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Abstract 

Management of freshwater supply and demand systems in coastal areas faces many 

challenges given the high levels of uncertainty and complexity which follow from dynamic 

interactions and feedbacks amongst multiple climatic and non-climatic drivers such as sea 

level rise, changes in precipitation and river flows, and socio-economic development. 

Temporal and spatial variation among these driving factors further contributes to the highly 

complex management challenge. These issues are prevalent in coastal areas of developing 

countries which typically experience high rates of population growth and urbanization. 

To help inform management of coastal freshwater systems under conditions of high 

uncertainty and complexity, this thesis developed a coupled top-down and bottom-up 

modelling framework for a case study setting in close consultation with local stakeholders. A 

system dynamics (SD) model was applied as a top-down approach to assess the vulnerability 

of the system under climatic and non-climatic changes, and a Bayesian decision network 

(BDN) model was employed as a bottom-up approach to identify cost-effective adaptation 

options in the face of the same climatic and non-climatic changes. This decision-making 

framework was developed with an understanding of the strengths and weaknesses of top-

down and bottom-up approaches, and SD and BDN models as well as in the light of the 

dynamics and uncertainties inherent in coastal freshwater supply and demand systems.  

A global systematic quantitative literature review found that Bayesian networks (BNs) have 

rarely been coupled with SD models in water resource management, and also that BNs have 

rarely been applied to prioritize cost-effective adaptation measures for managing water 

supply and water demand under climate change in developing countries and tropical regions. 

Equally importantly, the literature view found that only in very few instances has the 

performance of BN models been tested against other modelling approaches for cross-

examining model types and outputs.  

The freshwater supply and demand system in the Da Do Basin in Hai Phong City, Vietnam 

was used as a case study in this thesis to develop the coupled top-down and bottom-up 

modelling framework. In addition to historical data collection, causal loop diagrams (CLDs) 

for the system were constructed during workshops with local stakeholders to better 

understand how interactions among climatic and non-climatic drivers affect system operation. 

Stakeholder consultations at these workshops were also used to identify key climatic and 
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non-climatic drivers for inclusion in SD and BDN models of the system, and to select a short 

list of potential adaptation options to counteract adverse changes in these key drivers.    

The SD model was developed, calibrated and tested using historical data and stakeholder 

knowledge. SD simulations indicated that freshwater availability is sufficient to meet existing 

domestic, industrial and agricultural demands during the six-month dry season under 

representative current conditions, but that freshwater availability could collapse under some 

plausible future scenarios. Upstream flow decline was identified as the strongest threat to the 

system‘s vulnerability, with the consequent reduction in river water level and increase in 

salinity level severely restricting opening hours for the sluice gates which supply freshwater 

to the system.   

The BDN model was developed in close consultation with stakeholders to identify cost-

effective adaptation options to counteract climatic and non-climatic changes in key drivers. 

The BDN model indicated that the cost-effectiveness of adaptation options differed 

depending on which future scenarios were considered. Building pumping stations 

individually, or in conjunction with increasing water prices, were identified as the most cost-

effective adaptation options to counteract climatic and non-climatic changes in combination. 

Subsequent simulation of these options in the SD model showed that they should be effective 

and robust in increasing water availability and recovering system collapse during the dry 

season.   

The ultimate objective of this coupled top-down SD and bottom-up BDN modelling approach 

was to provide a learning tool for stakeholders to assess system vulnerability and identify 

appropriate adaptation options for this complex coastal freshwater supply and demand system 

subject to multiple threats. Subsequent applications of this approach are likely to be highly 

relevant for water resource management in other basins in Hai Phong City, as well as in 

urban estuarine settings elsewhere in the developing and developed world.  
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Glossary 
 

Adaptation: A strategy implemented to reduce the adverse impacts of current and future 

climate change (Füssel, 2007). 

Balance: When water supply is equal to water demand. 

Bayesian network model: a probabilistic graphical model, with a set of variables and 

directed arcs that describe the sets of conditional dependencies between these variables in the 

network (Batchelor & Cain, 1999). 

Basin: The area of land from which all the water flows into a particular river.  

Climate change: A term to describe any change in climate over time, whether due to natural 

variability or as a result of human activity. 

Coastal areas: The area where land meets the sea or ocean.  

Coastal freshwater system: The system includes rivers or reservoirs in coastal areas which 

are bounded by river banks or dykes to prevent salinity intrusion from sea water. The purpose 

of the system is to provide freshwater for socio-economic development in a coastal area.  

Complexity: A term used to describe the behaviour of a system or model whose components 

interacts in multiple ways.  

Estuary: The area where rivers and streams flow into the ocean, and freshwater in the 

estuary is affected by temporal and spatial interactions among precipitation, river flows and 

tide level. 

Robustness: A term used to describe the quality and capacity of adaptation options of being 

strong and in good condition for adapting climate change.  

Reliability: A term used to describe the quality of adaptation options as being trustworthy or 

of performing consistently well. 

System dynamics model: An approach used to understand the nonlinear behaviour of 

complex systems over time using stocks, flows, internal feedback loops, table functions and 

time delays (Sterman, 2000).  

Scenarios: A coherent, internally consistent and plausible description of a possible future 

state of the world, usually based on specific assumptions. 
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Vulnerability: The degree to which a system is susceptible to, or unable to cope with adverse 

effects of climate change, including climate variability and extremes (Parry et al., 2007).  

Vulnerability of the coastal freshwater system: A situation in which water demand exceeds 

water supply and water availability in the storage system is insufficient to supply that water 

demand.  

Uncertainty: A characteristic of a decision or system which involves imperfect and/or 

unknown information. It refers to a concept that reflects a lack of confidence about 

something, including forecasts and making decisions. 

Water supply: The provision of water from rivers or reservoirs or irrigation channels to 

residents, industrial and agricultural production.  

Water demand: The total volume of water used by the residents, industrial and agricultural 

production and others within the water system.  
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Chapter 1 . Introduction 
 

1.1. Uncertain and complex coastal freshwater systems 

Management of freshwater supply and demand systems in coastal areas presents many 

challenges in the face of climate change, population growth and economic development. Such 

systems entail high levels of uncertainty and complexity as a result of dynamic interactions 

amongst multiple climatic and non-climatic drivers with many feedbacks (Al-Jeneid et al., 

2008; Yang et al., 2015). Additionally, the key drivers shaping these systems tend to be 

highly variable both temporally and spatially (Nojavan et al., 2014; Subagadis et al., 2014). 

Understanding complex interactions and feedbacks in these systems is, therefore, critical 

particularly with respect to informing decision-making regarding the adaptation options that 

will be required to ensure adequate freshwater supplies to meet human demands in the future.  

Coastal freshwater supply largely depends on coastal rivers which are strongly influenced by 

both river discharge and tidal movements (Nguyen & Savenije, 2006). Complex interactions 

between these factors can alter patterns of river flows, water levels and salinity penetration in 

coastal rivers (Bhuiyan & Dutta, 2012; Liu et al., 2009; Nguyen et al., 2008). Under natural 

conditions, coastal rivers are recharged by local rainfall and upstream inflows and this 

recharged water flowing towards the sea limits salinity from seawater penetrating the 

freshwater region. Such natural mechanisms are degraded, however, by climate change 

threats of rising sea levels, reduced river inflows and change to local precipitation in low-

lying coastal areas, which in combination can lead to saltwater penetration and changed water 

levels in coastal rivers (Nguyen et al., 2012; Peirson et al., 2015). These influential climatic 

drivers coupled with human activities altering flow regimes (e.g. hydropower management) 

in upstream regions could further alter patterns of river discharge, water levels and salinity 

penetration in the estuaries, with significant risk of major decline in the quantity and quality 

of water available for urban, industrial and agricultural uses. 

In contrast, freshwater demand is driven largely by population growth, economic 

development and land use (Sušnik et al., 2013b). All of these factors are changing rapidly in 

coastal areas, resulting in increasing demand for freshwater (Sušnik et al., 2015; Vörösmarty 

et al., 2010). These factors coupled with declines in precipitation and increases in temperature 

and rates of evaporation associated with climate change are expected to result in higher levels 

of water consumption in agricultural activities and household gardens, further depleting 

scarce freshwater supplies (Al-Jeneid et al., 2008).  
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A range of adaptation options may be currently available to water resource managers in 

settings where coastal freshwater supplies need to be secured for the future. These might 

include hard engineering options, such as the construction of pumping stations or 

management options, such as changes to the operation of existing infrastructure (e.g. sluice 

gates) to control water supplies in the system. On the other hand, demand-side adaptation 

measures include pricing policies, which can be effective by providing the necessary 

incentives for households and enterprises to use water more efficiently (Bartolini et al., 

2010). Ultimately, water resource managers should look at a range of supply and demand 

adaptation options to achive balance and security in the water supply and demand system 

(Grafton et al., 2014; Metcalf et al., 2014). In addition, a set of criteria for identifying and 

evaluating adaptation measures is necessary to ensure that selected adaptation options  

provide effective outcomes (de Bruin et al., 2014), avoid mal-adaptation (Peirson et al., 2015) 

and reduce unnecessary costs of interventions (Barton et al., 2008). Assessment criteria such 

as cost and effectiveness are useful to identify appropriate options (de Bruin et al., 2014) 

under climate change and socio-economic development scenarios. While this seems like a 

simple objective, selecting robust and effective adaptation options is not always 

straightforward and presents many challenges for decision-makers (Krysanova et al., 2010; 

Sušnik et al., 2013a).  

 

1.2. A coupled modelling framework 

One of the main challenges facing water managers arises from the tendency for water supply 

and water demand to be assessed separately (Dawadi & Ahmad, 2013; Phan et al., 2016). As 

a result, many interactions and relationships between hydrological and socio-economic 

aspects of water resource systems have often been ignored in decision-making (Qin et al., 

2011). Such disconnected analyses have the potential to result in inappropriate and/or 

unsustainable decisions regarding water resource management. In response to these concerns, 

researchers have begun to develop approaches to assess water supply and demand 

simultaneously. However, there remains a lack of understanding in many situations of 

interactions among sea level rise, upstream flow regimes, estuarine salinities, population 

growth and socio-economic development in coastal freshwater supply and demand systems 

(Phan et al., under review). 

Some promising progress around the evaluation of water resources using combined top-down 

and bottom-up modelling approach has recently been made. Specifically, Bhave et al., (2014) 
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applied a water evaluation and planning model as a top down approach and a multi-level 

stakeholder approach as a bottom-up approach to identify suitable adaptation options for the 

Kangsabati River catchment in India. In addition, Girard et al., (2015) employed a chain of 

models (a general circulation model, a hydrological model) as the top-down approach and a 

participatory process as the bottom-up approach to identify future demand scenarios and 

adaptation measures in the Orb River basin, in France. These innovative studies have 

demonstrated the applicability of combined modelling and engagement approaches to solve 

wicked water resource problems (Phan et al., 2016).  

A coupled system dynamics model and Bayesian network model have rarely been applied for 

water supply and demand management (Phan et al., 2016). However, Sušnik et al., (2013a) 

conducted a comparative analysis of system dynamics modelling and Bayesian networks for 

groundwater management in Tunisia. The authors concluded that both methods have several 

important differences that make them complementary in the evaluation of a complex and 

uncertain water resource system. In addition, vulnerability and adaptation assessment with 

the involvement of local stakeholders and communicating results in a transparent way are 

also necessity for effective management of complex and uncertain water systems 

(Holzkaemper et al., 2012). Stakeholders involvement in the model development and decision 

making process can help ensure the needs of all relevant parties are considered leading to a 

greater likelihood of successful implementation (Molina et al., 2013). Such frameworks can 

be used to construct models and evaluate the consequences of potential adaptation actions 

under climate change and human development (Barton et al., 2008). These enhancements 

would be particularly relevant for water supply and demand management in developing 

countries and tropical climates.  

The current study develops a new approach for coastal freshwater supply and demand 

management by linking top-down and bottom-up modelling activities to inform water 

resource management decisions under conditions of high uncertainty and complexity. 

Specially, a coupled top-down system dynamics (SD) and bottom-up Bayesian network (BN) 

modelling framework is applied to a complex freshwater supply and demand system in 

coastal Vietnam. The resultant decision-making framework was developed based on the 

strengths and weaknesses of stand-alone top-down SD and bottom-up BN models, and in the 

light of the dynamics and uncertainties surrounding the coastal water supply and demand 

systems. Bringing these different modelling approaches together helped to eliminate some of 

the weaknesses from a single modelling approach through the integration of multi-
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disciplinary perspectives (e.g. both quantitative and qualitative data, climatic and non-

climatic drivers, local knowledge and conditions, and adaptation) into one framework. This 

framework accounts for social acceptability and climate adaptation robustness to improve the 

management of the coastal freshwater system under climatic and non-climatic changes.  

 

1.3. Research aims  

This thesis presents the development of a coupled top-down system dynamics and bottom-up 

Bayesian decision network modelling approach to support decision-making for water 

resource management under conditions of high uncertainty and complexity.   

More specifically, this thesis addresses four specific objectives as follows:  

Objective 1: Determine the current state of applications of Bayesian networks and their 

integration with other modelling tools in water resource management (Chapter 3), 

Objective 2: Identify the main trends and drivers of the current and future balance of a 

coastal freshwater supply and demand system subjected to climatic and non-climatic changes 

(Chapter 4), 

Objective 3: Determine the most cost-effective adaptation options for a coastal freshwater 

supply and demand system, in order to secure freshwater in the face of climatic and non-

climatic changes (Chapter 5 and 6), 

Objective 4: Demonstrate how top-down system dynamics models and bottom-up Bayesian 

network models can be coupled to assess the vulnerability and adaptation of a coastal 

freshwater supply and demand system (Chapter 6). 

 

1.4. Thesis structure and overview 

The structure of this thesis consists of a general introduction (Chapter 1), a description of the 

case study area (Chapter 2), one published paper (Chapter 3), two papers which are currently 

under peer-review (Chapter 4 and Chapter 6), one paper which is about to be submitted 

(Chapter 5) and a general discussion (Chapter 7). The structure of this thesis complies with 

the requirements at Griffith University for a PhD thesis as a series of published and 

unpublished papers (Appendix 1). Therefore, the results chapters are in the form of 

manuscripts formatted to meet the requirements of the peer-reviewed academic journals in 

which they have been published and to which they have been submitted. As a result, there is 

some repetition particularly regarding the introduction of the case study, data collection, 

model development and around foundational references among chapters.  
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Chapter 1 provides the background of the research, research aims and objectives as well as 

the structure and overview of the thesis.  

Chapter 2 provides a description of the case study area including its key geographic 

characteristics and an overview of the water resources management system and its drivers.  

Chapter 3 presents a systematic quantitative literature review regarding global applications 

of Bayesian networks (BNs) and their integration with other modelling approaches in water 

resource management. The findings indicate that (i) BNs are rarely coupled with system 

dynamics (SD) model for water resource management, (ii) applications of BNs are rarely 

applied for water resource management under climate change in developing countries and 

tropical regions, and (iii) the results of BN models are rarely tested against other modeling 

approaches to improve the performance of BN models by cross-examining model types and 

outputs.  

Chapter 4 describes the development of the system dynamics (SD) model to assess current 

and future balance between freshwater supply and demand in the case study region under 

climatic and non-climatic changes. The simulation results of the SD model indicate that under 

current conditions, freshwater availability is sufficient to meet existing domestic, industrial 

and agricultural demands. However, the coastal freshwater system changes significantly and 

collapses under some plausible future climatic and non-climatic scenarios.  

Chapter 5 presents an application of the Bayesian decision network (BDN) model to identify 

and prioritize adaptation options for the coastal freshwater supply and demand system in 

response to climatic and non-climatic changes. The results of the BDN model show that the 

effectiveness of adaptation options changes when multiple drivers of future climatic and non-

climatic scenarios and costs of adaptation options are considered, highlighting the complexity 

of the adaptation challenge.   

Chapter 6 presents an evaluation of using the top-down system dynamics and bottom-up 

Bayesian decision network approaches in sequential combination for climate change 

adaptation in water resource management. Using the SD and BDN models in sequential 

combination overcomes some the limitations inherent in using each component separately. 

This is particularly beneficial in the management of highly complex and uncertain water 

systems.  
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Chapter 7 provides a general discussion summarising the key results of the preceding 

chapters in relation to the thesis objectives. Research contribution to knowledge, implications 

for water managers in the Da Do Basin and future research directions are also provided.  

 

1.4.1. Published and submitted papers included as result chapters in this thesis 

Published papers 

Chapter 3: Thuc D. Phan, James C.R. Smart, Samantha J. Capon, Wade L. Hadwen, Oz 

Sahin. 2016. Applications of Bayesian belief networks in water resource management: A 

systematic review. Environmental Modelling and Software 85: 98-111 

Papers submitted to peer-reviewed international journals 

Chapter 4: Thuc D. Phan, James C.R. Smart, Oz Sahin, Samantha J. Capon, Wade L. 

Hadwen. (under review). Assessing the operational resilience of a coastal freshwater system 

to climatic and non-climatic changes: A system dynamics approach. Journal of Cleaner 

Production  

Chapter 5: Thuc D. Phan, James C.R. Smart, Ben Stewart-Koster, Wade L. Hadwen, Oz 

Sahin, Samantha J. Capon. (awaiting submission). Identifying and prioritizing adaptation 

options for a coastal supply and demand under climatic and non-climatic changes. 

Chapter 6: Thuc D. Phan, James C.R. Smart, Oz Sahin, Samantha J. Capon, Wade L. 

Hadwen. (under review). A coupled top-down and bottom-up modelling approach for 

assessing vulnerabilities and identifying robust adaptation options in complex systems. 

Environmental Modelling and Software 

 

1.4.2. Published and submitted papers completed during candidature but not included 

in this thesis 

Thuc D. Phan, James C.R. Smart, Ben Stewart-Koster, Wade L. Hadwen, Oz Sahin, Iman 

Tahmasbian, Le H. Vu, Samantha J. Capon. (under review). Applications of Bayesian 

networks as decision support systems for water resource management: a critical appraisal. 

Journal of Environmental Management. 

Thuc D. Phan, James C.R. Smart, Oz Sahin, Wade L. Hadwen, Lan T.T. Nguyen, Ngoan T. 

Pham, Samantha J. Capon. 2017. Assessing Vulnerability and Adaptation for Coastal Water 

Supply and Demand Systems. Proceedings of the 35
th

 International Conference of the System 

Dynamics Society, July 16-20, 2017. Cambridge, Massachusetts, USA. 
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Thuc D. Phan, Oz Sahin, James C.R. Smart. 2016. System dynamics and Bayesian network 

models for vulnerability and adaptation assessment of a coastal water supply and demand 

system. 2016. Proceedings of the 8th International Congress on Environmental Modelling 

and Software, July 10-14, 2016. Toulouse, France.  

Thuc D. Phan, James C.R. Smart, Samantha J. Capon, Wade L. Hadwen, Oz Sahin. 2015. An 

imbalance assessment of coastal water supply and demand in a highly populated area: A 

system dynamics approach. Proceedings of the 21st International Congress on Modelling and 

Simulation, 29 November to 4 December, 2015. Gold Coast, Australia. 
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Chapter 2 . Study area and modelling approaches 
 

2.1. Introduction 

The previous chapter presents research aims, objectives and thesis structure. This chapter 

provides a better understanding of geographic location of and water resources management in 

the study area. In addition, population, land use status and climate characteristics which affect 

the future management of the coastal freshwater supply and demand system in the Da Do 

Basin are provided. This chapter also provides a basic introduction to modelling methods and 

approaches, including causal loop diagrams, system dynamics models and Bayesian network 

models, as well as identifying potential advantages provided by coupling system dynamics 

modelling and Bayesian networks.  

 

2.2. Study area-Da Do Basin, Vietnam 

2.2.1. General description 

The Da Do Basin is located in Hai Phong City, a coastal city in the Red River Delta in the 

North Vietnam (Figure 2.1). The Da Do Basin is the largest basin in the city with an area 

about 39,821 ha and it has a function of providing freshwater for residents, agricultural and 

industrial production as well as for ecosystem for five districts (An Lao, Kien Thuy, Kien An, 

Duong Kinh and Do Son) in Hai Phong City (Pham, 2014). The region is a flat and low-lying 

area with a mean elevation of around 1-1.5m above sea level (DONRE, 2015) and is bounded 

by the Van Uc and Lach Tray rivers, which are distributaries of the Red River and flow 

directly into the ocean. These rivers provide freshwater for the Da Do River and irrigation 

channels through banks of sluice gates along the Van Uc and Lach Tray rivers (Figure 2.1).  

The Da Do River has a length of 48,6km, an average width of 120m and a total water storage 

capacity of 13,380,440m
3
. The Da Do River begins at the Trung Trang sluice gate (Figure 

2.2), and ends at the Co Tieu sluice gate (Figure 2.3) in the estuary (Pham, 2014). The Co 

Tieu sluice gate remains closed most of the time to retain freshwater in the Da Do River and 

prevent saline penetration. The irrigation system comprises 48 channels on either side of the 

Da Do River, and has a total water storage capacity of 8,557,559 m
3
. Sluice gates to retain 

freshwater in the irrigation channels and can also release water into the Van Uc and Lach 

Tray rivers when necessary (e.g. during heavy rain or draining water from agricultural 

production when required during the rice cropping cycle).  
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Figure 2.1: Da Do Basin, Hai Phong City, Vietnam 

 

Figure 2.2: Trung Trang Gate in Van Uc River, from Van Uc River side 

 

Figure 2.3: Co Tieu Gate in Van Uc River, from the Van Uc River side 
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2.2.2. Climate and hydrology 

2.2.2.1. Climate 

The Da Do Basin is situated in Vietnam‘s northern tropical zone and thus the basin is under 

the influence of a sub-tropical monsoon climate. The basin is also affected by the ocean 

climate, which provides cool relief during the summer. Analyses of climate data from 

National Northeast Meteorological and Weather Stations indicate that over the past 55 years, 

the average annual temperature in the basin has been 25-26
0
C. July is the hottest month of the 

year with average temperatures of about 30-32
0
C, the highest temperature recorded is 39

0
C. 

January is the coldest month with an average temperature of 16-17
0
C.  

The climate data also indicate that over the past 55 years, annual rainfall is between 1,700mm 

to 1,800mm. The rainy season lasts from June to November with the heaviest rainfall 

occurring between July and September which provides about 80-90% of total annual rainfall. 

The dry season lasts from December to May with the lowest rainfall occurring between 

December and February. 

  

2.2.2.2. Hydrology  

As the Da Do Basin is situated in a coastal area, the basin is strongly influenced by tidal 

movement and river discharge. The tide in the basin is diurnal with one spring-neap cycle. 

The lowest and highest levels of current tide level at the Hon Dau National Station (Figure 

2.1) are 30cm and 370cm, respectively (VNASI, 2015). As a result, the patterns of seasonal 

water level and salinity in the Van Uc and Lach Tray estuaries (Figure 2.1) depend on both 

riverine and marine conditions and thus they are shaped by seasonal precipitation, river flows 

and tide level. When tide level is higher than water level at a typical location in the estuaries, 

backflows (flow from the sea) occurs, leading to an increase in salinity in the estuaries. In 

contrast, when water level in the estuaries is higher than tide level, downflows (flows to the 

sea) occurs, leading to a decrease in salinity in the estuaries. Increased tide level leads to an 

increase in backflows and a decrease in downflows. However, increased upstream flows 

(freshwater flows down the rivers towards the sea) result in an increase in downflows and a 

decrease in backflows.  

 

2.2.3. Human population and land use 

The Da Do Basin contains a major proportion of the largest population of Hai Phong City 

with 605,000 people living in the basin, annual population growth of 1% (Figure 2.4) and an 

average population density of 1,075 people/km
2
 in 2014 (HPSD, 2015). Sixty percent of the 
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basin‘s population live in rural areas and their main livelihoods are agricultural production, 

aquaculture and craft villages (DONRE, 2015).   

Figure 2.4: Population in the Da Do Basin over fifteen years (Source: HPSD, 2015) 

Most of the area is agricultural land, accounting for 51% of total basin area, followed by 

infrastructure land (e.g. land for industrial and infrastructural uses, hospitals and schools) 

accounting for 30%, and then residential land accounting for 26% (HPSD, 2015). Over the 

last seven years, the area of agricultural land within the basin has declined slightly while the 

area occupied by urban land use has increased (Figure 2.5).  

 

Figure 2.5: Land use status in the Da Do Basin over seven years (Source: HPSD, 2015) 

 

2.2.4. Water resources  

The Van Uc and Lach Tray rivers are the main freshwater supply sources for the Da Do 

Basin. According to a study by the Hai Phong Department of Natural Resources and 

Environment (DONRE) in 2015, the total combined flow of these rivers is 37.5 billion 

m
3
/year, of which the Van Uc River delivers 34.340 billion m

3
/year, accounting for 91.5% of 

total annual flows, and the Lach Tray River is 3.160 billion m
3
/year, accounting for 8.5%. 

However, flow distribution is uneven over space and time. The lowest flows typically occur 
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between December and February, representing just 2.4% of total annual flow. Peak flows 

usually occur between June and August, accounting for around 80% of total annual flow 

(DONRE, 2015). 

Groundwater resources represent a complex component of the Da Do Basin system in terms 

of quality with some saline areas and some fresh areas. Areas with fresh groundwater could 

be exploited for only a few years, however, before the freshwater turns to brackish water 

(DONRE, 2015). Therefore, the abstraction of groundwater resources for residential uses and 

industrial production is extremely limited in the Da Do Basin. As a consequence, most of 

water used in the basin comes from the surface water resources of the Van Uc and Lach Tray 

rivers.  

 

2.2.5. Water use 

Water consumption patterns in the Da Do Basin in 2014 highlight the high water demand 

from the agricultural sector, with more than 80% of the total consumption being used for this 

sector (Figure 2.6). In comparison, water use for industrial and domestic uses together 

comprises less than 20% of total consumption (DONRE, 2015).  

 

 

 

 

 

 

 

 

Figure 2.6: Water consumption among sectors in the Da Do Basin 

Cultivation (e.g. paddy rice, annual crops), aquaculture and animal husbandry are three main 

types of agricultural water uses in the Da Do Basin. The total water supply for agricultural 

uses is estimated to be about 250.56 million m
3
/year, of which about 195.7 million m

3
/year 

(78.12%) is used for cultivation (DONRE, 2015). Aquaculture uses about 28.38 million 

m
3
/year (11.3%), and animal husbandry uses about 1.4 million m

3
/year (0.55%) (DONRE, 

2015).  

Total water supply for domestic use is estimated to be about 33.4 million m
3
/year, of which 

urban areas use 23.1 million m
3
/year (69%) of the total water for domestic use, and rural 
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areas use 10.4 million m
3
/year (31%) of the total water for domestic use (DONRE, 2015). 

The total water demand for industrial uses is estimated to be about 18 million m
3
/year 

(DONRE, 2015). Water consumption for industrial production is used primarily in food and 

drink production (47.96%), shoe and garment production (25.42%), mechanical engineering 

industries (14.11%), and electronic-informatics industries (12.51%) (DONRE, 2015).  

Annual population growth in the Da Do Basin is very high (Figure 2.4). This rapid population 

growth, coupled with high rates of industrial and urbanization is expected to lead to increased 

water demand and potential water shortages over coming decades. These pressures on water 

resources threaten to impose significant constraints on socio-economic development for the 

coastal city of Hai Phong (DONRE, 2015).  

 

2.2.6. Water management 

Water resources in the Da Do Basin are managed by the Da Do Irrigation Management 

Company. The company manages the Da Do River and irrigation channels, and operates the 

sluice gate system to ensure that water availability in the basin is sufficient and of adequate 

quality in terms of salinity to supply for agricultural production through company‘s network 

of irrigation channels. In addition, the Da Do Irrigation Management Company supplies draw 

water to Hai Phong Water Supply Company‘s water treatment plants which provide treated 

potable freshwater for residents and industrial production in the Da Do Basin. The fees for 

the supply of water for agricultural production in the basin are paid by relevant districts in the 

basin, based on irrigated hectares within each districts, and most of these fees are subsided by 

the Vietnamese Government. However, fees for water supplied to water treatment plants are 

paid by Hai Phong Water Supply Company.    

A total of 21 and 20 sluice gates (Figure 2.1) located along the Van Uc and the Lach Tray 

rivers, respectively (Pham, 2014), are managed to deliver a reliable supply of freshwater to 

the Da Do River and its irrigation channels and to control salinity penetration. The Trung 

Trang gate, located where the Da Do River splits from the Van Uc River, is the largest sluice 

gate in the system and controls the main freshwater input into the Da Do River (Figures 2.1 

and 2.2). The other sluice gates are much smaller and are managed to provide freshwater only 

for the irrigation channels. The Da Do Irrigation Management Company has divided these 

gates into three ranges (Table 2.1) based on measurement locations of water level and salinity 

as well as similarity of topography in each range (Pham, 2014).  
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Table 2.1: Sluice gate ranges along the Van Uc and Lach Tray rivers 

Van Uc River Lach Tray River 

Sluice gate Flow (m
3
/s) Range Sluice gate Flow (m

3
/s) Range 

Trung 

Trang 139.28 

Range I 

30 to 40km 

Goc De 3.94 

Range I 

32 to 40km 

Tan Hung 6.89 Thuong Trang 3.05 

Tao 4.13 Cau 14.47 

Ngo 4.13 Hang La 2.54 

Nghe 4.57 Hoa Dai 6.89 

Muoi 5.17 Song 3.55 

Cat Tien I 3.05 

Range II 

20 to 30km 

Do Lai 5.17 

Cat Tien II 5.08 Hoa Giang 5.86 

Range II 

24 to 32km 

Cau Dong 3.55 Don Cung 6.89 

Cam Van 6.89 Dong Sim 1.47 

Truc Dao 5.08 Tay 5.51 

Bach Cau 5.17 Chi Lai 3.05 

Canh Tay 4.13 Bai Nuc 1.31 

Ham Long 6.89 Bai Vet 5.17 

Dai Dien 2.94 Tham Len 3.05 

Range III 

20 to 24km 

Cong Dun 3.05 Den Cuu 1.47 

Kim Con 30.47 

Range III 

15 to 20km 

Lo Gach 1.63 

Cong Hau 5.17 Truong Son I 3.45 

Phuong Ha 5.17 Truong Son II  26.12 

Cao Mat 5.17 Ca So III 3.45 

Mai Duong 6.53    

 

2.2.7. Future water supply and demand 

Water resources in the Da Do Basin are highly vulnerable to pressures such as sea level rise 

(Figure 2.7) and declining precipitation (Figure 2.8) which together alter river flows, water 

levels throughout the system and the degree of salinity penetration into the system, especially 

during the dry season (December to May). Analyses of historical data from the National 

Northeast Meteorological and Weather Stations (NNMWS) indicate that over the past 50 

years, sea level at Hon Dau National Station, Hai Phong City rose about 20cm. In addition, 

sea level rise projections for the region conducted by the Ministry of Natural Resource and 

Environment (MONRE, 2016), based on the B1, B2 and A1F1 IPCC Scenarios for the Hai 

Phong area predicted a mean sea level rise of 42cm and 85cm by 2100. Analysis from 

historical data also indicates that over the past 55 years, precipitation in the Hai Phong region 

has decreased slightly, especially during the dry season. As a result, the extent of saltwater 

penetration has increased by 10 to 15% over the past 55 years, leading complete closure of 



18 

 

sluice gates at less than 15km from the mouths of Van Uc and Lach Tray rivers (DONRE, 

2015).  

Figure 2.7: Average sea level in Hai Phong over a 42 year period (Source: NNMWS, 2015) 

Figure 2.8: Average precipitation in Hai Phong over a 55 year period (Source: NNMWS, 

2015) 

Declining precipitation also leads to a decrease in downstream flows in the Van Uc and Lach 

Tray rivers. The relationship between precipitation in Hai Phong region and downstream 

flows at Trung Trang Station on the Van Uc River has the same pattern (Figure 2.9). More 

specifically, the lowest monthly downstream flows and rainfall over the fifteen years from 

2001 to 2014 occurs during the dry season, between December to May (Figure 2.9). These 

low flow conditions result in the highest salinity levels and lowest water levels in the basin. 

In both the Van Uc and Lach Tray rivers, low water levels and high salinities affect the 

operation of sluice gates, as the operational priority is to store freshwater and reduce saline 

penetration into the basin. As a result of these operational responses to low freshwater flows 

and encroaching salinity, freshwater availability in the Da Do Basin is often significantly 

compromised during the dry season.  
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Figure 2.9: Monthly average downstream flows at Trung Trang Station, Van Uc River and 

monthly average rainfall in Hai Phong area over 14 years, from 2001 to 2014 (Source: 

NNMWS, 2015) 

Water availability in the Da Do Basin in the dry season is further affected by increasing 

temperature (Figure 2.10). Over the past 55 years, temperature in the Hai Phong region has 

gradually increased. The increasing temperature leads to higher evaporation and, coupled 

with reduced rainfall, might lead to higher levels of water consumption in agricultural 

activities and household gardens, further depleting scarce freshwater availability in the Da Do 

Basin over coming decades.   

Freshwater shortages in the Da Do Basin in the dry season are expected to increase further as 

a result of population growth and associated industrial development. Both population and 

industrial production in the Da Do Basin are projected to increase by 654,193 people and 

14,5% by 2030, respectively (DONRE, 2015). However, agricultural production is expected 

to decrease because agricultural land is converted to industrial and residential land (DONRE, 

2015). 

Figure 2.10: Average temperature in Hai Phong over 55 year period (Source: NNMWS, 

2015) 
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2.2.8. Understanding the effects and interactions of climatic and non-climatic drivers on 

the coastal freshwater supply and demand system in the Da Do Basin 

2.2.8.1. Historical data collection 

A range of historical data (Table 2.2) was collected to understand the relationships and 

interactions among climatic and non-climatic drivers on a coastal water supply and demand 

system in the case study of the Da Do Basin. Climatic drivers including sea level, tide level 

and precipitation in Hai Phong Region, and river flows, water levels and salinity levels along 

Van Uc and Lach Tray rivers were collected from National Northeast Meteorological and 

Weather Stations. In addition, sluice opening schedule and sluice gate inflow capacity along 

the Van Uc and Lach Tray rivers to supply for the Da Do River and irrigation channels, and 

freshwater storage system in the Da Do Basin were gathered from the Da Do Irrigation 

Management Company. Non-climatic drivers including population growth, land use change, 

per capita water use and agricultural and industrial production in the Da Do Basin were 

collected from the Hai Phong Statistic Books and related studies in Hai Phong City. These 

historical data were also used to construct, calibrate and validate for the system dynamics 

(SD) model and the Bayesian decision network (BDN) model in the next chapters of this 

thesis.  

Table 2.2: Historical data on the coastal freshwater supply and demand system in the Da Do 

Basin 

Data type Period Unit Source 

Sea level at Hon 

Dau National 

Station 

Fifty years from 1958 to 2013 

cm 

National Northeast 

Meteorological and 

Weather Stations 

(NNMWS), (2015) 

Precipitation at 

Phu Lien 

Station 

Forty two years from 1972 to 

2013 mm NNMWS (2015) 

Tide level at 

Hon Dau 

National Station 

Six months in dry season, from 

December 2013 to May 2014 cm VNASI, (2015) 

River flows at 

Trung Trang 

Station 

Six months in dry season, from 

December 2013 to May 2014 m
3
/hour NNMWS (2015) 

Salinity Six months in dry season, from 

December 2013 to May 2014. 

Measured at six locations for 

both Van Uc and Lach Tray 

rivers 

ppt NNMWS (2015) 

Water level Six months in dry season, from 

December 2013 to May 2014. 
cm NNMWS (2015) 
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Measured at six locations for 

both Van Uc and Lach Tray 

rivers 

Sluice gate  

inflow system 

Inflow of each gate along the 

Van Uc and Lach Tray Rivers in 

the current system design, 

estimated based on water levels 

on both sides of the sluice gates 

m
3
/hour Pham (2014) 

Sluice gate 

opening 

schedule 

Opening hours of each gate 

along Van Uc and Lach Tray 

rivers in six month dry season, 

from December 2013 to May 

2014. 

hour/day Pham (2014) 

Freshwater 

storage system 

Storage capacity of the Da Do 

River and Irrigation channel 

system in the current design 

m
3 

Pham (2014) 

Population Population of Da Do Basin in 

2014 
people HPSD (2015) 

Agricultural 

water use 

Water use in dry season from 

December 2013 to May 2014 
m

3
/year DONRE (2015) 

Industrial water 

use 

Water use in dry season from 

December 2013 to May 2014 
m

3
/year DONRE (2015) 

Per capita water 

use 

Water consumption per person in 

2014 

Litre/person/ 

day 
DONRE (2015) 

 

2.2.8.2. Causal loop diagram development 

In addition to historical data collection, causal loop diagrams (CLDs) were constructed by 

organizing a workshop to investigate participants‘ perspectives on the influences and 

interactions of key climatic and non-climatic drivers on their freshwater supply and demand 

system, and to identify potential adaptation options to reduce adverse influences of these 

drivers in an attempt to maintain freshwater balance in the system.  

The participants in the workshop comprised a range of water and climate change specialists 

from universities and other research institutes, and decision makers from Hai Phong City, as 

well as water resource managers and water resource users in the Da Do Basin. The total 

number of participants for the workshop was 35 (Table 2.3). 

Table 2.3: The list of participants in the workshop 

Organization Participants Expertise and role 

Hai Phong University  2 Climate change 

expert 

Institute of Marine Environment and Resources 1 Water expert 

The Northeast Meteorological and Hydrological 

Station 

2 Climate change 

expert 
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Union of Science and Technology Associations  1 Water expert 

Association of Environmental Protection 1 Water expert 

World Vision organization in Hai Phong 1 Development  

consultant 

Department of Natural Resources and Environment 2 Decision makers 

Department of Science and Technology 1 Decision maker 

Department of Agricultural and Rural Development 1 Decision maker 

Department of Statistics 1 Socio-economic 

statistician 

Agency of Sea and Islands 2 Water resource 

managers 

Agency of Environmental Protection 1 Water expert 

Division of Water Resources Management 1 Decision maker 

Centre for Natural Resources and Environmental 

Monitoring 

2 Water quality 

regulators 

Agency of Irrigation 1 Irrigation manager 

Agency of Dykes and Flood Prevention 1 Irrigation manager 

Da Do Irrigation Company 1 Water resource 

manager 

Cau Nguyet Water Supply Plant 1 Water resource user  

Dinh Vu Water Supply Plant 1 Water resource user 

Investment and Consultancy of Agricultural and Rural 

Development Company  

1 Irrigation and water 

expert 

An Lao district 2 Water resource users 

Kien Thuy district 2 Water resource users 

Duong Kinh district 2 Water resource users 

Kien An district  2 Water resource users 

Do Son district  2 Water resource users 

Total 35  

 

The main aim of the workshop was to draw CLDs through identifying influential drivers and 

adaptation options for a coastal freshwater supply and demand system in the Da Do Basin. 

Before developing a CLD, participants were divided into five groups, each comprising 4 to 5 

people with similar expertise and roles in the workshop (Figure 2.11). These groups were 

then asked to address five questions as follows: 

(i) What are climatic and non-climatic drivers for coastal freshwater supply and demand 

systems? 

(ii) How do these drivers link together to influence the balance of coastal freshwater 

supply and demand systems? 
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(iii) Which adaptation options are required to maintain the balance of the coastal 

freshwater supply and demand systems?  

(iv) Are there any other conditions which are necessary for the implementation of a 

particular adaptation option? 

(v) Are there any barriers to achieving the desired outcomes of the different adaptation 

options? 

Each group member provided as many answers as possible. Answers were written down on 

yellow-coloured paper, and then all members in the group discussed the possibilities together 

to identify the three answers with the highest level of consensus within the group. The 

answers were written down on blue-coloured papers. Subsequently, a representative of the 

group presented their answers or perceptions to other groups for further discussion. A list of 

adaptation options identified in the workshop was finalized using a multi-criteria approach to 

incorporate into the BDN model as it was infeasible (due to data limitations) to include all 

adaptation options identified during the workshops. Finally, the researcher collected and 

noted all answers from all groups, and used these answers for further analyses and 

development of the final CLD. Key variables in the final CLD were then selected for 

incorporation into the SD model and the BDN model to assess the vulnerability and 

adaptation potential of the freshwater supply and demand system in the Da Do Basin (please 

see Chapter 6 for the result of a final CLD).   
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Figure 2.11: Participants in the workshop. Photos: Hung Nguyen, 2015 
 

2.3. Modelling methods and approaches 

Water managers can apply a range of different modelling approaches for assessing 

vulnerability and identifying potential adaptation options for water resource systems subject 

to threats from climatic and non-climatic drivers. These modelling approaches have been 

categorized in different ways, depending on the types of problems they are used to address 

and the preferred solutions they seek.  

When modelling approaches are categorized according to modelling perspective, model 

approaches can be classified either as top-down or bottom-up approaches (Bhave et al., 2014; 

Girard et al., 2015). Top-down approaches (also known as scenario-based approaches) 

localize climate projections and socio-economic impacts from broader scale scenarios, and 

then attempt to assess system-specific vulnerabilities to location-specific changes in climatic 

and non-climatic drivers, and identify appropriate adaptation options in the local situation 

(Mimura et al., 2014). Scenario analysis plays a key role in top-down approaches because 

biophysical and socio-economic scenarios provide the contexts within which vulnerabilities 

are assessed and adaptation options are identified (Kwadijk et al., 2010). In contrast, bottom-
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up approaches (also known as community-based adaptation approaches) focus on 

vulnerability management by examining local-level adaptive capacity and location-specific 

adaptation options to enhance system resilience in the face of climate change and socio-

economic development (Bhave et al., 2014; Kwadijk et al., 2010). Engagement of local 

stakeholders is essential in bottom-up approaches because local factors, conditions, 

preferences and values have to be considered to correctly assess vulnerabilities and 

incorporate relevant local-level constraints when identifying feasible adaptation options 

(Rivers-Moore, 2016).  

When modelling approaches are categorised according to solution method, models can be 

classified either as simulation models (scenario-based) or optimization models (Mirchi et al., 

2012). Simulation models use scenarios to understand the behaviour of systems and address a 

question such as ‗What would happen to system resilience under a particular future 

scenario?‘ Optimization models aim to optimize management measures and address a 

question such as ‗What is the best adaptation option for enhancing system resilience under a 

particular set of conditions, and subject to a particular set of constraints?‘ While there is a 

clear distinction between these two methods, many studies combined both simulation and 

optimization elements in assessing vulnerability and identifying appropriate adaptation for 

water resource systems subject to changes in key climatic and non-climatic drivers (Mimura 

et al., 2014; Phan et al., 2016).   

Water supply and demand systems involve complex natural and anthropogenic processes 

which feature numerous interactions between interdependent components with multiple 

feedbacks and changes over time. Multiple drivers and feedbacks result in dynamic 

complexity, knowledge limitations and high levels of uncertainty, all of which make these 

systems challenging to manage. An appropriate modelling approach (or approaches) must 

therefore be selected to assist with management of these complex systems under climatic and 

non-climatic changes. Kelly et al. (2013) reviewed five modelling approaches that have been 

commonly used for integrated modelling as applied in water resource management: (1) 

Bayesian networks, (2) system dynamics models, (3) agent-based models, (4) coupled 

component models, and (5) knowledge-based models. These authors also provided a 

framework for choosing an appropriate modelling approach for assisting management of 

complex systems, depending on the modelling purpose (i.e. whether a simulation-based 

approach or an optimization-based approach is required), data availability, and desired 

treatment of temporal and spatial complexities.  
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Given the complex and dynamic nature of coastal water supply and demand systems with 

high levels of uncertainty, the current research considers the use of two major approaches to 

assess vulnerability and identify adaptation options for coastal freshwater supply and demand 

systems: System dynamics modelling and Bayesian networks. The next sub-sections provide 

basic information on these modelling approaches.   

 

2.3.1. System dynamics models 

System dynamics (SD) modelling (Forrester, 1961) represents a set of conceptual and 

numerical methods that are used to understand the structure and behaviour of complex 

systems through modelling and capturing feedbacks, delays and non-linear effects (Sterman, 

2000). SD modelling is a method that facilitates recognition of multiple interactions among 

disparate but interconnected subsystems that drive dynamic behaviour of the system as a 

whole. SD modelling identifies feedback loops between components within the system and 

then seeks to represent those feedback loops within an SD model (Mirchi et al., 2012). SD 

modelling facilitates a participatory approach, and analysis of the system‘s behavioural trends 

for strategic decision making. The SD approach offers several qualitative and quantitative 

tools to identify and explain system behaviour over time. 

 

2.3.1.1. Causal loop diagrams 

Causal loop diagrams (CLDs) are an important tool in the field of system dynamics 

modelling. Developing a CLD for a system assists decision-makers and/or modellers to 

understand key interactions and causal relationships among multiple influential variables in a 

particular system (Maani & Cavana, 2007). CLDs provide valuable information about the 

system including the presence of feedback loops, loop dominance, and the presence of time 

delays. A CLD comprises two types of elements: variables and arrows. A variable denotes a 

condition, situation, action or decision that can influence, or be influenced by, other variables. 

An arrow indicates a causal association between two variables, or a change in the state of 

these variables. A causal link will be denoted with an ‗s‘ near the head of arrow if an increase 

or a decrease in variable A causes a corresponding increase or decrease in variable Y. The ‗s‘ 

indicates that variables A and Y change or move in the same direction. For example, an 

increase in impact from climatic drivers (i.e. sea level rise, upstream flow decline) and non-

climatic drivers (i.e. population growth, industrial production growth) will cause more 

vulnerability for a coastal freshwater system (Figure 2.12). In contrast, a causal link will be 
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denoted by an ―o‖ near the head of arrow if an increase or decrease in the variable causes a 

decrease or an increase in the other variable. The ‗o‘ indicates that the two variables move in 

opposite directions. For example, if appropriate adaptation options are implemented, the 

vulnerability of a coastal freshwater system would be expected to reduce (Figure 2.12).  

Variables and arrows form feedback loops in the system. These feedback loops can either be 

reinforcing (R) or positive feedback and balancing (B) or negative feedback (Maani & 

Cavana, 2007). The feedback loop on the left of Figure 2.12 is considered to be a reinforcing 

loop, because increasing climate change will lead to increasing vulnerability. The feedback 

loop on the right of Figure 2.12 is considered to be a balancing loop which seeks to increase 

stability or aims to control the system to achieve a specified target. The delay mark (╫) on the 

lower right arrow in Figure 2.12 is used to denote a delay in a cause and effect relationship, 

meaning that there is a time lapse between the implementation of an adaptation option and 

subsequent reduction in the vulnerability of the coastal freshwater system.   

Figure 2.12: An example of a causal loop diagram for the coastal freshwater system 

2.3.1.2. Stock and Flow Diagram 

Based on a CLD of the problem, and following identification of the dominant feedback loops 

in a representative CLD, a Stock and Flow Diagram (SFD) can be developed to better 

characterize accumulation and/or depletion of stock(s) and flow(s) of quantities in the system 

to be modelled. A simple stock and flow structure consists of three different types of 

elements: stock, flows and auxiliary (Sterman, 2000). Stocks (levels) are measured at one 

specific time and represent any variable that accumulates or depletes over time, while flows 

(rates) are measured over an interval of time and denote activities or variables that cause a 

stock to change. For example, freshwater stored in the Da Do River and its irrigation 

channels can be modelled as a stock, and the basin‘s sluice gate system can be considered as 
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a mechanism for controlling inflows (which increase the stored freshwater stock) and water 

consumption by residents, agricultural and industrial production are considered as outflows 

(which decrease the stored freshwater stock) (Figure 2.13). In addition to stocks and flows, 

auxiliary variables, such as water level, salinity and domestic demand, are functions of stocks 

or constants that are included to help formulate and calibrate the model. Stocks, flows and 

auxiliary variables are connected by arrows (connectors), which are used to build 

relationships between the model variables by transferring information such as the values of 

parameters present in a particular model equation (Sterman, 2000).  

 

Figure 2.13: A simple stock and flow diagram 

 

2.3.1.2. Validating system dynamics models 

Validation and verification of SD models is required to ensure that the models are appropriate 

for representing the processes in the system being studied. The model can be tested by 

checking mathematical equations and interrelationships between sub-systems to make sure 

that they show logical behaviour and are not erroneous (Mirchi et al., 2012). Validated–SD 

models are thus useful for decision-making support in water resources planning and 

management. Ideally, validation and verification of SD models should use an independent 

data set (i.e. independent of the data used for model calibration), however, this is often 

problematic due to limited data availability, and in some cases, a lack of appropriate methods 

for quantifying the behaviour of particular sub-systems (Sterman, 2000). In practice, 

therefore, model validation usually consists of a balanced mix of both qualitative checks 

(model structure assessment) and quantitative tests (model behaviour performance 

assessment). In participatory system dynamics modelling, validation can be undertaken 

throughout model development by consultation with a range of experts and stakeholders. 

Inclusion of stakeholder expertise during model construction may actually be a more reliable 

form of validation than an external review of the model at the end of the process (Mirchi et 
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al., 2012). Methods that have commonly been used to validate and verify SD models are 

listed in Table 2.4. 

Table 2.4: Common methods for validation and verification of SD models (adapted from 

Sterman, (2000)) 

Method  Rationale Procedure(s) 

Structural 

assessment 

Ensure model structure complies 

with natural laws and represents 

an appropriate description of the 

system, and features suitable 

aggregation and decision rules 

Develop CLDs and SFDs; delineate 

appropriate boundaries; test 

performance of each sub-model; 

change aggregation level and decision 

rules 

Behavior 

replication 

Reproduce the system‘s common 

models of dynamic behavior 

Perform statistical analyses of model 

results and observed data (e.g. derive 

statistical measures of fit between 

observed and predicted variables) 

Dimensional 

consistency 

Ensure each model equation is 

dimensionally correct 

Perform dimensional analyses; double 

check conversion factors; ensure 

correlation coefficients are 

dimensionally correct 

Sensitivity 

analysis 

Test numerical, behavior and 

policy sensitivity  

Conduct univariate and multivariate 

sensitivity tests; simulate extreme 

conditions; change time step 

 

2.3.2. Bayesian network modelling 

A Bayesian network (Pearl, 1986) is a probabilistic graphical model consisting of a directed 

acyclic graph (DAG) which denotes dependencies and independencies between variables, and 

conditional probability tables (CPTs) which specify the relationships between those variables 

(Jensen & Nielsen, 2007). A BN is defined in two steps: (i) by constructing a DAG, including 

identification of variables, states (events) and relationships between them, and (ii) by 

populating CPTs to quantify causal relations, conditional probabilities and utilities 

(preferences) associated with decision options. DAGs can be constructed and CPTs can be 

populated using quantitative data (e.g. historical data and model simulation) and/or 

qualitative data (e.g. knowledge of experts and stakeholders). Causal loop diagrams, of the 

same form described earlier in the SD modelling section, are one tool that can be used to 
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construct a DAG before removing closed loops in the representative CLD because DAGs are 

directed acyclic graphs. Each variable or node in the BN‘s DAG can assume one of a number 

of states, and the occurrence probability of each state of a node is dependent on the states of 

its parent node(s). These occurrence probabilities are defined by the CPTs, based on Bayes‘ 

theorem which is described as: 

 (   )   
 (   ) ( )

 ( )
 

where P(A) and P(B) are the probabilities of observing A and B without regard to 

each other; P(A B) is the conditional probability of A, given B; P(B A) is the conditional 

probability of B, given A; and P(B A)/P(B) is the Bayes factor or likelihood ratio.   

There are three possible types of nodes in a BN model: chance or nature nodes, decision 

nodes and utility nodes which all can be either discrete or continuous (Jensen & Nielsen, 

2007). The states of decision nodes can be used to depict possible management options. 

Decision nodes can have an associated cost function that reports the actual or relative cost 

incurred in implementing each management option available in the network. The states of 

response or target nodes(s) (defined from nature nodes) in the system can be used to depict 

different possible outcomes from implementing particular management options. Response 

nodes can have an associated utility function that reports the value (or utility) consequences 

which follow from each possible outcome state. Occurrence probabilities for the different 

outcome states under a particular management option follow from the inter-linkages between 

system variables as specified in the system‘s CPTs. Value (or utility) consequences for the 

different outcomes can be specified in monetary or relative performance terms, reflecting 

their desirability (Ames et al., 2005; Jensen & Nielsen, 2007). The value delivered by 

implementing a particular management option can thus be expressed as the occurrence 

probability-weighted sum of the values (or utilities) of the different possible outcomes under 

that management option. From an economics perspective this probability-weighted sum could 

be termed the expected utility delivered by the management option. If value consequences are 

expressed in monetary terms an occurrence probability-weighted monetary benefit can be 

calculated.  

A BN model which includes decision node(s), and associated cost node(s), together with 

response node(s) and associated utility node(s) can be considered as an optimization-based 

decision support tool (Figure 2.14a) because it can identify the management option which 

delivers the highest occurrence probability-weighted value (expected utility or monetary 
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benefit) relative to the cost incurred (Jensen & Nielsen, 2007). This BN configuration could 

provide a probabilistic cost and benefit-based optimization. Probabilistic cost-effectiveness of 

different management options can be evaluated by a BN with decision node(s), cost node(s) 

and a response node (without an associated utility node) by dividing  the probability-weighted 

physical outcome (e.g. water availability in Figure 2.14a) for each management option by the 

cost of implementing that option (Jensen & Nielsen, 2007). Equivalent optimization 

functionality can be obtained by coupling a BN model with decision node(s) and a response 

node, but without a cost node or a utility node, to external estimation of the economic costs of 

management options (for cost-effectiveness analysis) or to economic estimations of 

management costs and economic valuations of the different output states (for cost and benefit 

analysis) (Mesbah et al., 2009; Portoghese et al., 2013). 

In contrast, a BN model which includes only a decision node(s) and a response node(s) 

without associated cost nodes and/or a utility node(s) – and without any coupling to external 

economic cost or value estimations – can be considered to provide scenario-based decision 

making support (Figure 2.14b) because it can evaluate occurrence probability-weighted 

physical outcome (e.g. water availability in Figure 2.14b) for different management options, 

under different scenarios for key drivers of the system.  

 

Figure 2.14: An example BN configured for: (a) optimization-based decision support, 

featuring a decision node with an associated cost node indicating the costs for implementing 

the different management options and a benefit node indicating the desirability of the 

different states of water availability which result at the output node, and (b) scenario-based 

decision support, featuring a decision node without the associated cost node, and an output 

node without an associated benefit node.  
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2.3.3. Applications of system dynamics modelling and Bayesian networks 

SD modelling has been shown to be an excellent modelling tool for strategic water 

management since it provides an understanding of the dynamics and complexities inherent in 

water supply and demand systems (Winz et al., 2009). Numerous biophysical and socio-

economic scenarios can be incorporated into one comprehensive SD model, and system 

behaviour under different conditions can be analysed by adjusting levels of key climatic and 

non-climatic drivers via an adjustable dashboard display. These types of SD-derived 

simulations can help decision makers understand the behaviour of a complex system, assess 

its vulnerabilities and identify potential management strategies to counteract those 

vulnerabilities and thus imporve system resilience (Sahin et al., 2016). However, it is widely 

acknowledged that SD models have inherent limitations in dealing with uncertainties in water 

resource systems, especially under the forcing drivers of climate change impacts (Winz et al., 

2009). These limitations arise because SD modelling is incapable of incorporating qualitative 

data.  

Bayesian networks (BNs) are another modelling method that have proven to be powerful 

tools for assessing and predicting the effectiveness of alterative adaptation options under 

uncertainties inherent in climate change and socio-economic development (Catenacci & 

Giupponi, 2013; Kelly et al., 2013). BNs can thus provide a flexible framework for 

interdisciplinary integration which is well suited to incorporating quantitative and qualitative 

climatic, physical, ecological and socio-economic data specific to a particular adaptation 

setting (Bromley et al., 2005). However, it is widely recognized that BNs cannot explicitly 

represent dynamic relationships and interactions among interdependent components, as 

typically present in water resource systems (Kelly et al., 2013). This is because BNs are 

directed acyclic graph models.    

Typical applications of system dynamics models and Bayesian networks are listed in Table 

2.5, which also compares and contrasts how the different modelling approaches treat key 

issues such as space, time and uncertainty. The potential advantages that could be gained by 

coupling system dynamics modelling and Bayesian networks are explained in detail in 

Chapter 6. 

Table 2.5: Applications of system dynamics modelling and Bayesian networks (adapted from 

Kelly et al., (2013)) 

Approach and 

application 

System dynamics Bayesian networks 

Typical application System understanding/ Decision-making and management 
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experimentation 

Social learning 

Social learning 

System understanding/ 

experimentation 

Prediction  

Types of data Quantitative data mainly Quantitative and qualitative data 

Treatment of space Limited to data, lumped 

‗regions‘ and non-spatial more 

common 

Limited to data, lumped ‗regions‘ 

and non-spatial more common 

Treatment of time Routine  Limited-lumped temporal, or non-

temporal more common 

Treatment of 

uncertainty in 

inputs/parameters 

Challenging but possible 

through Monte Carlo runs. 

Scenario to simulate plausible 

range of inputs and other 

drivers 

Explicit by assigning probabilities 

to the links between two states of 

variables. Scenario to simulate 

plausible range of inputs and other 

drivers 

Treatment of 

uncertainty in model 

structure 

Requires comprehensive 

discrimination tests between 

alternatives 

Structure learning from data and 

knowledge is possible  

Optimization or 

scenario-based 

Scenario-based  Optimization and scenario-based 

Perspective Top-down Bottom-up 
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Chapter 3 .Applications of Bayesian belief networks in water 

resource management: A systematic review 
 

The previous chapter, Chapter 2 described the study sites, and climatic and non-climatic 

drivers on the coastal water supply and demand system. This chapter, Chapter 3, is the first 

result chapter of the thesis. It comprises a global systematic quantitative literature review that 

assesses the current state of literature on the applications of Bayesian belief networks in water 

resource management. More specifically, it identifies the gaps in the literature regarding the 

geographic locations, climate change impacts and decision-making contexts in which 

Bayesian belief networks have been applied. The literature review also reveals the limited 

extent to which Bayesian belief networks have been coupled with other modelling 

approaches, particularly the system dynamics modelling approach. These research gaps are 

addressed in the context of the Da Do Basin case study in Chapter 4, 5 and 6 of this thesis. 

This chapter consists of the published version of a paper co-authored with my supervisors. 

The bibliographic details of the paper, including all authors are shown in Figure 3.1.  

My contribution to the paper involved: the compilation of the systematic quantitative 

literature review database, reading reviewed articles, data analysis, drafting of the 

manuscript, tables and figures and submission to the journal.  
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Figure 3.1: A cover page of published paper on applications of Bayesian belief networks on 

water resource management: A systematic review 

A full version of this published paper is listed as following link.  

https://www.sciencedirect.com/science/article/pii/S1364815216304698 
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Chapter 4 . Assessing the vulnerability of a coastal freshwater 

system to climatic and non-climatic changes: A system dynamics 

approach 
 

As demonstrated in the previous chapter, Chapter 3, there is little evidence of studies which 

coupled BN models and SD models in water resource management. The combination of SD 

model and BN model can capture feedback-based dynamic processes, enhance model 

performance, and integrate multi-disciplinary perspectives for understanding and reducing the 

uncertainties inherent in water resource systems under climatic and non-climatic changes. 

Therefore, this chapter firstly applied the SD model to assess the current and future balance 

of a coastal freshwater supply and demand under climatic and non-climatic changes in the Da 

Do Basin, Vietnam.  

This chapter consists of the submitted version of a paper co-authored with my supervisors. 

The paper has been submitted to Journal of Cleaner Production for peer review and thus the 

chapter has been formatted in the style of the targeted journal style. The citation for this paper 

is as follows:  

Phan, T. D., Smart, J. C. R., Sahin, O., Capon, S. J., & Hadwen, W. L., under review by 

Journal of Cleaner Production. Assessing the vulnerability of a coastal freshwater 

system to climatic and non-climatic changes: A system dynamics approach  

My contribution to the paper involved: data collection, workshop organization, model 

development, drafting of the manuscript, tables and figures, and submission to the journal.  
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4.1. Abstract 

Water resources management faces many challenges in coastal areas of developing countries, 

where climate change coupled with high rates of population growth and urbanization have the 

potential to cause severe water scarcity. Of particular concern, are sea level rise and altered 

precipitation regimes that will influence spatial and temporal patterns of river discharge, 

water levels and saltwater penetration in estuaries. A sound understanding of factors affecting 

the vulnerability of coastal freshwater systems is therefore needed to mitigate the potential 

impacts of climatic and non-climatic changes. In this study, a system dynamics modelling 

approach was employed to explore the vulnerability of the coastal freshwater system in Da 

Do Basin, Vietnam to projected sea level rise, upstream flow decline and socio-economic 

development. This system includes the Da Do River and irrigation channels that receive 

freshwater through sluice gates from the Van Uc and Lach Tray rivers. The model was 

developed as a learning tool for decision-makers to improve their understanding of the spatial 

and temporal dynamic behaviours of the system and to inform adaptation decision-making by 

allowing exploration of plausible future scenarios. The model was developed, calibrated and 

validated using both historical data and expert knowledge elucidated via stakeholder 

consultation. Model results indicate that under current conditions, freshwater availability is 

sufficient to meet existing domestic, industrial and agricultural demands. However, the 

coastal freshwater system changes significantly and collapses under several plausible future 

scenarios. Future projections suggest that declining upstream flows will be the strongest 

threat to the system‘s vulnerability. System dynamics models enable consideration of the 

interactive effects of a range of climatic and non-climatic drivers on water resources 

availability thereby facilitating improved planning for collective and proactive adaptation 

actions to efficiently secure freshwater resources to support socio-economic development of 

coastal basins in the face of climate change. 

 

Keywords: Decision support tool, population growth, salinity, scenario analysis, sea level 

rise, upstream flow declines 

 

4.2. Introduction 

Coastal freshwater supply and demand systems comprise a wide range of complex natural 

and anthropogenic processes involving multiple interactions between interdependent 

components with many feedbacks. Water supply is particularly affected by climate variability 
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and climate change (Liu et al., 2009) with sea level rise, and altered precipitation regimes 

influencing temporal and spatial patterns of river discharge, water levels and saltwater 

penetration in estuaries (Nguyen et al., 2008). Changes to upstream flow regimes, for 

instance, can have a substantial impact on regional water resource and seasonal water 

supplies in downstream areas (Zhou et al., 2017). Rising salinity levels in rivers due to both 

sea level rise and declines in upstream flows can degrade surface water supplies and impair 

the agricultural, industrial and urban systems which rely on them (Nguyen & Umeyama, 

2011). Spatial and temporal variation in water and salinity levels driven by tide level and 

upstream flows often necessitate spatial and temporal changes to the operation of sluice gates 

along estuaries which supply freshwater to agriculture, industry and households (Nguyen et 

al., 2012). In contrast to water supply, water demand is driven largely by population growth, 

economic development and land use change (Sušnik et al., 2013). The interactions among 

these drivers are widely considered to be the main factors contributing to a growing gap 

between water supply and demand in many locations around the world (Vörösmarty et al., 

2010). Water scarcity is especially prevalent in coastal areas of developing countries, where 

high rates of population growth and urbanization are typical.  

Overall, the vulnerability of coastal freshwater systems over time is determined by changes in 

these major climatic and non-climatic factors. Understanding the spatial and temporal 

dynamic balance of coastal water supply and demand systems therefore relies on knowledge 

of the temporal and spatial variations in these drivers as well as their interactions. Dynamic 

simulations of water supply and demand systems provide an opportunity to investigate the 

vulnerability of these critical systems to scenarios that combine projected climatic and non-

climatic changes. Such a holistic understanding of the temporal interactions among 

interdependent elements in complex systems leads to more effective learning and 

management (Winz et al., 2009), as well as assisting consensus building in the identification 

of robust adaptation options which address both current and future conditions (Füssel, 2007). 

System dynamics (SD) modelling thus provides an ideal approach for understanding complex 

and dynamic water supply and demand systems to inform critical management decisions 

(Sahin et al., 2015). 

Here, we demonstrate an SD modelling approach to assessing the vulnerability of a coastal 

freshwater system in the Da Do Basin in Hai Phong, Vietnam under current conditions, and 

with respect to projected climatic and non-climatic changes over time. This basin is 

potentially highly vulnerable to climate change impacts due to its coastal position and its high 
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rate of population growth and urbanization (DONRE, 2015). The basin features a sluice gate 

system that supplies freshwater to the Da Do River and irrigation channels as well controlling 

salinity ingress from the neighbouring Van Uc and Lach Tray rivers. Consequently, the Da 

Do Basin provides an opportunity to investigate the effects of different operational responses 

(i.e. spatial and temporal variation in opening and closing of sluice gates) to changing 

climatic and non-climatic conditions. 

An SD modelling approach was used to investigate interactions and feedbacks between tide 

level, river flows, salinity, water level, population growth, and industrial and agricultural 

production in the coastal freshwater system in this basin. The model was then used to assess 

the resilience of the sluice gate system to understand how potential relative sea level rise, 

reduced upstream flows and salinity penetration might alter long-term freshwater supplies 

and affect subsequent management of the system. Effects of changes in water demand due to 

population growth, and changes in industrial and agricultural production in the basin were 

also considered.  

The specific objectives of this study were to: (1) enhance understanding of the dynamic 

behaviour of this coastal freshwater system as it responds to spatial and temporal changes in 

its key climatic and non-climatic drivers and; (2) analyse plausible future scenarios to 

identify which factors and interactive effects are likely to be the most damaging to the 

operational resilience of the coastal freshwater system. Ultimately, the SD model was 

developed to provide a learning tool for local stakeholders to inform adaptation decision-

making.   

 

4.3. Study context 

The case study for the SD modelling is the Da Do Basin in Hai Phong, a coastal city in the 

Red River Delta in northern Vietnam. The Da Do Basin is the largest area of the city (Figure 

1) with a population of 605,000 people and an average population density of 1,075 

people/km
2
 (HPSD, 2015). The basin provides freshwater for five districts in Hai Phong (An 

Lao, Kien Thuy, Kien An, Duong Kinh and Do Son). An annual population growth (1%), 

coupled with high rates of industrialization and urbanization are expected to lead to water 

shortages, possibly constraining socio-economic development for the coastal city over 

coming decades (DONRE, 2015). 
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Hai Phong city is a flat and low-lying area with a mean elevation of around 1-1.5m above sea 

level (DONRE, 2015). Consequently, tidal influences extend a considerable distance inland. 

In the Van Uc and Lach Tray estuaries (Figure 4.1), seasonal hydrological patterns depend on 

both riverine and marine conditions and are therefore shaped by seasonal precipitation, river 

flows and tide level. Analyses of climate data from National Northeast Meteorological and 

Weather Stations (NNMWS) indicate that the lowest monthly downstream flows and rainfall 

over fifteen years from 2001 to 2014 occur during the dry season, between December and 

May. As a result, the highest salinity levels and lowest water levels typically occur during 

this period, thereby causing a high potential for water shortage in the basin, from December 

to May (DONRE, 2015).  

Figure 4.1: Da Do Basin, Hai Phong City, Vietnam 

The Da Do Basin is bounded by the Van Uc and Lach Tray rivers, both of which connect 

directly to the sea and therefore, contain tidal waters that move upstream to meet freshwater 

flowing downstream. There are 21 and 20 sluice gates (Pham, 2014) along the Van Uc and 

the Lach Tray rivers, respectively (Figure 4.1). These sluice gates supply freshwater from the 

Van Uc and Lach Tray rivers to the Da Do River and its connected irrigation channels. The 

Trung Trang gate is the largest gate in the system and controls the main freshwater input to 

the Da Do River (Table 4.1). The other sluice gates are much smaller and provide freshwater 

for irrigation channels only. The Da Do Irrigation Management Company has divided these 
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gates into three ranges (Table 4.1) based on measurement locations of water level and salinity 

as well as similarity of topography in each range (Pham, 2014).  

Table 4.1: Sluice gate flow capacities and ranges along the Van Uc and Lach Tray rivers 

Van Uc River Lach Tray River 

Sluice gate Flow (m
3
/s) Range Sluice gate Flow (m

3
/s) Range 

Trung Trang 139.28 

Range I 

30 to 40km 

Goc De 3.94 

Range I 

32 to 40km 

Tan Hung 6.89 Thuong Trang 3.05 

Tao 4.13 Cau 14.47 

Ngo 4.13 Hang La 2.54 

Nghe 4.57 Hoa Dai 6.89 

Muoi 5.17 Song 3.55 

Cat Tien I 3.05 

Range II 

20 to 30km 

Do Lai 5.17 

Cat Tien II 5.08 Hoa Giang 5.86 

Range II 

24 to 32km 

Cau Dong 3.55 Don Cung 6.89 

Cam Van 6.89 Dong Sim 1.47 

Truc Dao 5.08 Tay 5.51 

Bach Cau 5.17 Chi Lai 3.05 

Canh Tay 4.13 Bai Nuc 1.31 

Ham Long 6.89 Bai Vet 5.17 

Dai Dien 2.94 Tham Len 3.05 

Range III 

20 to 24km 

Cong Dun 3.05 Den Cuu 1.47 

Kim Con 30.47 

Range III 

15 to 20km 

Lo Gach 1.63 

Cong Hau 5.17 Truong Son I 3.45 

Phuong Ha 5.17 Truong Son II  26.12 

Cao Mat 5.17 Ca So III 3.45 

Mai Duong 6.53    

The Da Do River begins at the Trung Trang sluice gate and ends at the Co Tieu sluice gate in 

the estuary. The Co Tieu sluice gate remains closed most of the time to retain freshwater and 

prevent saline penetration, only opening during storms or heavy rain to protect the river 

banks. The irrigation channels on either side of the Da Do River also have sluice gates to 

retain freshwater and similarly release water into the Van Uc and Lach Tray rivers when 

necessary.  

Water management in this region faces challenges due to sea level rise (Figure 4.2) and 

declining precipitation (Figure 4.3) which together alters river flows, water levels and 

saltwater penetration in the estuaries, especially during the dry season, affecting freshwater 

availability in the Da Do River and the irrigation channels.  
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Figure 4.2: Average sea level in Hai Phong over a 42 year period (Source: NNMWS, 2015) 

Figure 4.3: Average precipitation in Hai Phong over a 57 year period (Source: NNMWS, 

2015) 

 

4.4. Methods and model development 

4.4.1. System dynamics modelling approach 

System dynamics modelling was developed to study the behaviour of complex systems and 

interactions among multiple, disparate external factors in situations where stocks and flows 

are fundamental and capture time delays and internal feedback loops that alter system 

behaviour (Sterman, 2000). A SD model comprises three main components: stocks (e.g. 

freshwater availability in the Da Do River and irrigation channels); flows (e.g. water flows 

through sluice gates) and converters which control flow rates (e.g. salinity and water levels). 

Converters link the system elements and create feedback loops which are the basic structural 

elements of dynamic systems, reflecting a chain of causal relations among the interacting 

components of a system (Sterman, 2000). 

The first step in any SD modelling project is to understand the system and determine the 

system boundary to develop a model structure which comprises positive and negative 

relationships between variables, feedback loops, system archetypes and delays (Sterman, 

2000). Subsequently, an initial working simulation model is constructed which is then 

modified and improved iteratively to obtain the desired level of detail and complexity, and to 
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closely mimic the real system under investigation to the required level of accuracy (Sušnik et 

al., 2012). 

SD modelling incorporates continuous and discrete time concepts to deal with changes over 

time (Sterman, 2000). In addition, the SD modelling approach facilitates an understanding of 

complex systems by incorporating, simulating and analysing biophysical, hydrological and 

socio-economic components in one comprehensive model (Sahin et al., 2017). 

 

4.4.2.  System dynamics modelling approaches in water supply and demand systems 

SD modelling has been applied in water resource management around the world (Winz et al., 

2009). SD models provide a valuable strategic tool for modelling water supply and demand 

because they facilitate an understanding of the dynamic, complex and multi-dimensional 

nature of water supply and demand management that can be used to assist forecasting, 

infrastructure planning, demand planning, and revenue and expenditure estimation (Sahin et 

al., 2015). SD models provide a holistic framework that allows modellers to understand 

interactions between hydrologic systems and socio-economic development. Numerous 

scenarios of both climatic and non-climatic drivers can be incorporated into one 

comprehensive model to explore outcomes through an adjustable dashboard display. The SD 

modelling approach has previously been applied in a range of management situations for 

water supply and demand (Appendix 4A). Few previous studies, however, have considered 

multiple interacting climate change drivers (.e.g. sea level rise and upstream flow decline) in 

combination with socio-economic factors acting on water supply and demand systems in 

estuaries.  

 

4.4.3.  Model development 

The steps in development, calibration and validation of the SD model are shown in Figure 

4.4. Determining a model boundary is particularly important in identifying key system 

variables and specifying which variables are stocks or flows. In this study, key variables for 

simulation were chosen based on a combination of consultative workshops with 35 

stakeholders (e.g. local water and climate change experts, decision makers, water resource 

managers and water resource users) in Hai Phong City in 2015, a review of the local context 

and analysis of historical data related to coastal water supply and demand. The most 

important variables influencing the balance of water supply and demand, identified through 

these approaches, were then incorporated into the SD model to spatially and temporally 
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assess the vulnerability of the sluice gate and freshwater storage system of the Da Do Basin 

under future climatic and non-climatic changes. The complete model was developed using 

Vensim DSS v.63 software package (Ventana) and it comprised two linked sub-section 

models: (i) a water level and salinity level sub-section model, and (ii) a sluice gate, 

freshwater storage system and water demand sub-section model (Figures 4.5 & 4.6). These 

two sub-section models were linked by connecting the water level and salinity variables in 

the first sub-model (Figure 4.5) to the sluice gates variables in the second sub-section model 

(Figure 4.6). Hourly data (total of 4,368 hours) from a six month dry season from December 

to May 2014 were used to assess the current balance of the coastal freshwater system in the 

Da Do Basin. Hourly time steps were used to capture temporal changes in tide level, water 

level and salinity and their influences on spatial and temporal opening of the sluice gates 

along the Van Uc and Lach Tray rivers.  

Figure 4.4: A conceptual framework for the system dynamics model development, 

calibration and validation 

 

Water level and salinity level sub-section model.  

Water supply to the basin is driven by water and salinity levels at each relevant location along 

the Van Uc and Lach Tray rivers as well as by water level in the Da Do River and irrigation 

channels. In turn, water and salinity levels in the Van Uc and Lach Tray rivers are strongly 

driven by interactions between upstream flows and tide level (Figure 4.5). Increased tide 

level leads to an increase in water level and salinity along the Van Uc and Lach Tray rivers. 

Increased upstream flows result in higher water levels but a decline in salinity in these rivers. 

Tide level is expected to increase through time due to sea level rise (Figure 4.2). Upstream 

flows, however, are declining due to reductions in precipitation (Figure 4.3) and flow 

management for hydropower generation upstream (DONRE, 2015). Therefore, interactions 
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between shifting upstream flows and tide level can be expected to generate further changes in 

water level and salinity level along the Van Uc and Lach Tray rivers.  

Figure 4.5: Interactions of upstream flows and tide level spatially and temporally affect water 

level and salinity along the Van Uc and Lach Tray rivers sub-section model 

Note: S denotes same direction, O denotes opposite direction, UFD: Upstream flow decline; 

WL: Water level; VUc: Van Uc River; LTray: Lach Tray River 

 

Sluice gates, freshwater storage systems, and water demand sub-model section 

Freshwater inflow through the sluice gates in this system is limited by salinity level and water 

level in the Van Uc and Lach Tray rivers (Figure 4.5) as well as water level in the Da Do 
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with regulations (Pham, 2014). Sluice gates will be opened if three conditions are satisfied: 

(1) water level in the Van Uc or Lach Tray rivers must be more than 276cm, (2) salinity level 

in these rivers must be less than 1part per thousand (ppt), and (3) water level in the Da Do 

River or the irrigation channels must be less than 280cm. 

Water demand is driven by a combination of domestic use and agricultural and industrial 

production at any point in time (Figure 4.6). Domestic and industrial uses of water in the Da 

Do Basin are anticipated to increase over time because of population growth and increasing 

industrial production. However, agricultural water use is likely to continue to decrease over 

time as agricultural land is converted to industrial and residential land (DONRE, 2015). 
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 1 

Figure 4.6: Sluice gate, freshwater storage system and water demand sub-section model; Note: S denotes same direction, O denotes opposite 2 
direction; RIC: Right Irrigation Channels, LIC: Left Irrigation Channels; HFlow: High Flow; LFlow: Low Flow 3 
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4.4.4.  Data sources for model development and calibration 4 

Historical datasets were used to develop and calibrate the SD model (Table 4.2). Water 5 

level and salinity at six different locations were measured hourly to capture the impact of 6 

hourly changes in tide level on water level and salinity. Sea level, tide level and water level 7 

were measured relative to the National Height Datum.  8 

Table 4.2: Datasets for model development and calibration 9 

Data type Period Unit Source 

Sea level at 

Hon Dau 

National 

Station 

Fifty years from 1958 to 2013 

cm NNMWS (2015) 

Precipitation at 

Phu Lien 

Station 

Forty two years from 1972 to 

2013 mm NNMWS (2015) 

Tide level at 

Hon Dau 

National 

Station 

Six months in the dry season, 

from December 2013 to May 

2014 
cm VNASI (2015) 

River flows at 

Trung Trang 

Station 

Six months in the dry season, 

from December 2013 to May 

2014 

m
3
/hour  NNMWS (2015) 

Salinity Six months in the dry season, 

from December 2013 to May 

2014. Measured at six locations 

for both Van Uc and Lach Tray 

rivers 

ppt NNMWS (2015) 

Water level Six months in the dry season, 

from December 2013 to May 

2014. Measured at six locations 

for both Van Uc and Lach Tray 

rivers 

cm NNMWS (2015) 

Sluice gate  

inflow system 

Inflow of each gate along the 

Van Uc and Lach Tray Rivers 

in the current system design, 

estimated based on water levels 

on both sides of the sluice gates 

m
3
/hour Pham (2014) 

Sluice gate 

opening 

schedule 

Opening hours of each gate 

along Van Uc and Lach Tray 

rivers in the six month dry 

season, from December 2013 to 

May 2014. 

hour/day Pham (2014) 

Freshwater 

storage system 

Storage capacity of the Da Do 

River and Irrigation channel 

system in the current design 

m
3 

Pham (2014) 

Population Population of Da Do Basin in 

2014 
people HPSD (2015) 

Agricultural Water use in the dry season m
3
/year DONRE (2015) 
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water use from December 2013 to May 

2014 

Industrial water 

use 

Water use in the dry season 

from December 2013 to May 

2014 

m
3
/year DONRE (2015) 

Per capita 

water use 

Water consumption per person 

in 2014 

Liter/person/ 

day 
DONRE (2015) 

 10 

4.4.5. Scenarios for assessing system vulnerability  11 

Five future scenarios and changes in key data inputs (Table 4.3) were developed to 12 

investigate the resilience of the sluice gates and freshwater storage system under projected 13 

changes for the year 2050. Simulations targeted the year 2050 because it provides a long-14 

term perspective from which the long-term dynamic behaviour of the basin and the 15 

consequences of the future scenarios can be assessed. 16 

Table 4.3: Scenarios and data inputs for assessing operational resilience of the sluice gate 17 

and freshwater storage system  18 

Variable 
Current 

(2014) 

Scenario 

1 

Scenario 

2 

Scenario 

3 

Scenario 

4 

Scenario 

5 

Population 

(people) 
605,000 + 1% + 1% + 1% + 1% + 1% 

Per capita 

water use 

(L/day/person) 

120 180 180 180 180 180 

Industrial 

water use 

(m
3
/day) 

50,400 50,400 + 2.5% + 2.5% + 2.5% + 2.5% 

Agricultural 

water use 

(m
3
/day) 

696,000 696,000 696,000 - 0.5% - 0.5% - 0.5% 

Upstream 

flow 

As water 

level at six 

locations 

As 

current 

As 

current 

As 

current 
Note Note 

Sea level (cm) As tide level 
As 

current 

As 

current 

As 

current 

As 

current 
+ 30cm 

Note: Decrease by 15cm in upper level, by 30cm in lower level for the Van Uc River; and 19 

decrease by 10cm in upper level, by 30cm in lower level for the Lach Tray River (see 20 
Appendix 4C for additional explanation). 21 
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The population of Da Do Basin was around 605,000 in 2014, with a mean annual growth 22 

rate of 1% between 2000 and 2013 (HPSD, 2015). A study by the Department of Natural 23 

Resources and Environment (DONRE, 2015) reported that water use for urban and rural 24 

areas in Hai Phong city was 150L/person/day and 100L/person/day, respectively. This 25 

study also estimated that by 2020 per capita water consumption for urban and rural 26 

residents would be 180L/person/day and 150L/person/day, respectively under the IPCC 27 

RCP 4.5 and RCP8.5. Considering these data and the effects of water price, income and 28 

weather factors on per capita water consumption, per capita water consumption is 29 

calibrated at 120L/person/day currently and is assumed to be 180L/person/day in 2050.   30 

Water consumption for major agricultural sectors (i.e. irrigation, livestock and  31 

aquaculture) was calculated based on the irrigation area, aquaculture area and livestock 32 

numbers between 2000 and 2014 as recorded in the Haiphong Statistical Yearbook (HPSD, 33 

2015), together with available water consumption estimates (DONRE, 2015). Agricultural 34 

water demand was estimated to be 250,466,000 m
3
/year in 2014, and over the period 2004 35 

and 2014, it decreased by about 0.5% per year. Therefore, a 0.5% per annum decrease in 36 

agricultural water use from current is assumed to estimate agricultural water demand in 37 

2050.  38 

The industrial sector in Da Do Basin comprises three main categories: industrial zones, 39 

small industrial complexes and enterprises. Water consumption for each category was 40 

calculated based on the water use per category recorded historically from 2004 to 2014 41 

(DONRE, 2015). Overall industrial water use in 2014 was thus estimated at 50,400 m
3
/day 42 

with an average annual increase of about 2.5% from 2004 to 2014. Therefore, a 2.5% 43 

increase per annum from current was assumed to estimate industrial water use in 2050 44 

(Table 4.3).  45 

A relative sea level rise of 30cm by 2050 (Table 4.3) was used in this study based on both 46 

historical data and sea level rise projections in Hai Phong region. Over the past 42 years, 47 

from 1972 to 2014, sea level at Hon Dau National Station in Hai Phong area rose about 48 

20cm (Figure 4.2). Sea level rise projections for the Hai Phong region conducted by 49 

MONRE (2016), based on the Fifth Assessment Report of IPCC in 2013 that under the 50 

RCP4.5, sea level will rises by between 14 cm to 34 cm while under the RCP8.5, sea level 51 

increases by between 17cm to 36cm by 2050. A relative sea level rise of the upper range 52 

(30cm) therefore sits well within these expected ranges under both storylines.   53 
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A relative sea level rise of 30cm will produce an increase of 30cm in the current tide level, 54 

and thus water level and salinity will also increase as a consequence. The lowest and 55 

highest levels of current tide level in the Hon Dau National Station (Figure 4.1) are 30cm 56 

and 370cm, respectively (VNASI, 2015). Tide levels of 380cm, 390cm and 400cm which 57 

will follow from the 30cm relative sea level rise lay outside the range of the data available 58 

for calibrating the model. Water levels and salinity levels at these higher tide levels were 59 

therefore estimated by extrapolation using coefficient values obtained from simple linear 60 

regressions which link historical data on water level and salinity to tide levels (Appendix 61 

4B) (e.g. salinity and water level at six locations on the Van Uc and Lach Tray rivers 62 

driven by tide level over time). 63 

Scenarios for upstream flow decline (Table 4.3) were developed based on historical and 64 

projected precipitation in the Hai Phong region. Over the past 57 years, from 1958 to 2014, 65 

precipitation in the Hai Phong region decreased by between 5.8 % to 12.5 % (Figure 4.3). 66 

Precipitation projections in the dry season for the upstream of Hai Phong as well as for Hai 67 

Phong region itself, were produced by MONRE (2016). These projections indicated that 68 

under both RCP4.5 and RCP8.5 of the IPCC‘s Fifth Assessment Report of 2013 69 

precipitation will decrease by about 10% by 2050. Upstream flow decline leads to a 70 

decrease in water level and an increase in salinity level along the Van Uc and Lach Tray 71 

rivers. Predictions for decreased water level and increased salinity level were developed 72 

based on partial correlation analyses of historical data for (1) tide level at Hon Dau 73 

National Station, (2) river flows at Trung Trang station, and (3) water levels and salinity 74 

levels at six locations along the Van Uc and Lach Tray estuaries (Appendix 4C).  75 

 76 

4.4.6.  Model testing, sensitivity analysis and verification 77 

In addition to directly incorporating historical data on water level, salinity, domestic water 78 

use and agricultural and industrial production in the six month dry season (Table 2) into 79 

the relevant variables in the SD model, the opening hours of sluice gates along the Van Uc 80 

and Lach Tray rivers were simulated to test the accuracy of the model. Opening hours of 81 

sluice gates are one of the most important indicators of system performance because the 82 

gates can only be opened if relevant conditions for conditions for water level (on both sides 83 

of the gates) and salinity are all satisfied. Spatial and temporal changes in water levels and 84 

salinity along the Van Uc and Lach Tray rivers are strongly driven by tide level and 85 

upstream flows. The water level in the Da Do River and irrigation channels is driven by 86 

water usage by households, industrial and agricultural production.  87 
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The coefficient of determination (R
2
) was used to assess agreement between observed data 88 

and simulated values of the opening hours of sluice gates. R
2
 indicates the proportion of 89 

the variance in measured data explained by the model. The value of R
2
 ranges from 0 to 1 90 

with values closer to 1 indicating the model simulates the system well. R
2
 is calculated as 91 

follows:  92 

                                   R
2
   (

   (   )

     
)
 
              (4.1) 93 

where O and S are the observed and simulated values of the variable of interest; Cov (O,S) 94 

is the covariance between observed and simulated values, and σO and σS are the standard 95 

deviations of the two sets of values (Safavi et al., 2015).  96 

Sensitivity analysis was also performed to increase confidence concerning the dynamic 97 

behaviour of the model and to evaluate the impact of parameter uncertainty on the water 98 

availability in the system. Sensitivity analysis also sought to identify which variables have 99 

the greatest impact on the dynamics behaviour of the model, thereby guiding decision-100 

making regarding future policy and management (Sušnik et al., 2013). Following the 101 

method proposed by Maani and Cavana (2007), this study examined the model‘s 102 

sensitivity to ±10% changes in individual internal variables (i.e. water level, salinity, and 103 

domestic water use, agricultural and industrial water demand) while holding other input 104 

variables constant at their base case values. The corresponding changes in freshwater 105 

volume in the system over the six month dry season were recorded as each internal 106 

variable was adjusted to identify which variables exerted the strongest influence on water 107 

availability in the system. 108 

The SD model was further revised through consultation with twelve stakeholders including 109 

a climate change expert from the National Northeast Meteorological and Weather Stations, 110 

a socio-economic statistician from Hai Phong Statistics Department, and managers and 111 

researchers from the Da Do Irrigation Management Company. Stakeholders were 112 

consulted about input data validity, relationships among variables and model logic. 113 

Consultation workshop participants agreed with model predictions and were confident that 114 

the model could be used to identify effective adaptation options under future scenarios.  115 

 116 
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4.5. Results 117 

4.5.1. Model testing and sensitivity analysis 118 

The results of model testing are shown in Table 4.4 and Figure 4.7. The simulated results 119 

followed the same trend as the observed data, with the opening hours of sluice gates fitting 120 

well with observed data. Values of R
2
 (Table 4.4) range from 0.78 to 0.93 indicating that 121 

model replicates the opening hours of sluice gates very closely. This is, especially true for 122 

the model‘s ability to predict opening hours of the Trung Trang gate (R
2
 = 0.93), the most 123 

important gate for controlling water supply in the system. 124 

Table 4.4: Coefficient of determination for observed against simulated opening hours 125 
of sluice gates 126 

Sluice 

gate 

Trung 

Trang 

Van Uc 

30km 

Van Uc 

20km 

Lach Tray 

40km 

Lach Tray 

32km 

Lach Tray 

24km 

R
2 

0.93 0.87 0.82 0.79 0.81 0.78 

The somewhat lower value of R
2
 for the sluice gates along the Lach Tray River could be 127 

due to high levels of uncertainty driven by the high complexity of this section of the 128 

system (e.g. local precipitation, water level and salinity as well as operational management 129 

of sluice gates). However, this is not a major concern because the aim of the SD model is 130 

to understand dynamic behaviour patterns of the system over time rather than to make 131 

accurate predictions of system variables (Sterman, 2000).   132 
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Figure 4.7: Observed and simulated opening hours of sluice gates along the Van Uc and 133 

Lach Tray rivers 134 

The results of sensitivity analysis for freshwater storage balance are shown in the Figure 135 

4.8. Water level and salinity had the strongest influence on the freshwater storage balance 136 

in the system. According to criteria proposed by Maani and Cavana (2007), freshwater 137 

storage balance was highly sensitive to changes in water level (>35% change), and 138 

moderately sensitive to changes in salinity (15 – 34% change), whereas the sensitivity of 139 

freshwater storage balance to changes in agricultural water use, domestic water use and 140 

industrial water use were low (5 to 14% change).  141 

Figure 4.8: Sensitivity analysis for freshwater storage balance in the system 142 
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4.5.2.  Changes in freshwater storage balance under future scenarios 144 

Model results for current conditions indicate that existing operation of the sluice gates and 145 

the freshwater storage system satisfies water demand from domestic, agricultural and 146 

industrial water uses. The current availability of freshwater in the system is about 19 147 

million m
3
/hour (Figure 4.9). This water availability is considered to be business as usual 148 

(BAU) and can be contrasted with freshwater availability in the system under the five 149 
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falls below BAU, and is insufficient to meet domestic, industrial and agricultural water 151 

demand in the latter months of the dry season under the examined scenarios of population 152 

growth and increased per capita water use (Scenario 1),  increased industrial production 153 

(Scenario 2) and  declining agricultural use (Scenario 3). Furthermore, when upstream flow 154 

decline (Scenario 4) also occurs, the freshwater storage system essentially collapses. 155 

However, if a relative sea level rise of 30 cm (Scenario 5) is also introduced, the system 156 

only collapses in the later months of the dry season (Figure 4.9).  157 

Figure 4.9: Freshwater balance system in the dry season under BAU and future scenarios 158 

Legend: PG: Population growth, CI: Per capita use increase, II: Industrial use increase, UFD: 159 
Upstream flow decline, AD: Agriculture use decrease, SLR: Sea level rise 160 
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4.5.3.  Salinity and water level under upstream flow decline and sea level rise 162 

To better understand outcomes under Scenarios 4 and 5, water level and salinity along the 163 

Van Uc and Lach Tray rivers were simulated under BAU, upstream flow decline (UFD), 164 

and upstream flow decline and relative sea level rise in combination (UFD & SLR). 165 

Upstream flow decline and relative sea level rise change the water level and salinity along 166 
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decline leads to a decrease in river water levels and an increase in salinity along the Van 169 

Uc and Lach rivers. As a result, sluice gates located within 20km and 24km of the mouths 170 

of the Van Uc and Lach Tray rivers, respectively, are completely closed because salinity is 171 

too high (Table 4.5). However, the increase in salinity is not sufficient to affect opening of 172 

0

5

10

15

20

25

1
-D

ec

9
-D

ec

1
7
-D

ec

2
6
-D

ec

3
-J

an

1
1
-J

an

2
0
-J

an

2
8
-J

an

5
-F

eb

1
4
-F

eb

2
2
-F

eb

2
-M

ar

1
1
-M

ar

1
9
-M

ar

2
7
-M

ar

5
-A

p
r

1
3
-A

p
r

2
1
-A

p
r

3
0
-A

p
r

8
-M

ay

1
6
-M

ay

2
5
-M

ay

F
re

sh
w

a
te

r
 a

v
a

il
a

b
il

it
y

 i
n

 t
h

e 
sy

st
em

 (
m

3
) 

M
il

li
o

n
s 

BAU SC1: PG+CI

 SC2: PG+CI+II SC3: PG+CI+II+AD

 SC4: PG+CI+II+AD+UFD SC5: PG+CI+II+AD+UFD+SLR



59 

 

the sluice gates more than 30km from the river mouths (Table 4.5). Relative sea level rise 173 

alongside upstream flow decline causes river water levels to increase significantly, leading 174 

to an increase in the opening hours for all sluice gates more than 24km from the river 175 

mouths along the two rivers.  176 

Freshwater for the Da Do River is provided by Trung Trang Sluice Gate which is about 177 

40km from the river mouth and the largest gate in the entire system (Table 4.1). Thus, 178 

under those scenarios which include relative sea level rise (i.e. Scenarios 4 and 5), opening 179 

hours of the crucially important Trung Trang sluice gate will not be reduced by increasing 180 

salinity, but on the contrary will increase substantially due to increased water levels on the 181 

supply side of the gate.   182 

The opening of sluice gates between 20km and 32km, respectively, from the mouths of the 183 

Van Uc and Lach Tray rivers is regulated by both salinity and water level for BAU and 184 

under future scenarios (Table 4.5). However, opening of sluice gates located 40km from 185 

the river mouths is regulated only by the water level condition. Under the UFD or UFD & 186 

SLR scenarios, salinity starts to decrease the opening hours of sluice gates located 30km 187 

from the mouth of the Van Uc River and causes complete closure of sluice gates up to 188 

32km from the mouth of the Lach Tray River. These scenarios also result in complete 189 

closure for sluice gates located at 20km or 24km from mouths in both rivers (Table 4.5).  190 
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Table 4.5: Number of hours when water level is high enough and salinity is low enough for opening of sluice gates along the Van Uc and Lach Tray 191 

rivers under different scenarios  192 

(Legend: BAU = Business as usual, UFD = Upstream flow decline, SLR = Sea level rise, UFD & SLR = Combined upstream flow decline and sea level rise. A total of 4,368 193 

hours were simulated) 194 

Van 

Uc 

Location 40km from river mouth 30km from river mouth 20km from river mouth 

Scenario BAU UFD SLR UFD&SLR BAU UFD SLR UFD&SLR BAU UFD SLR UFD&SLR 

Water level high enough 

for opening gates (hours) 
495 182 932 495 777 495 1277 932 777 495 1277 932 

Salinity low enough for 

opening gates (hours) 
4,368 4,368 4,368 4,368 4,360 4,296 4,296 4,093 3,739 3,272 3,272 2,671 

Combined water level and 

salinity conditions 

appropriate for opening 

gates (hours) 

495 182 932 495 769 423 1,205 657 148 0 132 0 

Lach 

Tray 

Location 40km from river mouth 32km from river mouth 24km from river mouth 

Scenario BAU UFD SLR UFD&SLR BAU UFD SLR UFD&SLR BAU UFD SLR UFD&SLR 

Water level high enough 

for  opening gates (hours) 
182 118 495 374 374 118 777 374 629 275 1096 629 

Salinity low enough for 

opening gates (hours) 
4,368 4,368 4,368 4,368 4,330 4,186 4,186 3,873 3,873 3,436 3,436 2,884 

Combined water level and 

salinity conditions 

appropriate for opening 

gates (hours) 

182 118 495 374 336 0 595 0 134 0 123 0 

 195 

 196 
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4.5.4.  System vulnerability and salinity uncertainty analysis  197 

The impacts of relative sea level rise and upstream flow decline on salinity at locations up 198 

the estuaries entails some uncertainty because detailed hydrological models of the Van Uc 199 

and Lach Tray estuaries are not available. An additional investigation was, therefore, 200 

undertaken to assess how the coastal freshwater system would be affected by further 201 

increases in salinity level. Under Scenario 5 (UFD & SLR) salinity was elevated by 1.3, 202 

2.3, 3.3 and 3.9 times in both rivers to assess whether higher salinity levels would cause 203 

complete closure of sluice gates more than 30km from the mouth of the Van Uc and 40km 204 

from the mouth of the Lach Tray.  205 

Simulations indicate that when salinity predicted under UFD & SLR is increased by a 206 

factor of 1.3 times, sluice gates at 30km from the mouth of Van Uc River will be closed 207 

completely, resulting a further collapse for the system in the latter months of the dry season 208 

(Figure 4.10). However, sluice gates at 40km from the mouths of the Lach Tray and Van 209 

Uc can still open until salinity levels are increased by factors of 3.3 times and 3.9 times, 210 

respectively, above the levels predicted under UFD & SLR. Permanent closure of the very 211 

high capacity sluice gate at Trung Trang, 40km from the mouth of the Van Uc River 212 

causes complete collapse of the system (Figure 4.10). Permanent closure of all sluice gates 213 

on the Lach Tray is not as damaging as permanent closure of the Trung Trang gate, but still 214 

results in significant under supply of water during the latter half of the dry season (Figure 215 

4.10). 216 

Figure 4.10: Behaviour of the freshwater balance system under elevated salinity increases 217 
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4.6. Discussion 219 

Climate change and socio-economic development can both be expected to present major 220 

on-going challenges for the management of water resource systems, particularly in coastal 221 

urban settings (Ross et al., 2015; Vörösmarty et al., 2010). Socio-demographic factors such 222 

as changes in population size, increasing per capita water usage and land conversion 223 

(typically from agricultural to industrial or residential uses ) are very likely to affect water 224 

demand (DONRE, 2015; Kotir et al., 2016). Changes in seasonal precipitation and sea 225 

level rise are expected to affect water supply (Ross et al., 2015), whereas other climatic 226 

factors such as changing temperatures could plausibly affect supply and demand 227 

simultaneously (Dawadi & Ahmad, 2013). Altered seasonal precipitation patterns and 228 

rising sea levels can therefore be expected to significantly influence the dynamics and 229 

complexity of managing coastal freshwater systems, often via impacts on patterns of river 230 

flows as well as the frequency, duration and extent of marine-derived saline water 231 

penetration in estuaries (Etemad-Shahidi et al., 2015; Zhou et al., 2017).  232 

Upstream flow decline significantly affects water availability of the coastal freshwater 233 

system in the Da Do Basin. Upstream flow reductions could be driven by climate change, 234 

especially a gradual decrease in precipitation (Etemad-Shahidi et al., 2015), coupled with 235 

increased temperature (Dawadi & Ahmad, 2013). In the dry season, precipitation has 236 

decreased in the Hai Phong region (Figure 4.3) and in its upstream catchment. Flow 237 

reductions will also be exacerbated by human activities altering flow regimes. Three dams 238 

(Lai Chau, Son La and Hoa Binh) for hydropower are located upstream of Hai Phong City, 239 

and the operational management of these dams can significantly influence river flows in 240 

the Hai Phong region, especially during the dry season (DONRE, 2015). These 241 

hydropower dams usually lack water in the dry season due to low precipitation and also 242 

because water is retained by China‘s dams further upstream, thereby reducing water flows 243 

in downstream regions (Urban et al., 2017). Water releases from these dams for electricity 244 

generation are not coordinated with operational requirements of Hai Phong‘s freshwater 245 

supply system, missing an opportunity to use appropriately-timed releases to elevate water 246 

level and reduce salinity on the supply side of Hai Phong‘s sluice gates (DONRE, 2015). 247 

These hydrological changes, coupled with anticipated sea level rise, can be expected to 248 

result in altered spatial and temporal patterns of river discharge, water levels and salinity 249 

penetration in the estuaries, with significant risk of major decline in the quantity and 250 

quality of water available for urban, industrial and agricultural uses. 251 
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In this study, SD model simulations predict that the length and level of salinity penetration 252 

in the Da Do Basin system will increase significantly over coming decades in response to 253 

relative sea level rise and upstream flow decline. Our SD model also indicates that 254 

upstream flow decline is a more influential driver of salinity penetration than sea level rise 255 

and tidal level. A relative sea level rise of 30cm is predicted to increase salinity by 25% 256 

and 30% at 40km from the mouths of the Van Uc and Lach Tray rivers, but these salinity 257 

increases more than double when upstream flow decline is included in addition to relative 258 

sea level rise. These results are consistent with other studies which apply different methods 259 

in related settings. Zhou et al. (2017), for instance, applied Bayesian neural networks to 260 

investigate the relationships between streamflow, sea level and tidal level on salinity 261 

intrusion in the Pearl River in China, also finding that upstream flow decline led to a 262 

decrease in water level and an increase in salinity. Similarly, Etemad-Shahidi et al. (2015), 263 

applying a one-dimensional hydrodynamic model to understand the interactions between 264 

sea level rise and tidal level on salinity in Bahmanshir estuary in Iran, also identified the 265 

significance of upstream flow reductions driven by climate change through a gradual 266 

decrease in precipitation.  267 

Although hydrodynamic models and Bayesian neural networks can predict more precisely 268 

the impacts of sea level rise and upstream flow decline on water level and salinity 269 

(Etemad-Shahidi et al., 2015; Zhou et al., 2017), the modelling approach presented here 270 

offers several advantages for the planning and management of water resource systems. In 271 

this study, regression models were combined with SD models to help decision-makers 272 

investigate future interactions among influential factors beyond the limits of available data. 273 

More specifically, correlation and regression approaches were used to extrapolate SD 274 

parameterization beyond existing data to investigate the future influences of interactions 275 

between upstream flow decline and relative sea level rise on salinity, water level, sluice 276 

gate operation and freshwater balance. Regression-based extrapolations of existing data 277 

have been applied in SD models elsewhere, for example to forecast the impacts of various 278 

factors on the diffusion of eco-innovations (Vīgants et al., 2016) and to forecast the 279 

quantity and composition of solid waste (Vivekananda & Nema, 2014).  280 

Furthermore, SD models have been shown to be an excellent strategic water management 281 

modelling tool since they provide an understanding of the dynamic and complex challenge 282 

of managing water supply and demand systems subject to multiple interactions (Sahin et 283 

al., 2017; Winz et al., 2009). Numerous biophysical and socio-economic scenarios can be 284 

incorporated into one comprehensive SD model and analysed via an adjustable dashboard 285 
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display (Sahin et al., 2015) to help decision makers understand the behaviour of a complex 286 

system. For example, our SD model predicts that sea level rise acts to increase the volume 287 

of freshwater that can be supplied through sluice gates in the upper reaches of the estuaries 288 

as precipitation declines. Heightened sea levels hold back dwindling upstream flows and 289 

increase water levels on the supply side of the sluice gates whilst-crucially-salinity still 290 

remains below the 1ppt threshold, enabling sluice gates to still be opened. As a 291 

consequence, under this combination of interacting drivers, sluice gates in the upper 292 

estuaries can be opened for more hours and the freshwater supply demand balance can be 293 

maintained for longer during the dry season. The Da Do Basin system is somewhat unusual 294 

because its topography is particularly flat, its main freshwater intake is located at 40km 295 

from the river mouth, and freshwater is conveyed to the lower basin through the natural 296 

infrastructure of the Da Do River and irrigation channels. There may, however, be other 297 

situations in which water managers could potentially use this beneficial effect of sea level 298 

rise to counteract decreases in river flows by re-locating main intakes further up river. This 299 

unexpected beneficial impact of sea level rise only becomes evident because the SD model 300 

is able to capture interactions between key drivers – in this case upstream flow decline and 301 

sea level rise.  302 

In addition, the relative unimportance of demand side drivers in affecting vulnerabilities in 303 

the case study system is somewhat surprising, particularly given the high rate of population 304 

growth and rapid pace of land use change. The reason is that irrigation-intensive 305 

agriculture currently accounts for 83% of total water consumption in the basin (DONRE, 306 

2015), and thus an annual decrease of 0.5% in future agricultural water demand 307 

counteracts the effects of increasing affluence and expanding population. The ability of the 308 

SD model to address supply and demand drivers simultaneously is clearly a major 309 

advantage for modelling future management, as rapid identification of the likely scale of 310 

vulnerabilities on the two sides of the system is helpful for making best use of available 311 

resources for adaptation planning.  312 

Stakeholder involvement in the development and validation of the SD model was an 313 

important part of the process as it ensured that the model provided an appropriate 314 

representation of real world conditions by incorporating stakeholders‘ experience and 315 

knowledge of system behaviour and system management. Once the model‘s validity had 316 

been established it was used to facilitate stakeholder discussions about appropriate 317 

adaptation options for securing the balance between supply and demand in the system 318 

under climate change against a background of an expanding population and anticipated 319 
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changes in industrial and agricultural production. Sensitivity analyses from the SD model 320 

focused stakeholders‘ attention on potential adaptation options for augmenting dry season 321 

water supply as simulation modelling clearly identified supply shortages during the dry 322 

season under future climate change as the primary vulnerability in this system. 323 

Stakeholders suggested that pumping stations could be constructed at appropriate locations 324 

in the upper estuaries to extend the length of time during each tide cycle when freshwater 325 

could be sourced into the Da Do River and irrigation channels. Predictions from the SD 326 

model identified the key vulnerability (water supply shortage during the dry season, driven 327 

primarily by upstream flow decline) and stakeholders‘ acceptance of the model‘s validity 328 

(gained through stakeholder participation in model development and testing) enabled the 329 

SD model to be used effectively as a tool to facilitate discussions about appropriate 330 

adaptation interventions at particular locations. Used in this way, an SD model calibrated 331 

using readily available historical data and incorporating stakeholder expertise quickly 332 

identified that adaptation effort could be applied to improve coastal freshwater 333 

management.   334 

During past decades, water resource management has focused mainly on assessing water 335 

supply or water demand separately (Dawadi & Ahmad, 2013). Consequently, the many 336 

interactions and relationships between hydrological and socio-economic aspects of water 337 

resource systems have rarely been taken into account (Qin et al., 2011), especially with 338 

respect to analysing long-term scenarios regarding these interactions. Such disjointed 339 

analyses could, inadvertently, result in inappropriate and/or unsustainable decisions 340 

regarding water resource management. More recently, researchers have incorporated 341 

climate change scenarios into SD models to assess water supply and demand 342 

simultaneously (e.g. Dawadi & Ahmad, 2013; Liu et al., 2009; Sušnik et al., 2013). 343 

However, there remains a paucity of knowledge with regard to understanding the multiple 344 

interactions and relationships among sea level rise, upstream flow regimes, estuarine 345 

salinities, population growth and socio-economic development, and their combined effects 346 

on the operational resilience of coastal freshwater management systems. The current study 347 

provides a first attempt to demonstrate the efficacy of SD modelling for assessing the 348 

vulnerability of a coastal freshwater system in a developing country by investigating all of 349 

these factors and their interactions concurrently. The modelling approach presented here 350 

and the key finding regarding the significance of upstream flow decline, are likely to be 351 

highly applicable to other basins in Hai Phong City, as well as in estuarine settings in both 352 

developing and developed coastal cities where water resource management is vulnerable to 353 
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sea level rise and upstream flow decline, alongside pressures from socio-economic 354 

development.   355 

 356 

4.7. Conclusion  357 

This paper presented a feedback-driven SD model that simulates dynamic balance of the 358 

supply and demand sides of a coastal freshwater system in Da Do Basin, Vietnam during 359 

the dry season. Simulations from the SD model indicate that current freshwater availability 360 

in the system is sufficient to supply for domestic, industrial and agricultural water 361 

demands. However, modelling suggests that the system can collapse under several 362 

plausible future scenarios. Future projections identified a decrease in upstream flows as the 363 

most influential driver of the system‘s dry season vulnerability. Upstream flow decline 364 

spatially and temporally decreased opening hours of all sluice gates along the estuaries 365 

from which freshwater is sourced, and forced complete closure of sluice gates in the 366 

system‘s lower reaches, rendering the system incapable of satisfying demand during the 367 

latter months of the dry season. The SD model can be used as a decision support tool to 368 

improve understanding of the dynamic behaviours of the system, to assess potential 369 

vulnerabilities under plausible future scenarios, and to identify potential adaptation options 370 

for securing the system against those vulnerabilities. 371 

This research has shown that SD modelling can be a useful tool for integrated participatory 372 

appraisal of coastal freshwater systems, incorporating climatic drivers (sea level rise and 373 

upstream flow decrease) and socio-economic development (population growth, changes in 374 

industrial and agricultural production). Modelling results can be used to assess and 375 

quantify potential climatic and socio-economic influences on the vulnerability of the 376 

system. Such integrated modelling is very rarely applied in water resources research 377 

currently, and this work thus represents an early attempt to address this research gap for 378 

coastal regions of developing countries. The modelling approach and findings from this 379 

study could be applicable to both developing and developed coastal regions in numerous 380 

other locations where water resource management is vulnerable to interacting challenges 381 

from climate change and socio-economic development.   382 
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Appendix 4A: Applications of system dynamics modelling in water supply and demand system 494 

No Authors Country 

Supply side 

Demand side 
Climate change 

consideration 

Participator

y 
Hydrological 

component 

Physical component 

1 Ahmad and Prashar 

(2010) 

United 

States 

Surface water, 

groundwater 

Reservoir Residents, agriculture, 

environment 

No No 

2 Dawadi and Ahmad 

(2013) 

United 

States 

Surface water Reservoir Residents, industry  Temperature No 

3 Gohari et al. (2013) Iran Surface water, 

groundwater 

  Residents, industry, 

agriculture 

No No 

4 Liu et al. (2009) Taiwan Surface water Reservoir, water supply plants Residents, industry, 

agriculture 

Temperature 

and rainfall 

No 

5 Qin et al. (2011) China Surface water Wastewater plant Residents, industry No No 

6 Sahin et al. (2015) Australia Surface water Reservoir, desalination plant  Residents No Yes 

7 Sahin et al. (2017) Australia Surface water, 

ground water 

Reservoir, desalination plant Residents No Yes  

8 Scarborough et al. 

(2015) 

Australia Groundwater Reservoir, desalination plant, 

recycled water plant 

Residents Temperature No 

9 Sušnik et al. (2012) Tunisia Surface water, 

groundwater 

  Residents, industry, 

agriculture 

Temperature Yes 

10 Sušnik et al. (2013) Egypt Surface water   Residents, industry, 

agriculture 

Sea level rise No 

11 Kotir et al. (2016) Ghana Surface water Reservoir Residents, industry, 

agriculture 

No No 
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Appendix 4B: Correlation coefficient values for the changes in salinity (ppt) and water 

level (cm) corresponding to an increase 1cm in tide level 

 

Appendix 4C: Correlations between upstream flow declines and water level and salinity 

Correlations between water level and salinity at six locations along the Van Uc and Lach 

Tray rivers, and tide level at Hon Dau Station were quantified separately for upper tide 

level (tide ≥ 170cm), lower tide level (tide <170cm), and for the whole tide level. These 

correlations were calculated for different distances from the river mouths (Table 4C1).  

Table 4C1: Partial correlations between tide level and water level and salinity at different 

locations from the river mouths 

Van 

Uc 

River 

Location 40km 30km 20km 

Variable Tide (cm) Tide (cm) Tide (cm) 

 <170 whole ≥170 <170 whole ≥170 <170 whole ≥170 

Water 

level 

0.254 0.802 0.724 0.362 0.864 0.800 0.467 0.905 0.856 

Salinity 0.526 0.945 0.938 0.821 0.924 0.947 0.834 0.798 0.975 

Lach 

Tray 

River 

Location 40km 32km 24km 

Variable Tide (cm) Tide (cm) Tide (cm) 

 <170 whole ≥170 <170 whole ≥170 <170 whole ≥170 

Water 

level 

0.265 0.766 0.663 0.311 0.802 0.704 0.405 0.859 0.778 

Salinity 0.684 0.957 0.972 0.879 0.931 0.973 0.935 0.844 0.997 

Van 

Uc 

River 

Location 
Estimated 

Coefficient 

Adjusted 

R
2
 

p value 
F 

statistic 

Standardized residuals 

Max Min 
Range % 

(-1 to 1) 

Salinity 

40km 0.00074 0.89 ≤0.0001 35627 3.73 - 1.32 67.03 

30km 0.00276 0.85 ≤0.0001 25063 3.22 -0.97 78.43 

20km 0.00566 0.61 ≤0.0001 6923 4.52 -0.98 89.02 

Water level 

40km 0.624 0.64 ≤0.0001 7888 2.39 -3.13 63.66 

30km 0.700 0.75 ≤0.0001 12889 2.41 -3.16 65.49 

20km 0.776 0.82 ≤0.0001 19767 2.83 -3.27 66.11 

Lach 

Tray 

River 

Salinity 

40km 0.00079 0.92 ≤0.0001 47684 4.14 -1.27 70.06 

32km 0.00313 0.87 ≤0.0001 28733 3.38 -1.00 75.08 

24km 0.00528 0.70 ≤0.0001 10053 3.85 -0.83 84.43 

Water level 

40km 0.658 0.59 ≤0.0001 6197 2.43 -3.58 64.90 

32km 0.696 0.64 ≤0.0001 7846 2.40 -3.65 65.3 

24km 0.772 0.74 ≤0.0001 12336 2.39 -3.77 65.27 
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Correlation analysis identified strong correlations between river water level and tide level, 

even 40km upstream from the river mouths (Table 4C1 and Figures 4C1 & 4C2). The 

strength of this correlation varies with tide level. River water level tracks tide level closely 

during the upper half of the tide cycle, whereas river water level and tide level differ more 

during the lower half of the tide cycle (Table 4C1 and Figures 4C1 & 4C2). Although tide 

level drops to 30cm, water levels at 40km from the river mouths still remain at more than 

60cm in the Lach Tray River and at more than 113cm in the Van Uc River (Figures 4C1 & 

4C2). This is because upstream flows contribute to these water levels. Consequently, upper 

cycles water levels appear to be more strongly controlled by tide level while, lower cycle 

water levels are more strongly controlled by upstream flows. Although upper cycle water 

levels are more tightly coupled with tide level, they are also partially influenced by 

upstream flow. The Van Uc is larger than the Lach Tray, and thus receives more upstream 

flows. Consequently, lower cycle water levels of the Van Uc are higher than the Lach Tray 

(Figures 4C1 & 4C2). On the basis of this correlation analysis, future scenarios in the 

simulations which include reductions in upstream flow use upper cycle water levels and 

lower cycle water levels which are decreased by 15cm and 30cm, respectively, from 

current for the Van Uc River, and are decreased by 10cm and 30cm, respectively, from 

current for the Lach Tray River.  

Figure 4C1: Relationship between tide level and water level at 40km from the mouth of 

the Van Uc River 
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Figure 4C2: Relationship between tide level and water level at 40kmfrom the mouth of 

Lach Tray River 

Tide level and salinity are also strongly correlated (Table 4C1) with particularly strong 

correlations during the upper tide cycle. The correlation between tide level and salinity in 

the Lach Tray is stronger than in the Van Uc because the Lach Tray receives less 

freshwater from upstream. Thus, salinity in the Lach Tray is particularly strongly 

controlled by tide level. A decrease of 30cm in lower cycle water levels in the Van Uc and 

Lach Tray rivers will result in backflow occurring sooner in the tide cycle. For example, 

backflows at Trung Trang Station, which is about 38km from the mouth of the Van Uc, 

currently start to occur once tide level reaches 170cm and water level is at 144cm (Figures 

4C3 & 4C4). Backflows are currently equal to downflows at Trung Trang Station once tide 

level is 200cm and water level is 160cm. The backflows will happen sooner when lower 

cycle water levels along the Van Uc and Lach Tray rivers decrease. Salinity rises rapidly 

once backflow begins (Figure 4C5). Consequently, salinity will also be higher when water 

levels along these rivers decrease following a decrease in upstream flows. Under this 

scenario we assume that a reduction of 30cm in river water level will allow backflow to 

occur at a correspondingly lower tide level (at 140cm instead of 170cm at Trung Trang 

Station), causing salinity to begin to increase at a lower tide level. These relationships are 

used to assess the influence of upstream flow decline on salinity and water level along the 

Van Uc and Lach Tray rivers.  
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Figure 4C3: Relationship between tide level and backflows, downflows 

Figure 4C4: Relationship between river flows and water levels 

Figure 4C5: Relationship between river flows and salinity 
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 Appendix 4B: The involvement of stakeholders in the validation and verification of the 

system dynamics model. Photos: Tien Nguyen, 2016 
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Chapter 5 .Identifying and prioritizing adaptation options for a 

coastal freshwater supply and demand system to climatic and 

non-climatic changes 
 

The simulation results of the SD model in the previous chapter, Chapter 4 were used to 

quantify future relationships for the BDN model developed in this chapter, Chapter 5, with a 

view to guiding stakeholders to further identify adaptation options to accommodate climatic 

and non-climatic changes. These options were then incorporated into the BDN model to 

prioritize appropriate adaptation options for the coastal freshwater system. As noted in the 

literature review in Chapter 3, there are few applications of BDN models to identify robust 

adaptation options for water resource systems associated with climatic and non-climatic 

scenarios and their associated costs and utilities in developing countries and tropical regions. 

Therefore, this chapter presents the development and application of a BDN model to address 

this gap in the management of a coastal freshwater supply and demand system to projected 

climatic and non-climatic changes in estuarine settings of a developing country. 

This chapter consists of the version of a paper which is about to be submitted to Journal of 

Hydrology for peer review and thus the chapter has been formatted in the style of the targeted 

journal. This paper is co-authored with my supervisors and research fellow, Dr Ben Stewart-

Koster, and the citation of this paper is as follows:  

Thuc D. Phan, James C.R. Smart, Ben Stewart-Koster, Wade L. Hadwen, Oz Sahin, 

Samantha J. Capon. (awaiting for submission). Identifying and prioritizing adaptation options 

for a coastal supply and demand under climatic and non-climatic changes. 

My contribution to the paper involved: data collection, workshop organization, model 

development, drafting of the manuscript, tables and figures, and submission to the journal.  
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5.1. Abstract 

Coastal freshwater supply and demand systems are expected to be significantly affected by 

changes to both climatic and non-climatic drivers over coming decades. Adapting to these 

changes to secure adequate freshwater to meet rising demands from growing population as 

well as socio-economic development, is a major challenge for decision-makers. Various 

adaptation options may be available; however, given the complexity and interconnectedness 

of the systems being managed, it is challenging to identify which of these options are likely 

to be most feasible and effective. Bayesian Decision Networks (BDNs) are a tool for 

evaluating possible adaptation options in relation to their likely costs and utilities. In this 

study, a BDN was co-developed with local stakeholders to identify appropriate adaptation 

options for freshwater resource management in the Da Do Basin in coastal Vietnam under 

both current and a range of future conditions. Potential adaptation options were prioritized 

according to cost-effectiveness based on relative costs incurred and relative utilities delivered 

across a range of scenarios incorporating climatic and non-climatic drivers. Overall, the most 

cost-effective option for the system involved both demand side and supply side mechanisms, 

and cost-effectiveness ranking of adaptation options depends on multiple interactions among 

climatic and non-climatic drivers. The BDN model presented here affords an opportunity for 

experts and practitioners in the Da Do Basin to prioritize and evaluate appropriate and 

feasible adaptation actions under different scenarios with respect to multiple drivers. 

Importantly, the model can also be updated as new information or management interventions 

become available.  

 

Keywords: Bayesian decision network, coastal water management, developing country, 

population growth, upstream flow decline, sea level rise 

 

5.2. Introduction 

Water supply and demand systems in coastal basins are threatened by both climate change 

and human development (Al-Jeneid et al., 2008; Sušnik et al., 2015). Sea level rise and 

precipitation change are the typical climate drivers of freshwater supply in coastal areas (Liu 

et al., 2009). Interactions among these drivers result in changes in river discharge, water 

levels and saltwater penetration in estuaries (Dao & Suetsugi, 2014; Nguyen et al., 2008) 

which, in turn, strongly influence the quantity and quality of freshwater supply (Langsdale et 

al., 2009). These influences affect the seasonal operation of sluice gates and other 
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infrastructure that deliver freshwater to water supply systems (Nguyen et al., 2012). On the 

other hand, water demand is largely driven by population growth, urbanization and economic 

development (Sušnik et al., 2013), all of which tend to be rising in coastal areas of 

developing countries (Wong et al., 2014). Interactions among these climatic and non-climatic 

drivers thus influence the balance of water supply and demand, potentially resulting in water 

scarcity and water stress in coastal areas.  

Both climatic and non-climatic changes represent an ongoing challenge for water resource 

managers (Al-Jeneid et al., 2008). Thus, it is necessary to consider both climatic and non-

climatic changes into the system to ensure that adaptation actions which are beneficial against 

one set of drivers are not maladaptive options for others (Metcalf et al., 2014). In addition, 

potential adaptation options that address both water supply and water demand may serve to 

minimise water shortages (Dawadi & Ahmad, 2013).  Climate change adaptation measures 

can take many different forms, depending on their context and objectives. Indeed, there is 

unlikely to be single best approach for assessing and implementing adaptation options 

because of the diversity of adaptation contexts (Bormann et al., 2012). Adaptation 

assessments must, therefore, use integrated and flexible approaches that can model 

interactions, rank management options for dealing with multiple threats from climatic and 

non-climatic changes, and integrate empirical data, model simulations and stakeholder 

knowledge. Such flexible approaches enable decision-makers to develop feasible, effective 

and sustainable adaptation options.  

A set of criteria for identifying and evaluating adaptation options is necessary to ensure that 

selected adaptation measures provide effective outcomes (de Bruin et al., 2014), avoid mal-

adaptation (Peirson et al., 2015) and reduce unnecessary costs of interventions (Barton et al., 

2008). Assessment criteria such as cost and effectiveness are useful to identify appropriate 

options (de Bruin et al., 2014) under climate change and socio-economic development 

scenarios, particularly acknowledge physical, social and economic characteristics of the 

affected areas (Mimura et al., 2014). Furthermore, systematic assessments of adaptation 

options in water supply and water demand systems can enable decision-makers to make 

better choices following consideration of all available adaptation options (de Bruin et al., 

2014).  

Several modelling approaches have been applied to understand the complexity of water 

resource systems and inform decision-making in coastal settings (Catenacci & Giupponi, 

2013; Sušnik et al., 2015). However, these are not always able to characterise the complex 
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relationships among climatic and non-climatic drivers, and responses to potential adaptation 

options due to high levels of uncertainty and inadequate data for key forcing factors 

(Catenacci & Giupponi, 2013). Bayesian networks (BNs) are probabilistic graphical models 

which provide a number of advantages over other decision support tools (Bromley et al., 

2005; Death et al., 2015) because they are well suited to handling problems associated with 

the high levels of uncertainty and complexity that are typically inherent in water resource 

systems (Molina et al., 2013; Phan et al., 2016). In addition, BNs have the capacity to 

integrate knowledge from different domains, e.g. field data, modelling results, and expert 

knowledge, into a single model (Jensen & Nielsen, 2007). For example, system dynamics 

(SD) simulation results have been used to populate conditional probability tables (CPTs) in 

BNs (Ames et al., 2005) to enhance the understanding of feedbacks in dynamically complex 

systems, overcoming the limitation implicit in BNs of accommodating feedbacks (Kelly et 

al., 2013; Sušnik et al., 2013). Simulation results from SD models can therefore increase BN 

model performance by helping to quantify future relationships and interactions among drivers 

and responses (Death et al., 2015; Marcot et al., 2006). BNs can also incorporate stakeholder 

knowledge which is helpful for considering the uncertainty inherent in complex water 

resource systems, and for estimating costs and relative utilities of adaptation outcomes 

(Barton et al., 2008; Bromley et al., 2005). Engaging with stakeholders in the model 

development and decision making process can help ensure the needs of all relevant parties are 

considered leading to a greater likelihood of successful implementation (Molina et al., 2013). 

Such frameworks can be used to construct models and evaluate the consequences of potential 

adaptation actions under climate change and human development (Barton et al., 2008). 

A BN can be extended to incorporate the relative costs and utilities of alternative actions to 

help inform adaptation decision making. Such modified BN models are known as Bayesian 

decision networks (BDNs) and can be used to identify the most appropriate management 

interventions, given estimated costs incurred and utilities delivered (Ames et al., 2005; 

Stewart-Koster et al., 2010). In the context of climate change adaptation, the effectiveness of 

different measures can be evaluated by analyzing their performance under scenarios which 

comprise different combinations of climatic and non-climatic drivers. Implementation costs 

and outcome utilities can be modeled under these different scenarios to identify robust 

adaptations for water resource systems subject to high levels of uncertainty and complexity 

(Barton et al., 2008). Despite these advantages, however, BDNs have not been widely applied 

to water resource management under climate change in developing countries to date (Phan et 
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al., 2016). In this study, we developed a novel BDN for prioritizing adaptation options based 

on cost-effectiveness for a coastal freshwater supply and demand system in Da Do Basin of 

Hai Phong, Vietnam. Our approach illustrates how BDNs can be used to assist management 

of coastal freshwater supply and demand systems under current conditions and with respect 

to projected climatic and non-climatic changes. The approach is novel in that empirical data, 

system dynamics simulations, stakeholder knowledge and economic analysis are integrated 

into a BDN to model interactions and rank adaptation options for a coastal freshwater supply 

and demand system in a developing country which is subject to changes in multiple climatic 

and non-climatic drivers.  

The objectives of this study are to (1) develop a tool to enable decision-makers to assess the 

effectiveness of potential adaptation options for managing a coastal freshwater supply system 

under climatic and non-climatic changes in the dry season, (2) explore a range of scenarios to 

identify which factors and interactive effects are likely to be most influential on the balance 

of the system, both in the present and future, and (3) prioritize adaptation options based on 

their cost-effective performance under these different scenarios.  

 

5.3. Methods 

5.3.1. Study region 

The Da Do Basin lies in the Red River Delta around Hai Phong, a coastal city in northern 

Vietnam. The Da Do Basin comprises the largest area of the city (Figure 5.1), containing a 

population of 605,000 people at an average population density of 1,075 people/km
2
 (HPSD, 

2015). The basin which provides freshwater for five districts in Hai Phong (An Lao, Kien 

Thuy, Kien An, Duong Kinh and Do Son), is flat and low-lying with a mean elevation of 

around 1-1.5m above sea level (DONRE, 2015). Consequently, tidal influences extend a 

considerable distance upstream. In the Van Uc and Lach Tray estuaries (Figure 5.1), seasonal 

hydrological patterns depend on both riverine and marine conditions and are therefore shaped 

by seasonal precipitation, river flows and tide level. Analyses of climate data from National 

Northeast Meteorological and Weather Stations indicate that the lowest monthly downstream 

flows and rainfall over fifteen years from 2001 to 2014 occurs in dry season, between 

December to May. As a result, the highest salinity levels and lowest water levels typically 

occur during the dry season, thereby causing a high potential of water shortage in the dry 

season (DONRE, 2015).  
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Figure 5.1: Da Do Basin, Hai Phong City, Vietnam 

The Da Do Basin is bounded by the Van Uc and Lach Tray rivers both connect directly to the 

sea and therefore, contain tidal waters which move upriver on the rising tide to meet 

freshwater flowing downriver. The Da Do River begins at the Trung Trang sluice gate where 

it splits from the Van Uc River, and ends at the Co Tieu sluice gate near the mouth of the 

estuary (Figure 5.1). The main freshwater input to the Da Do River is controlled by the Trung 

Trang gate on the Van Uc River, the largest gate in the Da Do Basin. The Co Tieu sluice gate 

remains closed most of the time to retain the freshwater in the Da Do River and prevent 

saline penetration. A total of 21 and 20 sluice gates, respectively, along the upper and middle 

reaches of the Van Uc and the Lach Tray estuaries (Pham, 2014), are managed to supply 

freshwater to irrigation channels on either side of the Da Do River. The Da Do Irrigation 

Management Company divided these gates into three ranges (Pham, 2014) based on 

measurement locations of water level and salinity from the river mouth as well as similarity 

of topography in each range (Figure 5.1). In the Van Uc River, sluice gates between 0-20km, 

21km-30km and 31-40km from the river mouth are in combined into groups 1, 2 and 3, 

respectively. In the Lach Tray River the equivalent sluice gate groups are 0-24km, 25-32km 

and 33 – 40km from the river mouth.  
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5.3.2.  Bayesian Decision Networks 

A conceptual framework applying to construct the Bayesian decision network (BDN) model 

for identification and prioritization of adaptation options for the coastal freshwater supply and 

demand system in the Da Do Basin is presented in Figure 5.2 and introduced in more detail in 

the following sections.  

Figure 5.2: Conceptual framework for identification and prioritizing adaptation options for 

the coastal water supply and demand system in the Da Do Basin 

Directed acyclic graphs (DAGs) and conditional probability tables (CPTs) of the BDN model 

were constructed and populated using historical data, results from a validated SD model of 

the Da Do Basin (Phan et al., under review) and knowledge of stakeholders in the Da Do 

Basin (Figure 5.2). Historical data on tide level, water level and salinity and socio-economic 

development in the basin (Appendix 5A) were collected to parameterise the relationships and 

interactions among these variables in the Da Do Basin. Operational rules around the opening 

of sluice gates throughout the basin were reviewed to understand which variables and 

conditions affected sluice opening. In addition, the workshop was organized in Da Do Basin, 

Hai Phong City in 2015 with 35 local stakeholders (Appendix 5B) to identify influential 

factors in the Da Do Basin system and determine their inter-relationships. These workshops 

were also used to identify adaptation options for the coastal freshwater supply and demand 

system.  

The probabilities of current conditions of states among nodes in the network were populated 

using historical data on tide level, water level, salinity and storage freshwater system in a six 
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month dry season from December 2013 to May 2014 in the Da Do Basin. The probabilities of 

the future conditions (e.g. scenarios of sea level rise, upstream flow decline and population 

growth) of states among nodes in the network were populated using values from the 

aforementioned SD model under future scenario simulations. The results from the validated 

SD model were tabulated and discretised before incorporating into the BDN model (Ames et 

al., 2005). The probabilities related to potential adaptation options‘ effects on their child 

nodes were populated by local stakeholders through a workshop organized in the Da Do 

Basin, Hai Phong City in 2016 (Appendix 5C). The probabilities for child nodes of adaptation 

options were populated by separately asking nine stakeholders to state the most probable 

outcome for a child node under each adaptation option.  

A BDN model was designed to identify and prioritize the most appropriate adaptation options 

for a coastal freshwater supply and demand system in the Da Do Basin, Vietnam (Figure 5.3). 

The BDN model was built using Netica software (Norsys, 2013). Potential adaptation options 

were incorporated by introducing a decision node in the network (Figure 5.3). The states of 

this decision node represent the potential adaptation options. The effect of the decision node 

is to alter the states of its child nodes (e.g. water level, salinity) according to the potential 

adaptation options. The decision node has an associated cost function (Figure 5.3) that reports 

the actual or relative cost of each adaptation option (Jensen & Nielsen, 2007). The outcome 

node in the BDN has an associated utility function (Figure 5.3) that represents the utility 

associated with five different levels of outcome delivered (high over supply, moderate over 

supply, balanced supply, moderate water shortage and extreme water shortage) (Ames et al., 

2005; Jensen & Nielsen, 2007). 

The BDN estimates the probability of each of the five outcome states occurring under a range 

of different conditions including when each of the different adaptation options is 

implemented. Knowing the estimated probabilities of each outcome occurring, an overall 

expected utility result is calculated for each adaptation option as the probability-weighted 

sum of the utilities of the five outcome states when that particular adaptation option is 

implemented (Jensen & Nielsen, 2007). Knowing these probability-weighted utilities, a 

probability-weighted cost-effectiveness can be calculated for each adaptation option. 

Following the approach of Mantyka-Pringle et al., (2016), cost-effectiveness is calculated as 

the improvement in probability-weighted utility achieved by implementing each adaptation 

option (compared with ‗non-intervention‘), divided by the cost of implementing that 

adaptation option.  
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The most cost-effective adaptation option is considered to be that which produces the largest 

increase in probability-weighted water availability in the system (compared with ‗no 

intervention‘ relative to the cost incurred. Cost-effectiveness comparisons are conducted 

under different potential future scenarios for the Da Do Basin system‘s climatic and non-

climatic drivers. This enables stakeholders to explore which adaptation options(s) offer good 

cost-effectiveness performance across a range of potential scenarios.  

Figure 5.3: A Schematic overview of the Bayesian decision network for prioritizing 

adaptation options for the coastal supply and demand system in the Da Do Basin 

 

5.3.3. Scenarios analysis 

Cost-effectiveness of adaptation options were explored under current conditions and under 

future scenarios for the year 2050. Future conditions in the Da Do Basin in 2050 were 

estimated by assuming that the five key climate-related and socio-economic drivers would 

change as detailed in Table 5.1. A sea level rise of 30cm is assumed to have occurred by 

2050, based on sea level rise over the past 55 years in the Hon Dau National Station and sea 

level rise projections for the region conducted by the Ministry of Natural Resource and 

Environment (MONRE, 2016). Upstream flow decline by 2050 were estimated by 

extrapolating rates determined from historical data of river flows and water levels at Trung 
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Trang Station, Van Uc River and tide level at the Hon Dau National Station (Appendix 5A). 

Water demands for domestic use and for industrial and agricultural production in 2050 were 

estimated from data which reported changes in these variables in the Da Do Basin over ten 

years, from 2004 to 2014 (DONRE, 2015). 

Table 5.1: Assumed changes in five key climate-related and socio-economic drivers of water 

supply and water demand in the Da Do Basin 

Variable Current (2014) Future (2050) 

Sea level rise As tide level Tide level + 30cm 

Upstream flow 

decline 

As water level at six 

locations 

Decrease by 15cm of upper level, by 30cm of 

lower level for Van Uc River; by 10cm for upper 

level, by 30cm for lower level for Lach Tray 

River 

Domestic use 3,900 m
3
/hour 3% increase per year 

Industrial use 2,100m
3
/hour 2.5% increase per year 

Agricultural use 29,000m
3
/hour 0.5% decrease per year 

 

5.3.4.  Adaptation options and costs 

A multi-criteria approach was used to select adaptation options for incorporation into the 

BDN model as it was infeasible (due to data limitations) to include all adaptation options 

identified during the workshops. Five criteria were used to rank potential adaptation options, 

(1) feasibility, (2) effectiveness, (3) cost, (4) sustainability and (5) data availability. In the 

workshops, each group of stakeholders discussed and scored each adaptation option from 0 to 

9 (0 being low and 9 being high) against the five criteria. The scores for all five criteria were 

then weighted equally and summed across groups to produce an overall multi-criteria result. 

The five adaptation options which had the highest scores were identified and taken forward 

for subsequent incorporation into the BDN model to identify the most cost-effective 

adaptation options (Table 5.2). Two additional options combined separate adaptation 

measures to assess their joint effect on water supply and demand simultaneously, as follows: 

(i) increase Da Do River storage capacity and increase water prices, and (ii) build pumping 

stations and increase water prices. These adaptation options aim to increase freshwater supply 

and/or decrease freshwater demand in the Da Do Basin. A ‗no intervention‘ option was 

included under each scenario to provide a baseline for the cost-effectiveness assessment.  
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Table 5.2: Adaptation options for the Da Do Basin system under climatic and non-climatic 

changes 

Adaptation option Description 

Increase Da Do River storage 

capacity 

Increase the freshwater storage capacity of the Da Do River 

from 11,680,000 m
3
 to 13,380,000 m

3
, by raising the height 

of the current river banks by 40cm and upgrading some sluice 

gates. 

Build a water supply plant Build a new water supply plant on the Da Do River with a 

supply capacity of 25,000 m
3
/day to provide water for Duong 

Kinh District. 

Build a salinity prevention 

gate 

Build a gate on the Van Uc River at 11km from the river 

mouth to prevent upstream salinity penetration and retain 

freshwater on upstream. The length and height of the 

proposed gate are 481m and 3.2m, respectively. 

Build pumping stations Build two pumping stations with a total capacity of 112,000 

m
3
/hour at Bat Trang and Quang Hung 938km upstream flow 

the river mouth) to take freshwater from the Van Uc River to 

Da Do River. 

Increase water prices Increase water prices for residential use and industrial 

production by 20% above current prices.   

Market-based costs of construction, operation and maintenance for the engineered adaptation 

options were estimated from relevant Vietnamese literature and consultations with local 

stakeholders. Engineered options were assumed to have an operational lifetime of at least 35 

years. Total present value cost for each option was calculated (Table 5.3 and equation 5.1), 

assuming the option was constructed in 2015; a discount rate of 5% per annum was applied, 

in line with standard practice for assessing adaptation investments in Vietnam (WorldBank, 

2010). Equivalent annual cost was then calculated for each adaptation option (Table 5.3 and 

equation 5.2).   

                                ∑
 

(   )      
    
                                    (5.1) 

                                   (
 

  (   )  
)                                   (5.2) 

where C is the cost incurred by an adaptation option at time t, r is discount rate, and d 

is the operational lifetime 
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Table 5.3: Total present value cost and equivalent annual cost (USD) of adaptation options 

Adaptation option 
Capital 

cost ($) 

Annual 

operating cost 

($) 

Total present 

value cost ($) 

(35 years) 

Equivalent 

annual cost 

($) 

No intervention 0 0 0 0 

Increase water prices 0 131,056 2,276,999 131,056 

Build pumping stations 1,650,000 67,691 2,806,893 171,422 

Build pumping stations and 

increase water prices 
1,650,000 198,748 5,083,892 310,482 

Build water supply plant 6,079,309 290,071 11,119,059 679,060 

Increase Da Do River 

storage capacity 
10,360,000 82,296 11,789,827 720,025 

Build a salinity prevention 

gate 
15,236,000 35,759 11,857,281 724,144 

Increase Da Do River 

storage capacity and 

increase water prices 

10,360,000 213,352 14,066,826 859,085 

Increasing water prices will reduce the consumer‘s surplus realised by residential and 

industrial water consumers (Young, 2005). These reductions in consumers‘ surplus indicate 

that residential and industrial water consumers will experience a reduction in welfare when 

water prices are increased (Varian, 2003). We regard these reductions in consumers‘ surplus 

as an annual cost which we assign to the water price increase option. The annual loss in 

consumers‘ surpluses for residential and industrial water consumers are estimated by 

applying a point expansion method to price elasticity of demand as shown in Appendix 5D.  

 

5.3.5.  Determination of relative cost and utility values  

Equivalent annualised costs of eight adaptation options were scaled relative to the most 

expensive option which is increase Da Do River storage + increase water price, shown in 

Table 5.4.  

Table 5.4: Absolute and relative cost for the adaptation options 

Adaptation options Equivalent Relative 
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annual cost ($) cost 

No intervention 0 0 

Increase water prices 131,056 0.162 

Build pumping stations 171,422 0.200 

Build pumping stations and increase water prices 310,482 0.361 

Build water supply plant 679,060 0.790 

Increase Da Do River storage capacity 720,025 0.838 

Build a salinity prevention gate 724,144 0.843 

Increase Da Do River capacity and increase water prices 859,085 1.000 

The accompanying SD model was used to predict the hourly average water storage volume of 

the Da Do System during the December to May dry season under scenarios for climatic and 

non-climatic changes involving different combinations of sea level rise, upstream flow 

decline, expanding household water demand, expanding industrial water demand and 

declining agricultural water demand (Table 5.5). Exercising the SD model across this range 

of scenarios identified five discrete outcome states for the BDN model, based on average 

hourly dry season water availability; they are high over supply, moderate over supply, 

balanced supply, moderate water shortage and extreme water shortage (Table 5.5). Water 

availability under each of these outcome states was scaled relative to the maximum water 

storage volume (21.9 million m
3
) availability in the Da Do System (Pham, 2014) to produce a 

utility value for each outcome state (Table 5.5). This scaling approach for converting water 

availability into utility implicitly assumes that each cubic metre of water contributes equally 

to utility.   

Table 5.5: Utility values for freshwater balance states of the outcome node 

Freshwater 

status 

Water availability 

in the system (m3) 

Utility 

values 

Scenarios in the SD model 

High over 

supply 

18,657,637 0.851 Under current conditions of six month 

dry season 

Moderate over 

supply 

17,187,665 0.784 Population growth, per capita water use 

increase and industrial production 

increase 

Balanced supply 10,649,066 0.485 Balance between water supply and 

water demand in the system over six 

month dry season in the current 

conditions 

Moderate water 

shortage 

6,914,371 0.315 Population growth, capita water use 

increase, industrial production increase, 

upstream flow decline and sea level rise 
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Extreme water 

shortage 

3,818,257 0.174 Population growth, per capita water use 

increase, industrial production increase 

and upstream flow decline 

 

5.3.6.  Model validation 

Model validation aims to increase the model performance in identifying the cost-effective 

adaption options for the system as well as avoid potential pitfalls in the process of populating 

CPTs for the BDN of stakeholders in the Da Do Basin. More specifically, knowledge, time 

commitment and personality domination of stakeholders in the Da Do Basin are potential bias 

for the development of BDN model (Kuhnert et al., 2010). In this study, in addition to 

learning from historical data, results from the validated SD model and stakeholder 

knowledge, the BDN model was further verified and validated via an online meeting with 

local stakeholders (Appendix 5C) in the Da Do Basin in December 2016. This final stage 

involved a process of verifying the entire network, the values of adaptation option costs and 

expected water availability outcomes with and without the different adaptation in place, and 

the CPTs governing the relationships among parent nodes and their child nodes. Three main 

steps were used to verify and validate the model. First, costs of adaptation options and utility 

values of freshwater conditions in the outcome node were verified by providing graphical 

explanations to workshop participants. 

Second, conditional probabilities for the decision node and its given child nodes were 

validated by graphically showing experts and practitioners how the probability of each state 

of a given child node changed under different adaptation options. For example, if a 

combination of pumping stations and increasing water prices was implemented as an 

adaptation option under a particular scenario, local stakeholders were shown how the 

conditional probabilities of different states of water availability at the outcome node would 

change in comparison with the ‗no intervention‘ option (Figure 5.4). Participants were invited 

to alter probabilities using the graphical illustration of the CPTs if they disagreed with the 

demonstrated outcomes. This process was repeated for all adaptation options and associated 

child nodes in the network.  
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Figure 5.4: Schematic of the BDN showing the change in probability of different states of the 

outcome node under a combined pumping stations and water prices adaptation option and 

under 'no intervention' 

Finally, BDN predictions under different scenarios were analysed by all stakeholders to 

ensure robust model verification and validation. In addition, this process afforded an 

opportunity for stakeholders to understand the interactions and influences among parent 

nodes and their child nodes which affect freshwater balance conditions in the outcome node. 

These analyses also helped the stakeholders prioritize and evaluate the appropriate adaptation 

options for the Da Do system.  

 

5.4. Results 

5.4.1. Interactions and relationships in the coastal freshwater balance system  

The balance of water supply and demand in the Da Do Basin can fluctuate significantly in 

response to changes in both water supply and water demand (Figure 5.3). The water supply 

side is influenced by a storage system (e.g. the Da Do River and the irrigation channels on the 
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left and right sides of Da Do River). Changes in freshwater availability in the storage system 

occur as a result of opening sluice gates along Van Uc and Lach Tray rivers, which are 

managed according to water level and salinity level in these two rivers (Figure 5.3). Water 

and salinity levels in the Van Uc and Lach Tray rivers are strongly influenced by interactions 

between tide level and downstream flows. Historical data shows that downstream flows are 

already declining due to a reduction in precipitation in the region (Appendix 5A) and 

increased flow management for hydropower management at upstream locations (DONRE, 

2015). However, tide level is expected to increase in the future due to sea level rise. 

Historical data (Appendix 5A) show that sea level has risen about 20cm in the Hai Phong 

region over the past 50 years. Therefore, interactions and changes in downstream flows and 

tide level lead to changes in the water level and salinity penetration along the Van Uc and 

Lach Tray rivers.   

The water demand side is influenced by changes in domestic, industrial and agricultural water 

usage (Figure 5.3). Domestic and industrial uses of water are likely to increase because of 

population growth and increasing industrial production in the Da Do Basin. However, 

agricultural water use is likely to continue to decrease because agriculture land is being 

converted to industrial and residential land (DONRE, 2015). 

The BDN model can be explored to understand the interrelationships among the nodes and 

their influences on the response variable of interest by conditional probability tables. For 

example, the conditional probability of each category of the node: SGateTrungTrang40km 

depends directly on the states of the three parent nodes (WLevelVUc40km, 

SalinityVUc40km and DaDoWLevel). Therefore, each state of SGateTrungTrang40km has a 

conditional probability for each combination of these nodes (Table 5.6).  

Table 5.6: Conditional probability table for Trung Trang sluice gate at 40km from the mouth 

of Van Uc River with respect to water level and salinity 

WLevelVUc 

40km (cm) 

SalinityVUc 40km 

(ppt) 

DaDoWLevel 

(cm) 

SGateTrungTrang (m
3
/hour) 

Opened (%) Closed (%) 

0 to 276 0 to 0.5 High 0 100 

0 to 276 0 to 0.5 Low 0 100 

0 to 276 0.5 to 1 High 0 100 

0 to 276 0.5 to 1 Low 100 0 

276 to 300 0 to 0.5 High 20 80 

276 to 300 0 to 0.5 Low 100 0 

276 to 300 0.5 to 1 High 20 80 
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276 to 300 0.5 to 1 Low 100 0 

 

The BDN model‘s predictions of sluice gate opening and closing matched intuitive 

expectations. For example, under the ‗current condition‘ scenario, the conditional probability 

of the Trung Trang sluice gate at 40km of the mouth of the Van Uc being closed was 65.5% 

and being opened was 34.5%. However, if the ‗water level‘ parent node was set to its highest 

water level condition (276cm to 320cm), then predicted probability of the sluice gate being 

closed reduced to 23.4%. In contrast, if water level parent node was set to its lowest water 

level condition (0 cm to 276cm) then the BDN predicted that the sluice gate would be closed 

permanently. Predicted behaviour of the opening and closure of sluice gates also followed 

intuitive expectations under scenarios which included both upstream flow decline and relative 

sea level rise. Under these scenarios, almost all sluice gates on both Van Uc and Lach Tray 

rivers were closed permanently, especially the sluice gates which are closest to the river 

mouths.   

 

5.4.2.  Expected effectiveness of adaptation options 

Figure 5.5 shows the relative effectiveness of the different adaptation options for increasing 

hourly average dry season water availability in the Da Do Basin under current conditions and 

future climatic and non-climatic scenarios. Effectiveness is expressed as the sum of the 

probability-weighted utilities for the five states of the BDN outcome node, with the different 

adaptation options in place, under the different scenarios. BDN results (Figure 5.5) show that 

the adaptation option which combines construction of pumping stations with increasing water 

prices delivers the highest level of water availability under all the different scenarios. 

Increasing the freshwater storage capacity of the Da Do River in combination with increasing 

water prices performs only slightly worse than the pumping stations with increasing water 

prices option under most scenarios. Five adaptation options perform almost equally well 

under current conditions, but the advantages of the composite options become apparent when 

future scenarios are considered-particularly when those scenarios include non-climatic 

changes. The ‗no intervention‘ option is the least effective in increasing average hourly dry 

season water availability under almost all scenarios.  
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Figure 5.5: Effectiveness of each adaptation option under to current conditions (black), 

climatic changes (dark grey), non-climatic changes (light grey) and climatic and non-climatic 

changes (white). Bars indicate the effectiveness of the different adaptation options in 

increasing water availability in the system 

 

5.4.3.  Prioritizing cost-effective adaptation options 

The relative performance of the different adaptation options changes dramatically once cost-

effectiveness is considered (Figure 5.6). This result reports the increase in probability-

weighted utility per unit cost expended; it can be regarded as a measure of return on 

investment (Figure 5.6), as well as a metric for cost-effectiveness ranking of the adaptation 

options under the different scenarios.  

The cost-effectiveness ranking of the adaptation options differs considerably depending on 

the scenario being considered (Figure 5.6). Constructing pumping stations is the most cost-

effective option under current conditions and under the climatic change scenarios. This 

option also performs well when climatic and non-climatic changes occur in combination. 

Higher water prices are the most cost-effective option when only non-climatic changes are 

considered, whereas constructing pumping stations in combination with increasing water 

prices provides the most cost-effective adaptation option under the future scenarios which 

features both climatic and non-climatic changes.  

The ranking of cost-effective adaptation options is also different between climatic scenarios 

and non-climatic scenarios. Under this model, increasing water price is ranked higher than 

pumping stations in non-climatic scenarios but this option is less cost-effectiveness for the 

system when considering climatic scenarios in the system (Figure 5.6). 
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Figure 5.6: Return on investment for each adaptation option in response to current conditions 

(black), climatic changes (dark grey), non-climatic changes (light grey) and climatic and non-

climatic changes (white). Bars present the cost-effectiveness of the different adaptation 

options 

 

5.5. Discussion and conclusions 

A novel and important contribution of this BDN model is its ability to prioritize adaptation 

options based on their costs - effectiveness for a coastal freshwater supply and demand 

system subject to climatic and non-climatic drivers in a developing country. Applying this 

approach can help decision-makers in such situations invest appropriately in cost-effective 

adaptation options to help secure the balance for freshwater supply and demand under current 

and future conditions.  

The coastal freshwater supply and demand system in the Da Do Basin is expected to be 

significantly affected by climatic and non-climatic drivers over coming decades. In this 

context, adaptation options are necessary to ensure that freshwater supply is adequate for all 

activities in the Da Do Basin in the future. Therefore, in this study the BDN was applied, in 

close consultation with the stakeholders in the region, to identify and prioritize the most cost-

effective adaptation options for the basin, based on relative costs and utilities and the 

expected freshwater outcome conditions as well as multiple drivers in the model. The BDN 

model provided an opportunity for stakeholders to explore which adaptation options are most 

cost-effective for increasing freshwater availability in the Da Do system under current 

conditions and projected climatic and non-climatic changes.  
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Cost-effectiveness results report the relative effectiveness of each adaptation option in 

augmenting available freshwater volume in relation to the relative scale of costs incurred. The 

relative cost of the different adaptation options remained unchanged across different 

scenarios. Therefore, the differences in ranking of cost-effectiveness of the adaptation options 

under current conditions and future scenarios can thus be attributed to differences in the 

probable effectiveness of the adaptation options under changing conditions. The ranking of 

adaptation options clearly depends on whether multiple interacting climatic and non-climatic 

scenarios are considered or not. In particular, all adaptation options are much more cost-

effective under future scenarios than under current conditions (Figure 5.6). This reflects the 

fact that the ‗no intervention‘ option has high expected effectiveness currently, but low 

expected effectiveness under future scenarios (Figure 5.5). Therefore, in comparison with ‗no 

intervention‘, the seven adaptation options are considerably more cost-effective under future 

scenarios than current conditions. This reflects the real situation in the Da Do Basin. 

Currently, freshwater availability in the basin is sufficient to supply for all activities in the 

basin and also nearby regions and adaptation options are likely not needed (Pham, 2014). 

However, climate change will likely disrupt the balance of the Da Do Basin system as 

declining upstream flow and sea level rise lead to lower water levels and increased salinity 

along the Van Uc and Lach Tray rivers. As a result, ‗no intervention‘ is not effective under 

future scenarios and thus adaptation options are required to maintain adequate freshwater 

availability in the system for a growing water demand for population growth and industrial 

production increase.  

Adaptation options were also ranked differently among future scenarios. For example, under 

climatic changes, pumping stations were ranked the most cost-effective adaptation option for 

the system. The reasons are that when less freshwater flows from the Van Uc and Lach Tray 

rivers to the Da Do River and irrigation channels due to low water levels and high salinity 

driven by upstream flow decline and sea level rise. Under these conditions, pumping stations 

at 38km from the mouth of the Van Uc River are needed to provide freshwater to the system. 

However, under non-climatic scenarios, increasing water price becomes the most cost-

effective option to reduce water consumption from households and industrial production.    

The costs of the adaptation options clearly affect their cost-effectiveness ranking. For 

example, although, the combination of increasing Da Do River storage capacity + increasing 

water prices was expected to increase the probability of high water availability in the system, 

the equivalent annual cost of this option ($859,085) is almost three times and six times, 
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respectively, that of building pumping stations + higher water prices ($310,482) or increasing 

water prices alone (131,056). Therefore, the Da Do River storage and water price option was 

less cost-effective than building pumping stations + increasing water prices, and considerably 

less cost-effective than increasing water prices alone. Another interesting result is that 

although the equivalent annual costs of building a salinity prevention gate ($724,144) are 

lower than those for increasing Da Do River freshwater storage capacity + increasing water 

prices, the salinity prevention gate was always ranked as the least cost-effective option for the 

system. This is because the BDN predicts that the salinity increase driven by sea level rise 

and upstream flow decline is not high enough to affect the opening of key Trung Trang sluice 

gate at 40km from the mouth of the Van Uc River. As a result, under the range of future 

scenarios explored, the salinity prevention gate does not significantly alter freshwater supply 

to the Da Do River.   

Some authors in the BDN literature (e.g. Mantyka-Pringle et al., 2016) have used a cost-

effectiveness approach to compare intervention as applied in this study. However, a cost-

benefit approach is also widely used (e.g. Stewart-Koster et al., 2010). The cost of 

intervention options is represented equivalently in cost-effectiveness and cost-benefit 

comparisons, so difference in the ranking of options under the different approaches must arise 

from differences in how utility is represented. In cost-effectiveness analysis, utility is 

expressed in terms of the physical scale of the ‗managed outcome‘ delivered by each 

intervention option under each scenario. Average hourly availability of freshwater during the 

dry season is the ‗managed outcome‘ in our BDN of the Da Do Basin system. Adaptation 

options which substantially increase dry season freshwater availability (compared with ‗no 

intervention‘) under the different climatic and non-climatic scenarios are thus judged to be 

highly effective (Figure 5.5). Cost-effectiveness evaluation implicitly regards each additional 

m
3
 of freshwater availability as conferring an equal increment to society‘s utility. This may or 

may not be appropriate, depending on the situation in the system being modelled. In some 

settings it may not be appropriate to regard increases in water availability which moves the 

system from balanced supply to over supply state as delivering the same increment to utility 

as equivalent movements from under supply state up to balanced supply. For the Da Dao 

Basin system, water availability increases from under-supply conditions to balanced supply 

are clearly beneficial, but so are movements from balanced supply to at least moderate over 

supply. This is because some level of oversupply provides contingency against sudden, 
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unanticipated reductions in flow due to hydropower management upstream
1
. Cost-benefit 

analysis would produce an equivalent measure of the utility delivered by the different 

adaptation options if a uniform volumetric water price ($/m
3
) was used to quantify the 

benefits of water delivery (e.g. Ames et al., 2005).  

It is, however, well known that water price is generally a very poor indicator of the value 

actually delivered by water usage (Young, 2005). This is particularly true in Hai Phong where 

the main water uses of water from the Da Do Basin system are agriculture water use (83%) 

[comprising predominantly irrigation of rice paddies, fish and shrimp aquaculture and 

livestock production], drinking water for households (6%), and treated water for industry 

(11%). For full societal cost-benefit analysis, appropriate economic methodologies should be 

used to quantify the enhancements to societal welfare which result from supplying particular 

volumes of water into each of these uses. These methodologies require detailed data 

regarding household water demand, the marginal revenue product of water in the different 

industrial and agricultural uses and for our system – because agricultural water pricing in the 

Da Do Basin is heavily subsidised by the government – detailed knowledge of agricultural 

input costs and its revenues for agricultural produce to enable the value of water use in 

agriculture to be estimated by the residual method (Young, 2005). The full set of data 

required for societal cost-benefit analysis are not readily available, therefore, within the 

context of this paper, we do not conduct cost-benefit analysis of the different adaptation 

options for the Da Do Basin system, and this remains an opportunity for future research. It is 

informative, however, to consider how adopting a cost-benefit approach – as opposed to a 

cost-effectiveness approach – as the basis for determining the utility delivered by the 

different adaptation options might affect selection of the preferred adaptation options. In 

general terms, moderate and extreme under supply outcomes are likely to be very detrimental 

to societal welfare if, for example, they deliver insufficient water to enable a rice crop to be 

harvested or if fish and shrimp aquaculture has to be curtailed. The likely reductions in 

societal welfare from under-supply might therefore be expected to be considerably larger than 

the benefits which would accrue to societal welfare from moderate and high over supply. 

This would be particularly likely if shortages of other resources (such as suitable land) 

constrained opportunities for deriving value from ‗surplus‘ water. In this situation, a cost-

benefit analysis-based approach might assign higher utilities to adaptation options which 

significantly reduce the risk of under supply than to adaptation options which increase the 

                                                           
1
 Some hydropower management actions originate outside the national border.  
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probability of oversupply. This would likely produce a different preference ranking for 

adaptation options than that obtained from our cost-effectiveness-based approach. 

The knowledge base for the construction of BN models is widely recognised as an important 

driver of model outcomes and performance (Marcot, 2012). Experts or/and model simulations 

or/and empirical data were used to construct DAGs and populate CPTs for water 

management modelling. However, expert knowledge has been shown to be the dominant 

source of information for constructing DAGs and populating CPTs for BN models due to the 

limited available data in water resource modelling (Phan et al., 2016). Empirical data or 

independent assessment is therefore needed to increase confidence in the ability of BDN to 

identify appropriate management strategies (Marcot et al., 2006). In addition, appropriate 

validation of BN models enhances the model performance and should lead to more confident 

decision making (Death et al., 2015). Validating performance of models is a particular 

challenge within BDN models (Barton et al., 2008). Furthermore, Phan et al., (2016) found 

that most studies which have applied BDN models in water resource management were not 

validated, or if they were, expert evaluation was conducted. In this study, historical data, 

results from the accompanying SD model (Phan et al., under review), and knowledge of 

stakeholders in the Da Do Basin were used to construct DAGs and populate CPTs for the 

BDN model. Furthermore, the BDN model was verified and validated by stakeholders to 

increase confidence in the model‘s ability to identify appropriate adaptation options for the 

coastal freshwater balance system.  

Involvement of stakeholders in the design and selection of cost-effective adaptation options is 

considered essential for identifying successful adaptation strategies (de Bruin et al., 2014) 

because they understand the local biophysical and socio-economic systems in the Da Do 

Basin. This is likely the best way to ensure that constraints and limitations of the local 

context are recognised and incorporated in the decision making process (Bhave et al., 2014). 

Stakeholders were involved in all stages of this research (Figure 5.2) from developing the 

model structure to better understand the problems and interactions among multiple drivers of 

the system. Stakeholders also involved in identifying and analysing adaptation options, and in 

estimating the likely costs of those adaptation options. Finally, stakeholders participated in 

populating CPTs for the adaptation options and validating the BDN model. This approach, of 

close stakeholder engagement and consultation, represents a case of best practice for BDN 

model construction, testing and use in complex coastal settings like those in Vietnam and 

many other developing countries.  
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There is one caveat in selecting adaptation options for the BDN model presented in this 

paper, as the risks which adaptation might pose for environmental and socio-economic 

aspects of the system were not considered because they were not within the remit of this 

study. The trade-offs of each adaptation option should, therefore, be carefully evaluated 

against environmental and socio-economic objectives to avoid poor 

adaptation options. Furthermore, the selection of adaptation alternatives was driven by and 

influenced by the stakeholders in the region. Whilst allowing stakeholder to select the short 

list of adaptation options accords with best practice in enabling stakeholder ownership of 

adaptation decision making, there are also risks inherent with this approach. For example, 

highly cost-effective adaptation options might be overlooked simply because they are not 

palatable to current stakeholders. This is particularly likely for adaptation alternatives, which 

require major departures from current practice, such as embracing anticipated changes 

through carefully planned retreat (Peirson et al., 2015). Importantly, some of these 

approaches, which are socially and economically expensive but also risk averse and 

environmentally sound (Peirson et al., 2015), may actually address wet season risks in the Da 

Do Basin more than dry season threats to freshwater balance, the focus of the current 

study.  Further work is required, beyond the analysis of freshwater balance presented here, to 

carefully evaluate how different adaptation options can influence social, economic and 

environmental outcomes given the projected changes in sea level and declines in rainfall in 

the study region.  

Decision makers and water managers are encouraged to consider this BDN modelling 

approach for adapting coastal freshwater system in terms of future drivers. This modelling 

approach not only helps stakeholders explore cost-effective adaptation options, but also 

provides a framework for understanding interactions between multiple stressors on the 

coastal freshwater system. Multiple drivers (e.g. rising sea level rise, declining upstream 

flows, tide level, water level and salinity, and socio-economic development) were included in 

the BDN to consider their influences on the freshwater balance system. This approach 

provides stakeholders with transparent tool for exploring the combined effects of interacting 

drivers. In addition, by incorporating costs, utility and response of expected freshwater 

balance outcomes into the model, this framework enables stakeholders to identify appropriate 

and feasible adaptation actions in different scenarios and situations. As a result, the use of a 

BDN model provides a transparent, probabilistic approach which would be useful in 

supporting decision makers for better management of coastal freshwater systems under 
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multiple stressors. Applications of this modelling approach are likely to be highly applicable 

to other basins in Hai Phong City, as well as in estuarine settings of other developing coastal 

cities to secure water resources under future climatic and non-climatic conditions.  
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Appendix 5A: Data used for model development and learning 

Data type Period Unit Source 

Sea level at Hon 

Dau National 

Station 

Fifty years from 1958 to 2013 

cm 

National Northeast 

Meteorological and 

Weather Stations 

(NNMWS), (2015) 

Precipitation at 

Phu Lien 

Station 

Forty two years from 1972 to 

2013 mm NNMWS, (2015) 

Tide level at 

Hon Dau 

National Station 

Six months in dry season, from 

December 2013 to May 2014 cm VNASI, (2015) 

River flows at 

Trung Trang 

Station 

Six months in dry season, from 

December 2013 to May 2014 m
3
/hour NNMWS, (2015) 

Salinity Six months in dry season, from 

December 2013 to May 2014. 

Measured at six locations for 

both Van Uc and Lach Tray 

rivers 

ppt NNMWS, (2015) 

Water level Six months in dry season, from 

December 2013 to May 2014. 

Measured at six locations for 

cm NNMWS, (2015) 
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both Van Uc and Lach Tray 

rivers 

Sluice gate  

inflow system 

Inflow of each gate along the 

Van Uc and Lach Tray Rivers in 

the current system design, 

estimated based on water levels 

on both sides of the sluice gates 

m
3
/hour Pham, (2014) 

Sluice gate 

opening 

schedule 

Opening hours of each gate 

along Van Uc and Lach Tray 

rivers in six month dry season, 

from December 2013 to May 

2014. 

hour/day Pham, (2014) 

Freshwater 

storage system 

Storage capacity of the Da Do 

River and Irrigation channel 

system in the current design 

m
3 

Pham, (2014) 

Population Population of Da Do Basin in 

2014 
people HPSD, (2015) 

Agricultural 

water use 

Water use in dry season from 

December 2013 to May 2014 
m

3
/year DONRE, (2015) 

Industrial water 

use 

Water use in dry season from 

December 2013 to May 2014 
m

3
/year DONRE, (2015) 

Per capita water 

use 

Water consumption per person in 

2014 

Litre/person/ 

day 
DONRE, (2015) 

 

Appendix 5B: The list of stakeholders in the workshop 

Organization Participants Expertise and role 

Hai Phong University  2 Climate change 

expert 

Institute of Marine Environment and Resources 1 Water expert 

The Northeast Meteorological and Hydrological 

Station 

2 Climate change 

expert 

Union of Science and Technology Associations  1 Water expert 

Association of Environmental Protection 1 Water expert 

World Vision organization in Hai Phong 1 Development  

consultant 

Department of Natural Resources and Environment 2 Decision makers 

Department of Science and Technology 1 Decision maker 

Department of Agricultural and Rural Development 1 Decision maker 

Department of Statistics 1 Socio-economic 

statistician 

Agency of Sea and Islands 2 Water resource 

managers 

Agency of Environmental Protection 1 Water expert 

Division of Water Resources Management 1 Decision maker 

Centre for Natural Resources and Environmental 2 Water quality 
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Monitoring regulators 

Agency of Irrigation 1 Irrigation manager 

Agency of Dykes and Flood Prevention 1 Irrigation manager 

Da Do Irrigation Company 1 Water resource 

manager  

Cau Nguyet Water Supply Plant 1 Water resource user  

Dinh Vu Water Supply Plant 1 Water resource user 

Investment and Consultancy of Agricultural and Rural 

Development Company  

1 Irrigation and water 

expert 

An Lao district 2 Water resource users 

Kien Thuy district 2 Water resource users 

Duong Kinh district 2 Water resource users 

Kien An district  2 Water resource users 

Do Son district  2 Water resource users 

Total 35  

 

 

Appendix 5C: Experts, decision makers, water resource managers and water resource users 

involved in CPTs' elicitation and model validation 

Affiliation  Participants Expertise and role  

Centre for Environmental Monitoring 1 Water quality 

regulator 

 

National Northeast Meteorological and Weather 

Stations 

1 Climate change expert  

Da Do Irrigation System Management 

Company 

2 Water resource 

managers   

 

Hai Phong University 1 Climate change expert  

Water supply plants 2 Water resource users  

Department of Natural Resources and 

Environment 

1 Decision maker  

Institute of Marine Environment and Resources 1 Water expert  

 

Appendix 5D: Reduction in consumer‘s surplus for residential use and industrial production 

The reduction in consumer‘s surplus for residential use and industrial production following 

from a 20% increase in water price was calculated via point expansion, knowing current 

water price (from the Water Supply Joint Stock Company), current volumes demanded by 

households and industry (DONRE, 2015), and assuming an appropriate price elasticity of 

demand. The water prices applied by the Water Supply Joint Stock Company in 2015 

(WSJSC, 2015) were $0.45/m
3
 for residential use and $0.95/m

3
 for industrial production. The 
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annual reduction in consumers‘ surplus following from an increase in the water price is 

calculated using the following equations.  

                                                               (5.3) 

                                               (5.4)                                      

                                              (5.5) 

                               = 
(     )   (     )

 
        (5.6) 

where: Po = old water price; Qo = old quantity of water use; Pn = new water price; Qn = new 

quantity of water use,  p = price elasticity of demand for water 

Appropriate price elasticity for residential use and industrial production were identified from 

the literature. Price elasticity for residential use was assumed to be -0.5 (Hoffmann et al., 

2006; Hung & Chie, 2012; Olmstead et al., 2007; Ruijs et al., 2008) and price elasticity for 

industrial consumption was assumed to be -0.3 (Dharmaratna & Parasnis, 2010; Malla & 

Gopalakrishnan, 1999; Schneider & Whitlatch, 1991; Williams & Suh, 1986). The resulting 

estimates of the reduction in consumers‘ surplus following a 20% increase in both water 

prices (Table 5D1).  

Table 5D1: Reduction in consumers‘ surplus each year following a 20% increase in 

residential and industrial water prices 

Water use 

sector 

Old price 

($/m
3
) 

Old water use 

(1,000m
3
) 

New price 

($/m
3
) 

New water use 

(1,000m
3
) 

Reduction in 

consumers' 

surplus ($) 

Residential use 0.45 16,893 0.54 15,204 76,020 

Industrial use 0.95 9,173 1.14 8,622 55,037 

Total 
 

26,066 
 

23,826 131,056 
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Chapter 6 .A coupled top-down and bottom-up modelling 

approach for assessing vulnerabilities and identifying robust 

adaptation options in complex systems 
 

The two previous chapters have sequentially applied two different modelling approaches, the 

SD model (Chapter 4) and the BDN model (Chapter 5) to assess freshwater balance and 

prioritize the most cost-effective adaptation options for the Da Do Basin‘s coastal water 

supply and demand system under potential future climatic and non-climatic changes. This 

chapter, Chapter 6 seeks to build on this work to develop a coupled top-down SD model and 

bottom-up BDN modelling framework to inform decision-making for the coastal freshwater 

supply and demand system in the face of highly uncertain and complex conditions and 

interactions. A full description of all of the modelling steps in this decision-making 

framework is provided to demonstrate the feedback-based dynamic processes and address 

uncertainties inherent in the complex and uncertain coastal freshwater system through 

developing causal loop diagrams (CLDs), running the SD model, scenario development and 

construction of the BDN model with participatory processes.  

This chapter also seeks to address the knowledge gap which highlighted in the literature 

review (Chapter 3) which suggests that SD models have rarely been coupled with BDN in 

water resource management. Furthermore, the results of Bayesian network (BN) models have 

rarely been tested against other modeling approaches to improve their performance. 

Therefore, incorporating the SD model and the BDN model into one decision-making 

framework could enhance model performance by cross-examining model types and outputs. 

The enhanced model outputs enable both the determination of adaptation options and predict 

the modeled outcomes of each decision, which will assist decision-makers to identify 

adaptation options for coping with current and future climate projections and identify ‗least 

regret‘ actions for water supply and demand systems to subjected climatic and non-climatic 

changes in coastal settings of a developing country.   

This chapter consists of the submitted version of a paper co-authored with my supervisors. 

The paper has been submitted to Environmental Modelling and Software for peer review and 

thus the chapter has been formatted in the style of the targeted journal style. The citation for 

this paper is as follows:  
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Thuc D. Phan, James C.R. Smart, Oz Sahin, Samantha J. Capon, Wade L. Hadwen., under 

review by Environmental Modelling and Software. A coupled top-down and bottom-

up modelling approach for assessing vulnerabilities and identifying robust adaptation 

options in complex systems. 

My contribution to the paper involved: data collection, workshop organization, model 

development, drafting of the manuscript, tables and figures, and submission to the journal.  

 

 

 

 

 

 

 

 

 

6.1. Abstract 

Identifying robust management options for complex, non-linear systems involving multiple, 

interacting natural and anthropogenic drivers is challenging. This is especially prevalent for 

coastal supply and demand systems subjected to climatic and non-climatic changes. This 

study presents a novel approach in which a top-down system dynamics model (SDM) and a 

bottom-up Bayesian decision network (BDN) model are coupled to assess vulnerabilities and 

identify feasible adaptation options for a case study coastal supply and demand system in 

Vietnam. The coupled modelling framework can enhance understanding of feedback-based 

dynamic processes and enable stakeholders to better understand and manage uncertainties 

through scenario development and participatory engagement. Critically, the framework 

overcomes some limitations of applying top-down SDM and bottom-up BDN individually by 

integrating multi-disciplinary perspectives (e.g. quantitative and qualitative data, climatic and 

non-climatic drivers, local knowledge and conditions) into a single framework for identifying 

robust adaptation options for complex systems under climatic and non-climatic changes.  
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Keywords: Bayesian decision network, decision making framework, sea level rise, system 

dynamics model, upstream flow decline, socio-economic development, water resources 

management 

 

6.2. Introduction 

Many resource management systems involve complex natural and anthropogenic processes 

which feature numerous interactions between interdependent components with multiple 

feedbacks and changes over time. Multiple drivers and feedbacks result in dynamic 

complexity, knowledge limitations and high levels of uncertainty which make these systems 

challenging to manage. The need for improved decision support tools to assist with 

management of these complex systems under climatic and non-climatic changes is widely 

recognised (Mimura et al., 2014). Given the complex and dynamic nature of these systems, as 

well as the diversity of contexts for which management is required, numerous authors have 

suggested that combinations of approaches may be useful for assessing vulnerabilities and 

identifying potential adaptation options to counteract those vulnerabilities (Bhave et al., 

2014; Girard et al., 2015). More specifically, these authors have coupled approaches which 

combine vulnerability assessment, local stakeholder consultations and criteria evaluation to 

obtain and apply knowledge relevant for developing effective adaptation options in particular 

decision contexts (Bhave et al., 2014; Mimura et al., 2014). Comprehensive understanding of 

the vulnerabilities of a system is a key requirement to enable stakeholders to propose 

effective adaptation measures to reduce the risks of system failure (Füssel, 2007; Noble et al., 

2014). Vulnerability assessments should encompass both present and future climatic 

conditions and anticipated societal changes to enable decision-makers to develop robust 

adaptation strategies (Bormann et al., 2012; Füssel, 2007). Ideally, qualitative and 

quantitative approaches should both be incorporated into vulnerability and adaptation 

assessments because biophysical and socio-economic factors typically interact to produce 

vulnerabilities and constrain adaptation options (Bhave et al., 2014). 

A wide range of approaches have been applied to assess vulnerabilities and identify potential 

adaptation options in water resource systems (Al-Jeneid et al., 2008; Bhave et al., 2014; 

Girard et al., 2015). Challenges around water resource management are especially prevalent 

in coastal areas where high rates of population growth, urbanization and rapid socio-

economic development, coupled with sea level rise, changes in precipitation and river flows, 

have the potential to cause severe water scarcity (Subagadis et al., 2014). Changes in sea 
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level and river flows over time can lead to periods of salinity penetration (Liu et al., 2009) 

which temporally influence freshwater supply, whereas population growth, trends in water 

consumption and land use change temporally influence water demand (Sušnik et al., 2013b). 

As a whole, the vulnerability of freshwater supply demand balance in these coastal systems is 

affected by temporal changes in the states and levels of multiple interacting climatic and non-

climatic drivers.  

Vulnerability and adaptation assessments can be conducted from either a top-down or a 

bottom-up perspective (Bhave et al., 2014; Girard et al., 2015; Wilby & Dessai, 2010). Top-

down approaches (also known as scenario-led approaches) localize climate projections and 

socio-economic impacts from broader scale scenarios to assess system-specific vulnerabilities 

and identify appropriate adaptation options (Mimura et al., 2014). They typically involve 

quantitative assessments of expected climatic changes which drive detailed vulnerability 

models (Bhave et al., 2014). Scenario analysis plays a key role in top-down approaches 

because biophysical and socio-economic scenarios provide the contexts within which 

vulnerabilities are assessed and adaptation options are identified (Kwadijk et al., 2010).  

In contrast, bottom-up approaches (also known as community-based adaptation approaches) 

focus on vulnerability management by examining adaptive capacity and adaptation options to 

enhance system resilience in the face of climate change and socio-economic development 

(Bhave et al., 2014; Kwadijk et al., 2010). Engagement of local stakeholders is essential in 

bottom-up approaches as local factors, conditions and values have to be considered to 

correctly assess vulnerabilities and to incorporate relevant local-level constraints when 

identifying adaptation options (Rivers-Moore, 2016; Wilby & Dessai, 2010). In addition, the 

involvement of local stakeholders and incorporation of local context balances standardization 

in adaptation planning, promoting local support for the implementation of adaptation options 

(Rivers-Moore, 2016). 

Top-down and bottom-up approaches each have their own strengths and weaknesses. While 

top-down approaches tend to neglect human and societal capacity constraints, they can be 

useful for quantifying variations in the extent of vulnerability under multiple climate change 

projections (Bhave et al., 2014). Top-down approaches have received significant attention 

from researchers, although very few observable examples of planned adaptation strategies are 

typically taken into account (Bhave et al., 2014; Girard et al., 2015). Several reviewers have 

concluded that top-down approaches are not actually useful for developing adaptation 

strategies, and thus many top-down studies focus on assessing impacts and vulnerabilities 
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without going on to identify adaptation options (Bhave et al., 2014; Girard et al., 2015; Wilby 

& Dessai, 2010). Another limitation of top-down approaches is their strong reliance on 

climate projections which may not be applicable for the scale of the problem or for the 

purposes of decision makers (Kwadijk et al., 2010). In contrast, bottom-up approaches have 

been criticised for giving insufficient weight to physical factors and for the length time 

required to perform an assessment which incorporates proper comparison of all relevant 

drivers in complex systems (Bormann et al., 2012). In addition, bottom-up approaches are 

heavily reliant on expert judgement and stakeholder perspectives and tend to rely 

predominantly on qualitative data (Füssel, 2007).  

A top-down system dynamics (SD) approach has been shown to be an excellent strategic 

water management modelling tool since it provides an understanding of the dynamic and 

complex challenge of balancing water supply and water demand (Kelly et al., 2013; Sahin et 

al., 2016; Winz et al., 2009). Numerous biophysical and socio-economic scenarios can be 

incorporated into one comprehensive SD model and analysed via an adjustable dashboard 

display (Sahin et al., 2016) to help decision makers understand the behaviour of a complex 

system, assess vulnerabilities and identify potential management strategies. However, SD 

models have inherent limitations in dealing with uncertainties in water resource systems, 

especially under the forcing drivers of climate change impacts (Winz et al., 2009) because SD 

is not well suited to incorporating the qualitative perspectives from which these uncertainties 

are often specified (Kelly et al., 2013).   

Unlike SD models, qualitative and quantitative data are well handled in combination by 

Bayesian networks (BNs) (Aguilera et al., 2011; Catenacci & Giupponi, 2013) which can 

combine data from different sources such as predictions from physical models, field 

measurements, results derived from literature and expert knowledge into a single framework 

(Catenacci & Giupponi, 2013; Jensen & Nielsen, 2007; Phan et al., 2016). BNs have proven 

to be powerful tools for assessing and predicting the consequences of adaptation options 

under uncertain drivers such as climate variability and climate change (Aguilera et al., 2011; 

Catenacci & Giupponi, 2013). BNs can thus provide a flexible framework for 

interdisciplinary integration which are well suited to incorporating quantitative and 

qualitative climatic, physical, ecological and socio-economic data specific to a particular 

adaptation setting (Bromley et al., 2005). However, it is widely recognized that BNs cannot 

explicitly represent dynamic relationships and interactions among interdependent 

components, as typically present in water resource systems (Kelly et al., 2013).   
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Despite the potential advantages, coupled system dynamics models and Bayesian network 

models have rarely been applied to water resource management (Phan et al., 2016). However, 

Sušnik et al. (2013a) conducted a comparative analysis of system dynamics modelling and 

Bayesian networks for groundwater management in Tunisia, concluding that both methods 

have several important differences that make them complementary in the evaluation of a 

complex and uncertain water resource system. 

Given these strengths and weaknesses, a coupled ‗top-down‘ and ‗bottom-up‘ approach 

featuring sequential application of SD and BN models would appear to offer considerable 

promise for effectively managing dynamically complex systems with multiple, interacting 

drivers. Coupling can be achieved by using an SD scenario-driven top-down approach to 

identify system vulnerabilities, using SD simulations of system behaviour, historical data and 

expert knowledge to help calibrate a BN which can then be used to identify cost-effective 

adaptation options given available adaptive capacity, and then, finally, assessing the 

effectiveness of potential adaptation options by simulating their operation back in the SD 

model. This paper describes the development and application of this approach to the complex 

challenge of managing freshwater supply and demand in an estuarine case study setting in a 

developing country.  

 

6.3. Methodology 

6.3.1. A coupled top-down system dynamics and bottom-up Bayesian network 

modelling framework 

A coupled top-down SD and bottom-up BN modelling framework can potentially overcome 

some of the weaknesses of applying each of these approaches in isolation to model and 

manage complex systems under uncertainty. The following ten steps are proposed to combine 

the strengths and capabilities of these top-down and bottom-up approaches. Only eight of 

these steps are applied in the case study setting described here, but the last two steps (which 

would follow once adaptation measures have actually been implemented) are included in the 

following list and Figure 1 to show the complete decision-making framework. Sequential 

implementation of these steps in the example setting of coastal freshwater supply and demand 

management is illustrated in Figure 1.   

(i) Problem scoping: Identify challenges confronting management of the complex system 

by collecting and analysing historical data on key drivers and system responses; 
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(ii) Conceptual model development: Conduct stakeholder workshops to develop a causal 

loop diagram (CLD) to understand relationships among interdependent components in the 

system; 

(iii) System dynamics model (SDM) development: Incorporate essential variables from 

the CLD, findings from analysing historical data and relevant scenarios for climatic and non-

climatic drivers into an SD model to assess vulnerabilities of the complex system;  

(iv) SDM calibration and sensitivity analysis: Calibrate the SD model using historical 

data, test model predictions under relevant scenarios using stakeholder knowledge, and 

explore sensitivities under relevant scenarios; 

(v) Bayesian decision network (BDN) development: Use historical data, the CLD, results 

from the validated SD model and knowledge of stakeholders to construct directed acyclic 

graphs (DAGs) and populate conditional probability tables (CPTs) for a BDN featuring 

adaptation options for the system, 

(vi) BDN calibration and validation: Test the operation of the BDN with stakeholders,  

(vii) BDN analysis: Use the BDN model to identify adaptation options which are feasible, 

given available adaptation capacities (‗adaptation capacities‘ here can reflect the availability 

of human and financial capital, as well as acknowledging limitations of governance and  legal 

mechanisms), 

(viii) Adaptation option evaluation: Use dynamic simulations of the SD model under a 

range of relevant scenarios to evaluate the effectiveness of potential adaptation actions 

identified by the BDN model,  

(ix) Implement preferred adaptation options, 

(x) Monitor performance of the implemented adaptation options, and adapt models – and 

adaptation options – to reflect changing conditions and management priorities. 
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Figure 6.1: Architecture of a coupled top-down system dynamics and bottom-up Bayesian 

decision network modelling framework 

 

6.3.2. A case study: coastal freshwater supply and demand management  

The first eight of the 10 steps outlined above, to develop and couple a top-down SD and 

bottom-up BDN modelling framework, were applied in a case study to identify and test cost-

effective adaptation options for managing freshwater supply and demand in the Da Do Basin 

in Hai Phong City in the Red River Delta in northern Vietnam. A total of 605,000 people live 

in the Da Do Basin (Figure 6.2) at an average population density of 1,075 people/km
2
 

(HPSD, 2015). The Basin provides freshwater for five districts of Hai Phong (An Lao, Kien 
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Thuy, Kien An, Duong Kinh and Do Son). Steady annual population growth (1%), coupled 

with high rates of industrialization and urbanization are expected to lead to water shortages, 

possibly constraining socio-economic development over coming decades (DONRE, 2015). 

Hai Phong city is a flat and low-lying area with a mean elevation of around 1-1.5m above sea 

level (DONRE, 2015). Consequently, tidal influences extend a considerable distance inland. 

In the Van Uc and Lach Tray estuaries (Figure 6.2), seasonal hydrological patterns depend on 

both riverine and marine conditions and are therefore shaped by seasonal precipitation, river 

flows and tide level. Analyses of climate data from National Northeast Meteorological and 

Weather Stations (NNMWS) indicate that the lowest monthly downstream flows and rainfall 

from 2001 to 2014 occurred in the dry season, between December and May. High salinity 

levels and low water levels during the dry season combine to cause a high risk of water 

shortage (DONRE, 2015).  

Figure 6.2: Da Do Basin, Hai Phong City, Vietnam 

The Da Do Basin is bounded by the Van Uc and Lach Tray rivers (Figure 6.2), both of which 

connect directly to the sea and therefore, contain tidal waters moving upriver to meet 

freshwater flowing downriver. A total of 21 and 20 sluice gates, respectively, supply 

freshwater from the Van Uc and Lach Tray rivers to the Da Do River and its connected 

irrigation channels (Figure 6.2) (Pham, 2014). The Da Do River begins at the Trung Trang 

sluice gate and ends at the Co Tieu sluice gate in the estuary. The Trung Trang gate is by far 
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the largest and most influential gate in the Da Do Basin system as it controls the main 

freshwater input to the Da Do River. Smaller sluice gates along the Van Uc and Lach Tray 

estuaries provide freshwater for irrigation channels only. The Co Tieu sluice gate in the 

estuary remains closed most of the time to retain freshwater and prevent saline penetration.  

Freshwater management in this region faces increasing challenges from sea level rise and 

declining precipitation (NNMWS, 2015) which together alter river flows, water levels and 

saltwater penetration in the estuaries, especially during the dry season. Water levels and 

salinity, in combination, affect freshwater availability by determining when, and for how 

long, sluice gates in the system can be opened to supply freshwater to the Da Do River (via 

the main Trung Trang gate) and the irrigation channels (via the smaller gates along the 

estuaries). The sequentially-coupled top-down and bottom-up modelling framework 

presented here addresses these challenges by using an SD model to identify the system‘s 

vulnerabilities to changes in climatic and non-climatic drivers under appropriate scenarios, by 

using a BDN to identify feasible adaptation options, and then by evaluating the effectiveness 

of these options in the SD model. 

 

6.3.3. Historical data collection and causal loop diagram development 

A range of historical datasets (Table 6.1) were examined to identify interrelations among 

climatic and non-climatic drivers of the balance of freshwater supply and demand in the Da 

Do Basin. These historical data indicates that balance of the coastal freshwater supply and 

demand system in the Da Do Basin was only vulnerable in the dry season due to a decline in 

upstream flows and precipitation in upstream areas and Hai Phong region, leading to 

increased saline penetration to the Van Uc and Lach Tray estuaries. A causal loop diagram 

(CLD) was then developed to identify the relationships and interactions among variables in 

the system (Figure 6.3). The CLD for freshwater supply and demand in the Da Do Basin was 

generated by combining historical, findings from international literature review and ideas and 

perspectives obtained from stakeholders during participatory workshops held in the basin. 

The CLD provides a comprehensive representation of the causes of vulnerabilities in the 

freshwater supply and demand system, and a starting point for identifying potential 

adaptation options to reduce those vulnerabilities.  

Table 6.1: Datasets for model development, calibration and stakeholder testing of the SD and 

BDN models 

No Data type Period Unit Source 
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1 Sea level at 

Hon Dau 

National 

Station 

Fifty years from 1958 to 2013 

cm 

National Northeast 

Meteorological and 

Weather Stations 

(NNMWS, 2015) 

2 Precipitation 

at Phu Lien 

Station 

Forty two years from 1972 to 

2013 mm NNMWS (2015) 

3 Tide at Hon 

Dau National 

Station 

Six months in the dry season, 

from December 2013 to May 

2014 

cm VNASI (2015) 

4 Salinity Six months in the dry season, 

from December 2013 to May 

2014. Measured at six locations 

for both the Van Uc and Lach 

Tray rivers. 

ppt NNMWS (2015) 

5 Water level Six months in the dry season, 

from December 2013 to May 

2014. Measured at six locations 

for both the Van Uc and Lach 

Tray rivers. 

cm NNMWS (2015) 

6 Sluice gate  

inflow 

capacity 

Inflow capacity of each gate 

along Van Uc and Lach Tray 

Rivers in the current design. 

m
3
/hour Pham (2014) 

7 Freshwater 

storage system 

Storage capacity of the Da Do 

River and Irrigation channel 

system in the current design 

m
3 

Pham (2014) 

8 Population Population of Da Do Basin in 

2014 
people HPSD (2015) 

9 
Agricultural 

use 

Water use in the dry season 

from December 2013 to May 

2014 

m
3
/year DONRE (2015) 

10 Industrial use Water use in dry season from 

December 2013 to May 2014 
m

3
/year DONRE (2015) 

11 Per capita 

water use 

Water consumption per person 

in 2014 

Litre/per

son/day 
DONRE (2015) 

The CLD (Figure 6.3) shows that vulnerability is influenced by changes in water supply and 

water demand over time. Water supply is driven by tide level, river flows, precipitation and 

salinity penetration. Precipitation and downstream flows are the main sources of freshwater 

supply. However, these sources are decreasing over time due to declining precipitation, and 

declining river flows, as a result of increases in dam construction and irrigation. In addition, 

water supply is further limited by changing water levels on the inlet side of sluice gates in the 

estuaries and by salinity penetration, which are both driven by interactions between tide level 

and river flows. Historical data reveal that water supply in Da Do Basin is strongly influenced 
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by the occurrence and duration of downflows (flows from upstream) and backflows (flows 

from the sea) along the estuaries of the Van Uc and Lach Tray rivers. Higher tide level 

increases backflows and decreases downflows. When tide level is higher than river water 

level at a particular location, backflow occurs, leading to an increase in salinity penetration, 

whereas downflows decrease salinity penetration. The sluice gates which supply fresh water 

from the Van Uc and Lach Tray estuaries to the Da Do River and irrigation channels can only 

be opened when salinity on the ‗supply‘ side of the gate is less than 1 part per thousand (ppt) 

and when water level on the inlet ‗supply‘ side of the gate exceeds water level on the outlet 

‗demand‘ side of the gate by at least 20 centimetres. Consequently, freshwater supply is 

influenced by temporal changes in salinity and water levels on both sides of the sluice gates. 

The key relationships which control sluice gate opening are represented by balancing loops 

B1, B2 and B3 in the CLD (Figure 6.3).   
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Figure 6.3: Causal loop diagram for the Da Do Basin coastal freshwater supply and demand 

system: Legend: S (same direction), O (opposite direction), R (reinforcing), B (balancing), ≠ (delay), blue 

colour (main variables), black colour (influential variables), and pink colour (adaptation options) 

Water demand is driven by domestic water use together with agricultural and industrial 

production. The local context shows that domestic and industrial uses of water are likely to 

increase over time because of population growth and increasing industrialization in the Basin. 
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These relationships are depicted by three reinforcing loops R1, R2, R3 in the CLD (Figure 

6.3). Agricultural water use is likely to continue to decrease over time because agricultural 

land is being converted to industrial and residential uses (DONRE, 2015). Interactions and 

changes in domestic use, agricultural and industrial production will drive increases or 

decreases in the water demand through time. 

The change in water supply relative to water demand leads to changes in the balance of the 

freshwater system through time. If water supply is less than water demand, resulting in a 

freshwater deficit, actions will be required to secure future freshwater for the Da Do Basin by 

increasing freshwater availability and/or reducing water consumption. The CLD was used as 

a tool during stakeholder workshops to identify potential adaptation options. Four adaptation 

options were identified from these workshops as potential options for increasing future water 

supply: (1) construction of a salinity prevention gate on the Van Uc River; (2) pumping 

stations to supply freshwater for the Da Do River; (3) heightening the levees along the Da Do 

River to increase the volume of water stored in this part of the system; (4) construction of a 

new water supply plant to source water for household and industrial use. A further three 

adaptation options were identified to decrease future water demand: (5) increasing water 

prices; (6) improving water use efficiency in agriculture and industry; (7) introducing crop 

varieties with higher salt tolerance. These adaptation options act via 12 balancing loops in the 

CLD (B4 to B15).  

The salinity prevention gate will increase freshwater availability in the Van Uc River and 

increase water supply, acting through balancing loops B4, B6, and B9. Increasing freshwater 

storage capacity in the Da Do River and building pumping stations to enable water to be 

sourced when river levels are lower both act to increase freshwater volume in the Da Do 

River by increasing water supply and reducing vulnerability via balancing loops B7, B8, and 

B9. The additional water supply plant could potentially increase water supply, but only if 

sufficient freshwater is available in the Da Do River, so the water supply plant option would 

only be pursued in combination with one of the other options for augmenting freshwater 

supply.  

On the demand side, all potential adaptation options act to reduce water consumption by 

encouraging or facilitating more efficient water use in households, agriculture and/or 

industry. These adaptation options act to reduce future water demand via six balancing loops 

(B10, B11, B12, B13, B14, and B15).  
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Interactions between these 12 balancing feedback loops create a ―drifting goals‖ system 

archetype (Maani & Cavana, 2007). This archetype begins with standard goal seeking loops 

(B4 to B9) which attempt to increase water supply via actions for maintaining balance. 

Delays typically arise between initial implementation of supply augmentation options and 

subsequent increases in water supply. In contrast, goal seeking loops (B10 to B15) which act 

to reduce freshwater demand generally take less time to implement (Maani & Cavana, 2007). 

It might therefore be important to consider differences in the time taken to achieve desired 

outcomes when selecting management interventions for maintaining effective balance in the 

system.  

 

6.3.4.  Scenario development and analysis 

Vulnerabilities and cost-effective adaptation options for the coastal freshwater supply and 

demand system were explored in both the SD model and BDN model under current 

conditions and under future scenarios for the year 2050. Future conditions in the Da Do Basin 

in 2050 were estimated by assuming that the five key climate-related and socio-economic 

drivers would change in accordance with major climatic and socio-economic projections for 

the region (Table 6.2). A sea level rise of 30cm is assumed to have occurred by 2050, based 

on sea level rise over the past 55 years at the Hon Dau National Station and sea level rise 

projections for the region conducted by the Ministry of Natural Resource and Environment 

(MONRE, 2016). Upstream flow decline by 2050 was estimated by extrapolating rates 

determined from historical data on river flows and water levels at Trung Trang Station, Van 

Uc River and tide level at the Hon Dau National Station. Water demands for domestic use 

and for industrial and agricultural production in 2050 were estimated from data which 

reported changes in these variables in the Da Do Basin over ten years from 2004 to 2014 

(DONRE, 2015). 

Table 6.2: Assumed changes in five key climate-related and socio-economic drivers of water 

supply and water demand in the Da Do Basin 

Variable Current (2014) Future (2050) 

Sea level rise Existing tide level Tide level + 30cm 

Upstream flow 

decline 

Existing water level 

at six locations 

For the Van Uc River, upper water levels on the 

supply sides of the sluice gates assumed to 

decrease by 15cm, and lower water levels on the 

supply sides of the gates assumed to decrease by 

30cm. 

For the Lach Tray River, upper water levels 

assumed to decrease by 10cm, and lower water 
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levels assumed to decrease by 30cm 

Domestic use 3,900 m
3
/hour 3% increase per year 

Industrial use 2,100m
3
/hour 2.5% increase per year 

Agricultural use 29,000m
3
/hour 0.5% decrease per year 

 

6.3.5.  Stakeholder involvement in model calibration and validation 

In addition to using historical data, local stakeholders also involved in the construction, 

calibration and validation of both the SD and BDN models. In this study, four workshops 

were organized to build the CLD, check predictions from the SD model, construct DAGs and 

populate CPTs for the BDN model, and then to evaluate the operation and predictions from 

the BDN model. Each workshop had a particular purpose and participants were selected 

carefully to avoid bias in terms of knowledge, interests and dominance. In the first workshop 

water and climate change experts, decision makers, water resource managers and water 

resource users from the Da Do Basin and Hai Phong City collaborated to develop the CLD 

for the system and provide preliminary suggestions for adaptation options. In the second 

workshop, stakeholders from the Da Do Irrigation Management Company tested the SD 

model of the Da Do Basin system and – as far as practical – attempted to check the veracity 

of its predictions. These workshop participants had extensive experience in managing and 

operating the Da Do Basin system, and thus their involvement considerably improved the SD 

model. In the third workshop, key experts in water and climate change, water resource 

managers and water resource users – together with selected decision makers from the first 

and second workshops – constructed DAGs and populated CPTs for the BDN. These 

participants also took part in a fourth workshop to check operation of the BDN and its 

predictions. 

 

6.4. System dynamics model 

The SD model was developed using Vensim DSS (Ventana System.inc) to assess the 

dynamic balance between water supply and water demand, under different scenarios for 

changes in climatic and non-climatic drivers in the year 2050. Hourly data (total of 4,368 

hours) from a six month dry season from December 2013 to May 2014 were used to assess 

current supply demand balance in the Da Do Basin system. Time steps capture hourly 

changes in tide level, water level and salinity, and model their influences on the opening of 

sluice gates at different locations. Model development, calibration and testing, together with 
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simulation results for water supply and water demand under current conditions and future 

scenarios, are fully described in Phan (2017). 

SD results show that under current conditions the Da Do Basin freshwater system is able to 

satisfy current demands from domestic, agricultural and industrial water uses. However, the 

supply demand balance can collapse under some plausible future scenarios. Under a 2050 

scenario featuring population growth, increased per capita water use, increased industrial 

production, and declining agricultural use, but without sea level rise or changes in river 

flows, water supply would not be sufficient to meet demand in the latter months of the dry 

season. If upstream flow decline is also introduced, the freshwater storage system collapses 

completely much earlier in the dry season. However, if a relative sea level rise of 30cm is 

introduced as well, the system collapses only during the latter months of the dry season. This 

is because sea level rise increases supply side water level for the sluice gates without 

elevating salinity beyond the 1ppt threshold at the crucial Trung Trang gate, which is 40km 

from the mouth and is the major source of freshwater supply for the Da Do River. 

Future projections from the SD model therefore suggest that declining upstream flow will be 

the strongest threat to the system‘s operational resilience. Declining upstream flow decreases 

river water levels and allows salinity to increase along the Van Uc and Lach Tray rivers, 

thereby decreasing the amount of time during which sluice gates along these rivers can be 

opened. As a result, the availability of freshwater in the system decreases significantly and 

becomes insufficient to supply growing water demands from households and industrial 

production.  

Working from the starting point of the CLD, participants at stakeholder workshops agreed 

with the calibration and predictions of the SD model and were confident that the model could 

be used to develop effective adaptation options under future scenarios. Predictions from the 

SD model assisted decision-makers and practitioners in the Da Do Basin to discuss and 

identify potential adaptation options. Subsequently, the adaptation options identified by 

stakeholders as being plausible within the economic, societal and governance setting of the 

Basin were incorporated into a BDN to examine their cost-effectiveness, under future 

scenarios for climatic and non-climatic drivers.    

 

6.5. Bayesian decision network 

A BDN model was built using Netica (Norsys Software Corp.) and used to rank potential 

adaptation options for the Da Do Basin system in terms of cost-effectiveness. Directed 
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acyclic graphs (DAGs) and conditional probability tables (CPTs) of the BDN model were 

constructed and populated using historical data, results from the validated SD model of the 

basin and knowledge of local stakeholders (Figure 6.4). More specifically, the occurrence 

probabilities for particular states of nodes in the network under current conditions were 

populated using historical data on tide level, water level, salinity and storage freshwater 

system as well as socio-economic development in a six month dry season from December 

2013 to May 2014. The occurrence probabilities for states of nodes under future conditions 

(e.g. scenarios of sea level rise, upstream flow decline and population growth) were 

populated using values from the aforementioned SD model under future scenario simulations. 

The results from the validated SD model were tabulated and discretised before incorporating 

into the BDN model (Ames et al., 2005). The probabilities related to potential adaptation 

options‘ effects on their child nodes were populated by local stakeholders at a workshop 

organized in the basin in 2016. The probabilities for child nodes of adaptation options were 

populated by separately asking nine stakeholders to state the most probable outcome for a 

child node under each adaptation option. Further information on the construction, 

implementation, and testing of the BDN and ranking of adaptation options in terms of cost-

effectiveness are described in full detail in Phan (2017). 

Potential adaptation options were incorporated into the BDN by introducing a decision node 

in the network with the states of this decision node representing the potential adaptation 

options (Figure 6.4). The effect of the decision node is to alter the states of its child nodes 

(e.g. water level, salinity) according to the adaptation options selected. The decision node has 

an associated cost function that reports the relative cost of each adaptation option (Jensen & 

Nielsen, 2007). The relative cost of adaptation options was estimated based on the market 

values, literature review and local experts, and these relative costs were scaled to a range of 0 

to 1 (1 is the most expensive adaptation option). The outcome node in the BDN has five 

discrete outcome states, based on average hourly dry season water availability; they are high 

over supply, moderate over supply, balanced supply, moderate water shortage and extreme 

water shortage. The values of these states were identified from the SD model across the range 

of future scenarios, and they has an associated utility function (Figure 6.4) that represents the 

utility associated with each of the five different levels of outcome that can be delivered 

(Ames et al., 2005; Jensen & Nielsen, 2007). Water availability under each of these outcome 

states was scaled relative to the maximum water storage volume (21.9 million m
3
) availability 

in the Da Do System (Pham, 2014) to produce a utility value for each outcome state. This 
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scaling approach for converting water availability into utility implicitly assumes that each 

cubic metre of water contributes equally to utility.   
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Figure 6.4: Structure of the Bayesian Decision Network (BDN) model developed for the Da Do Basin, Vietnam to identify and prioritize cost-

effective adaptation options. 
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BDN results show that the effectiveness ranking of adaptation options depends on which 

scenarios are being considered, and the cost-effectiveness ranking also depends on the 

relative costs of implementing the adaptation options and the probability-weighted utilities 

they deliver. Effectiveness is defined as the sum of the probability-weighted utilities for the 

five states of the BDN outcome node, with the different adaptation options in place, under 

the different scenarios (e.g. climatic changes, non-climatic changes and combined climatic 

and non-climatic changes). Cost-effectiveness is defined as the increase in probability-

weighted utility per unit cost expended. The effectiveness and cost-effectiveness of the 

seven adaptation options under a 2050 scenario which features climatic (e.g. sea level rise, 

upstream flow decline) and non-climatic (e.g. population growth, industrial production 

increase and agricultural production decrease) changes acting in combination are shown in 

Figure 6.5.   

 

Figure 6.5: Effectiveness and cost-effectiveness of adaptation options for the Da Do Basin 

freshwater system under combined climatic and non-climatic changes in 2050 

 

6.6. Evaluating the effectiveness of adaptation options  

The five most effective and cost-effective adaptation options under combined climatic and 

non-climatic scenarios as ranked by the BDN were subsequently incorporated into the SD 

model to evaluate their effectiveness at improving supply demand balance in the Da Do 

Basin system under future climatic and non-climatic changes (Figure 6.6). This additional 

evaluation was necessary because whilst the BDN model included expert knowledge to 

populate conditional probabilities for adaptation options, effectiveness assessments from 

the BDN alone could be misleading because of the BDN‘s inability to incorporate 
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feedbacks and dynamics behaviours of the system. Important features such as interactions 

between sea level rise and river flows which affect the opening duration of sluice gates 

could therefore only be represented in the SD model. The effectiveness of the following 

adaptation options were evaluated in the SD model.   

(i) Pumping stations to take freshwater from the Van Uc River to the Da Do River 

under the following conditions: (i) the large Trung Trang sluice gate is closed due to low 

water level; (ii) Water level and salinity 40km from the mouth of the Van Uc River mouth 

are at least 200cm (relative to the National Height Datum) and less than 1ppt, respectively. 

(ii) Decreases of 1,689,000m
3
 and 551,000m

3
 in domestic and industrial water use, 

respectively, during the six month dry season as a consequence of increasing water prices. 

(iii) Raising the height of the levee banks along the Da Do River by 40cm to increase 

water storage capacity.  

(iv) Pumping stations operating in combination with increasing water prices. 

(v) Increasing Da Do River storage capacity in combination with increasing water 

prices. 
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 Figure 6.6: Da Do River and adaptation option sub-model. 

Blue texts are adaptation options 

Freshwater availability during the dry season in a climatically and non-climatically-

changed future, as predicted by the SD model, was assessed with each of these five 

adaptation options in place (Figure 6.7). The SD model suggests that building pumping 

stations in conjunction with increasing water prices, and building pumping stations alone, 

are the best options for maintaining freshwater availability through the dry season. All 

other options are predicted to result in at least partial collapse of freshwater availability 

during the dry season under future climatic and non-climatic scenarios (Figure 6.7).    
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Figure 6.7: The freshwater supply and demand balance for Da Do Basin, Vietnam under 

all future scenarios and feasible adaptation options 

 

6.7. Discussion 

The Da Do Basin case study represents an application of the sequential combination of a 

SD model and a BDN model to provide a framework for informing selection of adaptation 

options for a highly dynamic and complex water resource system. The framework is novel 

in that the top-down (SD) and bottom-up (BDN) modelling approaches were coupled 

sequentially to assess system vulnerabilities, identify cost-effective adaptation options to 

address those vulnerabilities which are appropriate for the local context, and then test the 

effectiveness of adaptation options under the system‘s complex dynamics. This novel 

coupled SD – BDN – SD framework overcomes some of the limitations of using top-down 

and bottom-up approaches alone by integrating multi-disciplinary perspectives (e.g. 

quantitative and qualitative data, climatic and non-climatic drivers, local knowledge and 

conditions) into a single framework. More specifically, top-down approaches neglect 

stakeholder involvement in vulnerability assessment and, as a consequence, it is common 

to find that adaptation strategies developed using this type of approach are only rarely 

implemented (Bhave et al., 2014; Girard et al., 2015). However, in our sequentially-

coupled decision-making framework participatory processes contributed to understanding 

the problem and addressing uncertainties in the design of appropriate adaptation strategies 

in the local context to improve robustness (Dessai & Hulme, 2007; Girard et al., 2015). 
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Analysing historical data and building the CLD with participatory stakeholder input are 

important steps in understanding influences and interactions among key drivers in the 

system. Participation from local stakeholders is also essential for identification of feasible 

adaptation strategies appropriate to the local context (Bhave et al., 2014; de Bruin et al., 

2014; Mimura et al., 2014).  

The sequentially-coupled framework can incorporate complex, interactive dynamics with 

feedbacks alongside locally-derived knowledge of feasible adaptive capacities. This 

integrative approach offers benefits by acknowledging societal acceptability when 

identifying adaptation options and then testing whether these options are robust against the 

interacting effects of multiple socio-economic and biophysical drivers. More specifically, 

the coupled framework supported by the sequence of stakeholder workshops, enabled a 

holistic understanding and representation of the dynamic interactions among 

interdependent elements in the system which is likely to lead to more effective learning 

and management in complex systems (Winz et al., 2009), as well as facilitating consensus 

building for identifying robust adaptation options (Füssel, 2007). System vulnerabilities 

were assessed under both present and anticipated future climatic and non-climatic 

conditions. The sequential modelling and workshop format allowed multiple stakeholders 

to identify adaptation options which they considered adequate to cope robustly with current 

and projected future changes in climatic and non-climatic drivers, even allowing for 

uncertainty around the extent of anticipated changes in those drivers (Bormann et al., 2012; 

Füssel, 2007). 

Another important aspect of this coupled modelling approach is the use of detailed 

predictions from the validated SD model to quantify future levels of climatic and non-

climatic drivers for inclusion in the BDN, and to populate relevant CPTs in that BDN. The 

use of model output in this way has been shown to improve BDN performance (Death et 

al., 2015; Marcot, 2006) and to identify appropriate adaptation strategies for both current 

and future conditions (Bormann et al., 2012; Füssel, 2007).  

The final step of checking feasible adaptation options which the BDN identified as feasible 

and cost-effective by running them back through the SD model also proved to be extremely 

useful. This final step enabled stakeholders to check whether what initially appeared to be 

feasible and cost-effective adaptation options are actually sufficiently robust to deliver the 

desired outcomes once dynamics and feedbacks among key drivers in a changed future are 

taken into account. 
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Despite clear benefits, our coupled sequential framework also has some limitations. For 

example, stakeholders‘ opinions and biases may influence selection of adaptation options 

and assessment of the effectiveness of those options in the BDN because the CPTs of child 

nodes in the network are populated using stakeholders‘ expert knowledge. Potential pitfalls 

in the process of constructing and populating CPTs could potentially arise due to the 

influence of dominant personalities in workshops, limitations in stakeholders‘ knowledge 

and restrictions on available time commitment, coupled with possible misunderstandings 

between model developers and stakeholders (Kuhnert et al., 2010; Renooij, 2002). 

Checking BDN outcomes against SD model predictions provides an opportunity for 

identifying and correcting these types of problems. Stakeholders‘ perceptions around 

increasing water prices provided an example of this in the case study as stakeholders were 

confident that increasing water price by 20% would provide a strong driver for reducing 

water usage in households and industry. However, when run in the SD model, only limited 

reductions in usage were observed when an increase in water prices was simulated.   

Discretization of SD-derived predictions of continuous variables under future conditions so 

that these variables can be included in the BDN is another effect which could influence 

selection of adaptation options. For example, in the case study, the continuous values of 

water level and salinity in the SD model which control the timing and duration of sluice 

gate opening were tabulated and discretised to populate conditional probabilities for the 

relevant nodes in the BDN (Ames et al., 2005). This discretization could affect the 

relationships among variables and may produce misleading results (Kelly et al., 2013) 

which affect model outcomes (Subagadis et al., 2014). Although some solutions for this 

problem have recently been proposed, such as the mixtures of polynomials model (Shenoy 

& West, 2011) or mixtures of truncated basis functions (Langseth et al., 2012), these 

solutions are not yet implemented in widely-used BN software packages (Aguilera et al., 

2013), so this remains an important area of BN model development.  

Despite these potential limitations, the high level of agreement among water users, water 

managers and decision makers in identifying particular adaptation options as the most 

robust and cost-effective suggests that sequential combination of SD – BDN – SD models 

could be a useful framework for utilising the strengths and overcoming the limitations of 

using either two method in isolation for supporting decision making around management 

of complex systems. The coupled modelling approach presented here and the 

complementary between SD and BDN models, as well as the key finding regarding the 
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significance of upstream flow decline, are likely to be highly applicable to other basins in 

Hai Phong City, as well as in estuarine settings in both developing and developed coastal 

cities where water resource management is vulnerable to sea level rise and upstream flow 

decline, alongside pressures from socio-economic development.   

 

6.8. Conclusion 

This study has proposed a sequentially-coupled top-down SD and bottom-up BDN 

modelling approach to assess vulnerabilities in complex systems and identify feasible and 

cost-effective adaptation options to address those vulnerabilities. The sequentially-coupled 

modelling framework was applied to a coastal freshwater balance system in a developing 

country as a case study example. This framework can provide stakeholders with data-

derived vulnerability assessments as well as facilitating the use of local knowledge to 

strengthen adaptive capacity through stakeholder engagement. This sequentially-coupled 

modelling approach could overcome some of the limitations of applying SD models and 

BDNs individually by incorporating aspects of societal adaptation capacity and adaptation 

robustness to identify synergistic opportunities for improved management of complex 

systems. In addition, the approach can enhance understanding of feedback-based dynamic 

processes and enable stakeholders to better understand and manage uncertainties through 

scenario development and participatory engagement. These features suggest that 

sequentially-coupled application of SD – BDN – SD models could be useful for applying 

multidisciplinary perspectives to identify robust and appropriate adaptation options for 

managing complex systems under climatic and non-climatic changes.  

 

Acknowledgements 

This study is supported financially by Griffith University (PhD scholarships), and the 

Economy and Environment Program for Southeast Asia (Grant number: PCO15-0929-

003). We are grateful to Ms Nguyen Thi Tuyet Lan – Director of Hai Phong Centre for 

Environmental Monitoring and Pham Thi Ngoan – researcher at Da Do Irrigation System 

Management Company for their valuable helps in organizing workshops and collecting 

data. Workshop data collection was conducted in accordance with Human Research Ethics 

Approval No ENV/08/15/HREC from Griffith University. We are grateful to workshop 

participants who significantly contributed to the development and validation of the models. 

 



137 

 

6.9. References 

Aguilera, P. A., Fernández, A., Fernández, R., Rumí, R., & Salmerón, A. (2011). Bayesian 

networks in environmental modelling. Environmental Modelling and Software, 26(12), 

1376-1388. doi:10.1016/j.envsoft.2011.06.004 

Aguilera, P. A., Fernandez, A., Ropero, R. F., & Molina, L. (2013). Groundwater quality 

assessment using data clustering based on hybrid Bayesian networks. Stochastic 

Environmental Research and Risk Assessment, 27(2), 435-447. doi:10.1007/s00477-012-

0676-8 

Al-Jeneid, S., Bahnassy, M., Nasr, S., & Raey, M. E. (2008). Vulnerability assessment and 

adaptation to the impacts of sea level rise on the Kingdom of Bahrain. Mitigation and 

Adaptation Strategies for Global Change, 13(1), 87-104. doi:10.1007/s11027-007-9083-8 

Ames, D. P., Neilson, B. T., Stevens, D. K., & Lall, U. (2005). Using Bayesian networks to 

model watershed management decisions: an East Canyon Creek case study. Journal of 

Hydroinformatics, 7(4), 267-282.  

Bhave, A. G., Mishra, A., & Raghuwanshi, N. S. (2014). A combined bottom-up and top-

down approach for assessment of climate change adaptation options. Journal of Hydrology, 

518, 150-161. doi:10.1016/j.jhydrol.2013.08.039 

Bormann, H., Ahlhorn, F., & Klenke, T. (2012). Adaptation of water management to 

regional climate change in a coastal region - Hydrological change vs. community 

perception and strategies. Journal of Hydrology, 454-455, 64-75. 

doi:10.1016/j.jhydrol.2012.05.063 

Bromley, J., Jackson, N. A., Clymer, O. J., Giacomello, A. M., & Jensen, F. V. (2005). The 

use of Hugin® to develop Bayesian networks as an aid to integrated water resource 

planning. Environmental Modelling and Software, 20(2), 231-242. 

doi:10.1016/j.envsoft.2003.12.021 

Catenacci, M., & Giupponi, C. (2013). Integrated assessment of sea-level rise adaptation 

strategies using a Bayesian decision network approach. Environmental Modelling and 

Software, 44, 87-100. doi:10.1016/j.envsoft.2012.10.010 

de Bruin, K., Goosen, H., van Ierland, C., & Groeneveld, A. (2014). Costs and benefits of 

adapting spatial planning to climate change: lessons learned from a large-scale urban 



138 

 

development project in the Netherlands. Regional Environmental Change, 14, 1009–1020. 

doi:10.1007/s10113-013-0447-1 

Death, R. G., Death, F., Stubbington, R., Joy, M. K., & van den Belt, M. (2015). How good 

are Bayesian belief networks for environmental management? A test with data from an 

agricultural river catchment. Freshwater Biology, 60(11), 2297-2309. 

doi:10.1111/fwb.12655 

Dessai, S., & Hulme, M. (2007). Assessing the robustness of adaptation decisions to 

climate change uncertainties: A case study on water resources management in the East of 

England. Global Environmental Change, 17(1), 59-72. 

doi:10.1016/j.gloenvcha.2006.11.005 

DONRE. (2015). A master plan for water resource management in Hai Phong City up to 

2020, and a vision to 2030. Retrieved from Haiphong City, Vietnam:  

Füssel, H. M. (2007). Adaptation planning for climate change: concepts, assessment 

approaches, and key lessons. Sustainability Science, 2(2), 265-275. doi:10.1007/s11625-

007-0032-y 

Girard, C., Pulido-Velazquez, M., Rinaudo, J.-D., Pagé, C., & Caballero, Y. (2015). 

Integrating top–down and bottom–up approaches to design global change adaptation at the 

river basin scale. Global Environmental Change, 34, 132-146. 

doi:10.1016/j.gloenvcha.2015.07.002 

HPSD. (2015). Haiphong Statistical YearBook in 2015. Haiphong Statistics Department, 

Haiphong, Vietnam: Haiphong Publishing House. 

Jensen, F. V., & Nielsen, D. T. (2007). Bayesian Networks and Decision Graphs. Second 

edition. New York, NY: Springer. 

Kelly, R. A., Jakeman, A. J., Barreteau, O., Borsuk, M. E., ElSawah, S., Hamilton, S. H., 

Henriksen, H. J., Kuikka, S., Maier, H. R., Rizzoli, A. E., van Delden, H., & Voinov, A. A. 

(2013). Selecting among five common modelling approaches for integrated environmental 

assessment and management. Environmental Modelling and Software, 47, 159-181. 

doi:10.1016/j.envsoft.2013.05.005 

Kuhnert, P. M., Martin, T. G., & Griffiths, S. P. (2010). A guide to eliciting and using 

expert knowledge in Bayesian ecological models. Ecology Letters, 13(7), 900-914. 

doi:10.1111/j.1461-0248.2010.01477.x 



139 

 

Kwadijk, J. C. J., Haasnoot, M., Mulder, J. P. M., Hoogvliet, M. M. C., Jeuken, A. B. M., 

van der Krogt, R. A. A., van Oostrom, N. G. C., Schelfhout, H. A., van Velzen, E. H., van 

Waveren, H., & de Wit, M. J. M. (2010). Using adaptation tipping points to prepare for 

climate change and sea level rise: a case study in the Netherlands. Wiley Interdisciplinary 

Reviews: Climate Change, 1(5), 729-740. doi:10.1002/wcc.64 

Liu, T. M., Tung, C. P., Ke, K. Y., Chuang, L. H., & Lin, C. Y. (2009). Application and 

development of a decision-support system for assessing water shortage and allocation with 

climate change. Paddy and Water Environment, 7(4), 301-311. doi:10.1007/s10333-009-

0177-7 

Maani, K. E., & Cavana, R. Y. (2007). System Thinking, System Dynamics: Managing 

Change and Complexity. New Zealand: Pearson. 

Marcot, B. G. (2006). Characterizing species at Risk I: Modelling rare species under the 

Northwest Forest Plan. Ecology and Society, 11(2), 10.  

Mimura, N., R.S. Pulwarty, D.M. Duc, I. Elshinnawy, M.H. Redsteer, H.Q. Huang, J.N. 

Nkem, R.A. Sanchez, & Rodriguez. (2014). Adaptation planning and implementation. 

Retrieved from Cambridge, United Kingdom and New York, NY, USA:  

MONRE. (2016). Climate change and sea level rise scenarios for Vietnam. Retrieved from 

Hanoi, Vietnam:  

NNMWS. (2015). Climate date in Hai Phong City, Vietnam. Retrieved from Hai Phong, 

Vietnam:  

Noble, I. R., S. Huq, Y.A. Anokhin, J. Carmin, D. Goudou, F.P. Lansigan, B. Osman-

Elasha, & Villamizar, A. (2014). Adaptation needs and options. Retrieved from 

Cambridge, United Kingdom and New York, NY, USA:  

Pham, T. N. (2014). The operational functions and capabilities of the sluice gate system in 

Da Do Basin under sea level rise. Retrieved from Haiphong, Vietnam:  

Phan, T. D. (2017). An Integrated Approach for Assessing the Vulnerability and 

Adaptation of a Coastal Water Supply and Demand System to Climate Change. (Doctoral 

Thesis), Griffith University, Nathan, QLD, Australia.    

Phan, T. D., Smart, J. C. R., Capon, S. J., Hadwen, W. L., & Sahin, O. (2016). 

Applications of Bayesian belief networks in water resource management: A systematic 



140 

 

review. Environmental Modelling and Software, 85, 98-111. 

doi:10.1016/j.envsoft.2016.08.006 

Renooij, S. (2002). Probability elicitation for belief networks: issues to consider. The 

Knowledge Engineering Review, 16(03). doi:10.1017/s0269888901000145 

Rivers-Moore, N. A. (2016). Exploratory use of a Bayesian network process for translating 

stakeholder perceptions of water quality problems in a catchment in South Africa. Water 

SA, 42(2), 306-315. doi:10.4314/wsa.v42i2.14 

Sahin, O., Siems, R. S., Stewart, R. A., & Porter, M. G. (2016). Paradigm shift to enhanced 

water supply planning through augmented grids, scarcity pricing and adaptive factory 

water: A system dynamics approach. Environmental Modelling and Software, 75, 348-361. 

doi:10.1016/j.envsoft.2014.05.018 

Subagadis, Y. H., Grundmann, J., Schütze, N., & Schmitz, G. H. (2014). An integrated 

approach to conceptualise hydrological and socio-economic interaction for supporting 

management decisions of coupled groundwater–agricultural systems. Environmental Earth 

Sciences, 72(12), 4917-4933. doi:10.1007/s12665-014-3238-1 

Sušnik, J., Molina, J. L., Vamvakeridou-Lyroudia, L. S., Savić, D. A., & Kapelan, Z. 

(2013a). Comparative Analysis of System Dynamics and Object-Oriented Bayesian 

Networks Modelling for Water Systems Management. Water Resources Management, 

27(3), 819-841. doi:10.1007/s11269-012-0217-8 

Sušnik, J., Vamvakeridou-Lyroudia, L. S., Savić, D. A., & Kapelan, Z. (2013b). Integrated 

modelling of a coupled water-agricultural system using system dynamics. Journal of Water 

and Climate Change, 4(3), 209-231. doi:10.2166/wcc.2013.069 

VNASI. (2015). Tide tables in Hon Dau National Station, Hai Phong City in 2013 and 

2014. Vietnam Admistration of Seas and Islands.Ha Noi, Viet Nam: Science and Technics 

Publishing House. 

Wilby, R. L., & Dessai, S. (2010). Robust adaptation to climate change. Weather, 65(7), 

176-180. doi:10.1002/wea.504 

Winz, I., Brierley, G., & Trowsdale, S. (2009). The use of system dynamics simulation in 

water resources management. Water Resources Management, 23, 1301-1323. 

doi:10.1007/s11269-008-9328-7 

 



141 

 

Chapter 7 . General discussion 
 

7.1. Introduction 

This thesis has examined management-relevant aspects of a complex coastal freshwater 

supply and demand system subject to high uncertainty and complex interactions among its 

climatic and non-climatic drivers. Through the development and application of top-down 

SD modelling and bottom-up BDN modelling, the research offers a new approach to better 

inform management actions for the Da Do Basin, in coastal Vietnam. This coupled 

modelling approach, representing a complex decision-making framework, was developed 

on the basis of the strengths and weakness of stand-alone application of top-down SD 

models and bottom-up BDN models, and in the light of the complexity and uncertainties 

which surround coastal freshwater supply and demand systems. In addition, this 

framework aimed to address knowledge gaps which were highlighted in the literature 

review presented in Chapter 3, as follows: 

(i) Applications of the SD model to understand the multiple interactions and 

relationships among sea level rise, upstream flow regimes, estuarine salinities, population 

growth and socio-economic development, and their combined effects on freshwater 

balance in a coastal freshwater supply and demand system (Chapter 4),  

(ii) Applications of the BDN model to prioritize appropriate adaptation options for a 

coastal freshwater supply and demand system under different scenarios and conditions 

from multiple, interacting drivers in coastal settings of a developing country (Chapter 5), 

(iii) Applications of the coupled top-down SD and bottom-up BDN modelling approach 

to support decision making (Chapter 6).  

In this final chapter, the key findings regarding the decision-making framework and thesis 

objectives (restated from the section 7.2 to Section 7.5) are addressed. Thereafter, the focus 

(from Section 7.6 to Section 7.9) is on the management implications for the coastal 

freshwater balance system together with a discussion of the research contribution to 

knowledge and future research directions for applying this type of a coupled decision-

making framework in the management of water resource system subject to high levels of 

uncertainty and complex climatic and non-climatic changes among its key drivers. 
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7.2. Determine the current state of applications of Bayesian networks and their 

integration with other modelling tools in water resource management  

In Chapter 3, a global systematic quantitative literature review of journal articles was 

presented to evaluate the current state of applications of BNs and their integration with 

other modelling tools in water resource management. Literature review highlighted that  

applications of BNs have been widely and increasingly applied in water resource 

management around the world because they provides a number of advantages over other 

decision support tools (Bromley et al., 2005; Death et al., 2015). Specifically, BNs are well 

suited to handling problems associated with the high levels of uncertainty and complexity 

inherent in water resource systems (Molina et al., 2013; Phan et al., 2016). In addition, the 

review identified the fact that most of published applications of BNs in water resource 

management originate from studies in developed countries, in temperature climate zones 

and focus mainly on management of water quality in the short-term.  

In addition to their use as stand-alone models, BNs have also been incorporated with other 

modelling tools to manage water related issues. Agent-based models (Carmona et al., 

2013), knowledge-based models (Nikoo et al., 2011) and coupled component models (Dyer 

et al., 2014; Molina et al., 2013) have been integrated with BNs as approaches for 

constructing DAGs and populating CPTs. 

Given this body of knowledge around the use and development of BNs in water resource 

management, the following knowledge gaps were identified:  

(i) BNs have rarely been coupled with SD models to assess water resource 

management, particularly in the management of water supply and water demand systems, 

(ii) BNs have rarely been applied to prioritize and evaluate the cost-effective measures 

for the management of water supply and demand systems in either developing countries or 

tropical regions,  

(iii) BNs have rarely been applied to model the management of both water supply and 

demand as well as climate change impacts in developing countries,  

(iv) BN models are rarely tested against other modelling approaches to increase the 

performance by cross-checking model types and outputs, 

The results of the literature review clearly highlighted the need for more research in 

developing countries and tropical regions where population growth, land use change and 

climate variation are major concerns for water managers (Vörösmarty et al., 2010). In 

addition, despite not being a commonplace approach, there is considerable scope for the 
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development of a coupled top-down SD and bottom-up BDN modelling framework to 

capture feedback-based dynamic processes, enhance model performance, and integrate 

multi-disciplinary perspectives for understanding and addressing the uncertainties inherent 

in water resource systems under climatic and non-climatic changes in developing 

countries. On the basis of this analysis, these gaps have been addressed in Chapter 4, 

Chapter 5 and Chapter 6 of this thesis.  

 

7.3. Identify the main trends and drivers of the current and future balance of a 

coastal freshwater supply and demand system subjected to climatic and non-

climatic changes 

In Chapter 4, the SD model was developed to understand the effects of projected sea level 

rise, upstream flow decline and socio-economic development, and their interactions, on the 

current and future balance of the coastal freshwater supply and demand in the Da Do 

Basin. In addition to using historical data and causal loop diagram to construct the model, 

model testing and sensitivity analysis were conducted to improve the performance of the 

model and identify which variables were the most influential on freshwater balance in the 

system. Model testing indicated that the simulated opening hours of sluice gates matched 

observational data closely, especially regarding the opening hours of the Trung Trang gate 

(the most important sluice gate in the system). Predicted and observed opening hours for 

the Trung Trang gate were well calibrated (R
2 

= 0.93).   

In the SD simulation, freshwater availability is sufficient to meet the existing domestic, 

industrial and agricultural demands under current conditions. However, freshwater 

availability in the coastal freshwater storage system significantly changed or collapsed 

under some future plausible scenarios. Upstream flow decline was revealed to be the 

strongest threat to the system‘s operational resilience as it results in a decrease in water 

level and an increase in salinity in the Van Uc and Lach Tray estuaries, thereby 

substantially reducing the opening hours of sluice gates along these rivers. Upstream flow 

reductions could be driven by a gradual decrease in precipitation and/or by hydropower 

management in upstream of Hai Phong City. Historical declines in precipitation and 

increased water retention for hydropower management in the dry season have been 

significantly changed river flows, water levels and salinity penetration in the Hai Phong 

region (DONRE, 2015).   
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In addition to reduced freshwater inputs, sea level rise also poses a threat to freshwater 

balance in the Da Do Basin. Over the past 50 years, local sea level at Hon Dau National 

Station in Hai Phong City has risen about 20cm. As a result, saline water has moved 

further upstream along the Van Uc and Lach Tray rivers, resulting in almost closure of 

sluice gates up to 24km from the Lach Tray river mouth and up to 20km from the Van Uc 

river mouth. However, predictions from the SD model suggest that despite substantial 

percentage increases in salinity driven by 30cm of relative sea level rise, together with 

upstream flow decline, salinity still remains below the 1ppt threshold at 40km from the 

river mouths. This means that the number of hours for which the Trung Trang sluice gate – 

the key freshwater supply gate in the system – can be opened is not adversely affected by 

30cm of relative sea level rise, even in combination with reduced downstream flows. 

Although, Trung Trang gate is not adversely affected by sea level rise and upstream flow 

decline in terms of salinity, closure of sluice gates at the system‘s lower reaches is 

predicted to result in a collapse of the freshwater storage system in the latter months of the 

dry season. This poses a significant risk of water scarcity for urban, industrial and 

agricultural uses in the basin.  

The SD modelling presented in this study represents the first attempt to model and assess 

the multiple interactions and relationships among sea level rise, upstream flow regimes, 

estuarine salinities, population growth and socio-economic development, and their 

combined effects on the operational resilience of sluice gate and storage systems in a 

coastal area of Vietnam. Considering the effects of these multiple interactions and 

relationships for the coastal freshwater system could assist stakeholders in identification of 

adaptation actions which are beneficial against one set of drivers are not maladaptive 

options for others (Metcalf et al., 2014). The modelling approach presented here could also 

be applied in other coastal cities where water resource management is vulnerable to sea 

level rise and upstream flow decline, alongside pressures from socio-economic 

development.   

 

7.4. Determine the most cost-effective adaptation options for a coastal freshwater 

supply and demand system, in order to secure water in the face of climatic and 

non-climatic changes 

In Chapter 5, the BDN model was developed to identify and optimize selection of 

adaptation options for water resource management in the Da Do Basin under both current 
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and future conditions. Adaptation options were prioritized based on their cost-effective 

adaptation options. Cost-effectiveness of the adaptation measures was expressed in terms 

of the improvement in probability-weighted freshwater availability from expected 

freshwater balance states at the target node, relative to the cost of implementing the 

adaptation option, under different scenarios for future changes in climatic and non-climatic 

drivers.   

The BDN model results show that the effectiveness, and cost-effectiveness, of adaptation 

options for the Da Do Basin depended on whether future scenarios were considered or not. 

Unsurprisingly, adaptation options were much more cost-effective under the future 

scenarios than they were when considered against the current conditions. This is largely 

because the ‗no intervention‘ option has high expected effectiveness under current 

conditions (because freshwater is always available under current conditions) but has low 

effectiveness under future scenarios. However, climate change will disrupt the balance of 

the water system as upstream flow declines and sea level rise change water levels and 

increase in salinity along the Van Uc and Lach Tray rivers, thereby changing sluice gate 

opening hours and affecting freshwater availability. Consequently, adaptation options will 

be required to ensure that supply meets demand under plausible future scenarios for 

climatic and/or non-climatic drivers. The BDN model predicted that building pumping 

stations in conjunction with increasing water prices will be the most cost-effective 

adaptation for supplying sufficient freshwater to meet the expanding demand from 

population growth and industrial production.  

The BDN model developed and presented in this study represents a novel and important 

contribution to research because the model prioritize cost-effective adaptation options for 

both water supply and demand in a developing country and tropical region (Phan et al., 

2016). The approach is novel in that empirical data, model simulations, economic analysis 

and stakeholder knowledge were integrated into a BDN model to model interactions and 

rank management options for dealing with multiple climatic and non-climatic drivers of the 

coastal water supply and demand system in the Da Do coastal basin, Vietnam. The BDN 

model consequently affords an opportunity for decision-makers in the Da Do Basin to 

prioritize appropriate and feasible actions for the system. The application of this modelling 

approach is also likely to be highly relevant for other basins in Hai Phong City, as well as 

in estuarine settings in other coastal cities where water resources are threatened by future 

climatic and non-climatic changes.  
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7.5. Demonstrate how top down-system dynamics models and bottom-up Bayesian 

network models can be coupled to assess the vulnerability and adaptation of a 

coastal freshwater supply and demand system 

In Chapter 4 and Chapter 5, the SD model and BDN model were employed, respectively to 

assess the balance of the coastal water supply and demand system, and identify cost-

effective options for adapting the system to climatic and non-climatic changes. In Chapter 

6, the SD model and the BDN model were more explicitly linked to highlight the utility of 

coupling both top-down and bottom-up approaches to examine water balance and the 

impacts of adaptation options (Figure 6.1). Furthermore, the most effectiveness and most 

cost-effectiveness of adaptation options identified and prioritized from the BDN model 

were subsequently incorporated back into the SD model to examine their effectiveness in 

delivering the intended results and reversing the collapse of the system under future 

climatic and non-climatic changes.   

This coupled top-down and bottom-up modelling framework represents an entirely new 

and novel approach to the management of water resource systems in coastal areas under 

conditions of high complexity and uncertainty. More specifically, the coupled SD model 

and BDN model enables the use of very diverse data sources, including both quantitative 

and qualitative data, climatic and non-climatic drivers, local knowledge and conditions, 

and adaptation to improve the management of the coastal freshwater system under climatic 

and non-climatic changes in a coastal area of a developing country.    

Linking the SD model and the BDN model, this framework provides a comprehensive 

understanding the feedback-based dynamics processes, and to effectively treat 

uncertainties in a complex and uncertain coastal freshwater system, supporting in 

identification of robust adaptation strategies. More specifically, building CLDs and using 

SD modelling and scenario simulations to assess the coastal freshwater balance system 

enable stakeholders to have a better understanding of how interactions among drivers 

influence coastal freshwater balance over time. A holistic understanding of the temporal 

interactions of interdependent elements in the systems is likely to lead to more effective 

learning and management in complex systems (Winz et al., 2009), as well as consensus 

building for identifying robust adaptation options (Füssel, 2007). The vulnerability of this 

coastal freshwater balance system was assessed by involving both present and future 

climatic and non-climatic conditions. This enables multi-level stakeholders to identify 

appropriate adaptation options which can cope with current and future climate and non-
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climate projections and reduced uncertainty concerning decisions through analysing future 

scenarios (Bormann et al., 2012; Füssel, 2007). 

Significantly, the application of BDN adaptation actions into the re-run of the SD model 

enables system performance to be assessed in light of implementing those adaptation 

options. In the case study example, this evaluation of the adaptation options revealed that 

not all of the effectiveness and cost-effectiveness of adaptation options developed in the 

BDN model were demonstrated to be effective in recovering the collapse of the system in 

the SD model. This link between the BDN model and the SD model, which serves as an 

evaluation of adaptation options, will further assist stakeholders to identify most 

appropriate adaptation options for the coastal freshwater system.  

 

7.6. Research contribution to knowledge 

As mentioned in the previous sections, this thesis makes an original and innovative 

contribution to better management of water supply and demand systems under high 

complex and uncertain conditions in a coastal area of a developing country. Firstly, this 

thesis contributes to understanding the current states of applications of BN models and 

their integration with other modelling tools in water resource management globally. 

Secondly, the linking between top-down SD model and bottom-up BDN model into one 

decision-making framework contributes to understanding of their linked applicability in 

informing decision-making process for the freshwater supply and demand system in 

coastal settings of a developing country. Thirdly, cross-examining model types and 

outcomes between the BDN model and SD model contributes to knowledge that checking 

the outcomes from the BDN model is necessary to enable decision-makers to identify 

‗least regret‘ actions for water resource management.    

 

7.7. Management implications for the coastal freshwater system in the Da Do Basin 

The concepts, methods and results of my thesis have important implications for the mid-

term and long-term management and planning of the coastal freshwater supply and demand 

system in the Da Do Basin, Hai Phong, Vietnam. The application of the models has 

benefited greatly from the contribution of stakeholders in the region and this will likely 

increase the adoption of the models and their outputs in future decision making. For 

example, through participating in the development of the CLD, stakeholders have 

increased their understanding of the system as a whole by analysing the influences and 
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interactions of multiple climatic and non-climatic drivers on their coastal freshwater 

system. In addition, the results of the validated SD model assist stakeholders to understand 

the vulnerability of the coastal freshwater supply and demand system under current 

conditions and future scenarios from multiple interactions of both climate change and 

socio-economic development. In particularly, graphical displays showing the influences of 

sea level rise and upstream flow decline as well as socio-economic development on the 

operational resilience of the coastal freshwater system were found to be very useful for 

stakeholders because they assist understanding of the dynamics behaviour of the coastal 

freshwater balance, currently and into the future. As a result of these outputs, better 

management practices and long-term policies for the system under climatic and non-

climatic changes can be identified.  

Another important implication from my research for stakeholders in the basin is that under 

anticipated changes, the climatic drivers appear to exert stronger influence than non-

climatic drivers on the vulnerability of the freshwater storage system. Specifically, 

upstream flow decline is considered to be the most influential factor driving the freshwater 

balance for the system. This result is helpful because it suggests that decision-makers 

should focus on developing adaptation options which aim to reduce climatic drivers‘ 

effects on the system (e.g. decreasing water level and increasing salinity in the Van Uc and 

Lach Tray rivers).  

My research has also demonstrated that incorporating costs and effectiveness in 

identification of adaptation options for the coastal freshwater supply and demand system 

enables stakeholders in the basin to select the best options, i.e. those with the highest cost-

effectiveness, for increasing freshwater availability in the system. Furthermore, the cost-

effectiveness of the examined adaptation options changed under different climatic and non-

climatic scenarios, highlighting the degree to which future conditions (climatic and non-

climatic) influence preferred adaptation outcomes.  

Beyond the selection of the most cost-effective option from the BDN model, in this thesis 

has demonstrated that it is helpful to use the SD model to examine system outcomes from 

what the BDN considers to be the most cost-effective adaptation options. Specifically, 

testing the BDN options in the SD model revealed that building pumping stations, either 

alone or in conjunction with increasing water prices, were the highly effective measures 

and cost-effective adaptation options from both the BDN and SD perspectives, under 

climatic and non-climatic changes. These findings suggest that water managers in the Da 
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Do Basin can have reasonable confidence that the options identified from this research 

would result in the most cost-effective provision of freshwater for both mid-term and long-

term planning and management for this coastal basin under climate change and socio-

economic development.  

The results of vulnerability and adaptation option assessments identified in this research 

are quite likely to be considered for actual implementation in the Da Do Basin. This 

research has been contributing to one of Hai Phong City‘s objectives for water resources 

planning and management until 2030. More specifically, the authority of Hai Phong City 

has promulgated several resolutions and decrees on water resources planning and 

management under climate change and socio-economic development in this coastal city 

region. For example, Hai Phong People‘s Council issued Resolution no: 23/2013/NQ-

HDND on 12 December 2013 on objectives, tasks and solutions for protection of 

freshwater supplies from the Da Do River, Re River, Gia River, Chanh Duong River, Hon 

Ngoc and Tien Lang Irrigation Channels in Hai Phong City during the period 2013 to 

2020. In addition, the Hai Phong People‘ Committee issued a Decree no: 1318/QD-UBND 

on 17 June 2015 which approved a master plan for water resource planning and 

management in Hai Phong City up to 2020, and a vision forward to 2030. This master plan 

includes an on-going assessment of current and future water resource status and 

development of adaptation options for securing freshwater for socio-economic 

development under climate change in Hai Phong City, and a case study of Da Do Basin in 

this research was one part of this master plan. Decision-makers from the Department of 

Natural Resources and Environmental Management and the Department of Agricultural 

and Rural Development, who are responsible for conducting the master plan, actually 

participated in this research. Several adaptation options included in the modelling were 

suggested by these participants, such as building pumping stations, raising the height of the 

levee banks along the Da Do River, increasing water prices and building a salinity 

prevention gate near the mouth of the Van Uc River. The assessment of the vulnerability of 

the Da Do Basin‘s coastal freshwater system and assessment of the effectiveness and cost-

effectiveness of proposed adaptation options under climate change and socio-economic 

development from this research could assist decision-makers to include these adaptation 

measures in their master plan.  

In addition to decision-makers from the authority of Hai Phong City, water resources and 

climate change experts from Hai Phong University and other research institutes in Hai 
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Phong City participated in this research. This ensures that multiple perspectives were 

included regarding interactions and relationships among drivers in the system. These 

diverse perspectives are really important for both this research and also for the city‘s 

master plan for water resources planning and management in the Da Do Basin. Through 

discussions in the workshops around development of causal loop diagrams, validation of 

the SD and BN models and identification and assessment of adaptation options, 

participants from these research institutes have provided important knowledge regarding 

both vulnerability and adaptation options under climate change and socio-economic 

development. Therefore, the modelling results from this research have assisted practical 

policy development by providing an overview of current and future vulnerability of the 

coastal freshwater system in the Da Do Basin, the largest freshwater supply basin in Hai 

Phong City. Modelling results from this research have also helped to establish whether 

proposed adaptation options will be able to cope robustly with current and projected future 

changes in climatic and non-climatic drivers. These are all important aspects of knowledge 

which should and hopefully will be included in the city‘s water resources planning and 

management decision making regarding the Da Do Basin.  

Da Do Irrigation Management Company is responsible for managing and providing 

freshwater for five districts in the Da Do Basin. The company is also responsible for 

conducting and implementing adaptation measures to ensure that freshwater availability in 

the system is sufficient to meet the needs of residents, agricultural and industrial 

production in the basin. Water managers and researchers from the Da Do Irrigation 

Management Company actively engaged in the research, especially in validation of the 

system dynamics model and identification and assessment of potential adaptation options. 

Modelling results from this research, particularly results relating to vulnerability 

assessment and the effectiveness and cost-effectiveness of adaptation options, could help 

water managers and researchers from the Da Do Irrigation Management Company consider 

and implement appropriate adaptation measures in the Da Do Basin.  

 

7.8. Future research directions 

Some limitations need to be considered in the interpretation of the results in this thesis. The 

balance of the coastal freshwater supply and demand system in Da Do Basin was only 

vulnerable in the dry season due to a decline in upstream flow and precipitation in 

upstream areas and Hai Phong region and thus salinity penetration to the Van Uc and Lach 
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Tray rivers. Therefore, this research focuses only on the six month dry season, limiting 

calibration for both climatic and non-climatic factors in the long time vision and excluding 

the impacts of climate change during the wet season as a threat to the water supply and 

demand system.  

Another limitation of this thesis revolves around the way that data from the SD model was 

incorporated into the BDN model. BNs face computational difficulties with respect to the 

challenge of performing Bayesian inference with continuous variables, so the continuous 

data from the SD model were tabulated and discretised before incorporating them into the 

BDN model. The discretization may generate imprecise relationships among variables (e.g. 

effects of water level and salinity on opening of sluice gates), which in turn, could affect 

the selection of effectiveness of adaptation options in the BDN model. This limitation, 

coupled with the complexity and uncertainty conditions from multiple interactions in the 

coastal freshwater supply and demand system could result in difficulties in comprehensive 

understanding and identification of appropriate adaptation options for the system.  

The chosen adaptation options in this thesis are another limitation as the risks which 

adaptation might pose for environment aspects of the system were not considered because 

they were not within the remit of this study. In addition, these adaptation options 

identifying by the stakeholders in the region would be a limitation. Although, multiple-

stakeholders, including independent experts, decision makers, water resource managers 

and water resource users involved in this study, the knowledge, time commitment and 

dominance of stakeholders are also potential bias in selecting appropriate measures for the 

Da Do Basin system.    

Overall, there is a need for more research to develop linked-model approaches, like the 

coupled SD model and the BDN model in this study, to help inform water resource 

management decisions under future climatic and non-climatic changes. Furthermore, data 

availability is one of the most important issues for applying this type of dual-modelling 

approach. It was necessary to use historical data to construct and calibrate both the SD 

model and BDN model such that they could appropriately reflect the dynamic behaviour of 

the system as well as identify appropriate options for coastal water supply and demand 

systems subject to multiple interactions. Although directed acyclic graphs and conditional 

probability tables in BN models can be specified by experts or/and model simulations 

or/and empirical data (Landuyt et al., 2013; Phan et al., 2016), data-based models have 
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been shown to perform better than expert-based models (Hamilton et al., 2015; Mayfield, 

2015). 

There is also a need, in all coastal settings, to better understand the influences of 

interactions between tide level and river discharge on water level and salinity penetration 

under future conditions for sea level rise and upstream flow decline. This is particularly 

true in regulated systems like that of the case study area, where water level and salinity are 

critical parameters which influence the operational management of sluice gates along the 

estuary. Improved understanding of the risk and longer term consequences of saline 

penetration into the coastal freshwater supply system could support further investigation of 

appropriate measures to better manage sluice gate systems and guarantee the supply of 

freshwater for growing population in the coastal areas of developing countries.   

Before applying the top-down and bottom-up modelling approaches developed in this 

thesis, decision makers require a clear understanding of the purpose of their models and of 

the types of data available to parameterise variables and increase the model performance. It 

is critical that there is enough information on socio-economic and environmental data, and 

an understanding of the interactions and feedback loops between hydrological processes 

and socio-economic dependencies in complex systems in order to build models which 

adequately reflect reality. In addition, expertise and funds to support coupled modelling 

development are also needed to construct coupled SD and BDN models of relevant 

complexity so that decision makers can be better informed of management options for 

future water resource problems and challenges.  

 

7.9. Conclusions 

In summary, freshwater supply and demand systems in coastal areas are threatened by both 

climatic and non-climatic changes over the coming decades. The interactions and 

relationships among multiple drivers create a high level of uncertainty and complexity in 

the management of coastal freshwater systems. Uncertainties drive from many factors, 

including sea level rise, changes in precipitation and river flows, and socio-economic 

development as well as their interactions. Temporal and spatial alterations among such 

driving factors contribute to the high complexity of coastal freshwater systems. This thesis 

has demonstrated that the interactions of upstream flow decline and sea level rise over time 

will lead to temporal changes in water level and salinity, and thus temporally influence the 

availability of freshwater, such that there will be periods when demand outstrips supply. 



153 

 

Similarly, population growth, water consumptions trends and urbanization over time also 

have the capacity to temporally influence freshwater availability in the Da Do system due 

to changes in demand. As a whole, the vulnerability of coastal freshwater systems over 

time is affected by temporal changes in the states and levels of the main climatic and non-

climatic drivers.  

To better manage the coastal water supply and demand system with multiple drivers and 

their interactions in the Da Do Basin, Vietnam, this thesis developed a coupled top-down 

SD model and bottom-up BDN model to understand (i) the feedback-based dynamic 

processes in a dynamically complex system by developing the CLD and running the SD 

model, and (ii) address uncertainties through scenario development and participatory 

involvement in constructing and analysing the BDN model. Sequential application of these 

modelling processes can provide stakeholders with data-driven vulnerability assessments. 

The outputs from the models will most likely be adopted by the decision makers in the 

region, as these models have been built using existing local knowledge and data, with a 

view to further strengthening adaptive capacity through stakeholder involvement.  

Future applications of coupled SD and BDN modelling approaches will support decision 

makers throughout the developed and developed world as the factors considered in this 

study are applicable in all populated estuarine setting subject to future climatic and non-

climatic threats. 
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Appendices:  
 

Appendix 1: Griffith University policy for the submission of PhD theses as a series of 

published and unpublished papers. Available https://www.griffith.edu.au/higher-degrees-

research/current-research-students/thesis/preparation/inclusion-of-papers-within-the-thesis 

 

Appendix 2: Human Research Ethics Approval No ENV/08/15/HREC from Griffith 

University Human Research Ethics Committee for field data collection in this thesis.  

 

This project, titled ―An integrated approach for assessing the vulnerability and adaptation 

of a coastal water supply and demand system to climate change‘  with reference number 

ENV/08/15/HREC has been approved by Griffith University Human Research Ethics 

Committee on August 2015 and Final Ethical Conduct Report has been approved (recorded 

as complete on June 2017.  

https://www.griffith.edu.au/higher-degrees-research/current-research-students/thesis/preparation/inclusion-of-papers-within-the-thesis
https://www.griffith.edu.au/higher-degrees-research/current-research-students/thesis/preparation/inclusion-of-papers-within-the-thesis
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Appendix 3: System dynamics model documents 

Variable name Type Sub-type Equation Unit 

Tide Level Data Data Equation GET XLS DATA( 'Tide level.xlsx' , 

'Sheet1' , 'A' , 'b2' ) 

cm 

Relative Sea 

Level Rise 

Constant Normal 0 (Min: 0, Max: 30, Increment: 30) cm 

Tide level Auxiliary Normal Tide Level Data + Relative Sea Level Rise cm 

Upstream Flow 

Decline 

Constant Normal 0 (Min:0, Max: 1, Increment:1) dmnl 

Salinity 

VUc40km 

Auxiliary With 

lookup 

IF THEN ELSE(Upstream Flow Decline=0, 

Tide Level, Tide Level+30) 

ppt 

WLevel 

VUc40km 

Auxiliary With 

lookup 

Tide Level cm 

Mean 

WLVU40km 

Constant Normal 215 cm 

Amended 

WLevel 

VUc40km 

Auxiliary Normal IF THEN ELSE(WLevel 

VUc40km>=Mean WLVUc40km, WLevel 

VUc40km-15, WLevel VUc40km-30 ) 

cm 

WLevel UFD 

VUc40km 

Auxiliary Normal IF THEN ELSE( Upstream Flow 

Decline=0, WLevel VUc40km, Amended 

WLevel VUc40km) 

cm 

HFLow TTrang Constant Normal 661644 m
3
/hour 

LFlow TTrang Constant Normal 392040 m
3
/hour 

FLowTTrang Auxiliary Normal IF THEN ELSE(WLevel UFD 

VUc40km>=300:AND:DaDoWaterLevel<

=276, HFlowTTrang, LFlowTTrang) 

m
3
/hour 

DaDoWater 

Level 

Auxiliary With 

lookup 

Da Do River cm 

Trung Trang 

Gate 

Auxiliary Normal IF THEN ELSE(Salinity 

VUc40km<1:AND:WLevel UFD 

VUc40km>276:AND:DaDoWaterLevel<=2

80, FLowTTrang, 0) 

m
3
/hour 

Da Do Outflow Auxiliary Normal IF THEN ELSE(DaDoWaterLevel>=100, 

Agricultural Water Use*0.4+Domestic 

Water Use + Industrial Water Use, 0) 

m
3
/hour 
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Da Do River Level Normal Trung Trang Gate-Da Do Outflow: Initial 

value: 7049000 

m
3
 

Agricultural 

Water Use 

Auxiliary Normal Current Agricultural Use-Agricultural Use 

Decline 

m
3
/hour 

Current 

Agricultural 

Use 

Constant Normal 29000 m
3
/hour 

Agricultural 

Use Decline
 

Constant Normal 0 (Min:0, Max: 5220, Increment: 5220) m
3
/hour 

Domestic Water 

Use 

Auxiliary Normal Population*Per Capita Use + 

Environmental Flows 

m
3
/hour 

Population Auxiliary Normal Current Population + Population Growth Person 

Current 

Population 

Constant Normal 605000 Person 

Population 

Growth
 

Constant Normal 0 (Min: 0, Max: 211500, Increment: 

211500) 

Person 

Per Capita Use Auxiliary Normal Current Per Captita Use + Per Capita Use 

Increase 

m
3
/hour

/Person 

Current Per 

Capita Use 

Constant Normal 0.005
 

m
3
/hour

/Person 

Per Capita Use 

Increase 

Constant Normal 0 (Min:0, Max: 0.007, Increment:0.007) m
3
/hour

/Person 

Environmental 

Flows 

Auxiliary Normal Population*Per Capita Use*0.3 m
3
/hour 

Industrial Water 

Use 

Auxiliary Normal Current Industrial Use + Industrial Growth m
3
/hour 

Current 

Industrial Use 

Constant Normal 2100 m
3
/hour 

Industrial 

Growth 

Constant Normal 0 (Min:0, Max: 1837, Increment: 1837) m
3
/hour 

Water 

Availability in 

the System 

Level Normal Water Supply-Water Demand: Initial value: 

10645000 

m
3
 

Water Supply Auxiliary Normal IF THEN ELSE(Water Availability in the 

System<=21934000, Trung Trang Gate + 

Gate VUc40km+Gate VUc30km + Gate 

m
3
/hour 
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VUc20km + Gate LTray40km + Gate 

LTray32km + Gate LTray24km, 0) 

Water Demand Auxiliary Normal IF THEN ELSE(Water Availability in the 

System>0, Agricultural Water Use + 

Domestic Water Use + Industrial Water 

Use, 0) 

m
3
/hour 

Note: Equations for left and right irrigation channels are not provided as the conditions of opening 

and closing schedules of channels’ sluice gates are similar with Trung Trang sluice gate in the Da 

Do River.  

Appendix 4: Bayesian decision network model documents 

Nodes and states used in Bayesian decision network 

Node States Description 

Relative sea 

level rise 

0 Scenario of sea level rise is not considered  

30 Scenario of sea level increases 30cm is considered 

Tide level 

0 to 170 Tide levels are from 0cm to 170cm 

170 to 260 Tide levels are from 170cm to 260cm 

≥ 260 Tide levels are larger than or equal to 260cm 

Upstream 

flow decline 

No Scenario of upstream flow decline is not considered 

Yes Scenario of upstream flow decline is considered 

Water Level 

VUc40km 

0 to 276 Water levels at 40km from the mouth of Van Uc River are 

from 0cm to 276cm 

≥ 276 Water levels at 40km from the mouth of Van Uc River are 

larger than or equal to 276cm  

Water Level 

VUc30km 

0 to 276 Water levels at 30km from the mouth of Van Uc River are 

from 0cm to 276cm 

≥ 276 Water levels at 30km from the mouth of Van Uc River are 

larger than or equal to 276cm  

Water Level 

VUc20km 

0 to 276 Water levels at 20km from the mouth of Van Uc River are 

from 0cm to 276cm 

≥ 276 Water levels at 20km from the mouth of Van Uc River are 

larger than or equal to 276cm  

Water Level 

LTray40km 

0 to 276 Water levels at 40km from the mouth of Lach Tray River are 

from 0cm to 276cm 
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≥ 276 Water levels at 40km from the mouth of Lach Tray River are 

larger than or equal to 276cm  

Water Level 

LTray32km 

0 to 276 Water levels at 30km from the mouth of Lach Tray River are 

from 0cm to 276cm 

≥ 276 Water levels at 30km from the mouth of Lach Tray River are 

larger than or equal to 276cm  

Water Level 

LTray20km 

0 to 276 Water levels at 20km from the mouth of Lach Tray River are 

from 0cm to 276cm 

≥ 276 Water level at 20km from the mouth of Lach Tray River are 

larger than or equal to 276cm  

Salinity 

VUc40km 

0 to 0.5 Salinity levels at 40km from the mouth of Van Uc River are 

from 0ppt to 0.5ppt 

0.5 to 1 Salinity levels at 40km from the mouth of Van Uc River are 

from 0.5ppt to 1ppt 

Salinity 

VUc30km 

0 to 0.5 Salinity levels at 30km from the mouth of Van Uc River are 

from 0ppt to 0.5ppt 

0.5 to 1 Salinity levels at 30km from the mouth of Van Uc River are 

from 0.5ppt to 1ppt 

≥1 Salinity levels at 30km from the mouth of Van Uc River are 

larger than or equal to 1ppt 

Salinity 

VUc20km 

0 to 0.5 Salinity levels at 20km from the mouth of Van Uc River are 

from 0ppt to 0.5ppt 

0.5 to 1 Salinity levels at 20km from the mouth of Van Uc River are 

from 0.5ppt to 1ppt 

≥1 Salinity levels at 20km from the mouth of Van Uc River are 

larger than or equal to 1ppt 

Salinity 

LTray40km 

0 to 0.5 Salinity levels at 40km from the mouth of Lach Tray River are 

from 0ppt to 0.5ppt 

0.5 to 1 Salinity levels at 40km from the mouth of Lach Tray River are 

from 0.5ppt to 1ppt 

≥1 Salinity levels at 40km from the mouth of Lach Tray River are 

larger than or equal to 1ppt 

Salinity 

LTray32km 

0 to 0.5 Salinity levels at 32km from the mouth of Lach Tray River are 

from 0ppt to 0.5ppt 

0.5 to 1 Salinity levels at 32km from the mouth of Lach Tray River are 
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from 0.5ppt to 1ppt 

≥1 Salinity levels at 32km from the mouth of Lach Tray River are 

larger than or equal to 1ppt 

Salinity 

LTray24km 

0 to 0.5 Salinity levels at 24km from the mouth of Lach Tray River are 

from 0ppt to 0.5ppt 

0.5 to 1 Salinity levels at 24km from the mouth of Lach Tray River are 

from 0.5ppt to 1ppt 

≥1 Salinity levels at 24km from the mouth of Lach Tray River are 

larger than or equal to 1ppt 

Sluice Gate 

TTrang40km 

Closed Trung Trang sluice gate is closed when water levels and 

salinity levels in the Van Uc River are smaller than 276cm and 

larger than or equal 1ppt, respectively and water levels in the 

Da Do River are high, larger than 276cm 

Opened Trung Trang sluice gate is opened when water levels and 

salinity levels in the Van Uc River are larger than 276cm and 

smaller than 1ppt, respectively, and the water levels in the Da 

Do River are low, smaller than 276cm 

Sluice Gates 

VUc40km 

Closed Sluice gates at 40km from the mouth of Van Uc River are 

closed when water levels and salinity levels in the Van Uc 

River are smaller than 276cm, and larger than or equal to 1ppt, 

respectively, and the water levels in the left irrigation channels 

are high, larger than 276cm 

Opened Sluice gates at 40km from the mouth of Van Uc River are 

opened when water levels and salinity levels in the Van Uc 

River are larger than 276cm and smaller than 1ppt, 

respectively, and water levels in the left irrigation channels are 

low, smaller than 276cm 

Sluice Gates 

VUc30km 

Closed Sluice gates at 30km from the mouth of Van Uc River are 

closed when water levels and salinity levels in the Van Uc 

River are smaller than 276cm and larger than or equal to 1ppt, 

respectively, and water levels in the left irrigation channels are 

high, larger than 276cm 

Opened Sluice gates at 30km from the mouth of Van Uc River are 

opened when water levels and salinity levels in the Van Uc 

River are larger than 276cm and smaller than 1ppt, 

respectively, and water levels in the left irrigation channels are 

low, smaller than 276cm 

Sluice Gates 

VUc20km 

Closed Sluice gates at 20km from the mouth of Van Uc River are 

closed when water levels and salinity levels in the Van Uc 

River are smaller than 276cm and larger than or equal to 1ppt, 
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respectively, and water levels in the left irrigation channels are 

high, larger than 276cm 

Opened Sluice gates at 20km from the mouth of Van Uc River are 

opened when water levels and salinity levels in the Van Uc 

River are larger than 276cm and smaller than 1ppt, 

respectively, and water levels in the left irrigation channels are 

low, smaller than 276cm 

Sluice Gates 

LTray40km 

Closed Sluice gates at 40km from the mouth of Lach Tray River are 

closed when water levels and salinity levels in the Lach Tray 

River are smaller than 276cm and larger than or equal to 1ppt, 

respectively, and water levels in the right irrigation channels 

are high, larger than 276cm 

Opened Sluice gates at 40km from the mouth of Lach Tray River are 

opened when water levels and salinity levels in the Lach Tray 

River are larger than 276cm and smaller than 1ppt, 

respectively, and water levels in the right irrigation channels 

are low, smaller than 276cm 

Sluice Gates 

VUc32km 

Closed Sluice gates at 32km from the mouth of Lach Tray River are 

closed when water levels and salinity levels in the Lach Tray 

River are smaller than 276cm and larger than or equal to 1ppt, 

respectively, and water levels in right irrigation channels are 

high, larger than 276cm 

Opened Sluice gates at 32km from the mouth of Lach Tray River are 

opened when water levels and salinity levels in the Lach Tray 

River are larger than 276cm and smaller than 1ppt, 

respectively, and water levels in the right irrigation channels 

are low, smaller than 276cm 

Sluice Gates 

VUc24km 

Closed Sluice gates at 24km from the mouth of Lach Tray River are 

closed when water levels and salinity levels in the Lach Tray 

River are smaller than 276cm and larger than or equal to 1ppt, 

respectively, and water levels in the right irrigation channels 

are high, larger than 276cm 

Opened Sluice gates at 24km from the mouth of Lach Tray River are 

opened when water level and salinity in the Lach Tray River 

are larger than 276cm and smaller than 1ppt, respectively, and 

water levels in the right irrigation channels are low, smaller 

than 276cm 

Da Do Water 

Level 

High Water levels in the Da Do River are larger than or equal to 

276cm 

Low Water levels in the Da Do River are smaller than 276cm 
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Left Channel 

Water Level 

High Water levels in the left irrigation channel are larger than or 

equal to 276cm 

Low Water levels in the left irrigation channel are smaller than 

276cm 

Right 

Channel 

Water Level 

High Water levels in the right irrigation channel are larger than or 

equal to 276cm 

Low Water levels in the right irrigation channel are smaller than 

276cm 

Da Do River 

0 to 300000 Water volumes in the Da Do River receives from Trung Trang 

Gate are from 0 to 300,000 m
3 

≥ 300000 Water volumes in the Da Do River receives from Trung Trang 

Gate are larger than or equal to 300,000 m
3
 

Left Channel 

System 

0 to 150000 Water volumes in the left irrigation channels receive from 

sluice gates at ranges of 40km, 30km and 20km from the 

mouth of Van Uc River are from 0 to 150,000 m
3
 

≥150000 Water volumes in the left irrigation channels receive from 

sluice gates at ranges of 40km, 30km and 20km from the 

mouth of Van Uc River are larger than or equal to 150,000 m
3
 

Right 

Channel 

System 

0 to 180000 Water volumes in the right irrigation channels receive from 

sluice gates at ranges of 40km, 32km and 24 km from the 

mouth of Lach Tray River are from 0 to 180,000 m
3
 

≥180000 Water volumes in the right irrigation channels receive from 

sluice gates at ranges of 40km, 32km and 24km from the 

mouth of Lach Tray River are larger than or equal to 180,000 

m
3
 

Water supply 

0 to 15000 Water supply volumes for water demand are from 0 to 15,000 

m
3
 

15000 to 30000 Water supply volumes for water demand are from 15,000 to 

30,000 m
3
 

≥30000 Water supply volumes for water demand are larger than 

30,000 m
3
 

Agricultural 

Decrease 

0 Scenario of agricultural water use decrease is not considered 

0.5 Scenario of agricultural water use decrease 0.5% is considered  

Agricultural 

Demand 

0 to 10000 Water demand volumes from agricultural production are from 

0 to 100,000 m
3
 

10000 to 20000 Water demand volumes from agricultural production are from 
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10,000 to 20,000 m
3
 

20000 to 30000 Water demand volumes from agricultural production are from 

20,000 to 30,000 m
3
 

Domestic 

Increase 

0 Scenario of domestic use increase is not considered 

3 Scenario of domestic use increase 3% is considered 

Domestic 

Demand 

0 to 4500 Water demand volumes from domestic use are from 0 to 4,500 

m
3 

4500 to 9000 Water demand volumes from domestic use are from 4,500 to 

9,000 m
3
 

9000 to 13500 Water demand volumes from domestic use are from 9,000 to 

13,500 m
3 

Industrial 

Increase 

0 Scenario of water demand from industrial production increase 

is not considered 

2.5 Scenario of water demand from industrial production increase 

2.5% is considered 

Industrial 

Demand 

0 to 1300 Water demand volumes from industrial production are from 0 

to 1,300 m
3 

1300 to 2600 Water demand volumes from industrial production are from 

1,300 to 2,600 m
3
 

2600 to 3900 Water demand volumes from industrial production are from 

2,600 to 3,900 m
3
  

Water 

demand 

0 to 15000 Water demand volumes from domestic use, industrial and 

agricultural production are from 0 to 15,000 m
3
 

15000 to 30000 Water demand volumes from domestic use, industrial and 

agricultural production are from 15,000 to 30,000 m
3
 

≥30000 Water demand volumes from domestic use, industrial and 

agricultural production are larger than 30,000 m
3
 

Freshwater 

balance 

system 

High Over 

Supply 

Water supply is high over than water demand 

Moderate Over 

Supply 

Water supply is moderate over than water demand 

Balanced Supply Water supply is equal to water demand 

Moderate Water 

Shortage 

Water supply is moderate shortage for water demand 
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Extreme Water 

Shortage 

Water supply is extreme shortage for water demand 

Costs  Relative costs of adaptation options 

Utility  Relative utilities of five freshwater balance states  

Adaptation 

options 

 Lists of adaptation options for the coastal freshwater system 

 

Conditional probability tables of freshwater balance system node (the target node) 

Water 

supply 

Water 

demand 

High 

over 

supply 

Moderate 

over 

supply 

Balanced 

supply 

Moderate 

water 

shortage 

Extreme 

water 

shortage 

0 to 

15000 

0 to 15000 0 30 40 30 0 

0 to 

15000 

15000 to 

30000 

0 0 10 30 60 

0 to 

15000 

≥30000 0 0 0 30 70 

15000 to 

30000 

0 to 15000 60 30 10 0 0 

15000 to 

30000 

15000 to 

30000 

0 30 40 30 0 

15000 to 

30000 

≥30000 0 0 10 30 60 

≥30000 0 to 15000 70 30 0 0 0 

≥30000 15000 to 

30000 

60 30 10 0 0 

≥30000 ≥30000 0 30 40 30 0 

 

Probabilities of freshwater states in the target node under future scenarios 

Freshwater 

state 

Current 

conditions 

(%) 

Climatic 

changes (%) 

Non-climatic 

changes (%) 

Climatic and non-

climatic changes (%) 

High over 

supply 27.2 21.5 26.5 23.4 
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Moderate over 

supply 23.6 20.4 22.2 20.8 

Balanced 

supply 18.9 18.2 17.8 17.6 

Moderate 

shortage 17.0 19.8 17.5 18.9 

Extreme 

shortage 13.2 20.2 15.6 19.3 

 

Examples of probabilities of freshwater states in the target node under future scenarios 

when the option of building pumping stations + increasing water prices (PS+WP), and 

no intervention (NI) are selected 

Freshwater 

state 

Current 

conditions 

(%) 

Climatic 

changes (%) 

Non-climatic 

changes (%) 

Climatic and non-

climatic changes (%) 

 PS+WP NI PS+WP NI PS+WP NI PS+WP NI 

High over 

supply 
31.30 17.0 37.30 5.69 44.10 9.66 45.2 6.03 

Moderate 

over supply 
26.90 18.2 27.20 11.1 30.50 16.1 28.2 10.9 

Balanced 

supply 
20.60 18.1 17.50 15.6 13.60 15.3 14.0 15.1 

Moderate 

shortage 
14.90 21.8 12.40 27.2 8.27 24.1 8.98 27.0 

Extreme 

shortage 
6.23 24.8 5.52 40.5 3.62 34.8 3.62 41.0 
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Bayesian decision network model 

 

 

SalinityVUc20km

0 to 0.5
0.5 to 1
>= 1

24.5
46.2
29.4

0.774 ± 0.39

SGatesVUc20km

Closed
Opened

79.9
20.1

SGatesLTray40km

Closed
Opened

74.3
25.7

SalinityLTray40km

0 to 0.5
0.5 to 1
>= 1

99.0
0.89
0.15

0.256 ± 0.16

SGatesVUc30km

Closed
Opened

72.2
27.8

SalinityVUc30km

0 to 0.5
0.5 to 1
>= 1

76.1
19.9
4.05

0.39 ± 0.3

AdaptationOptions

SalinityVUc40km

0 to 0.5
0.5 to 1

99.9
.079

0.25 ± 0.15

SalinityLTray32km

0 to 0.5
0.5 to 1
>= 1

66.3
22.5
11.2

0.475 ± 0.37

SGatesLTray32km

Closed
Opened

75.4
24.6

RightChannelSystem

0 to 1.8e5
>= 1.8e5

73.6
26.4

SalinityLTray24km

0 to 0.5
0.5 to 1
>= 1

19.8
42.8
37.4

0.838 ± 0.4

WLevelVUc30km

0 to 276
276 to 310

69.1
30.9

186 ± 98

WLevelVUc20km

0 to 276
276 to 320

62.5
37.5

198 ± 100

WLevelLTray40km

0 to 276
276 to 290

72.8
27.2

177 ± 94

WLevelLTray32km

0 to 276
276 to 300

72.2
27.8

180 ± 95

DaDoWLevel

High

Low

33.4

66.6

Freshwaterbalancesystem

HighOverSupply
ModerateOverSupply
BalancedSupply
ModerateWaterShortage
ExtremeWaterShortage

24.8
22.2
18.4
18.2
16.3

SGatesTTrang40km

Closed
Opened

78.4
21.6

WLevelLTray24km

0 to 276
276 to 310

67.8
32.2

188 ± 98

SGatesLTray24km

Closed
Opened

85.5
14.5

RelativeSeaLevelRise

0
30

50.0
50.0

15 ± 15

Tide Level

0 to 170
170 to 260
>= 260

30.8
45.6
23.5

196 ± 89

UpstreamFlowDecline

No
Yes

50.0
50.0

WLevelVUc40km

0 to 276
276 to 300

71.9
28.1

180 ± 96

SGatesVUc40km

Closed
Opened

73.0
27.0

WaterDemand

0 to 15000
15000 to 30000
>= 30000

27.9
35.2
36.9

23900 ± 13000

AgriculturalDemand

0 to 10000
10000 to 20000
20000 to 30000

10.0
20.0
70.0

21000 ± 7200

IndustrialIncrease

0
2.5

50.0
50.0

1.25 ± 1.2

DomesticDemand

0 to 4500
4500 to 9000
9000 to 13500

58.7
12.5
28.7

5400 ± 4200

AgriculturalDecrease

0
0.5

50.0
50.0

0.25 ± 0.25

DomesticIncrease

0
3

50.0
50.0

1.5 ± 1.5

Costs

LeftChannelSystem

0 to 1.5e5
>= 1.5e5

69.8
30.2

WaterSupply

0 to 15000
15000 to 30000
>= 30000

18.9
34.3
46.8

26700 ± 12000

LeftChannelWLevel

High
Low

13.0
87.0

RightChannelWLevel

High

Low

11.0

89.0

IndustrialDemand

0 to 1300
1300 to 2600
2600 to 3900

45.0
25.6
29.4

1750 ± 1200

Utility

DDoRiver

0 to 3e5
>= 3e5

44.0
56.0




