared with the countries 
face the similar problems. 

 

   
Preparation before flooding  Evacuation under 

flooding 
Restoration after 

flooding 

   

Evacuation and shelf map 
Model for 

knowledge 
promotion 

Science 
teaching aid of 

detector 
 

 
Figure.7 strength the Water Disaster Prevention Community abilities and operation 

during flooding period (source :reference 4) 
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WATER MANAGAMENT OBJECTIVES FOR SECOND CROP 
CULTIVATION AFTER RICE IN TIDAL LOWLAND OF TYPE A  

(A Case Study on Telang I South Sumatera Indonesia) 
 

Momon Sodik Imanudin1,2, Yaswan Karimudin1 and  
Adang Saf Ahmad2 

 
ABSTRACT 

 
The research objective was to develop water management operation system for food 
crops cultivation during dry season (corn) in tidal low land.  Planting index (IP) at tidal 
low land is expected to increase to 300 through this activity. Activity location was at 
reclaimed area of Telang Karya Village, Primer 8 Delta Telang I.  The method used 
was field action research.  The soil should be kept in dry condition and the water table 
should be maintained at 40-50 cm depth for corn cultivation.  Therefore, water table 
control is the main factor in tidal low land cultivation.  Based on analysis of water table 
depth and rainfall, it can be concluded that planting potential exists in dry season 
about the end of June or early of July.  The land can be dried and the crop can 
planted through water gates operation in collaboration with farmers. Furthermore, 
farmers made small channels (micro water management) for each 8 m distance with 
20 cm depth. Farmers were actively involved in maintenance activities because of 
getting good crop growth. Maintenance was consisted of cultivating, fertilizing, and 
water gates operation.  The water gates were operated by draining the low tidal water 
and holding the high tidal water.  Irrigation was conducted only three times when 
plants were two weeks old, one month old, and at early flowering. Water table should 
be controlled not to drop below 60 cm from soil surface. Crop harvest yield was 
relatively high with corn production level of 6-7  ton/ha. 
 
Keywords: tidal swamp, micro water management, corn, water table control.. 
 
1. INTRODUCTION 
 
Land productivity at reclaimed tidal low land area is highly affected by land physical 
condition including water status and soil fertility. Land with the same typology can 
have different water status ((Susanto, 1998; Imanudin dan Susanto, 2003). This water 
status variation will have highly significant effect on physical, biological, and chemical 
processes of soil which in turn dictate the soil fertility level (Bakri, 1999; Imanudin dan 
Bakri, 2003). Bronswijk et al., (1995) showed that the current land and water 
management is not optimum and if this trend is occured continously, then land 
degradation will reach its peak at ten year to come.  
 
Water management system is a key factor for the succeed in tidal low land 
management (Bengston  et al., 1993).  The main objective of this activity was to drain 
the excess water from low land typology areas and to maintain watertable depth 
needed by crops at higher land typology areas (Imanudin et al, 2002; Imanudin dan 
Susanto 2004). Therefore, micro water management system will have highly 
significant effect on watertable status at tertiary blocks. 
 
Drainage channel design is very important to be understood by farmers because it is 
the key factor for reclaimed tidal low land management, especially if farmers has to 
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conduct food crops cultivation in dry season (corn) after rice crop. Quartery channel 
and small channel dimensions for micro level management are highly required to 
control water status on cultivated land.  The channel dimensions may vary significatly 
eventhough the land located in the same land typology class.  This is due to the 
effects of different soil properties, hydrology, and crops. 
 
Other problem of crop cultivation after rice is the constraint of water status  Other food 
crop such as corn is very sensitive to wet water status.  Soil condition should not be 
saturated or even flooded for corn growth ; therefore, watertable depth should be 
lowered up to certain depth to ensure the crop root zone is in unsaturated water 
condition.  
 
Based on the above constraints and opportunities, it is neccesary to conduct 
community extension service related to knowledge in controlling watertable depth that 
is suitable for crop growth.  On the other hand, farmers have limited knowledge in 
terms of land drainage system.  Therefore, technology transfer is needed at farmers 
level through this community extension service activity.  Technology transfer was 
conducted in the form of technical supervision to develop the recommendation related 
to drainage channel design at tertiary blocks as well as watertable depth control 
through water gates operation management at tertiary blocks based on climate, 
watertable dynamics, high tidal water, and soil physical properties. 

 
2. METHODOLOGY 

 
2.1 Time and Place 
 
This community extension service activity was conducted at reclaimed tidal low land 
of Delta Telang I Primer 8, Telang Karya Village, Muara Telang Subdistrict, 
Banyuasin District.  Map of activity location can be seen in Figure 1.  The 
demonstration plot was one tertiary block at tertiary 2.  Corn cultivation study was 
conducted at 3 ha of land.  It was done at the third growing season after rice in June 
to September 2009. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Situation map of Delta Telang I reclaimed low land area. 
 
2.2 The Technology Implementation Method 
 
The activity was conducted through three steps consisting of land environment 
survey, design and extension activities followed by field technical supervision.  Field 
activities were conducted in the form of participatory activity through approach to 
individuals and groups.  Water table depth condition was first measured for water 
management system design. Water table fluctuation at each demonstration blocks 
was measured by using PVC pipes. Demonstration plots area and PVC pipe 
installation are shown in Figure 2.  

Banyuasin 

District 

Telang 
I 
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Figure 2.  Lay out schematic of demonstration plots and water table depth 

measurement meter. 
 
Notes : P = Piezometer, N = monitoring meter for soil water content 
 
Micro water management system design is based on concept of intensive shallow 
drainage.  Its objective is to prevent excessive water table drawdown that can create 
phyrite oxidation (Susanto, 1996; Imanudin 2002; Imanudin 2003).  Water gate 
operation at tertiary level was conducted through farmer group participatory 
approach. 
 
Tidal low land drainage after rice crop has objective to drain the excess water that is 
stored in top soil to maintain water within shallow watertable which is suitable for corn 
or secondary crops.  

 
3. RESULTS AND DISCUSSION 

 
3.1.  Irrigation Potential Analysis on Farm Land of  Delta Telang I Primer 8 
 
Area of Delta Telang I hydro topographically is classified as A land tipology (tidal 
water submerged area).  This land is flooded by high tidal water at least 4 or 5 times 
during 14 days within high and low tidal periods either at wet season or dry season.  It 
is usually located at low topography or close to river estuary. 
 
Land category of A is generally located at low land along the rivers and close to the 
main river, or naturally as basin land.  The low part of surjan system is also classified 
into this category.  Water addition from high tidal irrigation is sufficient to compensate 
the water losses due to percolation and for soil leaching requirement in paddy field 
land. The magnitude of this water addition is about 3mm per day and there is a water 
deficit from rainfall during dry season.  Two times rice planting per annum is highly 
possible in this land.  Superior rice variety can be cultivated provided that water table 
depth can be controlled to prevent too deep flooding as well as to guarantee the 
proper flow of drainage water.  If water intrusion occured in dry season, then the 
second crops cultivation can be done after rice planting season.  However, sufficient 
drainage is an important prerequisite for this cultivation.  If the drainage is blocked, 
then a problem occurres for second crops cultivation especially in wet season.  
Moreover, water gates should be provided in tertiary channels to prevent sea water 
intrusion.  
 
Water management at paddy field land objectives were to hold left over water 
(retention) or to drain excess rainfall water, to change water in channel with high tide 
irrigation water for leaching requirement and increasing water depth above paddy 
field land surface.  Intermittent drainage and irrigation provide the ease of salts 
leaching and toxic elements removal of soil.  However, drainage potential of A land 
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typology in the field was not relatively good especially during wet season.  Low tide 
condition is insufficient to drain water from land whereas water in channels is full due 
to high tide and rainfall during which water in tertiary blocks are not completely 
drained.  Drainage potential can be done properly during dry season. 
 
Water dynamics for Second Planting Season (MT 2) can be seen in Figure 3. 
Watertable surface was relatively similar to that of First Planting Season (MT 1) 
condition due to more rainfall which ocurred in March-May period.  Watertable 
condition for  Second Planting Season (MT 2) was relatively good where watertable 
variation was at 10-20 cm above soil surface.  Therefore, water sufficiency for rice 
crop growth at this period was still available.   
 
Water gates operation during second crop at this period was to drain in which valve 
gate position as drainage (in front) as well as to hold inflow from high tide water 
(Figure 4).  Holding of high tide water was effective in lowering watertable on land and 
watertable surface can drop below soil surface during period of no rainfall which 
made no flooding of land.  This periodic condition will improve land fertility and better 
crop growth. 
 

 
Figure 3. Watertable dynamics on land after water management 

improvement   
 

Water flooding on land in average could reach 20 cm and land was left over rather dry 
in which water was only 1 cm above soil surface in certain period.  Water table 
surface fluctuation in MT 2 showed that water table surface was never drop below the 
soil surface. This due to the fact that farmers do not always drain the water through 
water gates.  Water gates are operated not only as drainage, but also as supply 
facilities.  There were certain periods where water inflow was conducted through high 
tide irrigation which made water was available in tertiary channels in order to prevent 
the drop of water table surface at tertiary blocks.  Drainage was done during heavy 
rainfall to prevent flooding on land.  
 
Water was in enough quantity and land was still wet during May-June period. Even 
though water gates were operated as drainage facilities, but land was difficult to be 
dried as long as rainfall occured.  Low tide period was not enough to drain the excess 
water.  Therefore, corn crop was not cultivated during this period.  
 
Rainfall starts decreasing since July and corn planting potential can be seen on July-
September period (Figure 5).  This figure showed that water table starts decreasing 
since the end of July or early August.  This was due to the decrease of rainfall and 
water gates were operated to drain water (maximum drainage).  Water supply from 
high tide irrigation was no longer available and the only water source was from less 
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frequent rainfall.  Empty water condition in tertiary channel had impact on water table 
drop at tertiary blocks. 
 
Gates installation at tertiary channel (TC2) (Figure 5) by using water channel was one 
of the efforts to decrease the hazards of channel erosion and abrasion.  These 
hazards are due to soft characteristic of soil in land with A typology.  Field observation 
showed that gate functions very well as water structures.  It is capable to hold water 
during high tide inflow and as drainage channel durng low tide period.  Water at 
tertiary block during the field visit was located at channel base which made tertiary 
block in very dry condition and cracked soil was found at some tertiary block spots.  
This condition had never occured previously according to farmers. Land was very wet 
in last year during the same period (August) due to inflow from high tide water. There 
was significant differences between water status at tertiary block equipped with water 
channel gate and the one without water channel gate.  Tertiary block equipped with 
water channel gate had dry condition whereas the one without water channel gate 
had moist condition and some flooding spots. 
 

 
 

Figure 4. Gate operation as drainage installed in the front of tertiary canal 
 
The above operation was effective in lowering water table in which water table was 
dropped to 40-50 cm at the first week of August.  This condition was very suitable for 
starting corn cultivation.  Figure 9 showed water table variation at demonstration plots 
of corn cultivation for July-September 2009 period.  Water table was located at 30-40 
cm and it was dropped into 50-60 cm during certain periods.  Crops should be planted 
when water table was at 60cm in order to get water supply.  
 
3.2 Water Management Objective for Corn Cultivation (Second Crop) 
 
Rainfall started decreasing since June and corn crops potential can be seen at July-
September period (Figure 4).  This figure showed that water table starts decreasing 
since end of July or early August.  This condition was due to the less rainfall and 
water gates were operated to drain water (maximum drainage).  Water supply from 
high tide irrigation was no longer available and the only water source was from less 
frequent rainfall.  Empty water condition in tertiary channel had impact on water table 
drop at tertiary blocks. 

 
The above operation was effective in lowering water table in which water table was 
dropped to 40-50 cm at the first week of August.  This condition was very suitable for 
starting corn cultivation.  Figure 10 showed water table variation at demonstration 
plots of corn cultivation for July-September 2009 period.  Water table was located at 
30-40 cm and it was dropped upto 50-60 cm during certain periods.  Crops should be 
planted when water table is at 60cm in order to get water supply.  
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Figure 10.  Watertable dynamics at Third Planting Season for Corn Cultivation in 
June-August 2008 period. 

 
Treatments of inter-channel distance at cultivated land were in the range of 6 m, 8 m, 
and 14 m.  Water table depth variation through boring showed no significant 
differences for each treatment.  Water table depth was in the range of 57-63 cm 
below soil surface.  Small channels (micro) in land have function to drain excess 
water if rainfall was occurred during the early period of crop growth.  Field observation 
showed that drainage effectiveness was found at 8 m inter-channel distance. Inter-
channel distance of 6 m was quite effective but it was too close which require more 
labor forces. Inter-channel distance of 14 m results in longer flooding period when 
rainfall was occurred on early season.  Flooding more than 3 days results in yellowing 
of corn which require crops replacement in early growth period. 
 

 
 

Figure 5. The high performance of corn growth in the third crop season 
 
Field morphological observation on corn crops showed that water table variation was 
not significant, but corn growth at 6th tertiary block with inter-channel distance of 8 m 
showed similar good growth than that of block with inter-channel distance of 6 m.  
 
Corn crop cultivation experiment had been successfully conducted at land with A 
typology. It was shown by production gained from each treatment.  The best 
treatment was found at inter-channel distance of 3 m followed by 4 m and 6 m.  This 
condition showed that land with A typology had very good potential to be developed 
to have planting index of 300 through planting pattern of rice-rice.  Corn was the crop 
for third planting season that was best planted on July-September period.  However, 
this was impossible to realize without the complete hydraulic structures (water 
structures).  Tertiary gates were very important to hold high tide water at early plant 

Dinamika Air Tanah Musim Taman Ke Tiga Jagung (Juni-Agustus 2009)

-80

-70

-60

-50

-40

-30

-20

-10

0

10

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91

Hari

M
u

ka
 A

ir
 (

cm
)

lokasi 1.1 lokasi 2.1 lokasi 3.1 lokasi 6.1 lokasi 6.2



3rd World Irrigation Forum (WIF3) 
1-7 September 2019, Bali, Indonesia 

International Workshop 
 SDTA.05 

 

 
7 

 

growth period and to hold salt water at vegetative and generative stages growth 
period. 
 
Land should be dried and soil made in muddy condition just about the harvest time.  
Water gates were closed to hold high tide water and to drain the water.  This 
condition was extended up to harvest time and even until early part of the 3th planting 
season. 
 
Field observation showed that there was significant differences between water status 
at tertiary block equipped with water channel gate and the one without water channel 
gate.  Tertiary block equipped with water channel gate had dry condition whereas the 
one without water channel gate had moist condition and some flooding spots.  Water 
management srategy for corn crop cultivation can be seen in Table 1. 

 
Table 1. Water management operational strategies at tertiary level for corn crop at 

land with A typology. 
 

Crop growth 
stages 

Water 
management 
objectives 

Operation og gates  
Tertiary valve 
gate 

Stop log 
quartery 

Land tillage 
 
 

Dry soil, field 
capacity 
 

Close/maximum 
drainage 

Open/maximum 
drainage 

Planting Dry soil, field 
capacity 
 

Open/maximum 
supply 

Open/supply, 
and close/held 

Vegetative 
growth 
 

Dry soil, field 
capacity 
 

Close/maximum 
drainage 

Open/maximum 
drainage 

Reproductive 
growth 
 

Dry soil, field 
capacity 
 

Open/maximum 
supply 

Open/supply, 
and close/held 

Ripening stage Dry soil, field 
capacity 
 

Close/maximum 
drainage 

Open/maximum 
drainage 

 
Field observation showed that water gates operation at 3th planting season was to 
drain water.  Rainfall started decreasing that made fast drainage through the low tide 
process.  The availability of water gate cause the tide water can not flow into channel 
so that drainage process was maximum.  Therefore, land could be dried in early of 
June and it can be worked out at the third week which was then followed by land 
tillage and channel development.  
  
Water supply for corn crops was required at specific growth periods.  Supply was only 
given during maximum high tide period and the minimum low tide water can not flood 
the land.  Water inflow from high tide was given several times during early crop 
growth when the crop was 20 days old for two days.  It was then given to crops when 
crop was 30 days old on dry condition where watertable depth was close to 50 cm 
below soil surface.  The last application was just about flowering phase and then no 
water is required.  The high tide water should not allow to be flown into because it 
contain salts. 
 
4.  CONCLUSIONS AND RECOMMENDATIONS 
 
4.1 Conclusions 
 
• The activity of community extension services conducted at Delta Telang I 

Primer 8, Telang Karya village in general relatively succeeded and received 
positive response from farmers.  Demonstration plots of corn cultivation at 2nd 
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tertiary plot produced good result and were capable to increase the farmers 
interest to utilize their land for 3rd planting season after rice.  This condition 
clearly had positive impact to increase the planting index from IP 200 to IP 300. 

 
• Results of field study showed that corn crop cultivation was conducted at June-

September period.  Land tillage was started since the land was dry.  Small 
channel (micro channel) with inter-channel distance of 8 m and 20 cm depth 
was required in order to drain the excess water in case of rainfall occurrence.  

 
• Water gates operation for corn crops was mostly as drainase measure where 

the valve water gate was located in front so that it was capable to hold high tide 
water and it automatically opened to drain water during low tide.  Water supply 
was given three times during demonstration plots where crops were at 14 day 
after planting,  30 day after planting, and 2 month after planting.  Irrigation was 
only given if water table depth was reached 60 cm below soil surface for more 
than three days. 

 
4.2 Recommendation 
 
One of basic requirement for corn crop cultivation at 3rd planting season was 
installation of water gates at tertiary channel level.  The suitable water gate was 
valve type made from fibreglass.    
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A STUDY OF NUMERICAL ANALYSIS OF HYDRAULIC 
CHARACTERISTICS IN THE VARIOUS TYPE OF FISHWAYS 

 
Choong Hun Shin1, Eunchel Jang2, Jeong-Ryeol Jang3 and Jae-Sang Jung4 

 
ABSTRACT 

 
The fishway should be designed to be effective under a range of flow conditions. 
However, there is a lack of information on the hydraulic design of the cost-effective 
fishway. The purpose of this study is to increase the efficiency of installed fishway 
and to provide the reference data which can be easily understood and used for 
fishway design. First of all, we observed flow depth and velocity in the fishways 
installed on-site and used to verify the CFD model. A 3D numerical model “Flow-3D” 
has been used for analyzing the hydraulic characteristics of the fishways. The results 
show that numerical analysis is good agreement with field data and will be effective 
tool for analyzing the hydraulic characteristics of the fishways. In addition, we 
performed a numerical analysis of the three fishway types (pool and weir, baffle, Ice 
Harbor-type) according to flow conditions from drought to normal. Depending on the 
flow condition, flow regime was changed from plunging to streaming flow as well as 
showing turbulent flow according to flow rate increase. The results of this study are 
expected to provide useful information for the design of fishway. 
 
Keywords: Fishway, Hydraulic characteristics of fishway, FLOW-3D 
 
1. INTRODUCTION 
 
A large number of hydraulic structures such as dams and weirs at the end of the 19th 
century have been constructed across rivers and streams for management of water 
resources. These structures alter the physical properties of rivers and riverine 
environments, disconnect the ecological linking, and result in reducing the species 
diversity and decreasing the numbers of a species. To overcome the stream blockage 
of ecological linking by dams and weirs, much effort has been made. In particular, 
constructing fishways(also known as a fish ladder, fish pass or fish steps) in dams 
and weirs is one of methods to help migratory fish overcome obstructions and restore 
restore ecological linking, sustaining the weir’s flood control and water supply 
functions. 
 
In Korea, fishway has installed 5,251 locations among the 33,852 weirs in rivers 
across the country, and the installation rate is only 15.5%. Unfortunately, about 72% 
of the installed fish ways have not been able to properly perform function of fishway 
(MOF and KRC, 2019). There is a diversity of fishway designs including engineered 
structures (e.g., pool and weir, Denil, and vertical slot) as well as nature-like fishways 
that look and function much like a natural stream (Clay, 1961; Katopodis et al., 2001; 
Baki et al.,2013).However, fishways are typically selected without sufficient 
investigation of hydrological characteristics on the installation site, and in many cases 
their functions do not work normally due to lack of in-depth study of the hydraulic 
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characteristics of themselves. Also, there is a high demand from on-site engineers for 
detailed explanation and hydraulic characteristics (e.g., flow depth, velocity 
distribution, etc.) of fishways. Therefore, further study is needed to determine the 
optimal design of fishways and other fish facilities. 
 
Various studies have been made to understand their biological effectiveness and to 
analyze the flow characteristics. The study of fishways can be largely divided into flow 
structure analysis and field observations (Rajaratnam et al., 1992; Izumi et al., 2000; 
Ead et al., 2002). Flow structure analysis was performed through hydraulic 
experiments (Rajaratnam et al., 1984; 1986; 1988; 1991; Wu et al., 1999; Kim, 2001) 
and numerical models (Tsujimoto and Shimizu, 1996; Maeno et al., 2001; Masayuki 
et al., 2009).However, it is not easy to clarify the flow characteristics of the various 
types of fishways and select the most cost-effective fishways that are proper for field 
conditions. 
 
The present study was conducted  to analyze the flow characteristics in the three 
types of fishway via a three dimensional numerical modelling and present the 
hydraulic characteristics of such flows which can be easily understood and used for 
fishway design. We first observed flow depth and velocity in the fishways installed on-
site. Field data are used to verify the CFD model study findings.An entire fishway was 
simulated to compare the advantages and disadvantages of different types of 
constructions. 
 
2. METHODS 
 
2.1  Field Study 
 
The Ice Harbor-type fishway was selected and field observations were performed. 
The reason is that Ice Harbor-type fishway was developed in response to the need for 
a pool and weir type ladder. There is an adaptation of the pool and weir concept, 
where each weir has two overflow sections located adjacent to the walls and a baffle 
section in the center that does not overflow. Therefore, it is very suitable for verifying 
a numerical model for analysis the flow structure in the fishway. 
 
The study site was the Ice Harbor-type fishway installed on the right side of Chojong 
Stream (Figure 1).The fishway is 31 m long in total, at a slope of 1/20. Its width 5 m 
(The two 3m width Ice Harbor-type fishway are overlapping side by side), the span 
between the baffles (pool length) is 2 m.As shown in Figure 2, the width of overflow 
area (weir) is set equal to that of non-overflow area (wall), and the holes (square type 
orifice) with the diameter of 0.1m are installed near the bottom at the both side wall. 
This specification is a standard design of Ice Harbor-type fishway that is used in 
Korea. 
 
In the present study, we measured the flow depth and velocity within the pool and 
weir due to changes in inflow conditions. The two inflow conditions are the normal 
season and the dry season. A propeller type velocimeter, KENEK GR3T-2-OK, was 
used to measure the flow velocity. Measurement accuracy of velocimeter was ±3 
cm/s. Figure 3 shows the observed flow depth (m), and velocity (m/s). These 
observed data are used to calibrate and validate the models presented in this study. 
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2.2 Numerical Simulation 
 

A commercial CFD (Computational Fluid Dynamics) software, FLOW-3D developed 
by Flow Science (2012), was used to simulate the flow through fishways. FLOW-3D is 
an advanced commercial CFD package based on the FVM that solves the Reynolds 
averaged Navier-Stokes equations (continuity and momentum) in the form shown 
below (Flow Science, 2012). 
 

 
 
where 𝑉𝐹 is the cell fractional volume (also used in Fractional Area/Volume Obstacle 
Representation (FAVOR)), 𝜌 is fluid density, 𝑐 is speed of sound, 𝑢, 𝑣, 𝑤 are fluid 
velocity components in 𝑥, 𝑦, 𝑧 directions, 𝐴𝑥, 𝐴𝑦 , 𝐴𝑧 fluid fractional area in 𝑥, 𝑦, 𝑧 
directions and FAVOR, 𝑝 is pressure, 𝐺𝑥 , 𝐺𝑦 , 𝐺𝑧 are gravitational components in 𝑥, 
𝑦, 𝑧 directions, and 𝑓𝑥, 𝑓𝑦, 𝑓𝑧 are viscous accelerations in 𝑥, 𝑦, 𝑧 directions. 
 

 

 
Figure 1. Ice Harbor type Fishway Installed at a Chojong stream in Korea. 

 

 

 
Figure 2. Ice Harbor type Fishway. 
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The full geometry is supported in FLOW-3D by the use of Computer-Aided-Design 
(CAD) files (Flow-3D, 2012).After both the geometry and grid are defined, the 
geometry is embedded in the computational grid using the FAVOR technique (Flow-
3D, 2010). FLOW-3D uses the Volume-of-Fluid (VOF) method as originally described 
by Hirt and Nichols (1981) for free surface tracking. The model has 6 turbulence 
models: Prandtl mixing length model, the one-equation, the two-equation 𝑘−𝜀, 
Renormalized Group (RNG) 𝑘−𝜀, 𝑘−𝜔 models, and a Large Eddy Simulation (LES) 
model. 
 

 

 
Normal season 

 

 

 
Dry season 

 
Figure 3. Field measurement results (flow depth and velocity distribution). 

 
3. RESULTS AND DISCUSSION 
 
3.1  Verification of the Numerical Model 
 
In this study, the numerical model was verified using observed data. First of all, we 
created the same type of geometry (Ice Harbor-type fishway) as the field survey using 
a three-dimensional CAD program. The geometry file of the model was imported in 
Flow-3D as STL file. STL (an abbreviation of "stereolithography") is a file format 
native to the stereolithography CAD software created by 3D Systems.FLOW-3D uses 
an approach to gridding that combines the advantages of simple rectangular grids 
with the flexibility of deformed, body-fitted grids. The fluid–solid interface is then 
constructed as a plane connecting the points where the geometry cuts the cell 
boundaries. With sufficiently fine mesh resolution, the FAVOR method allows FLOW-
3D to accurately represent complex geometries (Flow Science, 2012). 
 
For FLOW-3D, a single Cartesian structured mesh block was used over the entire 
domain. Three cell sizes were used: 0.2 m(M1), 0.1 m (M2) or 0.05 m (M3). A coarse 
cell size of 0.2 m was attempted and resulted in visibly coarse representations of 
baffle geometries and stability issues with the solver. Consequently, a cell size of 0.05 
m was chosen to provide adequate geometry resolution. The simulation mesh 
consists of 1,922,000 grid points with 620 for 𝑥-axis, 100 for 𝑦-axis, and 31 for 𝑧-axis. 
 
We defined boundary conditions at the borders of the calculation domain, as shown in 
Figure 4. Upstream and downstream water surface elevations were imposed using 
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observed data with hydrostatic pressure distributions. At the remaining surfaces, a 
wall boundary with a no-slip was activated. The computational domain was initialised 
by a 0.3 m flow depth with hydrostatic pressure condition. 
 
For the accurate calculation of FLOW-3D model, calibration was accomplished by 
means of the surface roughness and the adequate turbulence model. The target of 
the calibration is to minimize the error between observed and calculated flow depth 
and velocity at each measuring point. These results assure minimum achievable 
errors and guarantee the validity of the model. 
 
The results of the numerical model were compared with those of the observed data. 
The maximum error rate of the flow velocity of the overall area reached about 3.0%, 
and that of the flow depth of the overall area was about 2.5%, and such results were 
in good agreement with the observed data. The maximum error rate was defined as 
the maximum difference between the calculated flow depth, velocity and the observed 
flow depth, velocity divided by the calculated one.  
 

 
Figure 4. Boundary conditions. 

 
Table 1.Summary of numerical models setup. 

 
Mesh 3D structured 

Mesh resolution 0.025 

Multiphase VOF 

Surface roughness 0.015 

Turbulence model RNG𝑘−𝜀 

Advection scheme Explicit 

Time step Automatically controlled 

Computational times 1 hours (steady state) 

 
When the surface roughness value is 0.015, it is found that maximum error rate is the 
smallest. Also, it can be seen that the difference, according to the turbulence model is 
not large.  In the present study, therefore, a fishways is simulated using FLOW-3D‘s 
RNG 𝑘−𝜀 turbulence model to analyze the magnitude of the velocity fluctuations. The 
RNG 𝑘−𝜀 model, like most Reynolds-averaged Navier-Stokes (RANS) turbulence 
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models, treats the velocity fluctuations as isotropic scalar values and thus damps out 
the time-dependent velocity fluctuations. The results are similar to those found by 
time-averaging direct LES results. Summary of additional setup and computational 
times are shown in Table 1. 
 
3.2 Test Cases 
 
Figure 5 shows the three types of fishway compared in this study. The width of the 
fishway is 3m, the length is 25m, the slope is 1/20, and the span is 2m. All three types 
of fishway have the same width, length, span and slope.  There are two types of 
inflow input conditions: droughts and floods. The respective upstream and 
downstream inflow conditions are shown in Table 2.We performed the calculations 
until the flow becomes steady state. 

 

 
 

(a) Pool and weir 
 

 
 

(b)Baffle 
 

 
 

(b) Ice Harbor 
 

Figure 5. Three types of fishways 
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Table 2. Inflow conditions. 

 
 Upstream water depth Downstream water depth 

Normal condition 2.02m from the bottom 0.8m from the bottom 

Drought condition 1.96m from the bottom 0.8m from the bottom 

 
3.3 Flow Structure and Velocity 
 
There are two important hydraulic characteristics to consider in the design of a 
fishway. One is the maximum flow velocity in fishway should be smaller than the burst 
swim speed of the target fish. This is related to the swimming performance and 
behaviour of the target fish. The other is that the flow structure in the fishway should 
work proper for the fish to ascend the fishway. This is related to the flow pattern on 
the vertical plane of the fishway. The flow structure of fishway can be divided into 
either "plunging" or "streaming", depending on the depth of flow for a given slope, 
pool length and geometry of fishway. In this study, the efficiency of the fishway was 
estimated based on the flow structure. 
 
As mentioned in previous studies, the flow may be either “plunging” or “streaming” 
(Figure 6). The case of fishways used in Korea, it is recommended to avoid a 
streaming flow in the pool area. In general, streaming flow is a favorite flow structure 
of salmon or sea trout. The salmon or sea trout have very good performance of 
swimming and jumping. However, in Korea, there are no fish species that have this 
capability among fish that use fishways. Also, fish that are not good at swimming 
confuses the upstream direction and they lose their way in streaming flow.  
 

 
(a) Plunging flow                         (b) Streaming flow 

 
Figure 6. Plunging and streaming flow in a fishway (Katopodis, 1992). 

 
Figure 7 shows that calculated velocity distribution and vectors at selected vertical (𝑥-
z) plane for normal and drought inflow condition. The selected vertical plane traverses 
the overflow section. . 
 
As shown in figure 7a, in the case of pool and weir type, there is no change in the 
flow structure due to inflow condition. The flow structure is close to a plunging flow 
structure and the maximum velocity of the flow is about 1.5 m/s. The pool and weir 
type fishway is expected to be difficult for fish to use due to the flow structure. This 
type of fishway is very calm and is suitable for most species, even small ones. 
 
Figure 7b shows the structure of the flow in the case of baffle type fishway. The flow 
structure due to the inflow condition has changed from the general flow to the 
recirculation flow. A recirculation eddy forms at the side of the main current and 
downstream from the cross-wall. The flow velocity of the recirculation eddy is slow, 
but the flow velocity near the wall is fast. This is because the flow was accelerated as 
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it rounded the wall. This type has a very turbulent auxiliary flow that does not help to 
guide the fish towards the upstream. Thus, this type of fishway is not suitable for most 
species, even small ones. 
 
Figure 7c shows the structure of the flow in the case of Ice Harbor type fishway. It is 
clearly visible at figures that, as the inflow condition changes, the flow pattern 
changes. When the flow rate was small (drought condition), the flow structure was in 
the form of streaming flow, but as flow rate increased (normal condition), the flow 
structure was changed to a plunging flow. However, unlike the usual plunging flow 
structure (Figure 6a), a recirculation eddy does not exist in the pool. The maximum 
velocity of the flow is about 2.0 m/s, which is somewhat faster for fish to use. This 
type of fishway seems to be suitable where the flow can always control using the level 
of water upstream. Also, it seems that several modifications will have to be made to 
improve the efficiency of the fishway. 
 

 
Drought condition 

 
Normal condition 

 
 
 

 

(a) Pool and weir 

Drought condition Normal condition 
(b) Baffle 

Drought condition Normal condition 
(c) Ice Harbor 

 
Figure 6. Velocity distribution at selected vertical plane. 

 
4. CONCLUSIONS 
 
In the present study, we investigated the flow characteristics of various fishways (Pool 
and weir, Baffle, Ice Harbor). A series of numerical simulations were carried out using 
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the Flow-3D, a three dimensional numerical simulation program for two values of the 
inflow condition (drought and normal). 
 
For the verification of the Flow-3D model, the maximum error rate of the flow velocity 
of the overall area reached about 3.0%, and that of the flow depth of the overall area 
was about 2.5%, and such results were in good agreement with the observed data. 
This results assure minimum achievable errors and guarantee the validity of the 
model. 
 
The analysis of hydraulic characteristics depending on the change fishway type and 
inflow condition shows that the flow velocity in the overall areas increases as the 
inflow flow rate increases and that the flow structure changes. In particular, the baffle 
and ice Harbor types showed a major change in the flow structure, which was 
changed from the general flow to the recirculation flow and from the streaming flow to 
the plunging flow without a recirculation eddy. In the case of pool and weir type, there 
is no change in the flow structure due to inflow condition. This type of fishway is very 
calm and is suitable for most species, even small ones. However, it may prove to be 
less suitable because of its low discharge. 
 
The present study shows that the analysis using Flow-3D for fishways design can be 
modelled and optimized in shorter periods and in a less expensive way. Also the 
results of this study are expected to provide useful information for the design of 
fishway. 
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INNOVATIVE CREEK IRRIGATION AND PROTECTION OF  
TIDAL ZONES IN ODISHA: CASE STUDY 

 
Bishnu Prasad Das1 

 
ABSTRACT 

 
Odisha a coastal State, in east India has a 485 Km long coastal line parallel to sea 
having a width of 10 to 15 Km. This area is very flat and fertile traversed by several 
tidal creeks, small and large Rivers almost 0.5 Million Hectare (MHa) of such area is 
very flat part of which are wet land. About 0.3 MHa of coastal land where ground level 
is low, below 1.5 m (above MSL) is cultivated but experiences flooding up to 0.5 m 
depth during intense monsoon storm. Further tidal saline inflow into the channels 
flooding the overbank continue even up to 20-30 Km from Sea. Although during 
monsoon the creek water fed by rain water remain relatively sweet (around 5 ppt) 
until November, the tidal inflow there after (November to May) renders the creek 
water saline. Suitable protection against incursion saline Sea water during storms up 
to 2 m level is a primary necessity for successful protection of the agriculture land.  
Saline embankments with crest level of 4 m are constructed parallel to the coast 
butting into high lands on either bank of creeks. At the creek location the 
embankment incorporates a regulating sluice with adequate capacity arriving from 
200 mm storm in a day. For most intense one-day storm of 300 to 400 mm (one in 
hundred years), a calculated submergence (risk of 5 days) is allowed to determine the 
capacity of regulating structure. The sluice is fitted with mechanical shutters operated 
at level+5 to totally prevent saline incursion into the protected land. An important 
function of the sluice is to impound sweet water during and at the end of monsoon to 
cater to the crop water need for cash crops like pulses, oil seeds, vegetables, chilly 
and horticulture yielding Rs. 30,000 per ha as net benefit. In the monsoon salt tolerant 
paddy is cultivated on high patches, whereas in the non-monsoon almost 80% of the 
protected land is covered with paddy. The crucial operational rule for both drainage 
and storage in pond is framed to provide crop need following a deficit irrigation 
concept. The features of a typical creek irrigation scheme to benefit 4000 ha of 
coastal land “Malibasa Tantiapal Benekanda and Bijayanagar Creek Irrigation 
Project” are presented. The sluices create a pond of 3 to 5 m depth along the creek 
even stretching upto 30 Km. The command area is generally fed by small lined 
channels receiving pumped water from the pond created by the sluices. Monsoon rain 
is adequate to cater to heavy duty crop like paddy. However sweet water from the 
ponds in creeks, also provide water if rain is deficient in monsoon. Involvement of 
farmers in managing the protected agricultural lands is considered an absolute 
necessity.  
 
Keywords: Tidal Zones, Saline Inundation, Creek Irrigation, Regulating Sluice, Deficit 
Irrigation 
 
1. INTRODUCTION 
 
Odisha a coastal state in eastern India adjoining Bay of Bengal has a 485 Km long 
coastline with a North-South orientation (Fig.-1). The 10-15 Km width coastal terrain 
of 0.5 Million Hectare (Mha) is very flat, generally below 1 m above M.S.L. The 
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highest patches have elevation not exceeding 2m. Ground contours of this flat and 
fertile stretch are shown in Fig.-2. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 1 Odisha showing major rivers 
 

 
 

Fig. 2 Odisha showing coastal topography (5 feet contour interval) 
 
Barring a few sand dunes a number of creeks, small and large rivers traverse this 
region from west to east draining the upper land. Major rivers like Mahanadi with its 
branches, and Brahmani, Baitarani, Burhabalanga, Subarnarekha drain most of the 
entire state. However in between the out falls of these rivers and their branches to 
ocean roughly 30 to 50 Km apart along the coast, the intervening region between 
rivers are criss-crossed by a large number of tidal creeks, 3 to 15 m wide. Creeks are 
found dispersed all along the coast which are affected by ocean tide conveying tidal 
saline water inland. Normal tide has an incursion of 30 Km from the estuary. Tide 
however make incursion even upto 40 Km from coast during cyclonic storms 
occurring mostly in the monsoon, but also occasionally in pre-monsoon and post 
monsoon. 
 
Such storms invariably lash the Indian coast particularly east coast, in the states of 
West Bengal, Odisha, Andhra Pradesh and Tamilnadu, when sea surge of 3 to 5 m 
inundates the entire land upto 20 km inland. 
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An examination of the coastal tract of Odisha shows a saline zone of 15-20 Km wide 
along the coast. It is clear that for growing a crop in this fertile land, storing of sweet 
rainwater during monsoon, precipitating on the land as well as flowing through the 
rivers / creeks is absolutely imperative. These tidal creeks fed by rain water during 
monsoon convey relatively sweet water (upto 3-5 ppt), which makes the water 
suitable for irrigation. Even the tidal water, which have salinity of 30-35 ppt at the 
coast, exhibit significantly decreased salinity of 5 ppt about 20-25 Km inland because 
of high sweet water flux from upstream. This region receives 1200 mm as average 
monsoon rainfall (June 15 through October 31), bulk of which occurs in July and 
August to the tune of 800 mm. Cyclonic storms precipitate 300 to 400 mm in a single 
2-3 day storm event. During such storm plenty of sweet flood water flow through the 
coastal saline stretch. 
 
The most recent extremely severe cyclonic storm “FANI” devastated the Odisha coast 
during May 2-3 with wind speed upto 250 kmph and tidal surge of 2 to 2.5 m that 
moved inland. 
 
2. NEED FOR PROTECTION FROM FLOOD – HIGH TIDE 
 
The coastal fertile lands support a good rain fed salt tolerant paddy in the monsoon. 
However as the monsoon is characterised by long drought spells (no rain for 10-15 
consecutive days), there is a definite need of irrigating the overland along the creeks 
with sweet creek water flowing from upstream.  
 
In years of high rainfall, flood in the major river Mahanadi its branches, sub branches 
visit the area (ground level upto +2 m above MSL). However after the monsoon 
recedes, the creeks being tidal, convey saline water to the upstream, which inundates 
the country side spilling over the banks on creeks. There is therefore a mandatory 
need the creeks are provided with protective embankments on both banks to prevent 
spilling of saline water during high tide to the cropped area. 
 
In essence agricultural land almost upto 20 Km from coast needs protection from 
monsoon floods as well as tidal incursion. Ideally the land with ground level (1 m to 
1.5 m) enclosed and protected by saline embankments, must receive irrigation 
supplementation in Kharif (monsoon) particularly during dry spell. In Rabi season 
(November to April) irrigation supplementation by sweet water as well as protect from 
saline tidal water is the need for growing a cash crop of pulses, vegetable and 
oilseeds. In most of the creeks, siting irrigation cum drainage sluice at suitable 
locations at the head of the creek and outlet to rivers is the need. 
 
3. Case Study: Malibasa Tantiapal Benakanda and Bijayanagar Creek 
 Irrigation Project 
 
The area shown in Fig.-3 only 10-15 Km from the coast is the tail end of a major 
drainage channel Gobari, which drains a basin of 800 Km2 in area. In the coastal 
zone several creeks originate from the spill of the river traversing west to east, 
intermixing with each other. The fertile silty clay terrain prone to annual flooding has 
sparse habitation with poor communication facility and had no organised irrigation 
facility until the sixties (1960). It was considered essential to develop a suitable 
multipurpose facility primarily for protection during flood and cyclones. The scheme 
would incorporate facility for providing dependable irrigation coverage during the non-
monsoon season along with partial irrigation supplementation for the staple cereal 
crop paddy rice during monsoon. An embankment with sluices for drainage in 
monsoon, but also to let in tidal water with low salinity less than 10 ppt for irrigating 
cash crops in non-monsoon (Nov to mid Apr). 
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Fig. 3 Map showing Malibasa Tantiapal Benakanda and Bijayanagar Creek Irrigation 
Project 

 
3.1 Scheme 
 
Almost, a century back British built protective saline embankment in ring shape for 
coastal lands. In 1890-95 in Mahanadi basin, a major irrigation scheme with head 
works (weirs) at the delta head was built to provide monsoon irrigation as a run-of-the 
river scheme, which provided irrigation to 1,60,000 ha of coastal tract starting from 
the head of the delta (about 100 Km upstream of Ocean outfall), right to the coast 
(command area level 20m to 5m above MSL). Very flat tide prone area parallel to 
coast over 15 Km was left out, where saline rings were provided. Mere protection 
from flood / tide was inadequate for supporting livelihood. Therefore for alleviating 
poverty and to generate stable income, scheme to provide protective agriculture were 
formulated. Creek irrigation projects for benefiting cropped area in monsoon and non-
monsoon were planned through sluices, embankments and renovating the creeks to 
function as irrigation and drainage channels. The sluice at Malibasa with a ventage of 
63.23 m capable of inletting 0.75 Cumec is the inlet structure for sweet water or partly 
saline water whereas the sluices at Tantiapal, Benakanda and Bijayanagar are 
primarily for drainage. 
 
3.2 Hydrological Consideration 
 
The deltaic rivers flow along a ridge with valleys in between the major rivers. Gobari, 
which form the drainage of the deltaic terrain in this area drains the flood spill as well 
as conveys tidal flow to almost 30 Km from the coast. With this background 
information, the scheme incorporated a flood and crop protection plan over 4000 ha 
by having sluice at the head of major creeks originating from the drainage channels. 
The sluices at locations suitable for butting into high ground are fitted with shutters to 
drain the excess rain water arising from storms. By the end of monsoon, the sluices 
store sweet water to meet the irrigation need of  over bank flat lands on either side of 
the creek. The drawal for irrigation is by lifting from the pond created behind the 
sluices. The storage in this pond is essentially the valley storage of the creek for 
several Kms maximum 25 Km for Malisbasa-Tantiapal upstream, without any 
significant submergence of the overbank land. 
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3.3 Creeks / Sub Creeks Impounded 
 

Sl. 
No. 

Name of Creeks / Sub 
Creeks 

Impounded 
Length (Km) 

Length proposed for 
renovation (Km) 

A Main Creek 
i Malibasa to Tantiapal 24.60 17.30 
ii Babar to Benakanda 9.20 - 
iii Sanjaria to Bijayanagar 9.20 9.20 

Total 43.00 26.50 
B Sub Creek 
i Osangara to Sahupara 2.50 2.50 
ii Osangara to Kanipal 3.50 2.00 
ii Adhajori to Sankurupa 11.00 8.00 
iv Other sub creeks 25.00 22.50 

Total 42.00 35.00 

 
3.4 Water Availability 
 
Length of Main Creeks  43.00 Km 
Length  of Sub Creeks  42.00 Km 
 
Assuming average bed width of the creek 10 m and 0.6 m water depth from the top of 
the water surface can be lifted by manual or mechanical means. During high floods 
the tidal effect gets minimised when the flood flow in Gobari creek will be adequate 
for crop need. The average maximum and minimum tide level recorded are 1.80 m 
and -0.40m respectively. 
 

i) Water availability in main creeks 
Per day for lifting (during two tides per day) 
14.4 + 13.20 x 0.6x43.00x2 = 712.080 Cum 
         2 

 
ii) Water availability in sub creeks 

Per day for lifting (during two tides per day) 
10.4 + 9.2 x 0.6 x 42.00 x 2 = 493.92 Cum 

  2 
 Total    = 1206.00 Cum (120.6 Ham.) 
 
Total availability during the crop period of 90 days = 10854.00 Ham. 
 
As the creeks are liable for rapid silting with variable flow and tail end of the creek 
(about 50%) will be susceptible to more of silt deposit, the water availability estimated 
above as 10854.00 Ham will be substantially reduce, say by 30-40%. The 
dependable water availability can be considered as 6000-7000 Ham for the 90 day 
period of irrigation during the 90 day of lean season following monsoon. 
 
3.5 Water Requirement 
 
The requirement of water for different crops has been estimated from the project 
report of Mahanadi Delta Development Plan, which comprehensively covers the 
entire delta of 5000 Km2. 
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Sl. 
No. 

Type of 
Crops 

Crops Area 
in Ha. 

Total Water 
Requirements in mm. 

Water Requirements 
in Ham. 

1 2 3 4 5 

1 Paddy 3200 1282 4102.40 

2 Vegetable 200 236 47.00 

3 Groundnut 600 287 172.20 

Total 4321.6  

 
Since the dependable availability of water is 7000 Ham (studied as average of 10 
years) against the requirement of 4321.6. Ham, the capacity of the project is quite 
adequate. The net income of farmers is as high as Rs. 30,000/- per hectare which 
was as low as Rs. 5,000/- per Hectare before the creek irrigation schemes were 
implemented. 
 
4. IRRIGATION TECHNIQUE ADOPTED BY WATER USERS ASSOCIATION 
 
From the configuration of the creeks originating from Gobari rivers, it can be 
concluded that the water availability from the pond created along the creek will be 
more or less equitable as direct lifting manually or mechanically is resorted for 
irrigation. However during scarcity the flow entering from river Gobari at Malibasa will 
lead to more dependable water availability for the first 10 Km upto Kaktpur, where a 
sub creek Sankurupa Jore confluences with Nuna Nadi, the main creek channel for 
irrigation and pondage. The lower half upto Tantiapal will be water stressed 
particularly during drought spells in the monsoon. Similarly Bijayanagar sluice (which 
functions primarily for drainage through Sanjaria to Bijayanagar main creek) will 
augment supply to 20% of eastern half of the 4000 ha of command. To obtain equity 
of supply, Water Users Association (WUA) are getting formed for every 500 ha of 
compact patch. The association is vested with operation of sluices particularly closing 
to avoid draining of sweet water from the pond. Whereas for normal flow irrigation 
projects, water supplementation is almost 0.6 to 0.8 m for a crop season, in the creek 
irrigation scheme it does not exceed 0.5 m. Deficit irrigation practice by ensuring only 
60 to 65% of theoretical need is supplemented. Deficit irrigation practice does not 
allow deep ponding (about 10mm) on the field, thereby cutting out the deep 
percolation loss of at least 3 to 5 mm / day amounting to 0.3 m of irrigation supply. 
Deficit irrigation practice is to follow initiating irrigation only after disappearance after 
ponding (DAP). Productivity of crop is 70 to 80% if supplementation of 60% is 
provided / ensure in critical crop growth period, such as flowering and maturity. 
 
5. CONCLUSION 
 
 In low lying fertile coastal tract of Odisha with ground level below 2m has been 
protected from flooding and inundation of sea water through tide as well as cyclonic 
storms by innovative creek irrigation projects. These projects comprising of protective 
embankments around the low lying flat land on which sluices at the creeks originating 
from main drainages are provided. These schemes enable protective agriculture to 
farmers owning the low lands by harvesting a monsoon paddy crop and cash crops in 
the winter season. The features and benefits of typical creek irrigation scheme in the 
tail of Mahanadi delta benefiting 4,000 ha with double crops are enumerated. 
Operational efficiency of these schemes particularly in regulating the sluices has 
shown promise due to formation of WUAs. 
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OPTIMIZATION OF SPATIAL PLANNING OF TIDAL SWAMP AREA 
TO SUPPORT THE COMMUNITY DEVELOPMENT OF BUOL 

REGENCY, INDONESIA  
 

Budi Santosa Wignyosukarto1, Hadi Santoso2  
  

ABSTRACT 
 

The Government of Buol Regency intends to develop a lowland area of 4688 ha in 
the Biau, Bukat, Bukal and Momuno subdistricts for agricultural, animal husbandry, 
fisheries and tourism purposes, in order to improve the community's economy. The 
area is close to the coast line and on the banks of the Buol river, which is affected by 
tidal movements and flows of several natural rivers. At present only around + 35% of 
the area is exploited for various purposes including rice fields 1.78%, coconut 
plantation 14.78%, sago/nipa 13.72%, fish pond 8.64%. Whereas the other areas are 
left as swamps and bushes. The land properties survey states that the majority of 
land in the S2 class order (Moderately Suitable) to S3 / N1 (Marginal Suitable / 
Currently Not Suitable), is quite appropriate and marginal to be developed as 
agricultural land, especially with restrictions on drainage problems. In a small spot, a 
small amount of sulfaquents is found. This type of soil has a high pyrite content which 
when oxidized will be harmful to plants. Most (93%) is the tropaguept soil type which 
is immature land, the water content is high and the drainage is very inhibited. The 
total P value and its high cation exchange capacity indicate that the land is potentially 
fertile. Considering the soil pH between 5.1-6.5 and 6.6-7.3, it can be concluded that 
the influence of pyrite is not visible, but the effect of saline water intrusion is quite 
significant, the existence of Nipa plants in several places can be notified. Hydro-
topography condition, the ratio of land elevation to tidal water level, states that almost 
all land is not flooded by tide, the upstream land elevation ranges between +2.8m ~ 
+3.0m, the land elevation in the downstream ranges between +1.1m ~ +1.5 m and 
tidal elevations fluctuate between -0.80m ~ +1.10m. Inundation that occurs is more 
due to poor natural drainage and flood water from surrounding river. Water 
governance is planned for the purposes of agriculture, fisheries and tourism taking 
into account the physical conditions of land and water, as well as external influences, 
such as tides, saline water intrusion and flooding. Considering hydro-topographic 
conditions, the irrigation water sources are rainwater, upstream river water and limited 
tidal overflows. The design of the drainage system is planned to remove excess 
rainwater and flooding from the surface and avoid the disposal of groundwater 
needed to maintain soil moisture for plants and avoid saline water intrusion. Flood risk 
management is one of the considerations in utilizing the floodplain. Cropping patterns 
are adjusted to the occurrence of floods, to minimize risk of flood. The results of land 
use planning propose the use of 3026 ha of rice fields, 693 ha of coconut plantations, 
238 ha of perennials, 164 ha of sago, 435 ha of fishponds and 207 ha of conservation 
areas. 
 
Keywords : Lowlands, réclamation, drainage, tidal 
 
1. INTRODUCTION 
 
The regional government of Buol District wishes to develop a floodplain area in Sub 
districts of Biau, Momunu Bokal and Boka District, for agricultural, settlement and 
tourist purposes. For these purposes, considering the existing potentials and 
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constraints, spatial planning is needed Some of the area is currently not well 
maintained due to inundation originating from flood runoff from the Buol river and 
inadequate drainage systems. The Buol River is the largest river in the region. The 
Buol watershed is the main catchment in the district, comprising 1662 km2 or almost 
a third of the district area (Figure 1, after Lusiana, 2015). Floods began to occur 
frequently after the conversion of many forests into plantations. Until 1994 more than 
85% of land cover in the Buol watershed was still dominated by forests. However, in 
20 years (1994-2014), the forest area decreased by about 22% to 66.7%.  
 
The type of land cover in the Buol watershed that experienced significant changes in 
addition to forests is oil palm plantations which began to appear around 2000. For 
approximately 20 years, the area of oil palm plantations has dominated around 18% 
of the Buol watershed area (Tanika, 2017). Buol is a district located in the northern 
part of Central Sulawesi, roughly 806 km or 18-hour drive from Palu, the province’s 
capital city. Buol’s total area is around 3,562 km2, bordering Toli-Toli district to the 
west and Gorontalo province to the east. 
 

 
 

Figure 1. Location of Buol District and Buol Watershed (source: Lusiana,2015) 
 
2. LOWLAND DEVELOPMENT 
  
Inundated Lowland is formed naturally due to continuous rainwater inundation, river 
water flooding and the absence of natural drainage. Swamp is divided into two types, 
namely: tidal swamp located near the coast, at the estuary or near the river mouth, its 
drainage is influenced by the tides of sea water and non-tidal swamps or inland 
swamps which are located further away from the coast so that they are not affected 
by the ebb and flow of the sea water. Agricultural development in the lowlands area 
began a century ago by traditional Bugis and Banjar farmers. Reclamation is carried 
out by draining inundation water and ameliorates soil maturity. Under natural 
conditions, without artificial drainage or irrigation, cropping patterns on the flood 
plains are determined by the depth and duration of seasonal flooding and the length 
of the rainy season. 
 
The lowland reclamation works were designed in order to protect the areas against 
inundation during high tides; prevent salinity intrusion, creating an effective drainage 
system for the area and to remove the heavy run-off from the hinterland watersheds. 
Some potential and constraints regarding the quality of land, water sources, 
inundation, saline water intrusion, must be considered in the development of lowland 
areas for agricultural purposes (Suryadi,1996). Soil is basically clay, will be productive 
after reclamation; Part of tidal lowlands are covered by (potential) soil sulfuric acid 
and / or peat soil. Land development of acid sulphate soil takes time before a stable 
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situation is reached (Wignyosukarto, 2013); The amount and distribution of rainfall in 
the rainy season is sufficient for one rainfed crop: Low tidal plains near river mouths, 
salinity can cause problems for agriculture and drinking water, especially during the 
dry season; Water management infrastructure must be adapted to these conditions; 
especially related to soil conditions, hydro-topographical conditions and land 
suitability conditions. 
 
Hydro-topography can be defined as the field elevation in relation to river or canal 
water levels at the nearest open water or intake/outlet point. Hydro-topography is a 
useful indicator for the water management potential of fields (drainability and 
irrigability). Drainability is defined as the water level (surface and/or groundwater) 
under drainage conditions. The drainability classification could be use to identify the 
possible agricultural development of the area (rice crop, dryland crops and tree 
crops). Land suitability considers several factors that play an important role in 
choosing type of crop, i.e. tidal irrigation depth, drainability, salinity intrusion, acidity 
hazard and peat depth. The acidity hazard, peat depth and salinity intrusion in 
swampy areas are an important factors for determining the suitability of these areas 
for agricultural development. The acidity hazard is defined as the depth of pyritic layer 
from the surface which is relatively stable instead of the pH. Salinity intrusion is 
defined by the duration of intrusion (month/year) (Boissevain, 1995):  
 

Table. 1. Land Suitability Zoning (Boissevain, 1995) 
 

 
 

3. FLOODPLAIN MANAGEMENT. 
 
The project area located in the floodplain of Buol River. Almost of the lower parts of 
Buol River are meandering. A meander is a winding curve or bend in a river. 
Meanders are the result of both erosional and depositional processes. They are 
typical of the middle and lower course of a river. A river floodplain forms where a 
watercourse, meandering over a relatively flat area, floods naturally at times of high 
water level. The river sediment deposited on the flooded area creates a mosaic of 
wash lands, dry lands and wetlands. The floodplain of a meandering river commonly 
occupies areas of land on alternate sides of the watercourse. Where this is the case, 
each part of the river floodplain is a discrete area of land, defined by the river on one 
side and the rising slope of the river valley sides behind the area subject to flooding 
on the other. 
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Sayers et.al (2013) explain the progress of flood plain management. The earliest 
civilizations recognized the need to live alongside floods, providing flood warnings to 
those that may be flooded (common practice in ancient Egypt and making flood 
sensitive land-use planning choices. The requirement for protection and a belief in our 
ability to control floods started to increasingly dominate attempts to ‘deal with 
flooding’. Throughout the early and mid-decades of the twentieth century, engineers 
sought to control flood flows and defend areas from flooding. Typically, this was via 
the construction of extensive levees systems and ring dykes, diversion channels, 
dams and related structures. The perceived safety of the defended floodplains 
attracted development (for example, in New Orleans, London and Shanghai). 
Ecosystem became increasingly starved of the sediments and space upon which they 
rely (for example, in the Mississippi, Yangtze, Thames, Rhine and Danube), which in 
turn has affected the ecosystems services they provide. Despite the structural 
protection and the high price in the loss of ecosystem functions, flood losses 
continued to increase and the need for change became increasingly apparent. In 
response, through the latter part of the twentieth century, flood management was 
recognized not only as an engineering pursuit but also as a social endeavor. A new 
approach was needed, one that could not only identify the hazards and the 
consequences faced by society, but also assess the relative significance of the risks 
faced and the concepts of Flood Risk Management (based upon a longer term, 
system-wide perspective) started to emerge. In more recent years, the concepts of 
risk management have continued to evolve, in particular adopting an adaptive 
approach to managing flood risks, which works with natural processes, contributes 
positively to ecosystem services and forms part of an integrated basin or coastal 
management, is now emerging (WMO 2009, Sayers et al. 2013).  
 
To be effective, flood-management strategies must be implemented across a range of 
sectorial interests (flood risk, water resources development, energy and so on). This 
requires national, regional and local governments to ensure multiple policies, 
regulations and programs that they promote are appropriately integrated, and that 
work done at one level of government, or in one sector, is in harmony with associated 
activities in other levels of government and sectors. As such ‘sound’ flood 
management planning requires a paradigm of governance that is collaborative and 
blurs the distinction between the disciplines of spatial, coastal zone, river basin and 
water resources planning as well as flood defense engineering and environmental 
management. This is not easy and achieving meaningful horizontal integration is a 
significant challenge; requiring flood managers who are used to working within 
‘regulatory instruments along vertical paths of the administrative hierarchy’ to 
‘cultivate more intensive forms of horizontal integration’ (Moss 2004). 
 
4. METHODS 
 
Considering the physical and environmental conditions of the lowland area, the 
development of these areas will include the work of creating a drainage system to 
reduce the water level on land, reclaiming or improving soil quality, capturing fresh 
water from water sources (rain, rivers) for water supply, flood control, preservation of 
fish and other animal life, conservation of hydrological capacity of lowland areas to 
support a unified system of water resources. With various objectives and constraints, 
it is necessary to consider the multi-objectives optimization efforts in choosing a 
pattern of development, sustainability and stability of development are the most 
important variables to be considered. Determination of the area of development must 
consider the possible rate of reclamation process, the level of availability of water 
resources, land suitability, ecosystem suitability. The most important thing to note is 
the ability of human resources (farmers) who will employ the reclaimed lowland. The 
system applied must be in accordance with the level of ability of farmers with a 
minimum level of risk For this reason, farmers must understand the system 
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developed, believe that the system will be useful and feel that they are part of the 
system developed. From the experience, to achieve it, takes time to educate, the time 
needed for the gradual development process. 
 
Drainage network is intended to provide rainwater drainage facilities so that humans 
or other objects are safe from the danger of flooding during a rainy day. The drainage 
system must aim to replicate the natural characteristics of rainfall runoff. 
Environmental impacts of humans must be minimized. Drainage systems are planned 
to collect rainwater runoff from roads, housing, agricultural land, etc., then carry them 
through channels, store them temporarily in retention basin, and dispose of at the 
right time in rivers or other bodies of water without causing adverse effects on the 
surrounding area. The design of the drainage system must be able to minimize water 
pollution and maximize environmental benefits. Flood protection must still be done 
even with a minimum level of service. Some parts of the system can be used for 
multipurpose, for example flood inundation areas, when dry can also be used for 
other purposes, provided that it does not change its function as a flood suppression 
area. 
 
The planned drainage system should aim to provide the most cost-effective solutions, 
especially in terms of maintenance costs. This requires consideration of the overall 
operational costs of all alternatives. The most appropriate system evaluation must 
include hydraulic benefits, water quality and the environment. 
 
Topographic surveys are conducted to find out the situation map, land contour and 
cross section of the existing channel or river, as depicted in Figure 2. The hydrometric 
survey and river morphology conducted included tidal prediction based on measured 
tidal previous year. (Figure 3). The results of the survey are use to determine the 
hydro topographic condition of the area. Hydro topography condition states that 
almost all land is not overflowed by tide (except during high river discharge), the land 
elevation in the downstream ranges between +1.1m ~ +1.5 m and tidal elevations 
fluctuate between -0.80m ~ +1.10m. Consider the upstream land elevation ranges 
between +2.8m ~ +3.0m, suppose the slope of energy of the flow is about 0.0001, the 
effect of back water up to the upstream is about 1.5 m above the high tide, means the 
water level in upstream is about +2.60 m.  
 
The soil survey states that the majority of land in the S2 class order (Moderately 
Suitable) to S3 / N1 (Marginal Suitable / Currently Not Suitable), is quite appropriate 
and marginal to be developed as agricultural land, especially with restrictions on 
drainage problems. In a small spot, a small amount of sulfaquents is found. This type 
of soil has a high pyrite content which when oxidized will be harmful to plants. Most 
(93%) is the Tropaguept soil type which is immature land,  the water content is high 
and the drainage is very inhibited. The fertility rate is moderate regarding the total P 
level and a high value of Cation Exchange Capacity. Considering the soil pH between 
5.1-6.5 and 6.6-7.3, it can be said that the influence of pyrite is not visible, but the 
effect of saltwater intrusion is quite significant, it can be seen the existence of Nipa 
plants in several places. The land unit as a result of soil survey is depicted in Figure 
4. 
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Figure 2. Topographic map of project area.  
 

(source :PT Wecon Eng.) 
 

 
Figure 3. Tidal Curve Buol River 

 
 (source: PT Wecon Eng.) 

 

 
 

Figure 4. Land Unit  
 

(source:PT Wecon Eng.) 
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5. RESULTS AND DISCUSSION 
 
The use of lowland and floodplain is based on sustainable regional development. 
Potential and constraints considered are, hydro-topographic conditions, soil quality, 
saline water intrusion, flood and rainfall intensity. As with the development of lowland, 
water management is more focused on drainage efforts, efforts to dispose of excess 
water in order to ensure the use of land for farming and settlement. The planned 
drainage system is a controlled drainage system, so that there is no adverse drainage 
due to the occurrence of soil subsidence and drying of water sources. A sustainable 
drainage system that is able to regulate the volume and flow rate of runoff, thus 
reducing the destructive power of water and the risk of flooding (Graham, 2012). The 
sustainable drainage system boosts the water infiltration to help preserve water 
resources, saline water intrusion and river flow in the dry season. In addition, it can 
reduce water quality and increase evapotranspiration and climate regulation in urban 
areas. The possible land subsidence has to be estimated because this will affect the 
design and operation of the water management systems. Land subsidence is the 
movement of the ground surface downward. It is not constant in time and not uniform 
in space. (De Glopper and Ritzema, 1994). Land subsidence can be one of the major 
factors influencing the potential for agricultural development of an area. Drainage has 
a direct effect on the rate of subsidence. Subsidence also alters the soil conditions 
and will affect the future elevation of the project area. Consequently, it will affect the 
water management systems of the area. Based on the result of surveys, laboratory 
analysis, several maps were created which are useful for planning purposes, among 
others are hydro-topographical conditions; land suitability (agriculture) which is based 
on soil and climatological conditions; water management systems which are based on 
hydro-topography, drain ability, soil type, land suitability and salinity or acidity control; 
potential yield of the area, based on water management systems and other control 
parameters. Regarding the land suitability zoning, the future land use is proposed 
as depicted in Figure 5. This proposed land use is part of the effort on optimizing the 
spatial planning of this floodplain. 
 
The development of the floodplain is not just a desire to use the floodplain because of 
it soil fertility, and the need of permanent settlement, but more than a desire to reduce 
flood damages, it promote opportunities and manage risks adaptively. There is 
recognition that engineering alone has limitation, effort is also devoted to increasing 
the resilience of communities and to mitigate lost of ecosystem services. Allowing part 
of the area, to be inundated at a certain time and certain depth during a flood, is a 
wise mitigation effort as adaptive floodplain management. Working with natural 
processes is encouraged to both reduce risks efficiently and achieve gain in 
ecosystem services. 
 
Considering the future land use and the risk of flood management, the layout of water 
management system is proposed, as depicted in Figure 6. This water management 
system consists of network of canal, hydraulic structures, and retarding basin (in the 
lower part of the area). The proposed layout of canal is adapting to the actual natural 
drainage canal, especially the location of outlet in the Buol River, and the meandering 
river at the outlet. The slope of energy is the important variable in designing the canal 
capacity. The canal has double functions, as drainage canal during flood and 
irrigation canal in the rest of time. 
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Figure 5. Proposed Land Use  (Source: PT Wecon Eng.) 
 

As a drainage canal, the capacity of the canal determined by the hydraulic modulus, 
which is calculated as follow: 
  
The drainage modulus for an unit area, n consecutive days : 

D(n) = R(n)T + n (IR - ET - P) - S 
where :  
 
n = Consecutive days; D(n)= Drainage modulus for n days (mm); R(n)T = Rainfall 
intensity for n consecutives days with T years return period (mm); IR= Irrigation, 
(mm/day); ET= Evapotranspiration, (mm/day); P = Percolation, (mm/day); S = 
Allowable inundation depth, (mm). 
 
As irrigation canal, the desain capacity is depend on the water requirement of the 
crops, and the maximum water requirement for paddy is about 1 litre/sec/ha. The 
irrigation design discharge is less than the drainage design discharge. The drainage 
modulus are 5,67 litre/sec/ha, 4.53 litre/sec/ha, 4.28 litre/sec/ha, for 1 days, 2 days 
and 3 days of drainage time consecutively. In order to maximize the capacity of 
drainage considering the small energy lope, the wider canal is preferred than deeper 
canal. 

 
 

Figure 6. Proposed Layout of Canal Network. (source:PT Wecon Eng.) 
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6. CONCLUSIONS 
 
Lowland development faces more complex problems than developing upland areas. 
Many variables interact each other in the lowland area. Floods, soil properties, 
subsidence, saline water intrusion, tide will affect the way land and water 
management planning in the lowland area. 
 
Land suitability mapping is an indispensable step for planning land use. Land 
suitability is determined by the potential and constraints that exist on the land, for 
example hydro-topographic conditions, soil types, saltwater intrusion, flooding. 
 
Reducing vulnerability and increasing resilience with engineering efforts can improve 
land suitability. This will be determined by the economic valuation of the lowland 
development. 
 
In the case of Buol lowland development, where the influence of the Buol river flood is 
significant, efforts to evaluate the risk of flood are very necessary. As Sayers (2014) 
said, risks do not remain constant in time and all of their dimensions are subject to 
change – either through exogenous pressures (for example, climate change or socio-
economic development largely beyond the influence of the flood manager) or in 
response to purposeful intervention (insurance regimes or indeed levees). Some 
changes act to increase risk (for example, development in the floodplain, loss of a 
communities flood memory, etc.). One of 10 golden rules proposed by Sayers (2014) 
is promote some flooding as desirable. Floodplains provide a fertile area for 
agriculture and a variety of ecosystem goods and services to society, including 
natural flood storage. Making room for the river and the sea, utilizing the natural 
ability of this space to accommodate floodwaters and dissipate energy, maintains vital 
ecosystems and reduces the chance of flooding elsewhere.  
 
Regardless the risk of flood, the lowland area of 4763 ha is planned spatially to 
accommodate existing rice field 83 ha, new rice field 2943 ha, coconut plantation 693 
ha, tree crops 238 ha, sago 164 ha, fish pond 435 ha and conservation area 207 ha. 
Changes in forest land cover of 2.2% per year will affect the increase in the Buol 
River flood discharge. This flood threat needs to be considered in preparing the flood 
management strategy in Buol Floodplain. The development of sustainable lowland 
Buol can follow one of the 10 golden rule of Sayers (2014), which is to provide flood 
path in the floodplain, by allowing part of the development area to be flooded during a 
flood. This can also be overcome by adjusting the cropping pattern so that there are 
no plants during the flood (June-July and November-December). 
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INTEGRATED DEVELOPMENT OF TIDAL AREAS – AN EXCHANGE 
OF EXPERTISE FROM BASIN PERSPECTIVE 

(A case study of Indus Basin:  Integrated Development of Tidal Area) 
 

Naseer Ahmad Gillani1 
                                

ABSTRACT 
 
The climate change and manmade interventions in INDUS BASIN are main causes to 
shrink delta. In year 1838 delta cover was thirteen thousand   sq KM approximately, 
while recent estimates are only eleven hundred sq KM.  Whereas coast line change 
has increased six metre in last thirty years and tidal flood plain has increased by 400 
thousand hectares in the same period. Some 1.15 Mha have been damaged by 
subsurface saline water intrusion. Planning Commission of Pakistan entrusted a 
comprehensive study to the ministry of science & Technology to look into the 
possibilities of infrastructure development to stop sea front advancement and also 
consider activation of dead creeks.  Multimillion dollars projects of Left Bank Out Fall 
Drain and Right Bank Out Fall Drain linked to save Indus delta and Mancher Lake 
impact have been studied. 
 
Keywords: Integrated basin based development; Water storages and diversion; 
Impact on delta; inter river transfer; Climate change 
 
1. INTRODUCTION WATER AS A RESOURCE FOR GROWTH 
 
 Pakistan is semi-arid country.  The economy is agriculture based with 45 % 
employment and irrigated agriculture   i(Pakistan, 2010) contributes 21% of GDP.  Life 
is highly dependent on irrigation water. Water also contribute 1/4 of the total 
hydropower i.e. 6600 MW whereas industry e.g. textile, a major foreign exchange 
earners also   ii(Board, 2011) highly dependent on water. Even mining is dependent 
on water, Thar coal exploitation is only possible with water. In order to achieve a 
growth rate of 5 to 6 %, water availability has to be ensured for agriculture, industry 
and urban use. As well as potential of hydro power and coal has to be exploited 
through water. 
 
Water is scarce and water use is not efficient as Pakistan’s GDP contribution per m3 
of water is only US $ 0.34 as compared to world’s average of US$ 8.60. In context to 
productivity of (Aslam, M. 2016) Pakistan per unit of water is 0.13 kg/m3 (Canada: 
8.72 kg/m3, USA: 1.56 kg/m3 and India: 0.39 kg/m3) is low. Pakistan’s water storage 
efficiency is 9% as compared to 40% of the world (Pakistan W. A., 2013-14)iiiaverage. 
Therefore it is imperative to improve the  water efficiency, agricultural productivity 
enhancement for contribution to GDP growth under New Growth Approach. 
 
2. WATER AS DIMINISHING RESOURCE 
 
Hydrological surface water accounts for 142 MAF, whereas ground water exploitation 
is in the range of 50 to 52 MAF. At present per capita water availability has dropped 
to a critical level of 1000 m3/person which is further dropping iv(Pakistan 
Development Review,2007) due to increase in population and transboundary waters 
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issues (Afghanistan will use water on Kabul), siltation in reservoirs and climate 
change. The demand and supply gape at present is 13 MAF, which will further 
increase as life pattern will change due to enhanced (Lehane, 9 April 2015) 
urbanization and added population. 
 
3. IMPERATIVES 
 
To meet the widening gap between demand and supply, it is proposed two ; a) 
demand management and b) enhancing the water availability. The mechanism is to 
initiate market forces to convert water from social good to socio-economic good. The 
technical solution will be based on Integrated Water Resources Management (IWRM) 
as suggested by UNESCO, ESCAPE, Global Water Partnership (GWP) and 
International Water Management Institute (IWMI). The economic value of water could 
(Evans et al., 2014) only be achieved if water in all sectors is considered as one. 
Water sector prosperity and development will take place through economic motive i.e. 
to optimize from one unit (winters, 2014) of water in terms of GDP per m3 of water. 
   
The issues of water sector include sub-optimal use and low productivity of water, 
inadequate storage capacity (Arabinda, 2011) with extensive seepage losses in the 
irrigation system, inadequate operation & maintenance and   poor cost recovery, 
excessive groundwater pumping without groundwater recharge, absence of measures 
for rainfall harvesting, un-safe disposal of drainage effluent to the sea, lack of private 
sector participation, increased poverty in backward irrigated areas, and poor linkage 
among water, (Thomsan et al., 2013) agriculture & rural development projects & 
related research. 
 
The strategic elements adopted to overcome water sector issues consider integrated 
water resource development, conservation measures through (lining of irrigation 
channels, rehabilitation of irrigation system, lining of watercourses), surface and sub-
surface drainage, (Herrera, 2014) protection of infrastructure from onslaught of floods, 
institutional strengthening, capacity building and human resources development. This 
plan emphasizes on asset (Onda et al., 2014) management and software solutions. 
 
4. COMBINATION OF HARD AND SOFTWARE SOLUTIONS 
 
Institutional reforms and effective coordination linkages among all water-related sub-
sectors will be established. An organizational framework for the water sector will be 
created consistent with international best practices, to undertake developmental and 
regulatory functions in an effective manner. Institutional audit and capacity building 
will be promoted, with particular reference to human resource development and  
(Manos et al., 2014) knowledge management. The governance of water resources as 
well as efficient functioning of services related to the sector will be made more 
effective. WAPDA, as executing agency in the water sector and hydropower 
development, will be assisted to undertake these on a fast-track basis. WAPDA will 
also be helped to strengthen its institutional capacity (Karki et al., 2011) to take 
knowledge-based decisions and improve its internal Knowledge Management 
Framework. Provincial Irrigation & Power Departments will strengthen joint 
management models, Water Users Associations, Farmer Organizations and Area 
Water Boards.  
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5. ENABLING ENVIRONMENT 
 
 An enabling environment through policies, the legislative framework, and financing 
and incentive structure is required. Policies aimed at setting goals for water use, 
protection and conservation, and addressing the serious management challenges 
faced, and modernizing and upgrading institutional structures to meet these 
effectively. A consensus based national water policy 2 (PAKISTAN, 2018) have been 
adopted. This will facilitate the formulation of an appropriate legislative framework. 
 
A special committee comprising of water sector experts, legal experts and other 
specialists in needed to be constituted to review the existing laws and make 
recommendations for possible improvements. In case of any shortcomings in existing 
legislation, the committee should have the authority to recommend new water laws for 
better management of the resource. In a number of cases secondary legislation is 
either not  (Hassan, et.al 2019)  available or has been rendered ineffective. In such 
cases the rules will be revised to achieve the policy objectives and the goals. 
Preparation of National and Provincial Water Management Plans (NWMP and 
PWMP) would also be undertaken, addressing the overall resource management 
issues in the country and will be executed by different stakeholders/ agencies. 
 
6. MANAGEMENT INSTRUMENTS 
 
Emphasis on water resources assessment to understand resources and needs, plans 
for Integrated Water Resource Management (IWRM) combining development options. 
It been so important to know resource use and human interaction, demand 
management to use water in more efficiently, social change instruments to promote a 
motivated and sensitized civil society and information management and exchange to 
improve knowledge for better water management. The community based and youth 
powered  (Castro, J. E. 2007). program for public participation could be landmark of 
sustainable development. 
 
Regulatory policies and instruments needed to be formulated to support the concept 
of reducing wastages and overuse, checking pollution of fresh water storages, 
regulating groundwater extraction, conserving water in all sub-sectors, reducing non-
revenue water in these sub-sectors, economizing and enhancing surface storage and 
regulating ground water recharge. 
 
7. INTEGRATED WATER RESOURCE MANAGEMENT (IWRM) 
 
IWRM being a holistic approach, improved practices such as drought tolerant 
varieties of crops been introduced in which local communities been trained in their 
use. Productivity of existing irrigated land enhanced by making knowledge-based 
interventions, more effective agricultural advisory  (Howells, et al. 2013) services, 
covering water availability, crops, soil analysis and other issues that been provided to 
farmers by the public departments. Drought adaptation plans needed to be prepared 
to promote awareness among stakeholders, multiple uses of water/land could be 
introduced to enhance the income of small farmers. Whereas private sector 
investment and participation could be encouraged to reduce non-revenue water in all 
sub-sectors whereas salt tolerant varieties of crops must be introduced in coastal 
areas to bring waste land into productive (Hall, D., & Lobina, E. 2007) use and to 
address climate change issues. A model farms need to be established in all 
agricultural zones to develop drought tolerant varieties of crops and educate 

 
2 National Drinking Water Policy, April 2018 
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communities in their use. So a combination of hardware and software solutions is 
required.  
 
8. OUTCOME MAPPING WATER STORAGE 
 
In order to meet future water requirements, it had been inevitability to create large 
storage dams on the Indus River. The Federal Government through WAPDA has 
launched comprehensive integrated water resource and hydropower development. 
Under this Programme water storage/reservoir sites of about 65 MAF total capacity, 
and sites with a power potential of 35,000 MW, have been identified in the whole of 
Pakistan (including Gilgit Balitistan and AJK). To date implementation of various 
projects different dams have either already been taken up or will be, in the future. The 
following dam projects are at different stages of completion, development or 
engineering studies. 
 
While Basha-Diamer is the flagship multipurpose mega dam on which work has 
already been initiated and it will provide additional storage capacity of 6.4 MAF and 
generate 4500 MW of hydroelectric power. 4) Development of Saline Agriculture/Bio-
saline Alternative (Mirza et, al. 2008) Saline agriculture compliments engineering and 
reclamation approaches. It represents a local solution to saline land and saline 
irrigation water on a sustained basis under controlled conditions. In addition, saline 
agro-forestry adds organic matter to soil. This increases the permeability of soil which 
helps   (Mushtaq & Hussain, 2005) leaching of salts. Given these advantages, saline 
agriculture with drainage is being considered for adoption on a larger scale.  
 
9.  TREATMENT OF DRAINAGE WATER/EFFLUENT 
 
Saline effluent from Sindh and Baluchistan is being disposed of through canals and 
rivers into the sea. It is estimated that some of this water and about half of the 
groundwater can be used to supplement shortfalls in canal water supplies for crop 
production by adopting appropriate management practices or by treatment. This has 
to be adopted carefully to avoid secondary salinization. Efforts will be made by the 
Provinces and WAPDA on a more extensive basis to convert this water into an 
economic resource. Drainage water treatment is mainly concerned with the removal 
of toxic (Mastoi, et. Al. 2008) elements from water. It could therefore be re-used, 
particularly by the municipal services and industry. To reinforce the supply side, a 
new culture/program needed to be promoted for reuse of such water.  
 
10. INDUS DELTA AND CLIMATE CHANGE 
 
The Indus delta is the 5th largest delta system in the world and has the 7th largest 
mangrove forest system. The delta covers an area of  (Rasul, et, al. 2012 ) about 
41,440km2, and is approximately 210 kilometres across where it meets the sea. It 
receives between 25-50cm of rain in a normal year. The Indus Delta was designated 
a Ramsar Wetland of International Importance. The climate in the Indus plains is arid 
to semi-arid. In the lower plain December to February is the cold season and mean 
monthly temperatures vary from 14 to 20 °C.  
 
Mean monthly temperatures during March to June vary from 42 to 44 °C. In the upper 
plain mean temperature ranges from 23 to 49 °C during summer and from 2 to 23 °C 
during winter. Average annual rainfall on the Indus plains is about 230 mm. On the 
lower plain, Larkana and Jacobabad areas, on average receive about 90 mm of 
rainfall annually. On the upper plain, due to hot climate, the evaporation rate is very 
high. This causes soil salinity.  
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Pakistan’s climate system dynamics including the future climate projections at the 
finest temporal and spatial resolutions for temperature and precipitation indicated 
climate change related risks likely for the Indus Deltaic (Hussain, et.al 2018)  region. 
Increase in maximum and minimum temperature in winter season results in shorter 
winter and longeras well as summer. Following implications are foreseen due to 
ongoing trend; Late onset and early ending winter will reduce the length of the 
growing season for crops which will complete their biological life cycle quickly causing 
reduction in the economic yields as the plants will gain accelerated maturity without 
reaching proper height and size. 
 
Early end of winter means that temperatures will start rising in February when wheat 
crop reaches the grain formation stage. Sharp rise in temperature will cause forced 
maturity of grains. Neither the grains will gain proper size (Mahmood, et. al 2019) and 
weight nor accumulate optimum starch contents hence reducing the grain yield. 
Banana is another major crop of Indus Delta in which pollination will be affected due 
to early end of winter and high spring temperatures. Thermal stress would result in 
poor fruit set and dwarf yields. Such adverse effects are already visible and there is a 
dire need of adaptation strategies by introduction of crop varieties which require 
shorter span and bear the stress conditions.  
 
11. SEA LEVEL RISE 
 
Warming of thermal regime of the interacting atmosphere with land and ocean has 
been causing the change in the dynamics of weather processes, accelerated melting 
of seasonal snow/glacier and expansion of water. All these changes are related to the 
sea level rise either temporarily or permanently. El~Nino phenomenon is an example 
of upwelling of sea water as well as pushing toward the nearby coastline. It results in 
rise of sea level in the windward side of the coastline for a period of time El~Nino 
conditions exist in a particular oceanic part. Due to rapid recession  (Ali, 2018) of 
glaciers, larger volume of water has been reaching the oceans raising their normal 
level in spite of increased (Khan, et.al 2019) evaporation due to rise in temperature 
and, enhanced rate of thermal expansion has also been seen in the shallow layers of 
the sea water. 
 
Whereas not all the years are getting warmer; rather there is a mixed trend in 
seasonal and annual thermal regimes on spatial scale Like other parts of the world, 
there is an evidence of sea level rise along the Pakistan coast also. Sea level 
monitoring had never been considered as an important issue until the uproar of global 
warming and (Ahmad, et.al 2018) climate change in 1990s. Impact of global warming 
on melting process of glaciers and thermal expansion of water urged the global 
community to keep an eye on sea level rise which may swallow small islands already 
at the sea level. Even the best-case scenarios indicate that a rising sea level would 
have a wide range of impacts on coastal environments and infrastructure. Effects are 
likely to include coastal erosion, wetland and coastal plain flooding, inundation of 
deltaic plains, salinization of aquifers and soils, and a loss of habitats for fish, birds, 
and other wildlife.  
 
Data shows a mixed behaviour but overwhelming rising trend is quite evident. On the 
average, the trend line indicates 6mm rise per annum if the thermal regime continues 
to heat up at the present rate During the 20th century, sea level rose about 15-20 
centimeters (roughly 1.5 to 2.0 mm/year), with the rate at the end of the century 
greater than over the early part of the century . Satellite measurements taken over the 
past decade, however, indicate that the rate of increase has jumped to about 3.1 
mm/year, which is significantly higher than the average rate for the 20th century.  
Projections suggest that the rate of sea level rise is likely to increase during the 21st 
century, although there is considerable controversy about the likely size of the 
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increase. Models have a diverse range of output 30cm to 80cm rise in sea level by 
the end of 21st century. Irrespective of this diversity, all the models agree on two 
facts; firstly, there will be an increase in the sea level and secondly, this rise will be 
higher than that we experienced during 20th century. 
 
12. IMPACT 
 
Climate change have potential impact  (Ali, et.al 2019) on multiple sector’s growth of 
Pakistan  . In year 1838 delta cover was thirteen thousand  sq KM approximately, 
while recent estimates are only eleven hundred sq KM.  Whereas coast line change 
has increased six metre in last thirty years and tidal flood plain has increased by 400 
thousand hectares in the same period. Some 1.15 Mha have been damaged by 
subsurface saline water intrusion. Planning Commission of Pakistan entrusted a 
comprehensive study to the ministry of science & Technology to look into the 
possibilities of infrastructure development to stop sea front advancement and also 
consider activation of dead creeks. 
 
13. CONCLUSION AND SUGGESTION 
 
This research study concluded that Pakistan is facing acute water , food and energy 
challenges due to rapid climate change and global warming. It had been impacting on 
multiple sectors of social, economic and environmental leading to decline the GDP of 
Pakistan as well. This study suggested that a public private paradigm shift should be 
developed to connect Government and local communities for taking sustainable 
initiatives to combat the climate change impact for saving Indus delta and river bodies 
of Pakistan, 
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A STUDY ON DEVELOPING EVALUATION CRITERIA FOR 
APPLICATION OF SMALL SEA-DIKES AROUND COASTAL 

ESTUARIES IN KOREA 
 

 Jeongryeol Jang1 and Jaesang Jung2 
 

ABSTRACT  
 
Korea is surrounded by sea as well as tidal difference is as high as over 8 m in 
western coastal area. Therefor esturaies and tidal mud flat are developed well. 
Estuary has not only ecological value for habitat, nurture and spawning area of 
wildlife as border area of land and ocean but also disaster prevention function for 
flood and surge, aesthetic function of stunning scenery, providing a resting place and 
social and economic value for maritime transport and industry. But deformation, 
destruction and pollution of estuarIries were occurred by inflow of polluted sewage as 
well as by constructing factories, lands, salt farm, harbors, etc. But Knowledge of 
restoration for ruined estuaries is still in lack even though concerns of citizen for 
structural improvement of estuary dikes are getting higher recent years. Large sea-
dikes controlled by central government are relatively showed good conditions and 
related data are easily to get. But status of small sea dikes, constructed by local 
government or private sectors, are not able to know whether the function is working or 
not because the related data were not able to obtain easily. Especially, small sea-
dikes has been constructed to secure paddy land resources from earlier history of 
Korea. The purposes of this study are to collect basic data and information on status 
of the small sea dikes as well as to make an evaluation tool for setting an priority 
order to restore in case the function of small seadikes are ruined. According to the 
results, 75% of the dikes was older than 50 years after construction, 50% of the dikes 
showed water degradation, and 25% of the dikes shows vulnerability to coastal 
disaster. The evaluation tool for set priority order was developed by this study. Futher, 
this result will be usefull to pepare a policy of small sea-dikes management.  
 
Keywords: Sea-dike, Estuary, Coastal, Restoration, Disaster 
 
1. INTRODUCTION 
 
Estuary, showing the compostion of various living organisms, is one of the dynamic 
ecosystems as role of transition zone mixing with seawater and freshwater as well as 
showes high variation rages of environmental conditions according to time and 
locations owing to be affected by tide, wave and stream flows(Bortone, 2005). 
Eestuary has not only ecological value for habitat, nurture and spawning area of 
wildlife as a transition face of land and ocean, but also has disaster prevention 
function for flood and surge, aesthetic function of stunning scenery, providing a 
resting place, and social and economic value for maritime transport and industry. 
Tidal reclamation projects along to coastal areas were conducted to secure new land 
and freshwater resources for supplying staple crop stably  as well as to improve traffic 
conditions and to create job opportunities since earilier 1960’s in Korea. But 
deformation, destruction and pollution of estuarIries were occurred by inflow of 
polluted sewage, construction of factories, lands, salt farm, harbors, etc(Lee et al, 
2001). Reduction of ocean livings due to restriction of water circulation, degradation 
of estuaries function owing to water and soil pollution were occurred, too. Recent 
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years, knowledge of restoration for the ruined estuaries is still in lack even though 
concerns of citizen for improvement of estuary dikes are getting higher. Large sea 
dikes were relatively showed good conditions as well as related data are easily to 
obtain owing to managed by central government. These large sea dikes were called 
national or state dike. Unfortunately, small sea dikes constructed by local government 
or private sectors, what we call local sea dikes, were not able to know whether the 
function is working or not because the related data and information were not able to 
gain. The purposes of this study are to aquire data of current status of small sea dikes, 
and to develop a tool for setting priority orders of restoration among the targeted 
small seadikes.   
 
2. MATERIAL AND METHODS 
 
For acquiring related data about small sea dikes located around estuaries, basic data 
on location, name and operation agency were obtained from the annual statistic book 
on agricultural infrastructures (MAFFRA, 2017). Data on developing purpose, landuse 
area, length of dike, gate type and numbers were acquired through literatures which 
local government has by email or visit survey. Data on current landuse status and 
exact location of small seadikes were surveyed through an open satellite image map 
(google maps) by based on the basic data. Water quality data of BOD (Biochemical 
Oxygen Demand) were obtained from the water information system 
(http://water.nier.go.kr) and the report on survey and assessment of esturary 
ecosystem(MOE, 2017). Data on biodiversity were acquired from the report on survey 
and assessment of estuary ecosystem health(Ⅸ)(NIER, 2016). For obtaining 
vulnerability of disaster data of small seadike, CODI (COastal exposure Disater Index)  
and COPI (COastal Priority Index) were used. These two indexies were able to get 
from the CDAS(Coastal Disaster Assessment System) operated by KHOA(Korea 
Hydrographic and Oceanography Agency). An evaluation tool and determination of 
prioritization were developed by literature review: establishment of technological 
guideline and plans for the restoration of tidal mudflate(MOL, 2010); selection of pilot 
restoration site to improve heath for an estuary’s ecosystem ruined (MOE, 2012); 
study on ecosystem restoration of estuaries and coastal in Chung Nam Province, 
2016); internal report on survey of suspended sites for restoration of estuary and 
coastal (KRC, 2017); study on efficiently use of tidal reclaimed land for fishery and 
aquaculture(MOF, 2017).  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 

Figure 1. Number of sea dikes according to management agency in Korea 
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Figure 2. Dike numbers according to Provinces 

3. RESULTS  
 
3.1 Basic Status of Small Sea Dikes 
 
The results of literature survey on status of sea dikes which have the construction 
record whole the nation show that total 1,619 sea dikes were constructed in Korea. 
These dikes are classified into two categories according to the management agency, 
i.e., national dike and local dike. National dikes are under central government but 
these dikes are classified into two kinds: one is managed by KRC(Korea Rural 
Community corporation), namely central government consigned the management 
right to KRC and number of these dikes are 166; the other one is managed by local 
government i.e., central government consigned the management right to local 
government and number of these dikes are 41. Local dikes are directly managed by 
local government or private and number of these dikes are 1,412, took a figure of 
87.2% in the total sea dikes in Korea(Figure 1).  According to provinces, Jeon-Nam 
Province has total 987 numbers of dikes so it showed the most numbers in the 
provinces as well as took 61% of the total dikes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Of 987 dikes in Jeon-Nam, 880 dikes belongs to local governments. Next is Chung-
Nam Province having 279 numbers of dikes so it took 17% of the total numbers and 
241 dikes are managed by local government. Both Jeon-Nam and Cung-Nam Provine 
took 76.4% of the total dikes(Figure 2). Total length of 1,412 small dikes are 
728,690m and  total 2,940 numbers of gates are installed.  
 
1,258 dikes(77.7% of the total dikes) are over 50 years after construction, and only 39 
dikes are under 30 years. Local dikes took as much as 89.4% of the dikes of over 50 

Figure 3. Years passed after construction of local small 
dike 
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years (Figure 3). The number of dikes constructed before 1900 are 47. Before 1800 
are 7 and all of these dikes are located Jeon-Nam Province. The oldest dike was 
constructed in 1728 and located at Pal-Geum island in Jeon-Nam Province but 
function of this dike whether works or not is not checked by field survey. Therefore, it 
is argent to conduct field survey for these 47 old dikes regarding current condition and 
the original fuction work or not. And based on this results, it is needed to prepare a 
conservation plan as a old irrigation heritage. 
 
3.2 Status of Local Sea Dikes  

According to the literature survey, the total beneficial area of local dikes is 23,487 ha 
and most of local dikes were constructed for rice paddy and it seems to be still work. 
Landuse types of local dikes showed orders as follows: 45.3% for paddy; 11.1% for 
bared land; 8.7% for salt farm; 7.0% for pond; 5.6% for forest; 5.5% for upland; 5.0% 
for aquaculture, etc(Figure 4). But it is hard to find the exct information about location 
and landuse types for 320 numbers of local dikes. It is needed a further study to 
obtain the missing data of these dikes as well as to check current landuses through 
field survey.  
 
3.3 Status of Small Dikes Around Estuaries 
 
In Korea, affairs regarding coastal and ocean belong to Ministry of Ocean and Fishery 
the other hand, affaires regarding fresh water belong to Ministry of Environment. But 
there is a dead zone regarding affaires for blackish water zone. So small dikes 
around or near estuaries, i.e. in a dead zone, are needed to check through this study 
in order to set the target dikes obviously. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Landuse types of local small dikes 

Figure 5. Locations of the local dikes around estuaries 
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Total 420 estuaries are along the coast of Korea by the information system. Based on 
these estiaries information, there are screened 78 number of local dikes around 
estuaries among total 1,412 local dikes except the local dikes without exact location 
information, located at islands and using industries or golf courses. Distribution 
according to provinces are; Jeon-Nam 30, Chung-Nam is 20, Gyeong-Nam is 20, 
Jeon-Buk is 5, Incheon is 2 and Gyeong-Gi is 1(Fighure 5). The screened dikes are 
older than 30 years after constructed except 4 dikes and 55 are over 50 years. The 
youngest dike having  the exact start and fish year of construction was constructed 
1984. The oldest dike was constructed 1920. Total benefcial area is 2,249 ha, 70 
dikes are using for rice paddy, 11 dikes have a pond which is possible to utilize 
cultural value. Only two dikes are used salt farm. All these dikes around estuaries 
were arranged according to the record style.  
 
3.4  Evaluation Criteria for Suggesting a Candidate of Small Dike 

Application Project  
 
Literature review was conducted to set up evaluation criteria for suggestion of the 
application project candidates: establishment of technological guideline and plans for 
the restoration of tidal mudflate(MOL, 2010); selection of pilot restoration site to 
improve heath for an estuary’s ecosystem ruined(MOE, 2012); study on ecosystem 
restoration of estuaries and coastal in Chung Nam Province, 2016); internal report on 
survey of suspended sites for restoration of estuary and coastal(KRC, 2017); study on 
efficiently use of tidal reclaimed land for fihery and aquaculture(MOF, 2017). 
 
Through this paper review, 13 evaluation criteria were suggested. This criteria is 
divided 3  main categories: physical and environment has 5 sub-criteria; economic 
and application effect has 6 sub-criteria; and vulunability of disaster has 2 sub-criteria. 
Each criteria is able to check 5 grades according to characteristics of cadiate 
dikes(Table 1).    
 
Main criteria of evaluation were 5 sub criteria. Sub criteria for water quality of 
river(BOD data) were acquired from water environment information 
system(http://water.nier.go.kr) and the report on survey and assessment of esturary  
 

 

Table 1. Evaluation criteria for suggestting a candidate of local small dike application 
project 
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ecosystem(MOE, 2017). Giving 5 grade  If BOD concentration over 8 mg/L, 3 grade 
for BOD 5 mg/L and 1 grade for BOD 3 less than 3 mg/L. Sub criteria for species 
diversity were obtaind from the report on survey and assessment of estuary 
ecosystem health(Ⅸ)(NIER, 2016). Giving 5 grade  If index of species diversity over 
1.70, 4 grade if index is from 1.40 to 1.69, 3 grade if index is from 1.20 to 1.39, 2 
grade if index is from 0.90 to 1.19 and 1 grade when index is less than 0.90. Sub 
criteria for natural characteristics was given according to status of natural marsh. 
Natural marsh was graded according to condition of fresh marsh, salt marsh and tide 
mud flat. 2 points was given If the status is good, 1 point for generous and 0 point for 
no existence. Total point were summed according to each marsh’s point. Lastly 
natural grade was given 5 grade if the total point is less than 1 point, 4 grade if the 
total point is 2 point, 3 grade if the total point is form 3 to 4 point, 2 grade if the total 
point is 5 point and 1 grade if the total point is 6 point. Sub criteria for accesbility was 
calculated according to the distance between center of dike and the nearest road 
based on Google map. 5 grade was given if the distance less than 0.5 km, 3 grade 
was given if the distance to 1.0 km, 1 grade was given if the distance to 1.5 km and 0 
grade was given if the distance over 2.0 km. Sub criteria for elapsed years after 
construction was based on the completion report. 5 grade was given if the elapsed 
years exceedes 50 years, 4 grade for from 40 to 49 years, 3 grade for from 30 to 39 
years, 2 grade for from 20 to 29 years, 1 grade for from 10 to 19 years and 0 grade  
for less than 10 years. 
 
Main criteria of economy and application effect was divided 6 sub criteria. Sub criteria 
for area for economic activity was droven by the beneficial area of the dike. 5 grade 
was given if the beneficial area is less than 10 ha, 3 grade was given if the beneficial 
area is form 30 to 60 ha and 1 grade was given if the beneficial area is over 100 ha. 
Sub criteria for possible area for use after restoration was calculated by the direct 
utilizing area of the dike. 5 grade was given if the area is over 100 ha, 3 grade was for 
from 30 to 60 ha and 1 grade was for less than 10 ha. Sub criteria of the development 
characteristics of low density around estuaries was developed by the characteristic of 
landuse like  the sub criteria of species diversity. The landuse types are 
farmland(paddy or upland), salt farm and aquaculture. Point was given according to 
current condition that 2 points was given if the condition is good, 1 points was given if 
the condition is generous and 0 points was given if the condition is bad. Finally, 5 
grade was given if the total points less than 1 point, 4 grade was for 2 point, 3 grade 
was for from 3 to 4 point, 2 grade was for 5 point and 1 grade was for 6 point. Sub 
criteria of the development characteristic of high density aroud estuary was 
developed by landuse types. The landuse types are urban, park, river and  port. Point 
was given according to current condition that 2 points was given if the condition is 
good, 1 points was given if the condition is generous and 0 points was given if the 
condition is bad. Finally, 5 grade was given if the total points less than 1 point, 4 
grade was for 2 point, 3 grade was for from 3 to 4 point, 2 grade was for 5 point and 1 
grade was for 6 point. Sub criteria of the development characteristic of low density 
around dike was droven by the status of landuse types around dike. The landuse 
types are divided into paddy, upland, bared land, forest, upland, salt farm and 
aquaculture. 0 point was given if there is existed the mentioned landuse type. 1 point 
was given if there is no use. Finally grade was given according to the total point. 5 
grade was given when the total point was 0 point, 4 grade was given for 1 point, 3 
grade was given for 2 point, 2 grade was given for 3 point, 1 grade was given for 4 
point and 0 grade was given for over 5 point. Like the same way, sub criteria of the 
development characteristic of high density around dike was droven by the status of 
landuse types around dike. The landuse types are divided into pond, road, beach, 
port, demolished dike and other facility. 0 point was given if there is existed the 
mentioned landuse type. 1 point was given if there is no use. Finally grade was given 
according to the total point like the sub criteria of the development characteristic of 
low density around dike.  



3rd World Irrigation Forum (WIF3) 
1-7 September 2019, Bali, Indonesia 

International Workshop 
 SDTA.10 

                                                                                                                                                                            

 
7 

 

 
Main criteria for vulnerabilty of disaster was consisted of two sub criteria like the 
exposure index to disaster and the vulnerable index to disaster. These two sub 
criteria were able to get from the CDAS operated by KHOA(Korea Hydrographic and 
Oceanography Agency). CDAS generates CODI(COastal exposure Disater Index) 
and COPI(COastal Priority Index). CODI is able to use the sub criteria of exposure 
index to disaster and COPI is able to use the sub criteria of vulnerable index to 
disaster. According to point form CODI and COPI, 5 grade was given if CODI or COPI 
point is 5. Like same 4 grade was given if CODI or COPI point is 4, 3 grade for 3 point, 
2 grade for 2 point and 1grade for 1 point. 
 
Lastly, priority order is suggested according to the high points order which was 
calculated by the total summation of the sub criteria’s grades.Based on the evaluation 
results, application types were classified into 4 categories by the total point of the 
main criteria. Prevention desater type  was applied if the point of the vulnerability of 
disaster was higher than 16 point among fully 20 points. Environmental restoration 
type was suggested if the point of the physical and environment’s criteria was higher 
than 24 point among fully 30 points, Developing type will be suggested if the point of 
the economy and application effect’s criteria was higher than 40 point among fully 50 
points.  Conservation type will be suggested if the total point less than 60 points.   
 
3.5 Application of the Developed Evaluation Criteria  
 
The developed evaluation criteria by this study was applied to the 83 local dikes 
around estuaries. Each 9 candidates set for application project were suggested 
according to high point order for open estuaries and closed estuaries, 
respectively.Table 2 shows the list of each 9 candidates which having priority to 
applicate the local dikes around estuaries according to estuary’s type and suggestion 
type of application.  
 
4. CONCLUSIONS 
 
Esturaies and tidal mud flat are developed well owing to Korea is surrounded by sea 
as well as tidal difference is as high as over 8 m western coastal region. Estuary and 
tidal area have not only ecological value for habitat, nurture and spawning area of 
wildlife as border of sea and fresh water, namely blackish water zone but also 
economic value for maritime transport and land resource including industry and 

Table 2. Lists of suggestion type to applicate local dike around estuaries according to 
the developed evaluation criteria by this study 
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agriculture. Small sea-dikes on tidal areas have been constructed to secure rice 
paddy, salt farm, etc from earlier history of Kroea. Data and information on large sea-
dikes which were constructed during past couple of years are possible to aquire 
easily because central government manages and controls these dikes. But the data 
regarding these small sea-dikes are not able to obtain easily. Through literature 
reviews and surveys, the tatus of small sea-dikes are as follows: 
 
a. Total 1,619 numbers of sea-dikes are in Korea. 207 numbers of the total(12.8%) 
are national dikes and 1,412 numbers(87.2%) are local dikes, respectively. 1,258 
dikes(77.7% of the total dikes) are over 50 years after construction and as much as 
89.4% of the local dikes is over 50 years. The numbers of dikes constructed before 
1800 are 7 and the oldest dike was constructed in 1728 but the function of this dike 
whether works or not is not checked by field survey. Therefore, it is argent to conduct 
field survey for these 47 old dikes so as to prepare a conservation plan for  an old 
irrigation heritage. 45.3% of the local dikes is used for rice paddy, 11.1% is for bared 
land, 8.7% is for salt farm, 7.0% is for pond, etc. 
 
b. Total 420 numbers of estuaries are in Korea and only 78 small dikes are located 
around or near these estuaries. 55 numbers of these 78 small dikes are over 50 years 
after constructed, the oldest one is constructed in 1920 and 70 dikes are used for rice 
paddy. Jeon-Nam Province has 30 dikes, Cung-Nam and Kyeong-Nam has 20 small 
dikes each.  
 
c. For suggesting appropriated candidates for an application project of small sea-
dikes around estuaries, an evaluation criteria is developed by this study through 
literature reviews. 13 evaluation criteria are suggested  and these criteria are 
classified into 3 main categories: physical and environmental category has 5 criteria; 
economy and application effect category has 6 criteria; and vulnerability of disaster 
category has 2 criteria, respectively. Each criteria is graded into 5 grade as well as is 
considered weighting factor 1 or 2 according to conditions of small sea-dike. The 
priority order is given according to the total summation points of each criteria. Finally, 
the small sea-dike will be sugeested as a candidate of application project if the total 
points is exceeded 60 points 
 
d. application project types are suggested according to the points of the 3 main 
categories: disaster prevention type will be suggested if the points of the vulnerability 
is higher than 16 points; Evironmental restoration type will be suggested if the points 
of the physical and environmental category is exceeded 24 point;  Development type 
will be suggested if the points of the economy and application effect category is over 
40 points; lastly, conservation type will be suggested if the total points of evaluation  
is below 60 points. 
 
e. According to the above criteria, 18 small sea-dikes located around estuaries are 
suggested for candidates of application project. 8 small dikes are suggested for a 
development project type, 4 small dikes are for disaster prevention type and 6 small 
dikes are for environmental restoration type.  
 
This study is the first study in Korea regarding status of small sea-dikes. Especially, 
the evaluation criteria of small seadikes around estuaries  is developed by this study 
and applied to suggest appropriate candidate of application project. Further study 
regarding development of 4 application types is strongly needed in near future. 
  



3rd World Irrigation Forum (WIF3) 
1-7 September 2019, Bali, Indonesia 

International Workshop 
 SDTA.10 

                                                                                                                                                                            

 
9 

 

5. REFERENCE 
 
Chung-Nam Province and Chung-Nam Research Institute. 2016 Study on ecosystem 

restoration of estuaries and coastal in Chung Nam Province. 
KHOA. 2017 CDAS(Coastal Disaster Assessment System) 
KRC. 2017 Internal report on survey of suspended sites for restoration of estuary and coastal. 
MAFFRA. 2017 The annual statistic book on agricultural infrastructures. 
MOE. 2012 Selection of pilot restoration site to improve heath for an estuary’s ecosystem 

ruined. 
MOE. 2017 The report on survey and assessment of esturary ecosystem. 
MOF. 2017 Study on efficiently use of tidal reclaimed land for fishery and aquaculture.  
MOL. 2010 Establishment of technological guideline and plans for the restoration of tidal 

mudflate. 
NIER. 2016 The report on survey and assessment of estuary ecosystem health(Ⅸ). 
http://water.nier.go.kr 



3rd World Irrigation Forum (WIF3) 
1-7 September 2019, Bali, Indonesia 

International Workshop 
 SDTA.11 

 

 
1 

 

PARTICIPATORY MAPPING OF ECOSYSTEM SERVICES OF 
COASTAL WETLANDS IN TAIWAN 

 
Hsiao-Wen Wang1, Adrienne Dodd2 

 
ABSTRACT 

 
There is a lack of knowledge and understanding about what ecosystem services are 
and how to utilize them in a sustainable way. Ecosystem Services are thus often 
under recognized by the decision makers in charge of creating wetland management 
plans. Due to this, ecosystem services which have been used by communities for a 
long time are often left out of a wetland's wise-use plans. Inclusion of local 
communities and promoting local knowledge is a vital aspect of creating sustainable, 
ethical, and resilient wetland management plans. We utilize participatory mapping 
tools to engage communities and create a detailed database of the ecosystem 
services being used in coastal wetlands of Southwestern Taiwan. This research looks 
at who are using the ecosystem services, to what degree they are being used, and 
where exactly in the wetland system they are being extracted/utilized. This will pave 
the way for future researchers to better understand the value of wetlands and the 
ecosystem services they provide. 
 
Keywords: ecosystem services, participatory environmental planning, Taiwan, salt 
pan wetlands, wetland wise-use 
 
1. INTRODUCTION 
 
Wetlands can play an important role in creating sustainable development plans for 
coastal regions. With the onset of climate change, coastal areas around the world are 
at higher risk than ever of flooding and heavy storm events. The wise-use of wetlands 
in particular is important for building resiliency and adaptability in the face of climate 
change. To do this, it is important to understand the current services provided by 
wetlands and other ecosystems that make up a landscape, including both the seen 
and unseen values they hold to local and global communities. Ecosystem Services 
are well known in most conservation and biology circles, but can often be forgotten or 
ignored when creating development plans. Ecosystem Service Maps can help to bring 
these services to light by providing clear spatial data to decision makers. Wetlands 
provide essential ecosystem services for human life, including water and nutrient 
cycling, carbon sequestration, food production, water purification, biodiversity, flood 
mitigation, etc. and are important factors for creating sustainable communities 
(Barbier et al., 2011; De Groot et al., 2012; María José Martínez-Harms & Patricia 
Balvanera, 2012). Ecosystem services are defined as the benefits people obtain from 
ecosystems (Reid et al., 2005), while wetland wise-use is defined by Ramsar 
Convention on Wetlands as the utilization of ecosystem services in a manner that 
preserves the ecological integrity of the wetland (Reid et al., 2005; Pritchard, 2010). 
In this study we utilize the ecosystem service subgroups Provisioning Services, 
Regulating Services, Cultural Services, and Supporting Services as laid out by the 
Millenium Ecosystem Assessment (MA) (Reid et al., 2005). ES maps allow for 
analyses of the interconnected relationships between different ecosystem services, 
identification of areas with high value and conservation needs, and assessment of 
land-use trade off between different services and possible developments. This 
research focuses on utilizing community engagement and participatory mapping to 
record what benefits local and regional communities in Southwestern Taiwan obtain 
from coastal wetlands. By understanding what the ecosystem service potential is, and 
the current uses, it is possible to see potential untapped or unmanaged resources, as 
well as identify the services that need protection. Wise-use of ecological resources 
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can be a vital tool for sustainable development, and creating a balance between 
conservation and utilization of natural resources to allow for sustained natural 
processes and long-term benefits. 
 
Ecosystem Services are often under recognized by the decision makers in charge of 
creating wetland management plans, especially in coastal salt pan wetlands of 
Taiwan. There is a lack of knowledge and understanding about what ecosystem 
services are, and how to utilize them in a sustainable way. This misunderstanding 
stems from a rigid top-down wetland management system in Taiwan which does not 
truly include the communities or people whose daily lives take place in and around 
the wetlands, and who will be most directly impacted by the wetland management 
plans. Though Taiwan's Wetland Conservation Act specifies the creation of wetland 
wise-use plans, the lack of real understanding of ecosystem services hinders 
implementation of such progressive legislation (Republic of China, 2013; Su, 2014). 
Many local communities protest the designation of wetlands near them because they 
are concerned regulations will stop local’s use of the wetland. Unfortunately, this 
concern is well founded as ecosystem services are generally not identified as a part 
of wetland management plans in Taiwan. Unless an activity is specifically stated as a 
wise-use in that wetland's management plan, it is generally not allowed in Taiwan and 
tickets and fines can be given out. 
 
Due to the lack of importance put on the benefits ecosystems provide, ecosystem 
services which have been used by communities for a long time are often left out of a 
wetland's wise-use plan. This has hurt environmental efforts in Taiwan as it has 
turned people against wetland conservation. Previous research has shown a general 
understanding of the ecosystem services provided by the salt pan wetlands of 
southwest Taiwan, but general understanding is not enough to convince and educate 
stakeholders on the importance of ecosystem services, or to influence management 
plans. Local communities often understand more about the uses of the land in their 
area than outside researchers or government officials can, due to this, it is important 
to partner with local people and communities (Nath et al. 2017). In this research, we 
utilize participatory mapping tools to engage communities and create an ES map of 
the ecosystem services being used in coastal wetlands of Chigu District of 
Southwestern Taiwan. This research looks at who is using the ecosystem services, to 
what degree are they being used, and where exactly in the wetland system are they 
being extracted/utilized. This will pave the way for future researchers to better 
understand the value of wetlands and the ecosystem services they provide. Inclusion 
of local communities and promoting local knowledge is a vital aspect of creating 
sustainable, ethical, and resilient wetland management plans. We hope that these 
techniques can be used by others, and that inclusion of participatory ecosystem 
service mapping can become a standardized aspect of wetland data collection in 
Taiwan and abroad. 

 
2. METHOD 
 
2.1 Study Area 

 
This study focused on identifying and mapping ecosystem services provided by Chigu 
Salt Pans and Chigu Lagoon, an interlinked ecosystem located in Chigu District of 
Tainan City on the coast of Southwestern Taiwan. Chigu District is made up largely of 
fishing villages interspersed between a checkered landscape of fishponds and large 
flat salt pans. Chigu Lagoon and the majority of Chigu salt pans are part of Chigu Salt 
Pan Wetland, a wetland of national importance in Taiwan. Though the outlying salt 
pans are not included in the designated wetland area, they are important wetland 
habitats in their own right. Endangered and protected species such as the Black-
faced Spoonbill, Great Knot, and Chinese Black-Headed Gull are found in these 
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wetlands along with many other bird species, crabs, shrimp, fish and benthic 
organisms. Communities in and around the salt pans include Chingkunshen village, 
Dingshan Village, Yancheng Village, Xiliao Village, and Zhongliao Village (Figure 1). 
The Northern most border of Taijiang National Park recently expanded to include the 
southernmost salt pan of Chigu wetland, Taiqu Salt Pan, creating opportunity for new 
resources to be used for management and wise-use of the salt pan for local 
communities and ecological conservation. 
 

 
 

Figure 1.   Study area in and around Chigu Salt Pans and Lagoon 
  
Many of these communities are aging, and vulnerable to climate change induced sea 
level rise and heavy rain events. The region has faced many proposed development 
schemes over the years including an international airport, race track, landing strip, 
and an industrial complex in the Lagoon and salt pans. To date, utility scale solar has 
been the only one to succeed despite protests from local communities and 
environmental groups, and is planned to be built in the north-eastern part of the salt 
pans which are government lands left out of the national important wetland 
designation. 
 
2.2 Rawes 
 
The Rapid Assessment of Wetland Ecosystem Services (RAWES) is a method for 
quickly identifying the presence and scale of different ecosystem services in a 
wetland system presented by McInnes and Everard, 2017. This research took key 
elements of the RAWES approach to inform research methods. The RAWES method 
uses the MA list of ecosystem services, and breaks the different type of services 
down into Provisioning Services, Regulating Services, Cultural Services and 
Supporting Services. For a full list of the services, see Table 1.The RAWES methods 
requires mapping of the wetland’s various habitat types, consideration of seasonal 
changes, and training of field assessors to ensure they understand the different 
ecosystem services, the range of indicator questions, and find consensus on how to 
value the significance and scale of benefits derived from different services. Field 
Assessors are required to take photos with GPS location of each site, and record 
ecosystem services present in different wetland habitat types. Field observation, 
literature review, utilization of expert and indigenous knowledge, and communication 
with stakeholders can all be used to identify the services provided by the wetland 
ecosystem (McInnes and Everard, 2017). The RAWES approach uses a table system 
which identifies whether or not an ecosystem service is present, if so, an explanation 
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of the service, whether the service is used locally, regionally, nationally or 
internationally, and a value representing the scale to which it is utilized. This research 
utilizes the RAWES approach for first gaining a basic understanding of the situation in 
Chigu wetlands. Then, in order to gain a more detailed understanding of the services 
provided by the wetlands, researchers conducted further interviews, and held 
mapping workshops with leaders and stakeholders from various communities in 
Chigu along with students and researchers in order to identify the exact location and 
scale of use. 
 
2.3 Interviews 

 
Insights from stakeholders and incorporation of traditional ecological knowledge is 
necessary and can improve understanding of ecosystems. Assessors should include 
stakeholders who have knowledge of wetland systems and their importance in 
providing ecosystem services. Engagement of stakeholders can also include formal 
discussions with local community leaders, non-gov orgs, gov officials, or community 
meetings. In this research, interviews were conducted in Chingkunshen, Dingshan, 
Zongliao, and Yancheng communities as well as in and around the salt pan wetlands 
themselves with people found fishing and hanging out near the wetlands. 
 
Field Assessors were students and research assistants familiar with Chigu area and 
were trained in ecosystem services, community outreach and interviews by lead 
researchers on this project. Village leaders were met with to discuss what activities 
occur in the salt pans and Lagoon, how often these activities took place. For fishing 
activities, field assessors inquired as to how often it took place, how many people 
partook, the amount produced and whether fishing mainly occurred for private 
consumption or sold. Field assessors explained the reason for the inquiries and 
introduced themselves and the research transparently, but did not use formal 
language to discuss ecosystem services or even use the term ecosystem services or 
regulating services, provisioning services etc. at all. This language is used primarily 
for academic purposes and has little real value or meaning when talking to people 
about their daily lives and how they utilize or feel about a place. In interviews, field 
assessors asked direct questions about certain ecosystem services, such as “are the 
salt pans ever used for fishing?” or “are the salt pans used for diverting runoff when it 
rains?” as well as general open questions such as “Do people ever go to the salt 
pans?” or “How are the salt pans used now a-days?”. When possible, field assessors 
would use maps to further the spatial quality of responses, and understand what part 
of the wetland system in particular people were utilizing.  
 
2.4 ES Mapping 
 
After these initial interviews, the research team organized ecosystem service 
mapping workshops in four villages: Chingkunshen, Dingshan, Zongliao, and 
Yancheng. Five main ecosystem services had been identified during the interview 
process: waste water management, flood detention, food production, local 
business/tourism, and habitat. A two-day short course was held where stakeholders 
and students were invited to learn about participatory research methods, the Chigu 
region, and wetland ecosystem services. During this short course participants split 
into teams focusing on different communities in and around the study area and did 
preliminary mapping of bird habitat based on bird surveys done and provided to us by 
other research teams, as well as did preliminary calculations for the detention 
capacity of the salt pan wetlands near their community to evaluate the feasibility of 
local people’s claims that the salt pans are important for mitigating flooding. After this 
course, participants were invited to join the community mapping workshops. One 
workshop was arranged in each village and the village leader and local stakeholders 
from the village were invited to participate and help map the benefits and uses of 
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Chigu salt pan and Lagoon. In these workshops, large A0 maps were printed of the 
study area.  
 

 
 

Figure 2.   Hand drawn maps of ecosystem services located in Chigu salt pan and 
Lagoon made during participatory mapping workshop. 

 
Researchers led the workshop and asked local leaders to help identify the specific 
ways in which the ecosystems identified were used, who used them, and the group 
drew the uses and benefits out onto the maps together. Researchers first asked 
general questions about the uses the village and locals had, similar to as in the 
interviews, if any of the five identified important ecosystem services were not 
mentioned, or not described clearly enough, then researchers would pose specific 
questions regarding those services. After each village completed their maps, the 
maps were brought together and merged into one large map of the region. The 
finalized map was then shared to the participating villages to comment on, provide 
edits and use for their own planning and development needs.  
 
3. RESULTS AND DISCUSSION 
 
3.1 Ecological Values 
 
Chigu salt pan wetland and its surrounding salt pans hold high ecological importance. 
This wetland is a stepping stone habitat for migratory birds such as the Black-Faced 
Spoonbill, and feeding and roosting ground for ducks, Herons, Stilts, gulls and many 
other species. The main habitat types in the study region are: Mudflat, Pond, Lagoon, 
Sandbar, Vegetated embankment, mangrove forest, and marsh grass which vary in 
size and location according to season, rainfall and gate operation.  
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3.2 Ecosystem Services 
 
In the end, 24 ecosystem services were identified in Chigu Lagoon and Salt Pans: 
food production, genetic resources, ornamental resources, energy harvesting, local 
climate regulation, global climate regulation, water regulation, flood hazard regulation, 
storm hazard regulation, erosion regulation, water purification, pollination, salinity 
regulation, cultural heritage, recreation and tourism, aesthetic value, social relations, 
education and research, soil formation, primary production, nutrient cycling, water 
recycling, and provision of habitat. Figure 3 shows a map of the ecosystem services 
identified through interviews, field visits and community mapping workshops, while 
table 2 provides description of the services. Benefits from some ecosystem services, 
such as flood mitigation and food production, are easily able to be identified through 
field visits and discussion with local communities and stakeholders, while others, such 
as primary production and global climate regulation require more extensive research 
in order to confirm and quantify benefits.   
 

 
 

Figure 3.   Final map from community participatory mapping workshop, interviews, 
and field visits. 

 
Table 2.   Ecosystem Services in Chigu Lagoon and Salt Pan 

 
ES type ES Location User(s) Explanation 

Provisioning 
Services 

Food 

Chigu Lagoon; Fan-shaped 
salt pan; Chingkunshen salt 

pan; Taiqu salt pan; 
Nanyan salt pan; Wai-

Nanyan salt pan 

Local fishermen; 
local residents; 

outside 
tourists/visitors 

Farming for personal use and for 
sale occurs for oyster, clam, fish, 

crab and shrimp. Recreational 
fishing for personal use for fish 

and crabs occurs. 

Genetic 
resources 

Fan-shaped salt pan; Taiqu 
salt pan; Nanyan salt pan; 

Wai-Nanyan salt pan; 
Dongnan salt pan 

 
Endangered and protected 

species habitat: Black-faced 
Spoonbill; Great Knot; 

Ornamental 
resources Chigu Lagoon Local 

communities 
Oyster shells used in art and 

decoration 

Energy 
harvesting 

Dongnan salt pan; Wai-
Nanyan salt pan Tai Power Co. 

One of Taiwan’s largest utility 
scale solar farms is planned for 

these two salt pans 

Regulating 
services 

Local 
climate 

regulation 
all Local 

communities 
Water bodies help regulate 

temperature 

 
Global 
climate 

regulation 
all globe 

Salt pan wetland habitat and 
Lagoon have carbon 

sequestration potential 
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ES type ES Location User(s) Explanation 

 Water 
regulation all region 

Catch water and runoff to allow for 
sequestration into ground table 

and storage of fresh water in this 
high saline area. 

 
Flood 
hazard 

regulation 

Wai-Nanyan salt pan; 
Nanyan salt pan; Dongnan 
salt pan; Southern Taiqu 

salt pan 

Local 
communities 

Local communities operate water 
gates and pumps to detain flood 
waters in salt pans. Effectiveness 

depends on management 
strategy. 

 
Storm 
hazard 

regulation 

Chigu Lagoon sandbar; 
Fan-shaped salt pan 
sand/forest barrier 

Local 
communities and 

region 

Chigu Lagoon’s sand bar and the 
sand and forest barrier along the 
Fan0shaped salt pan protect the 
area from waves and wind from 

storms 

 Erosion 
regulation all local 

Geomorphology allows for slowing 
of water, deposition of sediment, 

and the sand bars, dikes and 
vegetation help stop sediment and 

stop erosion. 

 Water 
purification all regional 

Water quality tests have not been 
run, but the open water bodies 

allow for sunlight exposure, 
vegetation and organisms such as 

oysters help to filter pollutants. 

 Pollination all regional 

Vegetation on the dieks and sand 
bar support flowering plants and 

some pollinators, though intensive 
research has not been done. 

 Salinity 
regulation all regional 

Salt pan and lagoon help to slow 
and keep fresh water effectively 

diluting salt water which enters the 
Lagoon, channels and salt pans. 

Cultural 
services 

Cultural 
heritage all regional 

Fishing and oyster history and 
culture is strong, and supported by 

the Lagoon and salt pan 
ecosystem. Local foods are highly 
related to these ecosystems. Salt 
Pan history is still powerful cultural 

identity which the salt pans and 
old infrastructure help preserve. 

 Recreation 
and tourism all 

Local, Regional, 
and National 

tourists 

Boat tours happen in the Lagoon 
and sand bar, recreational fishing 

occurs in the salt pans, Salt 
Mountain and salt pan museum 
located near Dongnan Salt Pan 

bring in tourists. Bird hides in Wai-
Nanyan salt pan bring in birders 

and eco-tourists. 

 Aesthetic 
value 

Fan-shaped Salt Pan; 
Taiqu Salt Pan; Chigu 

Lagoon 

Local, regional 
and national 

tourists/people 

Scenic areas and photo spots 
around the salt pans and Lagoon. 

 Inspirational 
value all Local and 

national 

Local communities have murals 
and art of the salt pans and Black-
Faced Spoonbills, national tourism 
marketing uses photos of the Fan-
shaped salt pan and Lagoon etc. 

 Social 
relations all Local 

communities 

Historically, the local communities 
were created based on fishing and 

salt pan industries 

 
Education 

and 
research 

all 

Environmental 
non-profits, 
University 

researchers, 
Endemic Species 

Research 
Institute, Taijiang 

National Park 

Chigu has been a place of much 
research and education. Local 

elementary schools do 
environmental education projects, 

Professors from University of 
California Berkeley and National 

Cheng Kung University have 
based entire environmental 

planning classes on Chigu salt 
pan and Lagoon. The Black-Faced 

Spoonbill Conservation 
Association set up their 

headquarters in Dingshan village 
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ES type ES Location User(s) Explanation 

and do extensive research and 
rehabilitation of salt pan wetland 

habitats. Research teams working 
on Chigu Salt Pan Wetland 

Conservation and Utilization Plan 
do extensive research in the salt 
pans, and Taijiang National Park 
does research in Chigu Lagoon 

and is beginning to do research in 
Taiqu salt pan. 

Supporting 
services 

Soil 
formation all global 

Extensive research has not been 
done, but it is assumed that soil 
formation occurs in the salt pans 
and Lagoon due to the type of 

habitat. 

 Primary 
production all global 

Extensive research has not been 
done, but primary productivity is 

assumed due to the type and 
productivity of habitat. 

 Nutrient 
cycling all Regional, national 

Nutrients from the salt pans and 
from surrounding farmland and 
aquaculture ponds cycle in and 
out of the salt pan wetland and 

Lagoon. 

 Water 
recycling    

 Provision of 
habitat all Global species 

From benthic organisms to birds, 
the Lagoon and salt pans create a 
wide array of habitat for a diversity 

of species. 
 
3.3 Tradeoffs and Opportunity 
 
Many development plans have been proposed for Chigu Salt Pans and Lagoon, some 
led by local people, some by large companies and government organizations. Now 
that ecosystem services are better understood in this area, these ES maps should be 
considered and included in the decision making processes of possible new 
developments. Tradeoffs are important aspects of land-use planning, but before 
ecosystem services were mapped, the true value of the wetland ecosystems were not 
recognized, and tradeoffs were unable to be analyzed accurately. Recent plans to 
develop solar farms in Wai-Nan and Dongnan salt pan in Chigu are a perfect 
example. From the government and Tai Power’s perspective, those salt pans are 
large plots of unused government land in an area with high solar radiation and little to 
no slope; perfect for solar development. The government engaged in discussion with 
local environmental groups, and used the maps given to them to avoid the most 
critical bird habitats in their solar farm development siting. But, local communities 
were ignored when they tried to describe the services provided by the wetland. If 
decision makers had listened to local communities when the plan was in its infancy, 
the design of the solar farm’s infrastructure could have taken into account current 
uses of the land, avoided high value areas and even improved the services provided 
by the area they develop on. For instance, in Wai-Nanyan and Dongnan salt pan, 
flood detention capabilities could have been improved, landscaping and ground level 
designs could have heightened current water regulation and waste water 
management capabilities. Instead, local voices were ignored and the plans went on 
with no consideration of these services or the impact the development may have on 
local communities. By working with local communities, and learning about the 
presence of ecosystem services, smart tradeoffs and land-use plans can be 
developed. 
 
In addition to ES maps helping to identify current uses and benefits, they can also 
help stakeholders identify what ecosystem services are not being utilized that this 
ecosystem could potentially provide sustainably. For instance, waste water 
management could utilize parts of the wetland area before pumping the water into the 
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river channel and Lagoon. By having a spatial understanding of the different services, 
planners know where fishing and farming occur and where critical habitats are versus 
what areas could possibly be used for waste water management. Whether or not it is 
a feasible plan for local communities to consider, now that there is an account of 
these resources and discussion about the possibilities, such assessments can be 
done. 
 
4. CONCLUSION 
 
Wetland wise-use is an important tool for building resiliency and adaptability for 
coastal regions. Understanding the current services provided by the ecosystems is 
thus essential. In this research, by utilizing participatory mapping tools to engage 
communities and create a detailed database of the ecosystem services being used in 
coastal wetlands of Southwestern Taiwan, we identified 24 ecosystem services in 
Chigu Lagoon and Salt Pans. What degree these services are being used, and where 
exactly in the wetland system the services are being extracted/utilized are further 
delineated. For instance, some areas are used for recreational fishing while other 
areas of the wetland are used for clam farming, and others for flood detention. This 
provides a better understanding of the value of wetlands and the ecosystem services 
they provide. We found that including local communities and promoting local 
knowledge for creating sustainable, ethical, and resilient wetland management plans 
is vital. 
 
As the world’s wetlands are in decline, and climate change brings about rising sea 
levels and more severe weather, it is more important than ever to ensure local 
communities and decision makers recognize the services provided by wetlands and 
work to conserve them. Having the Ecosystem Services map of a region, and using it 
to create smart development plans, is vital for long term sustainability and can help 
communities evaluate what resources they have. Ecosystem services need to 
become a standard part of land use assessments, wetland management plans and 
regional development plans. We hope that this project in the Chigu coastal area of 
Taiwan will help provide communities and decision makers with a new pool of 
knowledge to use when creating development and management plans, and will 
encourage the practice of recording and mapping ES in other coastal regions in 
Taiwan and abroad. 
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COASTAL RESERVOIR DEVELOPMENT TOWARDS 
SUSTAINABLE WATER RESOURCES MANAGEMENT IN 

MALAYSIA 
 

Fang Yenn Teo1, Sin Poh Lim2, and Chow Hock Lim3 
 

 ABSTRACT 
 

It is well documented that the Earth's climate change is inevitable and the world is 
increasingly facing a crisis of water resource availability. This is a matter of utmost 
importance as water resources management is essential for human socio-economic, 
ecological sustainability, and forms the basis of all life on Earth. Water scarcity affects 
more than 40% of the global population and this percentage is projected to rise. In 
Malaysia, despite having abundant annual rainfall, but still experiences water stress in 
some major cities, due to climate variability, water scarcity and rapid population 
growth. In line with the United Nations Sustainable Development Goals (SDGs), the 
government explores methods to ensure water sustainability for current and future 
generations. One of the approaches is to harvest water using alternative methods to 
battle the impacts of climate change, which associated to more intense rainfall, rising 
sea levels, etc. As a result, a paradigm shift from the traditional strategy of upstream 
freshwater reservoirs to downstream storages has been widely debated for the 
implementation in the country. The government in the current financial allocation has 
also listed a few of water resources projects to emphasis on the downstream 
reservoir approaches. With the introduction of some new approaches on water 
resources management, Coastal reservoirs (CR) are extensively promoted as an 
alternative solution to supplement the function of downstream storage to enable the 
storage of excess freshwaters at the coastal areas for future use. CR can be one of 
the sustainable solutions to solve the water scarcity problems in many coastal cities in 
the country. Looking into scenario of water resources in Malaysia and the feasibility of 
CR proposals to address water issues by impounding excess freshwaters along the 
coast shorelines, the associated research and development (R&D) on the 
development of CR in Malaysia need to be further investigated. R&D on strategy and 
its applications in Malaysia is desirable to make sure a successful development of CR 
in Malaysia towards sustainable water resources management.  
 
Keywords: Sustainable water resources management, Coastal reservoirs, Malaysia. 
 
1. INTRODUCTION 
 
Rapid urbanisation is common phenomenon affecting water resources management 
in many developing counties, as it is to boost the economy and promote 
modernisation. In addition, climate change is expected to have severe impacts on 
water resources management and in consequence on both water demand and supply 
in most urban cities.  
 
Malaysian water demands are anticipated to escalate over the next twenty years as 
the country continues to develop. The population is estimated to have an increase of 
11.5 million population with a need for water supply system development of about 
10,000 Mld from 2010 to 2030 (Department of Irrigation and Drainage, 2010). 
Considering the present stress on water resources in terms of quantity and quality of 
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water, this has become one of the key issues for the urban development in Malaysia. 
A more efficient and sustainable use of water resources management is critical to 
support the increasing of water demand (Schütze & Schmitz 2010).  
 
To deal with these problems, many governments have incorporated the UN 
Sustainable Development Goals (SDGs) into their national policy, including Malaysia 
through its 11th Malaysia Plan (UN 2018). The SDGs call for sustainable use of 
resources, sustainable catchment management, ecosystem restoration and 
improvement of biodiversity to ensure the benefits that ecosystems provide can be 
enjoyed by current and future generations (Wood et al., 2018). In order to achieve 
SDGs for water resources management, the Malaysian government recognizes the 
need to harvest water using alternative methods.  
 
As a result, the government has recently seen a paradigm shift in water resources 
development works from traditional upstream reservoirs to downstream reservoir. A 
few projects to emphasis on the downstream reservoir approaches, included the 
projects on Off River Storages (ORS) are getting more recognition in the recent years 
after a few of successful projects being implemented. ORS utilising existing ex-mining 
ponds or natural ponds as storage of freshwater in the downstream for domestic and 
agricultural water supply purposes.  
 
On the other hand, a Coastal Reservoir (CR) is a downstream reservoir that located 
in the sea at the mouth of a river with a sustainable annual river flow (Yang, 2013). 
CR enable the storage of excess freshwaters at the coast for future use. CR offer 
great potential to help implement SDGs in coastal areas, and can provide many 
benefits of supporting economic growth while improving social and environmental 
sustainability to help alleviate challenges to human well-being. It provides water from 
the runoff which will flow into the sea, or flood for the purposes of drinking, irrigation 
or industrial usage (Liu et al., 2013).  
 
2. WATER RESOURCES DEVELOPMENT IN MALAYSIA 
 
Malaysia is a water-rich country and surface water is the most extensively developed 
resource due to the abundance of rainfall. Figure 1 shows the annual rainfall at each 
state in Malaysia, the annual rainfall which can be as high as 3,310 mm (i.e. East 
Coast) and up to 3,640 mm (i.e. East Malaysia). Currently, the main approaches used 
for the raw water abstraction in Malaysia are: direct river intake, dame storage to 
regulate flow, inter-basin transfer, and groundwater. About 81% of raw water 
resources is directly abstracted from rivers for water treatment plants (WTPs). Flow 
regulation or direct supply by dam comprises of 17%, while the remainder 2 % is 
supported by ground water. 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Malaysian annual rainfall distribution in each state. 
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Runoff river schemes are facing both water quantity and quality problems. As more 
and more intake points are built along rivers to supply development in the same 
catchment, drought effects on flows and water levels become more pronounced. 
Intake yields are thus affected based on land use and development scenarios, and 
WTPs cease operations when river water quality does not meet required standards.  
 
In Malaysia, dams in various size serving mostly for domestic and irrigation water 
supply, hydropower generation, and to a minor extent for navigation and recreation 
lake facilities. Water resources development by means of dam construction has 
become less favorable since its facing strong objections from the public and NGOs. 
Dam construction is counterproductive to government efforts and commitments in 
reducing the carbon footprint. State governments also express concerns of losing 
huge land areas, which are submerged underwater by the water reservoir, as well as 
the constraints in developing the dam catchment post-construction.  
  
To fulfil the highest water demand in certain major cities, the Malaysian Government 
also embarked on the biggest interstate water transfer scheme in 2010 (i.e. the 
Pahang-Selangor raw water transfer scheme), which involved transferring of raw 
water from Sg. Semantan at Pahang through three diversion tunnels measuring 44.6 
km in length, to the Langat 2 WTPs at Selangor, completed recently. 
 
3. A PARADIGM SHIFT FROM UPSTREAM TO DOWNSTREAM RESERVOIRS 
 
The government have introduced a policy shift from upstream reservoirs to 
downstream storage water resources management approaches. In the interest of 
developing newer and more innovative water resources technologies at downstream, 
the state of Selangor government initiated the projects on Off River Storages (ORS), 
which called Hybrid Off-River Augmentation System (HORAS) in year 2014. The 
scheme utilized the existing tin mining ponds located within the water catchment as 
storage to contain sufficient water for river flow regulation during the dry season.  
While HORAS managed to increase the water resources yield, there were concerns 
on the water quality due to the residuals of heavy metals within the beds of the ex-tin 
mining ponds. The ORS is getting more recognition in the recent years after a few of 
successful projects being implemented in the country. 
 
An alternative solution is needed to increase storage capacity without compromising 
water quality, and the downstream reservoir concept fits this purpose very well. The 
introduction of coastal reservoirs, promoted by the International Association of 
Coastal Reservoir Research (IACRR), provides another innovative solution in addition 
to ORS. While ORS utilizes existing pond storage facilities at downstream, the CR 
concept can be a good alternative if suitable pond sites if ORS have been exhausted.  
 
Compared to ORS which utilizes land space, a CR creates additional space which 
can be potentially utilized not only for water resources, but for other purposes such as 
waterfront development, power generation, and tourist spots. The locations of a CR 
are at inner, outer or beside a river mouth (Yang, 2015). CR can be one of the 
sustainable solutions to solve the water scarcity problems in many coastal cities 
globally and in Malaysia, thus meeting the Sustainable Development Goal by the 
United Nations. Table 1 shows the approaches and challenges of new policy shifts for 
water resources management in Malaysia. 
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Table.1 Approaches and challenges of policy shifts to downstream reservoirs. 
 

Approach  Challenges  
 
Off-River Storage  (ORS) 
 

 
 
 

 
(i) Utilizing an existing ex-mining pond or natural pond to store 
water to regulate flow. This is viable as it utilizes the water 
storage and does not involve changes in the water surface area.  
 
(ii) When ex-mining and natural ponds are exhausted, dredging 
to form new ponds involved changes from land surface to water 
surface areas.  
 
Disadvantages: - 
 
(i) May potentially create new environmental problems due to 
changes of land cover to water surface. 
 
(ii) Loss of land areas for land development.  
 
(iii) High land acquisition cost. 
 
(iv) High dredging and disposal costs (reduced if the soil is of 
sand that can be mined).  
  

 
Downstream/ Coastal 
Reservoir (CR) 
 

 
 

 
(i) New approach for Malaysia. New approaches often need 
more time for acceptance. 
 
(ii) CR configuration is site specific. Requires detailed study and 
planning before implementation. Specialist input is required. 
 
(iii) Main issues in planning, study and design are saline 
intrusion, water quality and costing.  

   
4. CONCLUSIONS 
 
Water is an important need on human livelihood and nature ecosystem. Therefore, 
we should preserve the water resources on Earth back to a sustainable manner by 
substituting with the alternative sources of water resources. CR can be a permanent 
solution as an alternative source for water resources management. In Malaysia, this 
paradigm shift of the reservoir storage location from the upstream to downstream 
interfaces can serve the purpose to secure sufficient yield for meeting the future water 
demand. CR can potentially increase the utilization of raw water resources. This 
potentially resolves the water shortage problem during drought by storing the excess 
water during wet seasons. CR is overall a cost-effective, environmentally friendly, 
green and sustainable solution for raw water resources development in Malaysia. CR 
planning and future operations involve a lot of R & D in topics related to saline 
intrusion, water quality, etc. A holistic strategies for CR development and its 
applications is desirable to make sure a successful of the implementation of CR. 
Towards sustainable water resources management, an integration on the science and 
engineering approaches need to be highlighted for the best development of CR in 
Malaysia. 
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OPEN SOURCE MICROWAVE DATA BASED LAND SUBSIDENCE 
ESTIMATION THROUGH SAR INTERFEROMETRY  

 
Gollapalli Paavan Kumar Reddy1, Suresh Babu K V, and Vijay K. Labhsetwar 

 
ABSTRACT 

 
Land subsidence is the sinking or lowering of the land surface. Sub-surface water 
pressure decreases by over-pumping of the groundwater can leads to compaction of 
the aquifer system and then consequently land subsidence will occur. This 
subsidence is increasing rapidly in coastal areas due to these are most economical 
and highest population density regions with the exploitation of groundwater for their 
needs. Land subsidence increases the risk of flooding in low-lying areas, which in turn 
has important economic, environmental, and human health consequences for the 
heavily populated and ecologically important. The regional authorities set up 
monitoring networks and enlisted scientists to study the problem. Ultimately, the 
communities adopted new water-management practices to prevent land subsidence, 
including relocating groundwater withdrawals away from the coast, substituting 
surface water for groundwater supplies, and increasing aquifer recharge. The 
measuring of land subsidence at short intervals is not done at continuous scale and 
using of InSAR based Microwave data which is available freely by European Space 
Agency (ESA), used in many studies for estimating the rate and extent of land 
subsidence. But the major problem is that processing of this data requires high-end 
systems, time-consuming and understanding of the concept is somehow complex. In 
this study, we will discuss the opportunities of microwave data and its limitations in 
estimating the land subsidence. 
 
Keywords: Land subsidence, Micro wave, InSAR 
 
1. INTRODUCTION 
 
Synthetic Aperture Radar Interferometry (InSAR) is a revolutionary remote sensing 
approach capable of mapping terrain heights with 1 m vertical accuracy and detecting 
subtle surface deformation with 1 mm level accuracy. InSAR data can be acquired 
both day and night, in all-weather conditions, with SAR spatial resolutions, on a global 
scale, and over day to year periods. InSAR has been used worldwide for a wide 
variety of applications, including, but are not limited to, mapping terrain heights and 
monitoring active volcanoes, active tectonics, land subsidence, landslides, and 
earthquake activities, as well as studying glacier dynamics. 
 
Active radar systems illuminate the surface of Earth and detect radar backscatters; 
thus, radar images can be acquired independent of the solar illumination. Generally, 
imaging radar systems include Real Aperture Radar (RAR) and Synthetic Aperture 
Radar (SAR). The RAR system requires a long antenna and a high power output to 
achieve an acceptable resolution and a dynamic range, as the resolution is 
proportional to the antenna length and inversely proportional to the range. SAR 
systems overcome the limitation of the antenna length by synthesizing an antenna 
that receives a series of reflected radar signals and electronically combines them with 
reference wavelengths. The resolution of SAR images remains the same over all 
ranges (Elachi, 1988; Curlander and McDonough, 1991). 
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2.  METHODS 
 
Land subsidence in the coastal has induced marked environmental changes 
particularly with respect to coastline retreat and sea-level rise.  Deltas have witnessed 
a significant urban development over the past century. Groundwater pumping is the 
primary water supply for drinking water and industrial projects. Oil exploitation and/or 
natural gas extraction in the delta have been also dramatically increased. 
Groundwater, oil and gas pumping in addition to sediment natural compaction, as well 
as seismic activities directly have resulted in an increased compaction of the aquifer 
system in the deltas. There is an increasing demand for regular monitoring and 
accurate measuring of subsidence and coastline retreat in the deltas to gain a broad 
understanding of these two phenomena and to provide decision-makers with useful 
information for integrated development and sustainable use of the natural resources 
in the delta. Several tools such as terrestrial levelling survey and Global Positioning 
System (GPS) can be used to measure rates of coastal change and land subsidence 
in the delta; however, these tools provide point measurements that are spatially 
and/or temporally limited. Radar interferometry, in contrast, is employed to provide 
subtle measurements of surface changes in the delta at a significantly improved 
spatial resolution with millimetre-level accuracy and over large areas (100 km²). The 
InSAR technique has the advantages over traditional GPS surveying is that InSAR 
measure the land subsidence over a large area, whereas the latter at specific 
locations during a survey (Sneed and others, 2002; Stork and Sneed, 2002). 
 
2.1  Two-Pass Interferometry 
 
In two-pass interferometry, two SAR images acquired at different times for the same 
area are needed to create an interferogram containing both topography and surface 
deformation. The approach requires an external Digital Elevation Model (DEM) for the 
same area be geocoded to the SAR geometry for topographic phase removal. The 
advantages of the two-pass approach are: (1) only one pair of SAR images is 
required, which saves money, time, effort, and complication in processing, (2) no 
need for phase unwrapping of a topographic interferogram, avoiding errors in phase 
unwrapping and computation load, and (3) the geolocation process is not affected by 
the quality of an unwrapped topographic interferogram. The disadvantages of the two-
pass approach are mostly associated with the use of an external DEM. The external 
DEM may contain significant errors, the datum of the DEM may be not known, or 
most importantly the DEM itself may be unavailable or available but inappropriate with 
regard to accuracy and spatial resolution. 
 
2.2  Three-Pass Interferometry 
 
Three-pass interferometry requires three SAR images taken for the same area at 
different times. Two of them should be acquired within a very limited time period to 
create a topographic interferogram that can be used later for topographic correction. 
The tandem mode of the ERS satellites, in which images are acquired with only one 
day apart, is appropriate for this purpose. The reference image used for the creation 
of the topographic interferogram is used with the third image to produce another 
interferogram containing both topographic and surface deformation contributions. 
Three-pass interferometry has the advantages that the three radar images are all in 
SAR coordinates. It does not require an external DEM, thus avoiding errors 
associated with external DEMs and interpolation errors associated with topographic 
phase simulation and geocoding. The disadvantages of the three-pass interferometry 
include difficulty in finding an appropriate SAR triplet, and errors in phase unwrapping 
of the topographic interferogram can produce errors in the deformation estimation and 
the geolocation process.  
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2.3  Four-Pass Interferometry 
 

Four-pass interferometry requires four SAR images taken for the same area at 
different times; two of them are used to construct an interferogram containing both 
topography and deformation. The other two images are used to create a topographic 
interferogram for topographic correction. The four-pass approach is quite similar to 
the three-pass approach. However, in the four-pass approach, the two interferograms 
are processed independently using two different reference images. Therefore, one of 
the interferograms has to be resampled to the other for topographic phase removal. 
Critical limitations for applying conventional SAR interferometry, including, two-, 
three- and four-pass interferometric approaches, are basically related to temporal 
decorrelation, geometric decorrelation, and atmospheric path delay. 
 
2.4 Permanent Scatterer Interferometry 
 
The Permanent Scatterer interferometric approach has been recently introduced by 
Ferretti et al. (2000) as a new approach to monitor surface deformation. This pixel by-
pixel approach uses Permanent Scatterers of sufficient spatial density that exhibit 
coherence over long time periods, such as man-made features and bare rocks, to 
capture motion of the scatterers. The approach enables the exploitation of the 
individual phases of the Permanent Scatterers in areas of low coherence where 
conventional InSAR fails as a result of temporal and geometrical decorrelations, as 
well as atmospheric heterogeneities. Over conventional InSAR, the advantages of the 
Permanent Scatterer interferometry are: (1) the critical baseline and the Doppler 
Centroid difference defined as critical limitations for conventional InSAR approaches 
are no longer limitations for the Permanent Scatterer interferometry, (2) target motion 
can be accurately tracked on a pixel-by-pixel basis over long time periods, (3) 
elevations of the Permanent Scatterers (PSs) can be estimated with good accuracy 
by combining very long perpendicular  baselines, (4) atmospheric artifacts can be 
accurately estimated and eliminated by using a long time series, and (5) isolated 
coherent scatterers, such as urban areas and bare rocks, can be detected and 
tracked among incoherent scatterers, such as densely vegetated areas. The 
disadvantages of Permanent Scatterer interferometry are: (1) it requires a large 
number of SAR acquisitions of the same area (at least 20 scenes), (2) data are 
expensive and it is difficult to find the appropriate time series needed, (3) stable 
reflectors need to be of sufficient spatial density, and (4) it does not work properly 
over low reflectivity areas of smooth surfaces. 
 
InSAR approach has been applied to measure the surface displacement by using two 
pass, or repeat pass interferometric techniques that is used to find the phase 
difference of the complex SAR signals between the acquisitions from two different 
passes with a slightly different orbital position. The dataset has to be chosen such in 
a way that the difference in orbital position would be minimal. Interferogram has to be 
generated by the superimposing of two SAR images by subtraction of phase values in 
each pixel. 
 
The coherent interferogram contains several phase information such as – (a) phase 
difference from the spatial baseline of the data pair assuming the Earth as a flat 
surface; (b) topographic unevenness due to terrain ruggedness; (c) phase component 
due to the displacement of the terrain in range direction i.e. the radar line of sight; (d) 
error due to atmospheric phase change; (e) phase due to the residual noise effect of 
scattering characteristics of target objects which is a function of time and thermal 
noise (Kim et al., 2007). Sentinel1A Interferometric SAR data has to be collected from 
Alaska Satellite Facility website (https://vertex.daac.asf.alaska.edu) and the DORIS 
data of Verified Orbit has to be collected from European Space Agency website 
(https://qc.sentinel1.eo.esa.int/aux_poeorb/) which is available 20 days after the 
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actual satellite acquisition. Generally, the perpendicular baseline and time difference 
between the images are important in such land subsidence related studies because 
several attempts have been done in different area with different spatial baseline to 
find identical rate of subsidence (Hung et al., 2017; Malik et al., 2019). SRTM 1 arc 
sec DEM, can be accessed from GMTSAR DEM portal used in order to eliminate the 
topographic phase component from the interferogram. Further, the phase noise due 
to radar signal will be removed by the Goldstein filtering technique that ultimately 
enhance the fringe visibility in the interferograms, therefore helpful to produce 
coherence images as well.  
 
 

 
                  
               Figure.1 General methodology for the estimation of Land subsidence 
 
Noteworthy, the coherency ranges between 0 and 1 while the high coherence 
produce a better quality of interferogram. Atmospheric correction may not be 
performed, instead of that, the dates of image acquisitions has to be chosen from in 
winter season and pre-monsoon season such that the amount of atmospheric 
moisture present would be minimal in order to avoid the atmospheric noise that 
usually originate due to variations in atmospheric condition during data acquisition. 
 
Phase unwrapping is performed to resolve this 2π ambiguity using minimum cost flow 
algorithm (Lachaise et al., 2010). The methodology for D-InSAR processing 
represented in Figure 1 The Line of Sight (LOS) displacement i.e. in range direction 
has been calculated using following formula 1 
 
∆𝐷 = ∆∅ ∗ (𝜆 2⁄ )/2𝜋            (1) 
 
Here, ∆D is the LOS displacement for a particular pixel in an Unwrapped 
Interferogram. ∆φ is the phase difference of that pixel for an InSAR pair separated 
temporally by 105 days while λ is the sensor wavelength. Present study incorporate 
the C-band data which have wavelength of …m.   Therefore, the component of 
Vertical Displacement has been computed by the formula 2. 
 
∆𝐷𝑣 =

∆𝐷

cos𝜃
                             (2) 
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Here, ∆Dv is the magnitude of vertical displacement and θ is the local incidence 
angle. Further, the rate of displacement has been calculated by using below equation 
3. 
 
∆𝑅 = (∆𝐷𝑣 ∗ 365)/∆𝑡          (3) 
 
 
Here, ∆R is the displacement rate and ∆t is the temporal difference in days between 
two datasets. For validation purpose, DGPS data can be collected and comparable 
with desired results. 
 
3.  DISCUSSIONS 
 
InSAR is a renowned method for estimating land subsidence based on the principles 
of Interferometric Synthetic Aperture Radar using different series of the temporal 
dataset. 
 
A remarkable improvement occurred when Gabriel et al. (1989) introduced the 
differential interferometric approach. They produced a double difference interferogram  
using two interferograms generated from repeat-pass SEASAT observations. It was 
demonstrated that SAR interferometry could detect elevation differences on the order 
of sub-centimeter. The multi-baseline approach was first presented by Li and 
Goldstein. 
 
(1990). They studied the effect of using various baselines to detect topography. Their  
study showed that the sensitivity of height measurements is proportional to the 
baseline  
length, but the phase error also increases as the baseline increases. 
 
Since the launch of the ERS-1 satellite by the European Space Agency (ESA) in July 
1991, a huge archive of C-band InSAR data has become available, and numerous 
papers covering InSAR limitations and its potential applications have been published.  
Applications of spaceborne InSAR were greatly extended after the launch of the ERS-
2 satellite by ESA in April 1995. The tandem mode of the ERS-1 and ERS-2 satellites  
acquired InSAR data with only one-day separation. This, in turn, allowed 
comprehensive investigations of slight change in terrain heights, atmospheric effects, 
and temporal decorrelations in InSAR data. 
 
Stanley (1990) speculated that mapping the base of the Holocene deltaic facies 
(Nile), dated at approximately 8000-6500 yr BP, indicates differential subsidence of 
the northern part of the Nile delta. According to Stanley (1990), the average of long-
term subsidence rates near the coast for the mid to upper Holocene ranges from 
approximately 1.0-2.5 mm yr-1 in the west to 5.0 mm yr-1 in the east . Zaghloul et al. 
(1977b), Said (1981), Stanley (1988 and 1990), and Stanley and Warne (1993) 
attributed the rapid rate of subsidence in the eastern side of the delta to stratigraphic 
and tectonic factors. 
 
Deviations in the relation between subsidence estimates based on InSAR versus 
compaction modeling stem from various sources of uncertainty. For the InSAR-based 
estimates, deviations may result from spatio-temporal variability in surface scattering 
properties. They may also result from other locally-influential processes affecting land 
surface height not considered here. For the compaction-based estimates, deviations 
likely arise from the fact that simple uniform storage properties were used for each 
hydrogeologic layer and may also result from neglected time delays in the compaction 
of thick, low permeability layers. Given that drawdown began more than a decade 
before our period of analysis, however, delayed drainage likely has been on-going at 
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all well locations, its magnitude varying spatially. Both estimates may be subject to 
errors due to ignoring elastic deformation of the aquifer system, though we expect 
such errors to be minor given (1) our treatment of the data, which sought to remove 
seasonal influences, and (2) the much greater magnitude of inelastic storage. Existing 
SAR and hydraulic data did not permit more detailed consideration for these factors. 
 
4.  CONCLUSIONS 
 
Identifying the exact location of land subsidence area in any area is the foremost task 
before taking any action plan and making policy to execute. Sentinel 1A data was 
sufficiently able to solve this purpose however longer temporal observation will be 
further beneficial to make any judgment on this aspect. Late winter and early half of 
Pre-Monsoon season was ideal time frame to avoid the atmospheric noise in 
differential interferogram. 
 
The potentiality of SAR data of Sentinel-1 is more useful and which is public domain 
too.  
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INTEGRATED TIDAL IRRIGATION MANAGEMENT IN COASTAL 
BANGLADESH THROUGH ECRRP1– CASE STUDIES OF SUCCESS 

IN POLDER252/53B (RANGABALI) 
 

GM Akram Hossain Peng3 & Md. Habibur Rahman4 
 

ABSTRACT 
 

Cyclone SIDR hit thirty (30) Southern Districts of Bangladesh on Nov 15, 2007 
inflicting colossal damages to infrastructures of Coastal Embankment Polders (CEP) 
and to the lives and properties of the Polder residents. The Districts of Patuakhali, 
Barguna, Pirojpur and Bagerhat were the worst affected districts. Joint Damage Loss 
and Need Assessments (JDLNA) were done by Government of Bangladesh (GoB) 
with the support from the international communities and the estimated loss was 
assessed at around US$ 1.7 Billion (BDT 136 Billion) that covered both physical and 
economic losses. The physical damages covered housing sector, productive sector 
and public sector infrastructures. The World Bank supported the Governments’ effort 
for the recovery of the damages and building along term preparedness through 
sustained disaster risk reduction management. The Project was approved by the 
Government in December 2008 with five components of which component C covered 
rehabilitation of badly damaged 29 coastal embankments Polders in the districts of 
Patuakhali, Barguna and Pirojpur. Again Cyclone AILA hit the SIDR affected area on 
25 May 2009 with scattered damages to ECRRP Polders. Damages of Cyclone AILA 
was assessed and integrated into the ECRRP and the budget stood at US$ 95 million 
including consultancy, Project operation and other logistic services. Of the 29 
Polders, severely damaged embankments and tidal water management structures of 
Rangabali (Polder #52/53B), a remote island in southern Bangladesh in the lap of the 
Bay of Bengal, located in the district of Patuakhali having a gross area of around 
5,776 hectares, was one of the candidate subprojects for rehabilitation. Immediately 
after SIDR, the Polder embankments and three water management structures were in 
devastated condition and was taken up for the rehabilitation works. of the 32.20 
kilometers peripheral dykes, the ECRRP rebuilt the damaged 15.20 kilometers, 
replaced gates and protective aprons of three major water management structures 
and constructed a new structure (Rangabali Regulator) for the tidal wave 
management. These works were completed by June 2017 resulting in large scale 
benefit to crop production, particularly water melons, and a us and aman rice. 
Compared to pre-project (after cyclone) crops situation, local farmers reported 
production of average three crops after the embankments and structures were rebuilt.  
This has been possible through the management of tidal water wave and the 
incremental annual cash crop water melons productions has been reported to be 
around 16,050 tons and the incremental annual cereal production of around 3,900 
tons.  
 

 
1 Emergency Cyclone Recovery & Restoration Project (ECRRP), Bangladesh Water Development Board 

(BWDB), Ministry of Water Resources (MoWR). 
2 Polder is an area built with embankments all around the peripheral rivers like an island for the purpose of 

tidal water management. 
3 GM Akram Hossain worked as Team Leader, Design & Supervision (D&S) Consultants for the Emergency 

2007 Cyclone Recovery & Restoration Project (ECRRP), Bangladesh Water Development Board 
(BWDB) and now working as Visiting Faculty in the Department of Civil Engineering, Stamford University 
Bangladesh 

4 Md. Habibur Rahman is the Chief Engineer andProject Director for the ECRRP of the Bangladesh Water 
Development Board (BWDB, Ministry of Water Resources. 
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The paper (case study of Rangabali Polder 52/53B) investigated the tidal irrigation 
benefit through interviewing farmers (male and female) and field data collection from 
local agriculture extension officials. The ECRRP undertook rehabilitation of the 
cyclone SIDR damaged 29 Polders in the three districts reported above. The 
rehabilitation benefit of Polder 55/2D in the same district was earlier reported at the 
8th regional conference in Nepal in May 2018. This paper studied the after 
rehabilitation benefit of Polder 52/53B (Rangabali) and the enormous incremental 
outcome encouraged government, the people (direct beneficiaries) and donors to 
consider further investment in the integrated tidal water irrigation management for the 
overall wellbeing of the people through sustained crop production and restoration of 
sound living environment. The paper has provided further insight into tidal sweet 
water irrigation benefit where the crop field levels permit gravity irrigation twice a day 
as tidal wave front pushes water levels up during high tide and drains out at low tide.    
 
1. INTRODUCTION 
 
One hundred and thirty nine (139) Polders (5) were built around mid-sixties along the 
southern coastline of Bangladesh to protect crops and properties of coastal residents 
from saline tidal flooding and cyclonic storm surges. While building the dykes5, the 
drainage channels were provided with sluices / regulators for the drainage of storm 
water and flush in tidal sweet water for irrigation to farm lands. Cyclones in the Bay of 
Bengal, in the region, is a common phenomenon and usually occur every 3- 5 years 
causing enormous dislocation of Polder residents, mostly farmers and fishermen. The 
Cyclone SIDR (measured as Category IV) hit southern coastal Bangladesh on 15 
November 2007 and brought enormous casualties to twenty nine (29) coastal Polders 
beyond the normal framework of coastal embankment management.  Damages to 
earthen dykes, irrigation water management structures and lives and properties of the 
people in the three southern districts; Patuakhali, Barguna and Pirojpur (Map 1) were 
estimated at around US$ 1.7 billion (BDT136 billion) in the 2009 conversion rate 
(JDLNA6). The World Bank supported Bangladesh Governments’ effort for the 
recovery of the damages and building a long term preparedness through 
strengthened disaster risk reduction management and ECRRP was implementedby 
Bangladesh Water Development Board (BWDB) by June 2018. 
 

 
 

Map 1: ECRRP Polder Map             Map 2: Polder 52/53B (Rangabali) 
 

 
5 Dyke is used to mean embankment built from locally available earthen material compacted to 90% dry 

density to prevent cross seepage.  
6 Joint Damage Loss and Need Assessments (JDLNA) that were conducted by the Government of 

Bangladesh (GoB) with the support from the International Development Partners 
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The ECRRP covered rehabilitation of embankments and water management 
structures such as water control regulators /sluices, tidal irrigation inlets / outlets in 
the severely damaged 29 Polders of three coastal districts (Patuakhali, Barguna & 
Pirojpur) under three different IDA credits with a total fund of US$ 95.0 million. 
Embankments & Water Management Structures in Polder 52/53B (Rangabali), an 
island, located in Rangabali Upazila in Patuakhali Districts, having a gross area of 
around 5,776 hectares, was one of the candidate subprojects for rehabilitation. Of the 
total 32.2 kilometers peripheral embankment, the Project rebuilt damaged 15.2 
kilometers, repaired three (3) tidal water management structures and constructed one 
new water control structure by June 2017 resulting in large scale benefit to crop 
production(particularly water melons) as the dry season crops. Compared to pre-
project situation after the cyclone with less than two rice crops, farmers reported 
production of around three crops after rehabilitation of the damaged tidal flood dykes 
and the water management structure. The large scale incremental productions was 
possible through irrigation water management by tidal gravity flow in wet season and 
low lift pumps (LLPs) in the dry season. The paper is based on a case study of Polder 
52/53B in Rangabali Upazila (sub-district) in Patuakhali District, an island in the 
southern coast in the lap of the Bay of Bengal.  
 
2. PROJECT DESCRIPTION 
 
Polder 52/53B (Rangabali) is located in Rangabali Upazila (sub-district) in the 
southern coastal district of Patuakhali in Bangladesh roughly between 22°8' and 
22°22' north latitudes and 90°28' and 90°39' east longitudes. The Rangabali Island 
(Map 2) is bounded by Agunmukha River on the north, Dhanchira River on the west, 
Buragouranga River in the east and the southern tip facing the Bay of Bengal (source: 
ECRRP Final Report).It takes nearly 14 hours to reach Galachipa Upazila of 
Patuakhali district from Dhaka by river launch, followed by one and half hours to 
reach the Panpatti ghat from Galachipa launch terminal station by local-three wheeler 
taxis. There are engine driven boats to cross the Agunmukha River which sails every 
hour during the daylight in the dry months (December – April) taking almost an hour 
and half to reach Rangabali Island. Thus it takes around 17 hoursfrom Dhaka city to 
reach Rangabali, one of the remotest coastal habitation of Bangladesh, a time 
duration one can reach North American destination by flight.It is one of the most 
hazardous destinations of Bangladesh to reach asthe traveler has to cross the 
ferocious Agunmukha River that gained its name for being the junction of seven large 
rivers meetingpoint before ending their journey to the sea. The rivers remain perilous 
throughout the year even during the winter months and local residents do not dare to 
cross this river after daylight. They call this river the “Dangerous Beauty”. Well, after 
the risky and hazardous journey, there will an Eden awaiting for the visitor.  
 
Although ECRRP rehabilitated an area of around 5776 hectares encompassing 32 
kilometers of dyke, greater Rangabali was recognized as an upazila in 2011 including 
five unions that are Baro Baisdia, Choto Baisdia, Char Kajol, Char Monzat and 
Coralia. All these unions are separate islands and comprises of nearly 720 square 
kilometer giving home to over hundred thousand people.According to Banglapedia, a 
group of Rakhain people were the first settlers of the island in 1784, following 
persecution by the Burmese king. The descendants of those families still live in 
Rangabali. If anybody has the desire to enjoy the pure natural beauty, village life and 
breathe fresh air, he must visit this island. The main tourist attraction here is the 
“Sonar char” located in the extreme south of the Upazila. Sonar char has a fresh 
beach and a mangrove forest range. During the journey to this beach through the 
river, one will experience captivating scenery of forest experience on the both sides of 
the bank. Herds of duck and egret are likely to be spotted. Most of the people of this 
island have never seen any four wheelers vehicle.The transportation available are 
boats, engine trawlers, motorcycles, engine van (locally called “Nasiman”) and 
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rickshaws. People of this area are totally dependent on solar electricity. As 
technology is hard to reach there, the livelihood of this region is based on fishing and 
agricultures. The health care system is fragile. There is only one welfare center, two 
community clinics across Rangabali. People have to depend on the Galachipa 
Upazilla health complex and Patuakhali city hospitals. But the transportation system 
is so poor that in most of the cases, people die before reaching the hospital. Despite 
all the problems, Rangabali is a great spot to visit for a short time tourism. 
 
As said above, the ECRRP area was limited to a gross area of around 5,776 
hectares, with a cultivated land of around 4,600 hectare shaving a population of 
around 72,000 people with male and female almost the same ratio (percentage of 
female population is slightly high). The major crops of the area are water melons 
(mostly black variety) and mung beans followed by aus rice and then transplanted 
aman variety. Polder 52/53B has a peripheral dyke of around 32.2 kilometers with 
four (4) water management structures across the dyke to flush in surface water for 
irrigation to aus and aman rice field during high tide and to drain storm water to 
peripheral rivers when the tidal level permits. Mung beans is a rabi crop grown in 
winter months (December -  February) followed by water melons (February – 
April/May) followed by aus rice, a pre-monsoon quick grown crops (around 90 days) 
transplanted in May – June and harvested in July–August followed by aman rice 
transplanted in September- October and harvested in April – May.  Immediately after 
cyclone SIDR in November 2007, around 15.42 kilometers of the peripheral dykes (of 
the total 32.2 kilometers) were badly damaged by breaching and overtopping and 
cultivated lands were unsuitable for crop productions due to intrusion of saline water 
through breached embankments and damaged water management structures. After 
rehabilitation of the dykes and repair / reconstruction of the water control structures, 
the farmers were able to regain access to land cultivation through tidal irrigation 
management. The methods of irrigation are tidal surface water inundation at high tide 
and lifting water by individually owned Low Lift Pumps (LLPs). The cyclone damaged 
scenario (pre-project) crop productions and the crop production statistics after 
rehabilitation (post-project) is presented in the tables 1 and 2: 
 

Table.1 Pre-project Crop Productions & Yield after Cyclone (2010) 
 

Major Crops Cultivated Area 
(ha) 

Gravity 
Irrigation 

(ha) 

LLP 
Irrigation 

(ha) 
Yield / ha 

(tons) 
Production 

(tons) 

Mung Beans 1,500 500 1,000 0.500 750 
Water Melons 1,350 350 1000 12.00 16,200 

Aus 1,500 1,000 500 1.50 2,250 

Aman 1,500 1,200 300 2.00 3,000 

Winter 
Vegetables 775 100 675 2.00 1,550 

Total 6,625    23,750 

 
3. STUDY METHODOLOGY 
 
Polder 52/53B (Rangabali) was one of the subprojects of the twenty nine (29) Polders 
for rehabilitation under the ECRRP program. Both the author and co-author were 
directly involved with the Project; the Author worked as Team Leader (Engineer) and 
the co-author as the Project Director from the Government side. The Project was 
funded by the World Bank with bare minimum contribution from the Government. For 
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this short study, interview questionnaires were prepared to get feedback from local 
stakeholders including the direct beneficiaries (the farmers),Upazila Agriculture 
Officers and Block Supervisors who provided support services to the farmers with 
irrigation equipment, fertilizers and agricultural training on crop cultivation techniques 
(6). The interviews were designed to find out the percentage of area cultivated under 
different crops in different crop season and per hectare yield of the major crops after 
the Polder was severely damaged by cyclone (pre-project) and the present day 
cultivated area (post project) and corresponding yield after rehabilitation works were 
completed by June 2017. The area under irrigation coverage (both gravity and 
pumped irrigation) was estimated through interviewing the farmers who used LLPs to 
irrigate their plots. The farmers used mostly 1 cusec low lift pumps (LLPs) where 
gravity irrigation was not possible. There are over 200 individually owned LLPs in the 
area. Use of Deep Tube Wells (DTWs)and Shallow Tube Wells (STWs)are not 
practiced in the Rangabali Polder area due to presence of salinity in the ground water 
(source: local farmers). Tidal gravity irrigation is the most popular irrigation method in 
the Project area. Even though, the project area is very close to the Bay of Bengal 
(around 10 kilometer away), the water in the surrounding rivers is not saline except 
during the three months of dry period (March –May). As soon rainstarts to pour in 
June and the surrounding river water level starts rising, the salinity level reduces and 
farmers start flushing in tidal water for irrigating aus crops. 

 
Table.2 Post Project Crop Productions & Yield (2017) 

 
Major Crops  Irrigated 

Area (ha)  
Gravity Irrigation 

& Rain fed 
LLP Irrigation 

& Rain fed 
Yield / ha 

(tons) 
Production 

(tons) 
Mug Beans 1,850 500 1,350   0.50    925 

Water Melons   2,150    350 1,800 15.00 32,250 

Aus (transplanted) 1,850 1,300    500   1.50  2,775 

Aman 
(transplanted) 

2,550 2,250 300   2.50   6,375 

Winter Vegetables   1,000 700    300   2.00   2,000 

Total   9,800    44,325 

 
4. ANALYSIS AND FINDINGS 
 
The study analysis found large scale production benefit to the Polder community (the 
farmers) through increased area under tidal irrigation resulting in increased yield. 
After the cyclone SIDR in November 2007, the tidal flood protection embankments 
and irrigation structures were in devastated condition and the area irrigated under the 
four major crops (beans, melons, aus & aman) throughout the year was around 
6,625hectares (table1) and total production of beans, melons, rice and winter 
vegetables was estimated at 23,750 tons. The Polder was taken up for rehabilitation 
in 2014 under an ICB contract package ECRRP/BWDB/W-18 awarded to MAX-
YANGZHU), a Bangladesh-China JV firm along with three other Polders. By June 
2017, the Contractor completed the repair works of 15.42 kilometers of embankment, 
rehabilitation of three and construction of one new tidal water management structures 
to provide protection against salinity intrusion and to facilitate irrigation management. 
As the repair works were completed, farmers started getting noticeable benefit of the 
interventions from the 2017-18 crop season. Due to check in tidal flooding and 
increased irrigation area coverage, the cultivated area under the same four major 
crops increased from 6,625hectares to 9,800 hectares (an increase of around 48%. 
The cultivated area in the Rangabali Polder 52/53B is around 4,600 hectares. 
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Considering the total cultivated land for the three season in the pre-project scenario of 
6,625 hectares and in the post-project as 9,800 hectares, the cropping intensity has 
gone up from 144 to 213% (an increase of around 69%). The productions of cash 
crop water melons and cereals increased by around 20,575tons from 23,750 to 
44,325 tons (an increase of around 87%).Production of water melons alone increased 
almost double by 16,050 tons from pre-project 16,200 tons to post-project 32,250 
tons (an increase of around 99%).  Rice (aus & aman) production increased by 3,900 
tons from pre-project 5,250 to post-project 9,150 (an increase of 74%) which is also 
considered to be remarkable. The pre and post project irrigated area coverage and 
production scenarios are depicted in the bar chart below. 
 

 
 

4.1  Lessons Learned 
 
The lessons learnt during the course of rehabilitation of Rangabali Polder 52/53B 
through interactions with local stakeholders and BWDB officials, contractors and more 
importantly with subproject beneficiaries and local agriculture support providers have 
been important learning process. The cyclone SIDR occurred in November 2007 and 
the Polder rehabilitation works were taken up in 2014, almost a gap of six long years. 
The cyclone affected people suffered long due to delay in the implementation 
process. The reasons were mostly start up preconstruction delays and delayed 
implementation of social safeguards requirement. The other lessons learned are; (i) 
the embankments and water management structures must be designed and 
constructed user friendly for better irrigation water management, ii) social safeguards 
related to payment for project affected persons (PAPs) need to be expedited to 
complete works by the scheduled date, iii) compliance of environmental mitigation 
measures during implementation as required by the Environmental Management Plan 
(EMP)including health, sanitation and workers safety must be in place before starting 
physical works and finally iv) there is a need to adapt more participatory approach to 
develop ownership of the community in the post project operation and maintenance 
(O&M). Local resource mobilization must be encouraged for routine maintenance of 
the embankment and water management structures for the farmers to continue 
receiving sustainable tidal water management benefit. Increased agricultural support 
services related to irrigation equipment and field school trainings are needed to cover 
more areas under irrigation and crop diversification.    
 
4.2  Recommendations 
 
The ECRRP completed around 513.04 kilometers of embankments both repair and 
new, repair of 191 water structures, construction of new 166 water structures and 
around 18,405 meters of river bank protection works in the affected 29 Polders in the 
districts of Barguna, Patuakhali and Pirojpur. The rehabilitation works brought both 
tangible and intangible benefit to the Polder community.  An estimated 3.85 million 
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people in about 850,000 families have been benefited from the rehabilitation works. 
The tangible benefit of ECRRP is the incremental annual production of around 70,000 
tons of food grain due to prevention of saline water flooding and the provision of 
irrigation facilities through the repaired and new constructed water management 
structures. The value of this increased production is to the tune of around BDT 1750.0 
million (equivalent US$ 21.87 million) added to the national economy. Number of 
farm-families benefitted is about 850,000 while nearly 2.55 million person-days of 
laborers were generated during implementation and annually around 100,000 labors 
are now engaged on irrigation management and routine operation. Women in 
Development has been achieved by engaging more than 40% female workers at all 
stages of the project.The intangible benefits included better living for the Polder 
people and better schooling for their children in secured saline tidal flood free 
environment. With the completed flood protection embankment the Polder people 
have better access to health and sanitation provided by the Government and Non-
Government Organizations (NGOs). The internal rural communication network within 
the polders is now better maintained under flood free condition. 
 
The present study of the Rangabali Polder 52/53B, concluded large tidal irrigation 
benefit to the local Community as a result of repair of the cyclone damaged 
embankments and water management structures. The annual incremental cash crop 
water melon productions turned out to be around 16,050 tons (financial value around 
BDT 160.0 million equivalent US$ 2.0 million) due to increased coverage of cultivated 
area and better production environment with irrigation management. The annual 
incremental cereal crop (rice) production also turned out to be 3,900 tons. Local 
farmers expressed their happiness over the agricultural benefit brought by the 
Project. The cyclone SIDR severely damaged 29 such Polders and all of them were 
rehabilitated under the ECCRP program since 2009 and the Polder communities, by 
and large, got production benefits. But some of the repair works completed earlier 
(2012 - 13) deteriorated over time in the absence of routine maintenance works. 
Government cannot provide required O&M fund due to budget constraint and the best 
option is the adoption of participatory O&M through local resources mobilization 
(LRM). Irrigation water management committee should be established in the 
command area of each of the water control / irrigation structures and the committee 
are entrusted with the responsibility of routine maintenance of dykes and water 
control structures to reduce major maintenance works. Government should take 
responsibility of major maintenance only such as replacement of a section of 
breached dyke and replacement of gates for water management structure.The 
ECRRP is now fully operational and it is recommended that further studies are 
undertaken for other completed Polders to understand the tidal irrigation potential 
better and to better assess the resulting production benefit.  
 
Again, the cyclonic storm “Fani” made land fall in India and Bangladesh on May 3 and 
4, 2019. The cyclone hit Rangabali Polder also on May 4, 2019 and made substantial 
damages to crops and properties of Polder residents. There was no reported loss of 
lives, but crops were damaged and many trees uprooted causing financial loss to 
farmers and fishers. Government and Non-Governmental Organizations (NGOs) have 
taken remedial measures to rehabilitate the farmers.     
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