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ABSTRACT
The Mekong floodplains and delta play an important role in poverty and hunger
alleviation in Vietnam and Cambodia. Their high agricultural and ecological productivity
are largely due to the natural hydrological regime and rich sediment of the Mekong
River. However, regional demand for electricity is leading to the development of over
120 upstream hydropower dams, which may alter the hydrology of the floodplains and
delta. Within the floodplains, extensive delta-based flood protection systems, in the form
of dykes, are being constructed to increase agricultural production in certain parts of the
delta, but which can have negative effects on other parts of the delta. Rising sea levels
due to climate change and ongoing land subsidence will exasperate flooding in
unprotected regions. The main aim of this study is, thus, to investigate the effect of water
infrastructure development (both dams and dykes), sea level rise and land su bsidence on
the floodplains‟ hydrology and sedimentation. This goal was implemented by three
methods: historical data analysis, remote sensing data analysis and numerical modelling.
In terms of hydrology, measured data analysis showed that the impact of hydropower
dams was currently limited to the upper part of the Mekong floodplains (the Cambodian
Lowlands). Flood prevention in the upper Vietnamese delta is the main driver of
hydrological regime alterations. Dykes significantly reduce flooding areas and increase
rising and falling rates of water levels in the middle floodplain. In the lower part of the
floodplains (the middle Vietnamese delta), hydrology is not only influenced by the
downstream movement of water due to upstream flood prevention systems but also sea
level rise and land subsidence.
Results from modelling water infrastructure development, sea level rise and land
subsidence scenarios indicated that the effect of each challenge on hydrology is
dependent on characteristics of each region. In the future, full development of
i

hydropower dams will increase dry season water levels by 23%, but wet season water
levels will only change by slightly over 1% in the upper floodplains (river-dominated
region). Flood prevention systems will significantly change water storage capacity and
water transfer capacity in the floodplains, causing substantial regional changes in flood
patterns. Sea level rise and land subsidence will result in the inundation of a vast region
of the Vietnamese coast (tidal region).
In terms of sedimentation, remote sensing data analysis suggested that flood protection
systems reduced flooding areas over the period from 2007 to now, and high dykes – a
component of flood prevention systems - likely disconnect the protected areas with the rest of
the floodplains and prevent sediment from moving into fields. Although semi-dykes reduced
the amount of sediment deposition in the rising stage of the flood season, they had no effect
on sediment settlement in later stages.
Two-dimentional hydrodynamic modelling proved that all the mentioned challenges would
influence negatively on sediment deposition in the floodplains. The development of
hydropower dams would cause significant reduction in sediment concentration in water,
resulting in the declining of sediment settlement throughout the floodplains. Water
infrastructure development would propagete flooding and also shift sediment deposition
downstream and neighbouring regions. Sea level rise and land subsidence would increase
tidal dynamics in the inland delta; thus, more sediment would be washed out to the ocean.
In the long term, sediment starvation is likely to translate into lower agricultural production;
consequently, farmers will have to employ more artificial fertilizers which increase the risk of
environmental pollution.
Regional wide transboundary water resource use policies are needed to address future
changes in the balance among agricultural productivity, energy generation and the
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natural environment. More studies on operational optimization to maximize protection areas
and the amount of sediment moving into fields are needed to ensure the sustainable
development of the region.
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CHAPTER 1. INTRODUCTION
1.1

Background

The Mekong River is a trans-boundary river which originates in the Tibetan Plateau and
flows through Yunnan Province in China before arriving to the Indo-Burma Peninsula; it then
travels through Myanmar, Thailand, Lao PDR and Cambodia before it enters the alluvial
Vietnam Mekong Delta. The Mekong River is ranked as the world‟s 12 th longest river at
around 4,800 km in length (Walling, 2008). The annual water yield of the Mekong Basin is
around 15,000 m3 per year on average from a 795,000 km2 catchment area (Walling, 2008).
The Mekong floodplains and delta encompass an area from the Cambodian town of Kratie to
the Vietnam Mekong Delta (Västilä et al., 2010; Figure 1.1). The floodplains and delta can
be separated into three sub-regions: the Tonle Sap Floodplain (TSF), the Cambodian
Lowland (CBL) and the Vietnam Mekong Delta (VMD; Västilä et al., 2010; Figure 1.1)
based on their different hydrological characteristics and management strategies. The total
area of the floodplains and delta is approximate 70,000 km2. The lower floodplains are
predominantly flat and low-lying so water level fluctuations caused by the Vietnamese East
Sea‟s (also called the South China Sea) 3.5 m semidiurnal and the Gulf of Thailand‟s 0.8 –
1.0 m diurnal tides are still observed near the border between Vietnam and Cambodia in the
dry season (Takehiko, 2001; Le et al., 2007). The TSF is characterised by the large
hydrological seasonal fluctuation of the Tonle Sap Lake, which is South East Asia‟s largest
lake (Arias et al., 2014a). At the end of the dry season, the water surface area of the lake is
around 2,600 km2 with a depth of less than one meter while in the flood season the surface
area can increase to above 15,000 km2 with a maximum depth of approximately ten meters
(Arias et al., 2014b). Nearly 10% of the Cambodian population lives around the Tonle Sap
Lake, and they depend mostly on agricultural and fishing activities for their subsistence
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(Keskinen, 2006; Keskinen et al., 2013). The TSF is covered with a diverse mosaic of
wetland habitats, surrounded by seasonal paddy fields (Matsumoto et al., 2003; Arias et al.,
2013; Arias et al., 2014a). Fish which is caught from the Mekong River and the Tonle Sap
Lake is responsible for 72% of protein requirement of Cambodia (Hortle, 2007; Nourteva et
al., 2010; Keskinen et al., 2011). The Mekong floodplains, especially the TSF, are considered
as an ecological diversity region because of the critical habitats provided to hundreds of
migratory and endemic species of birds, fish and mammals (Campbell et al., 2006; Arias et
al., 2014a).

Figure 1.1. Location of the Mekong floodplains and delta within the Lower Mekong Basin
and hydropower development (Data source: MRC, 2013) 1
4

The CBL, described in detail by Fujii et al. (2003), includes the rest of the Cambodian
Floodplain South-East of the TSF. It stretches from Kampong Cham Province to the border
between Vietnam and Cambodia. This sub-region, which comprises around 14% of
Cambodia, is the most densely populated and agriculturally productive land in this nation
(Fujii et al., 2003).
The Mekong Delta is a key economic and agricultural region in Vietnam. Cities within the
floodplains (Figure 1.2) have fast-growing populations and economies. The region also has
“rice bowls” such as Long Xuyen Quadrangle (LXQ), the Plain of Reeds (POR) and the
region between the Mekong and Bassac Rivers (MBR; Figure 1.2; Nguyen et al., 2011).
Productive fields in the VMD provide up to 25 million tons of rice in Vietnam, which is half
of Vietnam‟s total rice production (GSO, 2013). The LXQ, which includes the hinterlands of
An Giang and Kien Giang provinces, and a part of Can Tho province, has a total area of
4,890 km2 on the right bank of the Bassac River. The POR is on the left bank of the Mekong
River, stretching across an area of 6,970 km2 in Dong Thap, Long An and Tien Giang
provinces. The VMD has high agricultural production, but suffer from annual flooding during
the wet season. Overbanked flows from the Cambodia - Vietnam border to the Bassac and
Mekong River via canals such as Hong Ngu, Dong Tien, An Binh and An Phong – My Hoa
(Figure 1.2) inundate these regions heavily.
The floodplains‟ high productivity and bio-diversity, especially in the Tonle Sap, are
attributed to its annual unimodal hydrological regime, supplied with nutrients from the
sediment-laden floods of the Mekong River (Sakamoto et al., 2007; Arias et al., 2014b;
Nguyen et al, 2014). Water levels and sediment distribution in the floodplains are mainly
driven by natural factors such as snowmelt, monsoons, the El Niño Southern Oscillation
(ENSO), tropical hurricanes and tides (Sakamoto et al., 2007; Nguyen et al., 2011; Delgado
et al., 2012; Räsänen et al., 2013; Darby et al., 2013; Darby et al., 2016). The region is
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threateaned by local, regional and global environmental change, especially land subsidence,
development of water infrastructure, and climate change.

Figure 1.2. Floodplain regions, main canals and province centres in the VMD2

1.2

Development and climatic challenges

In recent decades, the Mekong Basin has undergone rapid development of upstream dams and
delta-based water infrastructure for flood control while the floodplains have suffered from sea
level rise and land subsidence (Le et al., 2007; Li & He, 2008; ICEM, 2010; MRC, 2010a;
Deltares, 2010; Lu et al., 2014a; Fujihara et al., 2015).
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Hydropower development: The development of upstream hydroelectric dams may potentially
influence on the seasonal delivery of water and net amount of sediment flowing into the delta
wetlands (Kummu & Varis, 2007; Kummu & Sarkkula, 2008; Koponen et al., 2007; Arias et
al., 2013; Kondolf et al., 2014). This is because hydropower reservoirs are used to store water
during the wet season in order to use it in the dry season; thus decreasing flooding peaks and
increasing downstream dry season water levels (Richter et al., 2007; Piman et al., 2013).
Moreover, reservoirs trap water for extended periods of time which makes suspended
sediment settle behind the dams; thus, dams also lessen sediment movement downstream
(Gottschak, 2006; Kondolf et al., 2014).
Delta-based water infrastructure development: Irrigation systems, which provide water for
farming in the dry season, and flood prevention systems, which protect fields and residential
areas in the wet season, also produce hydrological and sediment-related changes (Takehiko,
2001; Baran et al., 2007; Kummu et al., 2008; Nguyen et al., 2014; Triet et al., 2016). In the
dry season, the operation of large-scale irrigation systems can cause water level fluctuations
in the river (Baran et al., 2007; Kummu et al., 2008). During the flood season, delta-based
flood walls and sluices separate rivers from the rest of the delta and act as barriers for
nutrients going into fields (Takehiko, 2001; Le et al., 2007; Nguyen et al., 2014). Hence,
sediment is either washed out to the ocean or may settle in rivers and canals, eventually
decreasing their volume and routing effectiveness (Gottschak, 2006; Le et al., 2007).
Climate change: climate change has raised public concern since it introduces a number of
complex basin-scale impacts (Wasmann et al., 2004; Västilä et al., 2010; Hoang et al., 2016).
Sea level rise, as a result of global warming, can potentially inundate a large percentage of
the coastal areas of the delta (Wasmann et al., 2004; Van et al., 2012). For the case of the
Mekong floodplains and delta, frequent major droughts, massive flooding and salt intrusion
are no longer anomalies (MRC, 2010; CGIAR, 2016).
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Land subsidence: The development of water and transportation infrastructure defines human
settlements throughout the delta; and the increase of water pumping for irrigation and water
supply in the human compartments causes soil compaction and results in land subsidence
(Erban et al., 2014; Minderhoud et al., 2017). This phenomenon, however, may increase
water storage capacity of many parts in the floodplains and delta, resulting in the alteration of
hydrological indicators and sedimentation.
Water infrastructure development, land subsidence and climate change/sea level rise in the
Mekong Basin may induce alterations of hydrology in the floodplains and delta, which could
have potentially serious consequences (Arias et al., 2014a). Aquatic organisms and riparian
species, for example, are closely adapted to nutrient cycles and energy flows in freshwater
(Ramachandra et al., 2006); thus any alteration in hydrological regimes may result in the
degradation of aquatic ecosystems due to disruptions of their habitats, especially those in the
seasonally flooded areas (Arias et al., 2014b). Consequently, some species may become
extinct and others may migrate (Ritcher et al., 2007), which endanger existing food webs and
reduce bio-diversity.
Hydropower dams and flood prevention systems can also reduce sedimentation of
agricultural fields which can result in negative impacts on agricultural production (FAO,
1996; Smith, 2004; Kummu & Varis, 2007; Le et al., 2007). In order to compensate for the
loss of natural nutrients bound to sediments, farmers have to fertilize their crops with
artificial chemicals to ensure agricultural productivity (FAO, 1996). This may lead to both the
pollution of neighbouring water environments (MRC, 2010a) and the increase of crop
expenditures (FAO, 1996).
In addition to the effects on agriculture, sediment modifications may impact both chemical
and physical characteristics of rivers and living habitats of many species (FAO, 1996). The
decrease in organic substances bound to sediment may affect primary aquatic organisms such
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asphytoplankton in the case study in Ortega-Mayagoitia et al. (2003). The reduction of
sediment quantity may boost aquatic photophilic fauna and flora and impact lighthypersensitivity species (see the case study in Utne-Palm, 2002). Excessive turbidity, on the
other hand, may significantly disrupt the viability of existing aquatic habitats or food chains
(FAO, 1996; Utne-Palm, 2002).
Decreasing levels of sediment can cause changes in river geomorphology and canal
deterioration due to erosion or deposition (Kondolf, 1997; Gottschak, 2006; Kondolf et al.
2014). The combination of reduced sediment supplies (due to hydropower development) and
sea level rise is a known cause of coastal erosion and in many examples around the world, it
has caused vast areas of large deltas to sink (Kondolf et al., 1997; Walling et al. 2008; Chen
& Liu, 2012).
Due to the importance of the hydrological regime and sedimentation for the ecological
integrity and livelihoods in the Mekong floodplains and delta, it is necessary to determine the
impact of ongoing water infrastructure development, land subsidence and climate change/sea
level rise in the floodplains and delta. As both Vietnam and Cambodia are rapidly developing
countries with a large population dedicated to agricultural and aquacultural production,
research is urgently needed to understand future risks to floodplains‟ agriculture and potential
mitigation strategies.

1.3

Objectives

The main aim of this thesis is to quantify the impact of current and future upstream
hydropower dams, delta-based water infrastructure development, land subsidence and climate
change/sea level rise on the hydrological regime and sediment deposition in the Mekong
River floodplains and delta.
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The following questions were addressed:


What were the recent past drivers (hydropower dams, delta-based water infrastructure,

land subsidence or sea level rise) of hydrological alterations in the floodplains and delta?


How will the Mekong floodplains‟ hydrology be altered by water infrastructure

development, land subsidence and sea level rise?


How have dykes influenced sedimentation in the Mekong floodplains?



What are the factors that remote sensing can let us see that local observations do not?



What are the recent temporal patterns in SSC across the Mekong floodplains?



How can remote sensing data help in sediment concentration estimation?



How will the development of water infrastructure, land subsidence and sea level rise

affect sedimentation in the Mekong floodplains and delta?
In order to answer these questions, the following steps were taken:
i.

Chapter 2: A literature review was conducted on drivers of hydrological regimes and
sedimentation of large river floodplains, especially the Mekong floodplains and delta.

ii.

Chapter 3: Historical data and remote sensing imagery were analysed to understand
the impact of water infrastructure, land subsidence and climate change/sea level rise on
current hydrological regimes.

iii.

Chapter 4: A quasi-2D hydrodynamic model was developed. This model was

calibrated and validated based on river monitoring data and remote sensing images. The
model was then used to predict the impact of different future scenarios of water infrastructure
development, sea level rise and land subsidence on water levels and flooding boundaries in
the floodplains and delta.
iv.

Chapter 5: remote sensing data analysis was implement to understand the impact of
water infrastructure development on sedimentation in the floodplains.
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v.

Chapter 6: A large-scale 2D numerical model was then built. This second model was
employed to investigate the effect of water infrastructure development, sea level rise and land
subsidence on temporal and spatial distribution of sediment deposition in the floodplains and
delta.

1.4

Hypotheses

The key hypothesis of this thesis is that in the present hydrological regime and sediment
deposition pattern in the floodplains are mainly governed by delta-based water infrastructure,
land subsidence and sea level rise and –to a lesser extent– by upstream alterations. The upper
part of the floodplains in Cambodia and the Tonle Sap Lake buffer upstream alteration from
the VMD. However, if all the hydropower dams are built as proposed, it is hypothesised that
hydrological conditions of the Mekong floodplains and delta will significantly change.

1.5

Thesis outline

Following the introduction, the structure of the thesis is as follows:
Chapter 2 provides an overview of the scientific literature related to this study, starting with
background information on the Mekong floodplains‟ hydrology, background on drivers of
hydrological change such as hydropower dam development, flood prevention system
development, land subsidence and climate change/sea level rise, and a review of the
methodologies used in this thesis.
Chapter 3 presents an analysis of recent historical data and remote sensing images to evaluate
the historical relationship between water infrastructure development and hydrological
alterations in the floodplains.
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Chapter 4 describes analyses of the impact of water infrastructure, land subsidence and
climate change on hydrologic regimes in the Mekong floodplains through the application of a
quasi-2D hydrodynamic model.
Chapter 5 describes the analysis of remote sensing data and gauged SSC in the Mekong
floodplains and delta to assess the impact of water infrastructure development on
sedimentation.
In Chapter 6, the impact of dams, delta-based water infrastructure, land subsidence and sea
level rise on sedimentation was quantified based on a 2D hydrodynamic model.
Finally, a summary of the thesis, the main conclusions, and recommendations for future
research and water infrastructure management are presented in Chapter 7.
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW
2.1

Hydrological characteristics of the Mekong floodplains and

delta and research gaps
2.1.1 Natural drivers in the Mekong floodplains and delta
The hydrological regime of the Mekong floodplains and delta varies with space and time, and
it is governed by the following factors: upstream flows, monsoonal rainfall, tidal fluctuations,
El Niño Southern Oscillation (ENSO), and the annual reversal effect of the Tonle Sap Lake
(Fujii, 2003; MRC, 2005; Sakamoto et al., 2007; Nguyen et al., 2011; Xue et al., 2011;
Delgado et al., 2012; Räsänen & Kummu, 2013; Arias et al., 2014b). Firstly, spatial
distribution of runoff is dependent on regional morphology and climatic conditions (MRC,
2005). River flow is classified into two distinct seasons: flood (wet season) and drought (dry
season). The floodplains are prone to flooding during the wet season which starts in May,
lasting around six months until November (MRC, 2005). Secondly, according to Delgado et
al. (2012), the Mekong River Basin is a transition region between the Indian and Western
Pacific monsoons; thus this may provide various flow patterns in the floodplains and delta.
Thirdly, the floodplains and delta, especially the VMD, is flat and low with a high density of
river channels; thus tides affect the majority of the coastal areas (Le et al., 2007), and water
level fluctuations caused by tides are still observed near the border between Vietnam and
Cambodia (Takehiko, 2001). Fourthly, there is a correlation between the hydrological regime
of the region with the ENSO phenomenon in which the amounts of rainfall and water flows
lessen during El Niño and increase during La Niña (Xue et al., 2011; Räsänen & Kummu,
2013). Finally, the Tonle Sap Lake plays a unique important role in hydrological and
sediment regulation for the CBL and VMD in which it stores water in the flood season and
releases water in the drought season (MRC, 2005; Fujii, 2003; Arias et al., 2014b).
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Due to the uneven spatial-temporal distribution of rainfall of a tropical basin and strong tidal
dynamics, the floodplains and delta encounter a large amount of natural hazards (MRC, 2005;
Nguyen et al., 2007; Le et al., 2007). Among them, flood is considered as one of the most
hazardous disasters besides tropical storms, land slides and wildfires; for example only from
2000 to 2002, the agro-economy of the VMD lost about 200 - 300 million USD and
approximately 1,000 people died (MRC, 2009b). Although large floods can cause excessive
economic losses and social problems (MRC, 2009a; Nguyen et al., 2011), smaller flood
events bring many benefits such as acidity outwash, greater fish catches, and especially
sediment load, which is the main source of nutrients in the delta (Takehiko, 2001; Sakamoto
et al., 2007; Nguyen et al., 2011). Lu et al. (2014a) mentioned that every year the Mekong
River provided an approximate 150 to 160 million tons of sediment, and the annual total net
deposition in the lower floodplains was around 67 million tons per year. Because of the
reversal effect of the Tonle Sap Lake, annual floods in the VMD often have two peaks
(Figure 2.1); the first peak (“Lũ đầu vụ”) is normally lower than the second peak (“Lũ chính
vụ”; Nguyen et al., 2014). Two-peak floods are usually large floods such as the floods of the
years 1961, 2000 and 2011.

Water level (m)
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First peak

4.00
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1.00
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-1.001-Jan
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Figure 2.1. Water level fluctuation at Tan Chau station in 2000 showing a flood season with
two peaks. This is based on hourly water level data, and the thick black range is caused by the
tidal effect 3
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2.1.2 Key challenges for the floodplains and delta
Apart from the aforementioned natural drivers, the hydrological characteristics of the
floodplains and delta are regulated by human intervention. In recent decades, the hydrological
regime of the floodplains has been under threat from rapid upstream development, deltabased water infrastructure development, climate change/sea level rise and land subsidence.
a.

Impacts of upstream hydropower dams

The effect of dams on hydrological alterations depends largely on the water storage capacity
of reservoirs compared to the natural river discharge and their operational rules (Williams &
Wolman, 1984). Attempts to study the impact of dams on river flow regimes exist worldwide.
Dam effects on the main rivers in the United States, for instance, were well documented by
Graf (2006) and Fitzhugh & Vogel (2010). Zhang et al. (2014) carried out a historical data
analysis to show the reservoir-induced hydrological alterations of flows in the East River
(Pearl River basin, China). There are also other examples from around the world such as the
Ebro River basin in Spain (Batalla et al., 2004), the Murray-Darling basin in Australia
(Kingsford, 2000), or the Medjerda River basin in Tunisia (Zahar et al., 2008) which
demonstrated the impacts of dam construction on water systems.
Hydropower in the Mekong has had a very different and delayed trend when compared to the
rest of the world (Grumbine & Dore, 2012; Cochrane et al., 2014). Dam construction
worldwide peaked in the 1970s while in the Mekong Basin there were comparatively fewer
dams (Cochrane et al., 2014). Nevertheless, large hydroelectric dams are being built
nowadays in China, Laos and Cambodia to feed the integrated regional electricity grid
(ICEM, 2010; Grumbine & Dore, 2012; Cochrane et al., 2014). According to ICEM (2010)
and MRC Database (2013), there are approximately 126 dams of all sizes constructed or
proposed to be built in the basin (Figure 2.2a, 2.2c). Subsequently, they are changing
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hydrological characteristics along the Mekong River (Cochrane et al., 2014; Lu et al., 2014b;
Rasanen et al., 2017; Li et al., 2017).

(b)

(a)

(c)

Figure 2.2. Hydropower and water infrastructure developments in the Mekong River Basin:
(a) distribution of dams in the basin; (b) irrigation projects in the floodplains; (c) number of
hydropower reservoirs (Data Source: MRC 2015; ICEM, 2010) 4
Hydropower schemes have altered the river system not only in terms of water flows but also
in terms of sediment deposition and erosion. Piman et al. (2013), Arias et al. (2014b; 2014c)
and Kummu et al. (2014) stated that while the operation of upstream dams reduced flooding
during the wet season, water levels in the dry season increased in the Tonle Sap Lake in the
floodplains. Kummu et al. (2010), Kondolf et al. (2014) and Wild & Loucks (2014) showed
that dams in the Mekong Basin could lead to the significant disruption of ecosystems
downstream because they trap sediment in reservoirs. Additionally, with smaller flooding
areas due to the regulation of upstream dams, less sediment may settle in the floodplains.
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Xue et al. (2011) analysed measured data from 1960 to 2005 and inferred that sediment
concentration changes between pre-dam and post-dam periods of the Mekong Basin were
small. However, the impact of dams in Xue et al. (2011) was not apparent since most of the
hydropower projects were in feasibility or planning phases before 2005 (Figure 2.2c). In
contrast, Kummu et al. (2010) showed that ongoing and proposed eight cascade dams on the
mainstream would trap an estimated 50% of sediment in the upper part of the Mekong. Also,
Kondolf et al. (2014) predicted that 96% of the natural sediment yields to the floodplains
would be reduced as a result of upstream hydropower development. Therefore, in the near
future, if all of the aforementioned 126 dams are constructed (Figure 2.2a), they will result in
substantial changes in the floodplains and delta as their dammed water storage capacity
would increase rapidly (Figure 2.3). Moreover, there is no proof that the river will be able to
recuperate the lost sediment and maintain the current level of sediment delivery to the
floodplains and delta. There is a lack of research in prediction of changes in sediment
deposition in the floodplains due to hydropower development, especially the Cambodian
lowlands and Vietnam Delta.

Figure 2.3. Development of dams at the Mekong River Basin (Data sources: MRC, 2013). 5
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The impact of dams on sediment yields can be reduced by structural approaches (Kondolf et
al., 2014). Nevertheless, Morris et al. (1998) and Wild & Loucks (2014) pointed out these
approaches might be challenging to implement in dams in the Mekong Basin because it was
too costly to retrofit dams with sediment removal structures. Even when the accumulated
sediment, over time, is discharged via sluice gates, Kondolf et al. (1997) stated the increased
amount of sediment might be over the transport capacity of rivers; this results in damaging
effects on downstream ecosystems.
b.

Impacts of delta-based water infrastructure development

In order to increase rice production, there was a rapidly growing investment in irrigation and
flood prevention systems in the Mekong Basin over the last ten years (Figure 2.2b;
Wassmann, 2004; Nguyen et al., 2011; Triet et al., 2017). In the Vietnamese delta, over the
last decade, the Vietnamese State and local governments were encouraged to invest in
agricultural intensification leading to mass development of water infrastructure in the VMD.
Currently, a dense network of irrigation canals, comprehensive dyke systems and thousands
of hydraulic structures exist in the region (Nguyen et al., 2011; Benedikter, 2014).
Irrigation systems may impact water flows in the basin, especially during the dry season
(Baran et al., 2007). The traditional rice cultivation method requires submerged or moist
fields during crop times (Belder et al., 2004). Thus, rice crops in the floodplains are fully
watered during the dry season via irrigation systems whereas in the wet season irrigation is
only supplemental to rainfall (MRC, 2005). Hence, as more water is extracted for irrigation, it
makes natural streams become drier (Haddeland et al., 2006). These authors estimate that
approximately 2.3% of annual flow of the Mekong River is reduced by irrigation.
In addition to the impact on water level fluctuations, upstream irrigation schemes may
degrade downstream water-quality; for example, sediment is conveyed by irrigation canals to
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fields and a large proportion of sediment may deposit there, and return flows dilute the rivers
(FAO, 2007). Additionally, irrigation schemes release more herbicides and pesticides
downstream (FAO, 2007; Baran et al., 2007).
In the delta, dykes have been the main focus of development thus far. Dykes can be classified
into two types: semi-dykes (low dykes) and full dykes (high dykes; Nguyen et al., 2011).
Semi-dykes, which are used in the rasing and falling stages of the flood season, allow farmers
to have two crops per year (Winter-Spring and Summer-Autumn Crops) called double rice
crops. Full dykes, which have been built in several regions, allow farmers to protect rice
fields during the whole year so triple crops (Spring-Summer, Summer-Autumn and rainy
seasons or Autumn-Winter Crops) can be cultivated (Sakamoto et al., 2006).
The construction of dykes inside the floodplains may worsen flooding in non-protected areas
during the flood season. Le et al. (2007) and Triet et al. (2017) stated that levees propagate
flood waves from enclosed regions by dykes to other regions, and this phenomenon
prolonged flooding durations and increase flood peaks in adjacent regions. Additionally, the
authors concluded that in the flood season, flows were compressed between flood control
structures, and these make water velocity become higher. When flow velocity increased, its
energy had the potential to erode river banks, which might lead to catastrophic events such as
dyke breaks.
Since flood barriers make natural water conveyance systems narrower, they produce some
drawbacks for sediment transport. If sediment is only transported between dykes, when flow
velocity is low enough, sediment settles in rivers (Takehiko, 2001; Le et al., 2007).
Subsequently, this phenomenon reduces the “flood carrying-capacity” of rivers so it may
aggravate flood damage (Gottschak, 2006). Furthermore, Le et al. (2007) stated that flood
defence systems separated rivers from wetlands and starve fields from sediment and
nutrients. Nguyen et al. (2014) also proposed that while the VMD was annually fertilized by
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sediment, less sediment settled because of smaller inundated areas due to the operation of
sluice gates.
The impact of water infrastructure on the hydrological and sediment alterations in the
floodplains has only been studied by a few scientists. Le et al. (2007) conducted research on
the combination effect of current water infrastructure and sea level rise on the VMD. Due to
the aforementioned boom in construction of dams and delta-based water infrastructure would
likely be more serious; and thus this needs further investigation. Nguyen et al. (2014) and
Triet et al. (2017) only studied the impact of existing flood barriers on sediment transport and
developed sediment deposition maps for the floods of the year 2009 to 2011 in the delta.
However, the studies conducted by Le et al. (2007) and Triet et al. (2017) are limited as they
only worked on current flood prevention systems while there are many more water
infrastructure projects being deployed in the region, and they did not compare the modeming
results with a baseline scenario in which all dykes should be removed. Furthermore, Nguyen
et al. (2014) is the only study providing a quantitative proof for the sediment transport and
deposition in the floodplains of the Vietnam Delta. Additionally, their sediment deposition
maps were generated by the interpolation from results of a Quasi 2-D hydrodynamic model
via the Kriging method, so the sedimentation in each of their compartments might be
underestimated or overestimated.
Arias et al. (2013) and Arias et al. (2014b) worked on the contribution of future dams on
hydrological alterations to the TSF, but these did not encompass the CBL and VMD.
Nevertheless, the development within the delta may put pressure on its agricultural benefits
and have backward ramifications on the TSF and CBL. It is also important to note that deltabased infrastructure in the TSF is much less intense than in the VMD.
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c.

Impacts of climate change – sea level rise

Even though climate change is a global problem, it introduces different hydrological impacts
depending on local scales (Wilbanks & Kates, 1999). The impact of climate change on
international river basins has been studied extensively (for example Conway & Hulme, 1996;
Wasmann et al., 2004; Beyene et al., 2009; Van et al, 2012; Hoang et al., 2016; Darby et al.,
2016).
In the Mekong Basin, Västilä et al. (2010) stated that climate change might have general two
impacts: sea level rise and water balance change. Sea level rise would threaten agricultural
production, coastal ecology and communities (Wasmann et al., 2004; Le et al., 2007;
Nguyen, 2010; MRC, 2010a; Van et al., 2012). Between 19 and 38% of the VMD could be
inundated by sea level rise (MRC, 2010a; Grumbine et al., 2012). MRC (2005) indicated that
the volume of floods tends to increase unpredictably due to climate change. In terms of water
balance change, however, a recent modeling effort by Hoang et al. (2016) projected climate
change impacted water levels along the Mekong, but projected flow alterations at Kratie (the
starting point of the floodplains and delta) were considered insignificant.
Climate variation may also cause an unforeseen change in sediment yields. The erosion of
catchments and sediment transport capacity of streams correlates with the amount of runoff
(Schiettecatte et al., 2008) while climate change may augment rainfall (Keskinen et al.,
2011). Thus, climate change may result in an increase in sediment erosion. It is important to
note that the changing climate will not diminish the impact of water infrastructure
development because they affect the floodplains in different time frames (Keskinen et al.,
2011; Lauri et al., 2012). While water infrastructure will create immediate effects on water
levels (Västilä et al., 2010), the consequence of climate change will only become more
evident in the next 50 years (IPCC, 2014).
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The impact of climate change on the floodplains and delta has been quantified in previous
literature. Västilä et al. (2010) and Van et al. (2012) evaluated the impact of backwater
effects due to sea level rise and of increasing flows due to increased precipitation on the
floodplains an delta. However, the Variable Infiltration Capacity (VIC) hydrological and 3D
Environmental Impact Assessment (EIA) hydrodynamic models in Västilä et al. (2010) and
ISIS-1D model in Van et al. (2012) did not take into consideration upstream dams and other
delta-based water infrastructure development in the floodplains and delta. The research
conducted by Le et al. (2007) evaluated the amalgamation effect of dams (eight dams on the
mainstream) and climate change on the delta, but they did not work on the future changes of
dams and dykes. Wassmann (2004) mapped flooding areas in the VMD corresponding to
different sea level rise scenarios but they also ignored the influence of water infrastructure
development.
d.

Impacts of land subsidence

The development of irrigation and flood prevention systems lead to the higher concentration
of human settlements. This results in over-exploitation of underground aquifers, causing the
compaction of sediment layers; and land subsidence occurs.
In the delta, land subsidence rates were estimated at 1 to 4 cm/year by the application of
Interferometric Synthetic Aperture Radar (InSAR) over the last decade (Erban et al., 2014).
A MODFLOW model was used and modelling results showed a high agreement between the
satellite-induced and modelling land subsidence maps (Minderhoud et al., 2017).
While most of the delta is only two meters above sea level, the subsidence of land may alter
hydrological characteristics and worsen flooding in the delta. No study has been conducted to
study the impact of land subsidence on hydrology and sedimentation in the floodplains.
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In summary, there are a moderate number of studies on the impacts of current hydropower
dams and other water infrastructure on sedimentation and hydrological regimes in the
floodplains and delta. Nevertheless, there is little research published on the impact of each
ongoing water infrastructure development, land subsidence and climatic change on the
floodplains and delta. Moreover, there is no research on identifying the main driver of
hydrological regime and sediment deposition alterations in the floodplains and delta in
relationship to past, present and future changes.

2.2

Research gaps in hydrological studies

2.2.1 Hydrological indicators to measure hydrological alterations in large floodplains
Hydrological alterations have been broadly defined as changes in the magnitude, frequency,
duration and predictability of river flows caused by human activities (Poff et al., 1997;
Rosenberg et al., 2000). Hydrological alternations can have subsequent impacts on riverine
and floodplain systems, including changes to local agricultural productivity and fisheries.
Hydrological alterations may also result in the instability of aquatic biota and riverine
ecology (Townsend & Hildrew, 1994; Stanford et al., 1996; Poff et al., 1997). For example,
temporal reductions in flows can influence drought stress on aquatic vegetation, invertebrates
and fish (Bunn & Arthington, 2002). Additionally, flow modifications may alter the nutrient
entrapment capacity of waterways, impact exotic species migration, and change the
interaction between water and river banks causing geomorphologic changes (Poff et al.,
1997; Bunn & Arthington, 2002).
The operation of water infrastructure may disrupt the natural movement of water and may
change important hydrological indicators such as water level rise and fall rates, flooding
extent, and extreme (annual, seasonal and monthly) water levels. Water level rise and fall
rates refer to the means of all positive and negative differences of consecutive water level
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values over time; flooding extents refer to the spatial magnitude of inundation for a given
time period; and extreme (annual, seasonal and monthly) water level changes show the
modification to the temporal magnitude of water levels (The Natural Conservancy, 2009).
Key hydrological indicators for studying the impact of dam operations on river systems have
been discussed by Gao et al. (2009) and Cochrane et al. (2014); however, there has not been
any published research on identifying the key hydrological indicators impacted by flood
prevention or irrigation systems in transitional or tidal regions.
2.2.2 The impact of hydropower dams, delta-based water infrastructure, land subsidence
and climate change on the current hydrology and sedimentation in the Mekong floodplains
and delta
As mentioned in the Section 2.1, specific to the Mekong, trend analyses of historical records
have demonstrated that various hydrological indicators might have already been altered due
to dam development (Cochrane et al., 2014; Lu et al., 2014b; Räsänen et al., 2017; Li et al.,
2017). Numerical modelling studies demonstrate that the operation of future hydropower
dams in the Mekong basin could alter water flows and floodplain inundation patterns
(Kummu & Sarkkula, 2008; Lauri et al., 2012; Piman et al., 2013; Arias et al., 2014a, 2014b,
2014c).
Flood prevention systems can also have a significant effect on natural flow regimes.
Channelization and dyke construction can trap water in channels and can alter the
connectivity between rivers and floodplains, changing natural water trajectories in
floodplains (Ward & Stanford, 1995; Triet et al., 2017). Additionally, flood protection
systems increase the vulnerability of compartments from potential dyke-break events (Di
Baldassarre et al., 2013).

24

In the Mekong floodplains, the potential impacts of dykes and hydropower dams on water
levels have been previously discussed in the literature. Le et al. (2007), Nguyen et al. (2014,
2015) and Triet et al. (2017), for instance, used large-scale hydrodynamic models to study the
impact of dyke systems and hydropower dams (but only current eight dams) on water levels
and sediment distribution in the floodplains and delta. The authors found that water
management measures would make the flooding situation in non-protected areas become
more serious. Fujihara et al. (2015) analyzed daily water level records from 1985 to 2006
and concluded that land subsidence and sea level rise were the two main factors contributing
to the increase of annual mean water levels in the Vietnam Mekong Delta. However,
Fujihara et al. (2015) focused on annual mean, maximum and minimum water levels,
unlikely to be affected by daily flood management and operation.
None of these studies, however, have reported on indicators of hydrological alterations since
dyke construction for agricultural intensification boomed in the Vietnam Mekong Delta over
the last decade. No study answers the question what is the most important driver of
hydrological alterations in the floodplains and delta in the past, current and in the future?
There is also no study on the impact of dams, dykes, sea level rise and land subsidence on
sedimentation in the whole floodplains and delta. The Mekong floodplains and delta are
facing challenges from both human activities and climatic changes; thus, understanding the
impact of these challenges on this delta and floodplains will help us to increase scientific
understanding about delta and floodplains around the world.
2.2.3 Application of Remote Sensing and Geographic Information System (GIS) in water
resources research
In water resources engineering, remote sensing and GIS have been applied in defining the
boundaries of flooding areas, estimating the Suspended Sediment Concentration (SSC) and
other water quality substances, which are useful for historical data analysis for water
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levels/sediment concentration or hydrodynamic model calibration (Sakamoto et al., 2007;
Nguyen et al., 2011; Wang et al., 2009, 2010; Kontgis et al., 2015).
Remote sensing refers to the technology where aerial sensors are used to collect data of the
Earth surface based on natural (passive) or return (active) radiances, and it is considered as a
complementary technique to in situ measurements. While hydrological measurements, for
example SSC measurements, usually take time and are expensive (Wang et al., 2010), their
reliability and consistency can vary depending on methods as well as equipment. On the other
hand, remote sensing, which is fundamentally a regular and objective activity, can cover the
wide spatial scale of environmental-related observations (Wang et al., 2010). As a
supplemental data to aerial images, GIS provide sophisticated context and texture information
of sites for data analysis or classification.
Airborne and space borne images have advantages for mapping inundation maps since they
can cover a large geographic area; thus they have many applications. For instance, Sakamoto
et al. (2007) employed Terra MODIS (Moderate-resolution Imaging Spectroradiometer)
images to track the change of flooding extents in the CBL and VMD. Moreover, Nguyen et
al. (2011) used ENVISAT Advanced Synthetic Aperture Radar (ASAR) to obtain inundated
maps for their hydrodynamic model calibration and validation.
The application of remote sensing and GIS on SSC estimation currently ranges from small
bodies such as reservoirs and lagoons, to wider areas such as coastal zones or large-scaled
river basins with various levels of water turbidity (Wang et al., 2009, 2010). The combined
remote sensing and hydrological modelling were used to evaluate the impact of sediment
discharges on the coral growth at Mayagüez Bay, Puerto Rico, in the early 1995 (Miller &
Cruise, 1995). Wang et al. (2009) used LandSat 7 ETM+ Band 4 images supported by
observation data to estimate the amount of SSC for the Yangtze River. Subsequently, Wang
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et al. (2010) used Terra MODIS which had lower spatial resolutions but higher temporal
resolutions than Landsat to estimate SSC for the upper part of the Yangtze River.
Sedimentation in the Vietnam Mekong Delta has been previously studied using in situ
methods. For instance, Nguyen et al. (2013) considered sediment deposition and erosion
processes in the Plain of Reeds and Long Xuyen Quadrangle using four water quality
stations. Nevertheless, in situ measurement methods are constrained by time, spatial extent
and funding of projects (Baban, 1995; Gao and O’Leary, 1997) while sediment varies largely
every year because the amount of sediment yields is a result of both natural drivers such as
rainfall, erosion or deposition and anthropogenic disturbance such as dam or flood protection
operation. In order to understand temporal sediment variations, long-term and continuous in
situ measurements are required. Additionally, understanding of spatial variability in
sediments is often hindered because some regions are inaccessible to implement field
measurements (Wang et al., 2009). The delta floodplains have also been simulated using a
large scale quasi-2D hydrodynamic model to study sediment distribution (Nguyen et al.,
2014; Nguyen et al., 2015). Results from these studies, however, have high uncertainties
because the calibration and validation of the hydrodynamic model was done with a limited
amount of measured data (only from 2008 – 2009) and because water infrastructure has
boomed in the recent years for agricultural expansion and intensification. Moreover, quasi2D hydrodynamic models, which employ link channels and nodes to simulate storage
capacity of the floodplains (Nguyen et al., 2015), do not directly simulate spatial variation,
and thus require external Geographic Information System (GIS) techniques to interpolate
sediment maps of the delta.
In the Cambodian lowlands, sediment dynamic at Chaktomuk was investigated by field
measurements in three branches (out of four) of the Mekong at the conjunction (Lu et al.,
2014a). However, because Chaktomuk is a confluence of large rivers, the hydraulic regime at
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this location, which contributes to the distribution of sediment to the Vietnam Mekong Delta,
is very complicated. Hence, the in situ sediment sampling method cannot show detailed
sediment dynamics in the river segment. Supplemental methods such as remote sensing
image analysis should be considered to understand the movement of sediment in the region.
Satellite images were employed to estimate suspended sediment load along the Mekong River
from Chiang Sean to Phnom Penh, upstream of the Mekong floodplains (Fleiflea, 2013). In
this study, the best wavelength to assess suspended sediment load from Landsat was Band 4.
The author also concluded that the impact of hydropower dams on sediment in the Mekong
Basin was limited, and the reduction of sediment in the delta region was caused by sediment
deposition processes. However, Fleiflea (2013) used satellite images to complete the gauged
data at the gauging stations rather than to study the variation of sediment in space.
Aerial images not only can be used to determine inundation boundaries or to extract the value
of sediment concentration from reflectance catch by satellites but also can be employed to
detect the initial operation of downstream flood prevention systems (Nguyen et al., 2012).
Sakamoto et al. (2007) analyse the anomaly in Land Surface Water Index (LSWI) and
Enhanced Vegetation Index (EVI) derived from satellite images as a method to detect double
crops and triple crops in the floodplains. Consequently, daily or weekly remote sensing
images can be analysed to catch the shift from double to triple crops in any area in the
floodplains, and this shift indicates the first operation of flood barriers to protect rice fields.
Gauged data and remote sensing images can be used together and can support each other.
Compared to observed data, remote sensing has an overwhelming advantage in terms of
spatial distribution (Wang et al., 2010). Two dimensional distribution images may describe
exactly situations of any region (except where there are high cloudy days), but even cloudy
days‟ data sometimes may be still retrieved by the combination with Digital Elevation Model
(DEM) via „Lest Accumulative Distance Method‟ (Brivio et al., 2002). For hydrodynamic
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calibrations with in situ measurement, a small amount of gauged data has to represent a
whole large area, so spatial data gaps between hydro-stations are usually ignored, interpolated
or extrapolated. Nonetheless, hydrodynamic models still need to be validated with gauged
data because its benefits in terms of temporal resolution.
Various individual and combined satellite image bands have been proposed to predict
sediment concentrations in water. Baban (1995) used the Landsat band 1 with wavelength of
0.45 – 0.52 µm to map estuarine sediment discharge into the estuary of the Yare River,
United Kingdom; moreover, Ritchie et al. (1990), Wang et al. (2010) and Fleiflea (2013)
stated that the band 4 (wavelength of 0.75 – 0.90 µm) can detect changes in SSC; Ouillon et
al. (2004) claimed that both the green (band 1) and the NIR (band 4) of Landsat have high
correlation with SSC. Overall, most of the previous studies derived single sediment rating
curves for a satellite image coverage based on multi gauging stations. However, the problem
is that empirical formulas to extract SSC from reflectance depend on atmospheric conditions,
geometric illuminations, particle grain-sizes and optical characteristics of materials (Curran
et al., 1988; Mertes et al., 1993; Baban, 1995; Doxaran et al., 2002). Consequently, each
regression curve is only applicable for a specific field site or a region within the image. There
are methods to eliminate the impact of atmospheric distortion (Wang et al., 2009, 2010) but
the influence of other factors is likely inevitable. As a result, it is necessary to build empirical
sediment rating curves for different locations within the image (Montanher et al., 2014).

2.3

Summary of literature review

This chapter provided a literature review to contextualize the problem and methodology used
in this thesis. The first part of the chapter described the state of the knowledge on the
hydrology of the Mekong floodplains. The next section described the drivers of hydrological
changes in the Mekong, including hydropower dams, delta-based water infrastructure,
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climate change/sea level rise and land subsidence; recent studies have found that the Mekong
hydrology has already been abnormally changing in the last decade caused by hydropower
dams. In literature, there is also no study stating out which hydrological indicators should be
considered if floodplains are impacted by water infrastructure development. Although there
are some studies about the effect of different drivers on some parts of the floodplains and
delta, especially the Vietnam Mekong Delta, there are currently no published effort applying
numerical models to quantify the main driver of hydrological and sedimentation alterations
(water infrastructure, climate change and land subsidence) in the whole floodplains and delta.
The remaining of the chapter described the literature associated with another main
methodology used in this thesis which was remote sensing data analysis.
The next chapter (Chapter 3) will describe how measured data and remote sensing images
were analysed to study the impact of dams, delta-based water infrastructure, sea level rise and
land subsidence on hydrological regimes in the Mekong floodplains and delta in the past.
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CHAPTER 3. HISTORICAL DATA ANALYSIS TO DETECT
HYDROLOGICAL ALTERATIONS CAUSED BY WATER
INFRASTRUCTURE DEVELOPMENT IN THE MEKONG
FLOODPLAINS AND DELTA

3.1

Introduction

Attempts to study impacts of water infrastructure development on river flow regimes exist
worldwide. Dam effects on the main rivers in the United States, for instance, were well
documented by Graf (2006) and Fitzhugh & Vogel (2010). Zhang et al. (2014) carried out a
historical data analysis to show the reservoir-induced hydrological alterations of flows in the
East River (Pearl River basin, China). There are also other examples from around the world
such as the Ebro River basin in Spain (Batalla et al., 2004), the Murray-Darling basin in
Australia (Kingsford, 2000), or the Medjerda River basin in Tunisia (Zahar et al., 2008)
which demonstrated impacts of dam construction on water systems.
Specific to the Mekong, trend analyses of historical records have demonstrated that various
hydrological indicators might have already been altered due to dam development and
operations (Cochrane et al., 2014; Lu et al., 2014; Rasanen et al., 2017; Li et al., 2017).
Numerical modelling studies confirmed that the operation of future hydropower dams in the
Mekong basin could alter water flows and floodplain inundation patterns (Kummu &
Sarkkula, 2008; Lauri et al., 2012; Piman et al., 2013; Arias et al., 2014a, 2014b, 2014c).
Flood prevention systems can also have a significant effect on natural flow regimes.
Channelization and dyke construction can trap water in channels and can alter the
connectivity between rivers and floodplains, changing natural water trajectories in
floodplains (Ward & Stanford, 1995). The compartmentalization of flood protection areas
may reduce water retention capacity in flood-prone areas, and this may lead to the
redistribution of flooding areas and to alterations of other hydrological indicators (Le et al.,
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2007; Triet et al., 2017). Additionally, flood protection systems increase the vulnerability of
compartments from potential dyke-break events (Di Baldassarre et al., 2013).
In the Mekong floodplains, the potential impacts of dykes and hydropower dams on water
levels have been previously discussed in the literature. Le et al. (2007), Nguyen et al. (2014,
2015) and Triet et al. (2017), for instance, used large-scale hydrodynamic models to study the
impact of dyke systems and hydropower dams (eight dams on the mainstream) on water
levels and sediment distribution in the floodplains and delta. The authors found that water
management measures would exasperate flooding in non-protected areas. Fujihara et al.
(2015) and Minderhoud et al. (2017) concluded that land subsidence and sea level rise were
the two main factors contributing to the increase of annual mean water levels in the Vietnam
Mekong Delta. However, Fujihara et al. (2015) focused on annual mean, maximum and
minimum water levels, unlikely to be affected by daily flood management and operation.
None of these studies, however, have reported on indicators of hydrological alterations since
dyke construction for agricultural intensification boomed in the Vietnam Mekong Delta over
the last decade.
Therefore, the main objective of this chapter is to understand the influence that recent
historical development (since the 1990s) of water infrastructure may have had in the Mekong
floodplains through a systematic analysis of indicators of hydrological alterations and flood
extent observations. It is hypothesized that the impact of hydropower dams on the hydrology
of the delta is currently limited because of the water regulation capacity of the Cambodian
Lowland and Tonle Sap Floodplain, thus hydrological alterations in the delta mainly originate
from flood prevention, irrigation systems and natural processes within the delta itself.
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3.2

Materials and methodology

Historical river gauge data from 10 stations along the Mekong River in the floodplains and
delta (Figure 3.1) were analysed in order to detect temporal and spatial changes in water
levels. Alterations in water levels were investigated via trend analyses and comparison of
pre/post alteration periods of hydropower development, delta-based water infrastructure
development, or potential climatic phenomena. Hydropower reservoir storage capacity and
commission years, which were obtained from the Mekong River Commission (MRC)
hydropower database as of 2015, were used to investigate the potential impacts on water
levels from the development of hydropower dams. The impact of development of flood
prevention systems in the Vietnamese delta on water levels in the floodplains was also
investigated. High dykes, which are important components in flood prevention systems,
protect rice fields throughout the flood season. High dyke systems used in the delta were
identified from previous studies (Le et al., 2007; Nguyen et al., 2011; Kuenzer et al., 2013;
Benedikter, 2014; Fujihara et al., 2015) and aerial imagery was used in this study to identify
the locations of high dykes, when they were built, and to estimate changes in flood extent.
3.2.1 Measured water level data
Key monitoring stations were chosen from Kratie, the entry point of the Mekong floodplains
in Cambodia, to Vam Kenh and My Thanh in estuarine regions in Vietnam. Kampong Cham,
Phnom Penh and Neak Luong were used to study potential hydrological changes in the CBL;
Tan Chau and Chau Doc stations were used to investigate potential alterations in hydrological
regimes in the upper VMD; and Can Tho and My Thuan represent the middle VMD (Figure
3.1). The criteria used to select the stations were that the station must be on the mainstream of
the Mekong and it must have a long measurements record.
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Daily water level data for the Kratie, Kampong Cham, Phnom Penh and Neak Luong stations
in the Mekong floodplains were obtained from the MRC. Hourly water level data for Kratie
and Phnom Penh were provided by the Cambodian Ministry of Water Resources and
Meteorology, and hourly water level data for the Tan Chau, Chau Doc, Can Tho, My Thuan,
My Thanh and Vam Kenh stations were obtained from the South Region Hydrology Meteorology Centre of Vietnam.

Figure 3.1. (a) - Mekong floodplains and delta and water level gauging stations, (b) - the
Mekong River basin with locations of all existing and proposed hydropower dams and (c) Floodplain regions, main canals, location of the Long Xuyen Quadrangle (LXQ) and Plain of
Reeds (POR) and provincial capitals in the Vietnam Mekong Delta. 6
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Daily data were used only in the upper part of the Mekong floodplain which is not influenced
by tides; hourly data were necessary to capture hourly alterations in the lower Mekong
floodplains (from Tan Chau and Chau Doc to the river mouths) because of the influence of
tides. Details of the data are summarized in Table 3.1.
Water levels were used in this study because flow rates are difficult to be accurately
measured in large floodplains like the Mekong where water overtops river banks during the
wet season months. The reliability of water level data is much higher than flow data because
of potential large errors in measuring velocity and cross sections in floodplains. Although the
data quality was checked by the providers, the data was profiled to discover and remove any
anomalies.
Table 3.1. Location of measuring stations and length of water level time series. 1
No.
1
2
3
4
5
6
7
8
9
10

Monitoring
station name
Kratie
Kampong Cham
Phnom Penh Port
Neak Luong
Tan Chau
Chau Doc
Can Tho
My Thuan
Vam Kenh
My Thanh

Length of water level data
Daily
Hourly
1960 – 2014
2007 – 2014
1960 – 2013
1960 – 2014
2008 – 2014
1960 - 2011
1985 – 2013
1995 – 2013
1985 – 2013
1995 – 2013
1985 – 2013
1995 – 2013
1985 – 2013
1995 – 2013
1995 – 2013
1995 – 2013

River name
Mekong River
Mekong River
Bassac Chaktomuk
Mekong River
Mekong River
Bassac River
Bassac River
Mekong River
Mekong River mouth
My Thanh River

Region
Cambodian Lowland
Cambodian Lowland
Cambodian Lowland
Cambodian Lowland
Vietnam Mekong Delta
Vietnam Mekong Delta
Vietnam Mekong Delta
Vietnam Mekong Delta
Vietnam Mekong Delta
Vietnam Mekong Delta

3.2.2 Measured water level analysis methodology
Recorded water levels were analyzed with the Indicators of Hydrological Alteration (IHA)
software package (The Nature Conservancy, 2009). The software, which generates a
composite of 32 different indicators, is commonly used to compare the changes in water level
trends in the pre- and post-development stages of hydropower dams and/or other types of
water infrastructure. Besides assessing many ecologically-relevant statistics, the IHA
software package was chosen because the software allows comparative analysis. The
software allows for statistically describbing patterns or trends associated with dam
construction or land/water use change. All IHA were considered in this study in order to
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provide a deeper understanding on possible impacts to ecosystems and flooding from dams
and floodplain-based water infrastructure development. The full list of all IHA is mentioned
in Appendix Table A.1., and only indicators with significant changes are analysed in this
Chapter.
The impact of hydropower development on water levels in the upper floodplains (up to the
station of Neak Luong) was studied by comparing low and high development periods of
dams. The year 1991 was used to separate the low development period of hydropower dams
from the high development period as it has been done in previous studies for the upstream
regions of the floodplains (e.g., Lu & Siew, 2006; Räsänen et al., 2012; Cochrane et al.,
2014; Lu et al., 2014). This separation also ensured that each period included an adequate
number of hydrological years to be statistically compared.
In the VMD, the influence of dykes and sluice gates on water levels was studied by both
trend analysis and comparison of low/high development periods. Remote sensing imagery
was analyzed to identify changes in regional flooding extent and identify linkages to low/high
development stages of delta-based water infrastructure development.
In order to check the statistical significance of changes between time periods, the nonparametric Kruskal-Wallis test, commonly used to compare two or more independent samples
with different sizes, was applied. The Kruskal-Wallis test (also called one-way ANOVA on
ranks) is a non-parametric method for testing if the two or more dataset come from the same
distribution. The test includes six steps:
(1) Rank given data from different groups together
(2) Calculate H value
∑
∑

̅
∑

(

(3.1)

̅)

Where: ni is the number of observations in group i; rij is the rank (among all observations)
of observation j from group I; N is the total number of observations across all groups;
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∑

is the average rank of all observations in group j;

is the average of

all the rij.
(3) If the data contain no ties the denominator of the expression of H is exactly (N1)N(N+1)/12 and
∑

(4) Divide H by

(
∑

∑

)
(

(3.2)

)

, where G is the number of groupings of different tied

ranks; ti is the number of tied values within group I that are tied at a particular value.
(5) Calculate p-value by

(

);

can be found based on g-1 degrees of

freedom and desired significance or alpha level.
(6) If the statistic is not significant, then there is no evidence of stochastic dominance
between the samples.
The non-parametric Mann-Kendall (MK) test was also used to check if there was a
monotonic upward or downward trend of the indicators over time. The Mann-Kendall test
includes two hypothesis:
(1) The null hypothesis for this test is that there is no monotonic trend in the series.
(2) The alternate hypothesis is that a trend exists. This trend can be positive, negative or
non-null.
The Mann-Kendall Trend Test analyses the difference in signs between data points. The main
prinpical is that if a trend exists, the sign values will tend to increase or decrease constantly.
Every value is compared to every preceding value in the data series.
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3.2.3 Remote sensing data analysis to detect change in flooding extent
Remote sensing imagery was analyzed to determine if there were changes in regional
flooding extent within the VMD. Satellite imagery has been extensively used in flood
mapping and flood dynamics in Mekong floodplains (e.g, Fujii et al., 2003; Sakamoto et al.,
2007; Kuenzer et al., 2013); and recently, Fujihara et al. (2015) used MODIS satellite
imagery to detect flood prevention systems up to 2006 with a similar methodology to this
study. 8-day composite images from Terra MODIS satellite with Level 3 processing and a
spatial grid resolution of 500 m (MOD09A1) were downloaded from the USGS Global
Visualization View Gateway (GLOVIS). In general, satellite images used for the analysis
were captured within 0 - 16 days of the day of highest water levels in the floodplains (Table
3.2). Up to 2006, it was likely that the effect of dyke development on the delta was limited
(Fujihara et al., 2015) so this satellite image analysis was done from the year 2000 to 2013.
Table 3.2. Date of satellite images captured to estimate flood extent in the VMD. 2
2000
Date of highest
23
WL at Tan Chau Sep
Images
29
captured date
Sep

2001
23
Sep
14
Sep

2002
30
Sep
30
Sep

2003
29
Sep
24
Oct

2004
28
Sep
7 Oct

Year
2005
2006
21
19
Sep
Oct
14
24
Sep
Oct

2007
23
Oct
16
Oct

2008
3 Oct
15
Oct

2009
15
Oct
24
Oct

2010
25
Oct
9
Nov

2011
29
Sep
16
Oct

2012
29
Sep
7 Oct

2013
3 Oct
16
Oct

Note: the captured dates were influenced by two factors: 1) they have to be near the highest peak of
the flood seasons and 2) the percentage of cloud coverage had to be low.

The downloaded images were already re-projected to the UTM Coordinate system (48N) and
corrected for atmospheric distortions. Noise in the images caused by cloud coverage was
corrected as follows: (1) if the blue band value (459 – 479 nm) of pixels was greater than 0.2,
the pixels were covered by clouds and they were removed, and (2) linear interpolation was
used to replace missing pixels as in Nguyen et al. (2014). Satellite images were then
classified into water-surface pixels and other kinds of land use, by using the years 2000 and
2007 land use maps (Source: Southern Institute for Water Resource Planning, Vietnam) as
training data.
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The first operation of flood prevention systems was detected by the disappearance of watersurface pixels within a region for each time frame studied. In the VMD, flooding extent can
be obtained without any impact of tree canopy coverage because the region is dominated by
rice paddies (Sakamoto et al., 2006; GSO, 2013) which cannot tolerate long and deep
submerged conditions.

3.3

Results

3.3.1 Hydrological alterations in the Cambodian Lowlands
In the Cambodian Lowland (CBL), daily rise rates, dry season water levels and minimum
water levels were the most altered hydrological indicators, but overall, the difference between
the pre- and post-1991 period was not significant for any of the aforementioned indicators as
indicted by the Kruskal-Wallis test (Table 3.3). At the Kratie station, 1-day, 7-day and 30-day
minimum water levels increased between 15% and 16% from the pre- to post-1991 period.
The daily rise rate declined about 25% from 0.15 m/day to 0.11 m/day between the pre- and
post- 1991 periods (Figure 3.2). In the middle of the CBL, data analysis for Kampong Cham
showed that the 30-day minimum water levels in the post-1991 period increased by 16% from
the pre-1991 period. The daily water level rise rate declined slightly, from 0.10 m/day to 0.09
m/day (10%). All extreme water level indicators at Phnom Penh were stable over the pre- and
post- 1991 period; the daily rise and fall rates remained at 0.06 m/day and -0.05 m/day
respectively (Figure 3.2). The hourly rise rates at Phnom Penh fluctuated between +0.02
m/hour to +0.03 m/hour, while the hourly fall rates were similar at -0.02 m/hour over the
observed period. As hydrological indicators remained largely unchanged at the lower part of
the CBL at Phnom Penh (Table A.1 in Appendix), this implies that any observed changes in
the Vietnam Mekong Delta (VMD) are more likely to be a function of what is occurring
within this sub-region.
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Table 3.3. Hydrological alteration of selected indicators for pre- and post- 1991 periods in the
Cambodian Lowlands. No significant changes were observed between the two periods
according to the Kruskal-Wallis test (p > 0.1). 3
Monitoring
station

Kratie

Kampong
Cham

Phnom Penh
Port

Indicators of hydrological
alteration
Mean monthly values (m)
April
July
October
Water rise/fall rates
Rise rate (m/day)
Fall rate (m/day)
Extreme water conditions
1-day minimum
7-day minimum
30-day minimum
Mean monthly values (m)
April
July
October
Water rise/fall rates
Rise rate (m/day)
Fall rate (m/day)
Extreme water conditions
1-day minimum
7-day minimum
30-day minimum
Mean monthly values (m)
April
July
October
Water rise/fall rates
Rise rate (m/day)
Fall rate (m/day)
Extreme water conditions
1-day minimum
7-day minimum
30-day minimum

Mean

Pre-impact
(1960 - 1990)
RVA Boundaries a
CV
Low
High

Mean
(% diff. from preimpact period)

Post-impact
(1991 - 2014)
CV (% diff. from
pre-impact
period)

Hydrological
alteration
factor b

5.56
13.98
14.90

0.067
0.290
0.150

5.49
9.20
12.31

11.52
20.70
20.04

6.78 (+22)
13.85 (-1)
15.79 (+6)

0.112 (+67)
0.296 (+2)
0.184 (+23)

-0.883
0.174
-0.648

0.15
-0.07

0.333
-0.286

0.126
-0.077

0.160
-0.060

0.11 (-25)
-0.07 (+0)

0.394 (+18)
-0.270 (-6)

-0.247
-0.061

5.37
5.34
5.52

0.095
0.073
0.069

5.28
5.35
5.50

11.52
11.52
11.52

6.17 (+15)
6.22 (+15)
6.41 (+16)

0.125 (+31)
0.132 (+80)
0.133 (+93)

-0.648
-0.648
-0.648

2.29
9.66
11.16

0.142
0.266
0.156

2.206
8.717
10.580

2.411
10.200
11.690

2.655 (+16)
8.87 (-8)
11.88 (+6)

0.193 (+36)
0.3511 (+32)
0.208 (+33)

-0.300
-0.178
-0.530

0.10
-0.07

0.200
-0.286

0.090
-0.080

0.102
-0.060

0.09 (-10)
-0.08 (-14)

0.264 (+32)
-0.167 (-41)

0.057
0.064

1.96
2.05
2.24

0.143
0.118
0.130

1.92
2.01
2.18

2.05
2.16
2.37

2.37 (+21)
2.42 (+18)
2.61 (+16)

0.197 (+37)
0.182 (+54)
0.167 (+28)

-0.569
-0.648
-0.413

1.00
4.79
6.22

0.170
0.351
0.127

0.082
4.486
7.845

0.916
5.588
8.439

1.04 (+4)
4.34 (-9)
6.26 (+1)

0.426 (+151)
0.443 (+26)
0.164 (+29)

-0.354
-0.413
-0.648

0.06
-0.05

0.167
-0.200

0.06
-0.05

0.06
-0.05

0.06 (0)
-0.05 (0)

0.167 (+17)
-0.204 (-20)

-0.139
-0.392

0.64
0.71
0.82

0.313
0.224
0.172

0.570
0.647
0.772

0.680
0.756
0.869

0.63 (-2)
0.75 (+6)
0.91 (+11)

0.500 (+59)
0.424 (+89)
0.421 (+144)

-0.404
-0.296
-0.296

a

Range of Variability Approach Boundaries (RVA) represent the values within one standard deviation from the pre-impact
period mean.
b
Hydrological alternation factor represents the percentage of years in the post-impact period in which values fall outside the
RVA boundaries (in fraction).
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Kratie

Kampong Cham

Phnom Penh
Figure 3.2. Water level rise rate (left) and 30-day minimum water levels (right) in the pre1991 and post-1991 periods at Kratie, Kampong Cham and Phnom Penh. The difference
between the pre- and post-1991 period was not significant for any station as indicted by the
Kruskal-Wallis test. 7
3.3.2 Hydrological alterations in the Vietnam Mekong Delta
3.3.2.1 Remote sensing data analysis
The interpretation of satellite images suggests major changes in spatial inundation patterns
within the VMD in the wet months of September - November from the years 2000 to 2013,
especially after 2006 (Figure 3.3). Despite some inter-annual variability of annual maximum
water levels, results show an overall reduction in the percent of maximum inundated area
from 2006 to 2013 (Figure 3.4). At the peak of the wet season, the extent of flooded areas of
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the Long Xuyen Quadrangle (LXQ) decreased from 65% in 2000 to 29% in 2013, and
decreased from 62% to 41% at the Plain of Reeds (POR). In An Giang province (an upstream
province in the VMD), around 71% of the area was flooded in 2000, but this was only 30% in
2011, despite both of these two years experiencing similarly large floods (Figure 3.4; MRC,
2011).

Figure 3.3. Alterations to the spatial inundation patterns are evident in remote sensing images
of the Vietnam Mekong Delta in the peak stage of the flood seasons in 2000, 2006 and 2013
(white = submerged areas; dark = other kinds of land uses). 8

Figure 3.4. The percentage of maximum inundation in the Long Xuyen Quadrangle (LXQ),
the Plains of Reeds (POR) and An Giang province of the Vietnam Mekong Delta has shown a
tendency to decrease since 2000. Maximum water levels at the peak of the flood season (bold
and dotted lines) were similar for 2000 and 2011. 9
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While the flooding areas continuously diminished in the last decade, the total area of rice
paddies increased in the upstream provinces of An Giang and Dong Thap, especially since
2007 (Table 3.4). For example, in An Giang the annual rice area increased from 464,400 ha
in 2000 to 641,300 ha in 2013; but in the year between 2012 and 2013 alone, rice fields
expanded by around 116,200 ha, compared to the total increase of rice areas from 2000 to
2006 at 39,100 ha.
Table 3.4. Total areas of paddy fields of some provinces in the Vietnam Mekong Delta. 4

Year
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013

An Giang
464.4
459.1
477.2
503.9
523.0
529.7
503.5
520.3
564.5
557.3
586.6
607.6
625.1
641.3

Annual rice area (1000 ha)*
Dong
Kien Giang Tien Giang
Thap
408.4
541.0
282.4
408.3
550.6
276.1
426.4
575.9
265.0
436.4
563.0
260.8
453.0
570.3
259.4
467.7
595.8
251.9
454.0
595.1
247.8
447.1
582.9
246.8
468.1
609.2
244.9
450.8
622.1
246.4
465.1
642.7
244.0
501.1
686.9
241.8
487.6
725.1
241.4
541.8
770.4
235.6

Total
Can Tho** (1000 ha)
413.4
441.1
456.6
453.4
458.3
460.4
449.9
397.2
421.5
400.0
420.3
437.4
442.3
448.6

2,109.6
2,135.2
2,201.1
2,217.5
2,264.0
2,305.5
2,250.3
2,194.3
2,308.2
2,276.6
2,358.5
2,474.8
2,521.5
2,637.7

* Data obtained from the GSO (2013).
** Can Tho includes Can Tho and Hau Giang provinces (Can Tho province was divided into Can Tho city and
Hau Giang province in 2006).

3.3.2.2 Historical water level data analysis for the Vietnam Mekong Delta
The most altered hydrological indicators in the Vietnam Mekong Delta were annual water
levels, rise rates and fall rates. The level of alterations of these factors varied from station to
station according to their location within each region in relationship to upstream flows and
tides.
The analysis suggests that there was a decreasing trend in annual mean water levels in the
upper VMD, but an opposite trend in the lower VMD over the available data period (Figure
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3.5). The annual mean water levels at Tan Chau and Chau Doc (in the upper VMD) decreased
by 21% and 14% (p > 0.05), respectively, when comparing the pre- and post- 2007 periods
(Figure 3.5; Table 3.5). The annual mean water level of the post-2007 period at Can Tho in
the middle VMD was higher than that of the pre-2007 period by about 27% (p ≤ 0.05), while
this indicator remained constant in My Thuan. At Vam Kenh in the Mekong River mouth and
My Thanh in the My Thanh River, yearly averaged water levels increased at the rate of 4
mm/year from 1995 to 2013. Taking 2001 and 2008 as examples, the annual mean water level
at Chau Doc (upper delta) in 2001 (+2.03 m) was higher than that in 2008 (+1.54 m), and the
annual water levels at Vam Kenh (coastal area) in 2001 (-0.01 m) and in 2008 (+0.00 m) were
similar. However, the annual water level in the middle delta at Can Tho in 2001 (+0.47 m)
was lower than in 2008 (+0.51 m). Although the impact of rainfall within the delta on flows
in the VMD is small because the region is at the downstream end of the basin, rainfall data
from 1985 to 2011 for two stations (Can Tho and Soc Trang) in the middle of VMD were
also considered. The total amount of rainfall in 2001 (1634 mm at Can Tho and 2043 at Soc
Trang) and 2008 (1510 mm at Can Tho and 2230 mm at Soc Trang) were rather similar in
these two stations.
Table 3.5. Hydrological alteration of selected indicators for pre- and post- 2007 periods in the
Vietnam Mekong Delta. 5
Means (Percentage change)
Pre-impact
Post-impact
(1995 - 2006)
(2007 - 2013)
Rise rate (m/hour)
0.08
0.10 (+34)
Tan Chau
Fall rate (m/hour)
-0.05
-0.07 (+37)
Average water level (m)
3.67
2.90 (-21)
Rise rate (m/hour)
0.06
0.11 (+78)
Chau Doc
Fall rate (m/hour)
-0.06
-0.08 (+32)
Average water level (m)
1.65
1.42 (-14)
Rise rate (m/hour)
0.25
0.23 (-11)
Can Tho
Fall rate (m/hour)
-0.17
-0.15 (-9)
Average water level (m)
0.40
0.51 (+27)
Rise rate (m/hour)
0.31
0.31
Vam Kenh
Fall rate (m/hour)
-0.14
-0.14
Average water level (m)
-0.04
0.00
a Significance level codes: ***: p ≤ 0.001; **: p ≤ 0.01; *: p ≤ 0.05; n.s: not significant
Monitoring
station

Indicators of
hydrological alteration

44

KruskalWallis test
a

*
*
n.s
**
***
n.s
n.s
n.s
*
n.s
n.s
n.s

Chau Doc

Can Tho

Vam Kenh
Figure 3.5. Water level rise rate (left) and annual mean water levels (right) in the pre-2007 and post2007 periods at Chau Doc (upper delta), Can Tho (middle delta) and Vam Kenh (coastal area). 10

In terms of the trend analyses, hourly rise and fall rates increased significantly in the upper
VMD, while rates remained constant in the lower VMD (Figure 3.6). At Chau Doc, hourly
rise and fall rates increased significantly (p ≤ 0.001 according to the Mann-Kendall test;
Figure 3.6). For example, in the year 1995, the hourly rise rate was 0.06 m/hour and the
hourly rise rate in the year 2013 was 0.13 m/hour at Chau Doc. At Tan Chau, the increase of
hourly rise and fall rates were also statistically significant (p<0.01). In the lower VMD at Can
Tho on the Bassac River, hourly rise and fall rates remained similar at 0.25 m/hour and -0.17
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m/hour (Figure 3.6). The hourly rise and fall rates had a non-significantly increased at My
Thuan on the Mekong River from 0.21 to 0.27 m/hour and from -0.14 to -0.18 m/hour. In the
estuarine zone, the rise and fall rates were quite stable at around 0.31 and -0.14 m/hour at
Vam Kenh and 0.37 and -0.30 m/hour at My Thanh, respectively (Figure 3.5).

Figure 3.6. Trends of hourly water level rise/fall rates and annual mean water levels in the
lower Mekong floodplains highlighting the upstream-downstream tradeoffs between deltabased infrastructure and hydrological alterations of available data (Table 3.1). The nonparametric Mann-Kendall (MK) test was used to check if there was a monotonic upward or
downward trend of the indicators over time. Significant values indicate p>0.05. 11
Seasonally, significant increases in hourly rise and fall rates were observed in the upper part
of the delta in both dry and wet seasons. In the dry months, hourly rise rates increased by
42% (p ≤ 0.01) and 47% (p ≤ 0.001) at Chau Doc and Tan Chau, respectively, from 1995 to
2013. In the early flood season of July and August, the hourly rise rate at Chau Doc increased
by 175% (p ≤ 0.05), and the hourly rise rate at Tan Chau climbed by 99% (p ≤ 0.05). In
September and October, the hourly rise rates increased significantly at Chau Doc (p ≤ 0.01),
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but not at Tan Chau. The hourly rise rates at these two stations increased by 340% (p <
0.001) and 65% (p < 0.01) in November and December. Fall rates, meanwhile, increased at a
lower rate compared to the rise rates. Data analyses for the lower stations showed that rise
and fall rates were stable over the study period.
Moreover, a clear and strong relationship between the aforementioned hydrological
alterations in the delta and the extent of rice paddies was found (Figure 3.7). Specifically, a
significant correlation between the mean of water rise rates from February to June and the
rice area of summer – autumn crops in An Giang and Dong Thap (Pearson correlation r =
0.92, p < 0.001) was observed, as well as between the yearly mean rise rates and the annual
yields of rice in the two provinces (r = 0.90, p < 0.001) at Chau Doc.

Figure 3.7. Strong correlation between the extent of rice areas during Summer – Autumn crop
of An Giang and Dong Thap provinces and mean of water rise rate from February - June
(left) and between the annual averaged rice areas and rise rate (right) at Chau Doc station. 12

3.4

Discussion

3.4.1 The impact of hydropower dams
The development of hydropower dams was likely responsible for the minor alteration of
hydrological indicators (rise/fall rates, dry months‟ water levels and 1-day, 7-day and 30-day
minimum water level) from Kratie to Kampong Cham in the upper Cambodian Lowland. The
results observed in Kratie and Kampong Cham had similar trends to the ones reported in
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Cochrane et al. (2014). Further upstream of the floodplains at Chiang Sean (border of China
and Lao PDR), changes in 1-day, 7-day and 30-day flows between the pre- and post-1991
caused by the development of Chinese dams were also detected by Lu et al. (2014), Cochrane
et al. (2014) and Li et al. (2017), confirming the impact of large dams upstream from the
floodplains.
Hydropower dams store water at the end of the wet season in their reservoirs to be used in the
dry season; hence, downstream water levels in the dry season increase. Because hydropower
dams release water gradually for electricity generation, rise rates decreased in the main river.
Since the floodplains have a flat topography and the Tonle Sap Lake plays an important role
in hydrological regulation for the region, modification to water levels and rise rates decreased
downstream through the floodplains. Climate-induced changes can result in inter-annual and
wet season alterations (Delgado et al., 2012; Räsänen et al., 2012; Räsänen & Kummu,
2013); however, there is no evidence that climate alone can cause increases in minimum
water levels and average water levels in dry months throughout the lower Mekong Basin
(Cochrane et al., 2014).
Daily and hourly hydrological indicators at Phnom Penh and Kampong Cham were identified
as minor, and it is thus likely that the impact of upstream hydropower dam development was
limited to the upper parts of the floodplains in the Cambodian lowland. One possible reason
for the negligible alterations observed is that the total water storage capacity of hydropower
reservoirs in 2013 was still relatively small (54,548 Mm3) compared to the annual Mekong
River flow at Kratie, which was approximately 392,981 Mm3 per year on average (MRC,
2009b). However, if all the planned dams become operational, the total water storage
capacity will be around 154,400 Mm3 (39% of the annual flow); thus, the natural flows will
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be undoubtedly regulated for most of the year as demonstrated in previous research (Kummu
& Sarkkula, 2008; Lauri et al., 2012; Piman et al., 2013; Arias et al., 2014b, 2014c).
Apart from the development of dams, the Mekong basin could experience an increase in
flows caused by higher precipitation, glacier melt (to a much smaller extent of around 0.1%),
the reduction in landscape‟s water retention capacity caused by deforestation, and the
increase in water uses in the future (Eastham, et al., 2008; Cook et al., 2012; Lu et al., 2014).
Understanding of the marginal contribution and future cumulative effects of each of these
factors on hydrological alterations in the basin, therefore, will require further modeling
efforts.
3.4.2 The impact of delta-based water infrastructure development
The strong correlation between hydrological alterations and agricultural expansion in the
Vietnam Mekong Delta (as illustrated in Figure 3.7) provided good evidence of the influence
of delta-based agricultural and water infrastructure development on the natural surface
hydrology of the Mekong floodplains. The increasing trends of water rise and fall rates and
the decrease in flood extent in the upper part of the VMD – which is only weakly influenced
by tides in the flood season – indicated that localized flood prevention systems were the
predominant drivers of hydrological alterations in this region rather than the current upstream
development or downstream sea level variations.
The substantial decrease in maximum flooded areas despite the variation in maximum water
levels in the upper VMD since 2007 can be directly attributed to the development of flood
prevention systems because the year 2007 marked the beginning of large development efforts
from the Vietnamese Government and local farmers. The only exception to the consistent
reduction in flood extent changes occurred during the year 2010, which was much lower than
that of the year 2011. This may have occurred because the year 2010 was an extremely dry
49

(El Niño) year, whereas 2011 was an extremely wet (La Niña) year in the region (Räsänen et
al., 2015). The 2011-flood was comparable to the historical flood of the year 2000 both in
terms of water levels (at Tan Chau and Chau Doc as shown in Figure 3.4) and impacts, which
resulted in the damage of over 18,000 ha of rice fields and 3,700 ha of subsidiary crops as a
direct consequence of dyke break events (MRC, 2011). The indirect impact of ENSO on the
floodplains and delta via the Mekong flows is clearer compared to the direct impact (rainfall).
The reason is the the total area of the Mekong floodplains and delta (70,000 km2) is much
smaller compared to the area of the Mekong Basin (750,000 km2).
In the dry months, water mostly flows within waterways and water rise and fall rates which
increased significantly over the period of study may be a direct result of localized water
infrastructure development. Although water levels at Tan Chau and Chau Doc are influenced
by the Vietnamese East Sea‟s 3.5 m semidiurnal tides in the dry season (Takehiko, 2001; Le
et al., 2007), tidal levels experience no trends over the measured period in terms of rise and
fall rates. Since no trend in water level rise and fall rates were observed upstream, the
alterations observed at Tan Chau and Chau Doc are probably a direct cause of human
intervention within the delta, particularly in the form of irrigation systems development and
operation. Sluice gates built on canals and pumping activities to force water into rice fields
for farming purposes might be the reasons of either rise or fall rate increases as shown in
Figure 3.5 and Table 3.5.
In the flood season, the effect of flood prevention systems on each rice cultivation stage is
different. The VMD flood season is typically divided into three stages relevant to rice
agriculture (Figure 3.8; Nguyen et al., 2011). In the first stage, from July to August, flood
water flows into canals, raising water levels at the Long Xuyen Quadrangle (LXQ) and the
Plain of Reeds (POR) when the ripening and harvesting stages of the summer-autumn rice
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crop occur. In order to protect the rice fields during this stage, farmers employ semi-dykes
and this practice makes rise and fall rates increase in the Mekong River as dykes reduce
flooding extents (Figure 3.9). In the second stage (from September to October), flooding
water levels reach the peak of the flood season. During this stage, water levels in the upper
part of the VMD are high and changes in water levels are small because tidal impacts are
limited; thus, rise and fall rates increase slower than during the first and third stages. Water
levels recede gradually from October to December. The third stage of the wet season from
mid-November to late December sets the beginning of the winter–spring crops; full dykes are
still employed as the regions remain flooded and water starts to be pumped out of flooded
fields (Nguyen et al., 2013). As a result, rise and fall rates in the late wet season also
increased with respect to pristine conditions. The rise and fall rates at the Chau Doc station
within the LXQ increased more rapidly than those at Tan Chau because flood prevention
systems in the area have been developed more intensively and earlier than those in the POR
(shown via the percentage of flooded areas in each region in Figure 3.4). This evidence
indicates that dyke operations and size of protected areas influence the alteration of
hydrological indicators in dyke-protected floodplains.

Figure 3.8. Rice cultivation in the Vietnam Mekong Delta and maximum Mekong discharge at
Kratie (Data source: MRC, 2015 and Ministry of Agriculture & Rural Development, Vietnam, 2010).
Note: the peak of flows in the delta occurs a month after the peak in Kratie, because of the influence
of the Tonle Sap. 13
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Figure 3.9. Dyke operation mechanism in the Vietnam Mekong Delta (after Nguyen et
al., 2013). 14
The slight increase of yearly mean water levels at Can Tho may show the influence of
upstream dyke development on the middle part of the VMD. The full development of dyke
systems in the upper VMD will route flood waters downwards to the central delta region, to
the West Sea, or to the Vam Co Rivers Basin (a neighboring basin) as the flood protection
systems reduce water storage capacity of the flood-prone areas in the upper VMD. The
conveyance capacity of the canal systems to the West Sea and to the Vam Co River Basin is
limited compared to the discharge capacity of the Mekong and the Bassac Rivers (Vo, 2012);
thus, it is likely that the most impacted area would be the center of the delta where there is
still a high storage capacity for water. The controlled routing, due to upstream flood
protection, makes water levels in the center of the delta increase; this was also shown via a
modeling study by Le et al. (2007).
Provinces in the middle of the delta will probably be required to build their own flood
prevention systems, which will then propagate flooding to other neighboring areas and
exacerbate inundation problems downstream. This will then trigger other provinces to
develop their own flood prevention systems. Trang (2005) claimed that provinces in the
VMD were not working together to look for integrated water management approaches. This
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lack of cooperation could result in an endless process of competition between regions to build
flood protection measures, which could lead to even greater risk of flood damages to the less
developed regions within the floodplains.
3.4.3 The impact of sea level rise and land subsidence
It is important to note that the downstream reallocation of water caused by flood prevention
systems in the upper delta is not the only factor contributing to the water level increase in the
middle of the delta. Land subsidence and –to a minor extent– sea level rise were other factors
proposed to have caused an increase in water levels in the middle of the delta up to 2006
(Fujihara et al., 2015). Land subsidence was detected by Erban et al. (2014) and Minderhoud
et al. (2017), but their findings related only to the subsidence of ground levels. Nevertheless,
if the ruler benchmark of the water level stations were not corrected, land subsidence would
have actually caused a decrease in water levels and no changes in water depth, unless the
hydrological regime was altered as well. This is likely the case of Can Tho in the middle of
the delta. Regarding sea level rise, an increasing rate of 4 mm/year, which is similar to the
rise rate of sea levels at Vung Tau reported in Fujihara et al. (2015), was detected at Vam
Kenh.
Climate variability is a long-term phenomenon, and being a low-lying region, the VMD will
be susceptible to floods caused by a long term sea level rise and other climate-induced
changes (Wassman et al., 2004; Van et al., 2012; Smajgl et al., 2015). Overall, it is difficult
to distinguish the impact of sea level rise, land subsidence and flood control in the middle of
the VMD using historical records alone because these factors are probably mutually
occurring and affecting each other. Hydrological simulation models could be used in future
research to directly quantify the specific contribution from each of these factors.
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3.4.4 Uncertainties of the hydrological alteration analysis
Arguably the greatest source of uncertainty in our study relates to the water level records.
Firstly, the development of delta-based water infrastructure for triple rice crops has only
recently begun and thus the length of the data record for the post impact analysis was short
(2007-2013). However, it is undeniable that the delta is experiencing a sharp increase in
water level rise and fall rates, and it is important for policy makers and other relevant parties
to understand the current impact of this development on surface hydrology to make
immediate action plans. Secondly, the use of water level records as opposed to discharge
rates may be considered inadequate if river cross-sections are not stable. Given the fact that it
is extremely difficult to measure water flows cumulatively in such a large floodplain with
undefined waterways during the flooding season months, I argue that using water level
records directly and not (potentially erroneous) discharge estimates provides more reliable
trends in alteration indicators. In addition to the aforementioned issues with the water level
records, other potential sources of uncertainty related to the results of this study include the
land subsidence rate in the coastal part of the delta (which could lead to contradictory
understanding on the impact of sea level rise on the VMD) and the interpolation process to
eliminate the effect of cloud coverage, which may have caused minor inaccuracies in flood
extent estimates.

3.5

Conclusions

This chapter presents evidence to suggest that the natural hydrological regime of the Mekong
floodplains have been altered by delta-based flood prevention systems and the upstream
hydrological alterations to a lesser extent. The impact of each driver is temporally
complicated and spatially varied. Upstream hydropower dams have altered water levels in the
Cambodian lowlands, but their impacts on the Vietnam Mekong Delta are limited so far.
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Localized water infrastructure development, land subsidence and sea level rise may bring
more threats to the delta than the development of upstream dams. The effects of delta-based
water infrastructure were evident via alterations in hydrological indicators such as flooding
extent, hourly rise and fall rates and annual water level changes.
The upper floodplain and the Tonle Sap may be currently buffering the impact of upstream
alterations on the VMD. Despite the impact of hydropower operations on water levels
observed along the lower Mekong River, limited influence on the floodplains was found.
However, as the number and active volume of reservoirs could increase dramatically in the
future, modeling is necessary to understand the conceivable impact of this future
development on the floodplains.
In the upper VMD, the development of flood prevention systems (Figure 3.10 & 3.11) is the
main driver of hydrological alterations. The construction of such systems has substantially
eliminated naturally flooding areas and has impounded water between dyke systems. As a
result, these systems have altered the surface hydrology of the delta. The operation of fulldykes with on-dyke sluice gates also cause a significant alteration in flooding extent.
Although the construction of dykes helps local communities to increase agricultural
production, contribute to poverty alleviation and reduce flood-driven damage, it also leads to
the alteration of the natural hydrological regimes of the floodplains and the increase of flood
risks to other areas in the delta.
In the lower part of the VMD, the downstream shift of flooded areas due to flood prevention
systems in the upper VMD may be one of the main reasons for increases in local flooding.
Sea level rise and land subsidence will exasperate the problem and increase the pressure for
development of large scale flood protection projects in the region. A comprehensive master
plan is, therefore, necessary to integrate uncoordinated projects to ensure the sustainable
development of the whole delta.
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Figure 3.10. Out-dyke and in-dyke regions in

Figure 3.11. Dyke in combination with inter-

Vietnam Mekong Delta 15

province road in Vietnam Mekong Delta 16

The Mekong floodplains and delta are influenced by upstream flow alterations, delta-based
water infrastructure development, land subsidence and sea level rise. These drivers can have
mutual relationships and thus, hydrodynamic modelling is needed to further understanding
the future impact of each factor on hydrology of the region.
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CHAPTER 4. MODELING THE IMPACT OF FUTURE
DEVELOPMENT AND SEA LEVEL RISE ON THE HYDROLOGY
OF THE MEKONG RIVER FLOODPLAINS AND DELTA

4.1

Introduction

River floodplains are among the most biologically productive and ecologically diverse
regions in the world. However, modifications to their flow regimes caused by both direct
human interventions (such as dam construction, flood protection, or river diversions) and
climate change have accelerated in recent times (Lehner et al., 2011; Doll & Schmied, 2012).
Hydrology is a fundamental driver of floodplain ecosystems, and any hydrological alteration
is likely to result in subsequent changes to aquatic biota and riverine ecology (Townsend and
Hildrew, 1994; Stanford et al., 1996; Poff et al., 1997).
The hydrology of the Mekong floodplains and delta has not been heavily influenced by
upstream development in terms of discharge yet (Kuenzer et al., 2012; Chapter 3), but it is
highly affected by local water infrastructure development, sea level rise and land subsidence
(Deltares, 2013; Erban et al., 2014; Chapter 3). All these factors, however, are interrelated.
For example, sea level rise may propagate flooding (Van et al., 2012), resulting in the
requirement of flood prevention systems in extensive areas of the floodplains and delta. The
development of water and transportation infrastructure, subsequently, defines human
settlements throughout the delta. An increase in population density then results in
intensification of well pumping, which causes soil compaction and land subsidence as
described in Erban et al. (2014).
Hydrological alterations in the Mekong and their implications for floodplain management
have been the subject of a number of recent modeling studies. For instance, the cumulative
influence of hydropower dams and climate change on the Cambodian lowlands was studied
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by

sti

et a (2010) and Arias et al. (2014a); these two studies, however, did not consider

the effect of hourly tidal variation on the Vietnamese delta. Le et al. (2007, 2008) and Triet
et al. (2017) analyzed changes in maximum water levels and maximum flooding extent, but
did not report on other hydrological indicators, which are also key drivers of ecological and
agricultural productivity in floodplains (Townsend and Hildrew, 1994; Poff et al., 1997;
Arias et al., 2013). A different study on impacts of climate change on flooding propagation in
the delta concluded that larger inundated areas and longer flooding durations would be
observed along the coastal part of the delta due to sea level rise (Van et al., 2012). Despite
these important findings, the study did not include ongoing water infrastructure development,
making it difficult to assess the relative contribution of different drivers of change. The
impact of sea level rise on the delta in the dry season was discussed in Smajgl et al. (2015),
but the authors focused on adaptation strategies for climate change resilience rather than
hydrological alterations. Given the current status of the literature in the Mekong floodplains
and delta, a comprehensive quantification of contributions from all major drivers of large
scale change is thus needed to better evaluate future water resources management
alternatives.
The Mekong floodplains and delta, as other large lowland drainage systems around the
world, are affected by complex natural and anthropogenic drivers. Understanding the interand intra-annual impact of each driver on the different zones of the Mekong floodplains and
delta may also help understand hydrological processes of river floodplains worldwide, and
will help formulate appropriate water resources management and development plan options.
Thus, this chapter aims to quantify the cumulative and marginal effect of hydropower dams,
delta-based water infrastructure development, sea level rise and land subsidence on spatial
and temporal hydrological patterns using a complex and detailed application of a
hydrodynamic model for the Mekong floodplains and delta. Monthly water levels, flood
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extents, flood depths, flood durations, 30-day maximum water levels, 30-day minimum water
levels and water levels‟ raising and falling rates were the hydrological indicators considered
in this study.

4.2

Methodology

To study the impact of water infrastructure (dams and dykes) development, sea level rise and
land subsidence in the large and tidal-influenced Mekong floodplains and delta, the
hydrodynamic model DHI MIKE 11 was chosen. The software was applied in previous
studies in the Mekong floodplains and delta (Nguyen et al., 2011; Nguyen et al., 2014;
Nguyen et al., 2015; Smajgl et al., 2015; Triet et al., 2017). A hydrodynamic model was
chosen because the backwater effect due to tide should be taken into consideration. There are
a number of hydrodynamic software packages available, for example DHI MIKE, SOBEK or
HEC-RAS. The DHI MIKE software was chosen because of several reasons. Firstly, a
detailed hydraulic network for the whole Mekong floodplains and delta was available from
the Institute for Water and Environment Research, Vietnam (Figure 4.1.a). The model was
originally developed during the time I worked at the institute; it was used for unpublished
work and it was further calibrated and validated for the aim of this study. Secondly, the
MIKE software can simulate a wide range of hydraulic structures in a river network, for
examples dykes, sluice gates and weirs. Thirdly, the software supports parallelization which
reduces computational times. Finally, the software has a friendly user interface, and this helps
hydraulic modelers to reduce the time to build river networks, especially large river systems.
The MIKE software solves the 1D Saint Vernant equations by the Finite Different Method:
(4.1)
(4.2)
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Where x is the space coordinate along the channel axis; t denotes times; A(x,t) is the cross
sectional area of the flow at location x; u(x,t) is the flow velocity;
elevation;

is the free surface

is the wall shear stress along the wetted perimeter P(x, t);

is the fluid

density and g is the gravitational acceleration.
4.2.1 Hydraulic network
The hydraulic network includes the region from Kratie Township in Cambodia to the
Vietnam‟ river mouths (Figure 4.1a). The network has 25,427 nodes, making 3,586 branches
and link channels. The network is sufficiently detailed to resolve the floodplain hydraulics at
the regional scale.
Surveyed cross sections (an example in Figure 4.1b) collected from different projects
represent relatively uniform segments of river channels or other flowing-water bodies.
Because the floodplains were divided into compartments enclosed by dykes, overland flows
on each compartment were simulated by link channels with the storage capacity obtained
from the 90 m resolution Shuttle Radar Topography Mission Digital Elevation Model (SRTM
DEM, also used in Nguyen et al. (2011) and Smajgl et al. (2015)). The link channels used the
relationship between elevation and terrestrial volume of the compartments within those areas
between main channels to simulate flooding storage capacity. Nguyen et al. (2011) described
this method in their studies, but they chose instead to use cross sections to simulate terrestrial
parts of the floodplains. Using the relationship between elevation and volume, as done in my
study, has an advantage in which the model can take into consideration the storage capacity
of whole compartments. Where applicable, link channels were connected with the river
system by control structures (Figure 4.1c).
Catchment runoff from precipitation was simulated by the integrated MIKE11/NAM model
in which the floodplains and delta were divided into 1,819 sub-catchments. NAM (NedbørAfstrømnings-Mode) is a lumped conceptual catchment runoff model with accounting of
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moisture content in sub-surface zones which has been widely used for research purposes (e.g.
Madsen 2000; Butts et al. 2004). Rainfall and evaporation data from 39 stations were used in
the NAM model to account for moisture content changes in each catchment. The rainy season
overlaps with the flood season in the floodplains when soil has high moisture content
(saturated conditions) so all rainfall is assumed to contribute to run-off. The NAM model
was chosen in this case because this is the only hydrological model which can be coupled
with the hydrodynamic MIKE model.

Figure 4.1. Key elements of the MIKE 11 model applied to the Mekong floodplains showing
(a) hydraulic river network and boundaries, (b) cross section of canal, and (c) link channels.
17
Hourly measured sea levels at 11 coastal stations were used as downstream boundaries
(Figure 4.1a). Discharge boundaries were obtained from Kratie, Dau Tieng, Phuoc Hoa and
Tri An stations, and discharge data series at Kratie were used as an upstream boundary of the
Mekong. Water level, discharge, evaporation and rainfall data were provided by the Mekong
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River Commission and the South Region Hydrology – Meteorology Center of Vietnam. Data
was checked in advance to remove inconsistency and other anomalies.
4.2.2 Model calibration and validation
The model was calibrated with recorded water levels at 33 stations (Figure 4.2a). These
datasets were employed in previous studies of the impact of water infrastructure and climate
changes on water levels (Cochrane et al., 2014; Lu et al., 2014; Triet et al., 2017). Water
levels, instead of discharges, were used to calibrate and validate the model because
downstream from Kratie the Mekong‟s flow regime is highly influenced by the floodplains‟
storage capacity (MRC, 2012), and overland flow velocity during the flood season are not
accurately measured (Chapter 3). The calibration was done by adjusting the roughness
coefficient Manning (n) in waterways. The values of Manning‟ n in main rivers ranged from
0.016 to 0.024, and from 0.022 to 0.027 for secondary branches; ranges are as recommended
in Chow (1959). Roughness coefficients for floodplains (link channels) varied from 0.033 to
0.035 based on a land cover map (Source: SIWRP, 2000). In order to validate the
hydrodynamic model, the Nash-Sutcliffe coefficient E was used (Nash & Sutcliffe 1970):
∑
∑

(4.2)

̅

Where: ̅ is the mean of observed water levels (m);
Ht and Hmt is observed and modelled water levels (m) at time t, respectively.
The model was calibrated manually on an hourly basis for the year 2000 and was validated
for the years 1998, 2001 and 2002 for the VMD. 1998 was considered a dry year, and 2000–
2002 were wet years in the floodplains and delta (MRC, 2012). Because the year 2007
marked the rapid development of high dykes for flood prevention in the VMD (Chapter 3),
data for years after 2007 were not used for calibration and validation purposes. Preliminary
analysis with available hourly water levels from 2007 to 2014 at Phnom Penh and Kratie
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showed that tide had little impacts on water levels in these stations; the use of daily water
levels measured at 7:00 AM and 7:00 PM for 1998, 2000 - 2002 for the Cambodian lowlands
was thus sufficient for calibrating the model upstream of the VMD.
Inundation patterns derived from the hydrodynamic model were validated with analogous
information derived from the Terra MODIS‟s satellite images. The product MOD09A1 was
downloaded at the peak time of the wet season in 2000 to generate maximum inundation
maps as described in Chapter 3. Each pair of inundation maps was compared using the
Cohen‟s kappa coefficient (Smeeton, 1985), which was calculated as following:
(4.3)
Where: po is the relative observed agreement between flood maps calculated by the
percentage of flooded and non-flooded areas appearing in both maps;
pe is the hypothetical probability of chance agreement based on the percentage of
flooded areas.
(4.4)
(4.5)
(4.6)
(4.7)
Where:

is the number of “flooded” pixels in simulation and MODIS observation
is the number of “unflooded” pixels in simulation and MODIS observation
is the number of pixels which are “flooded” in simulation and “unflooded” in

MODIS observation
is the number of pixels which are “unflooded” in simulation and “flooded” in
MODIS observation
A cell was considered as a “flooded” cell if the water depth was more than 10 cm.
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The TSF was not considered for this spatial evaluation because a large fraction of this seminatural floodplain is covered with varying types of vegetation canopies (tall gallery forests,
grasslands and bush) which can reduce the accuracy of the inundation pattern derived from
MODIS (Nguyen et al., 2013).
4.2.3 Hydrodynamic modelling scenarios
In order to understand the impact of dams, delta-based water infrastructure, sea level rise and
land subsidence on the floodplains and delta, six different scenarios were simulated with the
hydrological conditions of the dry (1998), normal (1999) and wet years (2000) as
summarized in Table 1 and described in detail as follows.
Table 4.1. Scenarios used to study the impact of different human-made and climatic factors
on the Mekong floodplains. 6
Scenario
1
2

Name
BL
HP

Acronym
Baseline
Hydropower development

Description
Year 1998/1999/2000 flows
Year 1998/1999/2000 flows + 126 hydropower dams
(maximize electricity generation)

3

WID

Delta-based water
infrastructure development

Year 1998/1999/2000 flows + protected POR, MBR and
LXQ (maximize agricultural development)

4

WIDR

Delta-based water
infrastructure development
and river diversion

Year 1998/1999/2000 flows + protected POR, MBR and
LXQ + river diversion (maximize agricultural
development but consider a mitigation option)

5
6

LS
SLR

Land subsidence
Sea level rise

Year 1998/1999/2000 flows + land subsidence
Year 1998/1999/2000 flows + sea level rise (17 cm and
38 cm, so-called SLR17 and SLR38 scenarios)

Each driver was assessed independently to see how they impact on the floodplains; this is socalled a sensitivity-based, scenario-neutral approach (Prudhomme et al., 2010). This
approach was also used in Nguyen et al. (2015) to study the impact of dams, climate change
and sea level rise on sedimentation in the Vietnam Mekong Delta (VMD). Dam and deltabased water infrastructure development plans may change in the future, but the most critical
cases were chosen to examine how far dam and dyke construction would affect the
floodplains and delta.
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BL scenario: the baseline scenario was based on the years 1998, 1999 and 2000, which were
the driest (below 26%), normal (above 6%) and wettest (above 38%) years on record,
respectively, in terms of annual flood volume in the lower Mekong Basin over the past 50
years before the rapid development of water infrastructure in 2007 (MRC, 2012).
HP scenario: upstream flows were modified to simulate full hydropower development (126
dams) as in Lauri et al. (2012) and Arias et al. (2014a), and downstream boundaries were
kept similar to the BL. In this scenario, monthly outflows from reservoirs were simulated to
maximize energy production by optimally managing reservoir active storage using linear
programming (LP) optimization (Lauri et al., 2012). Although the future development of
dams may be uncertain, the level of hydrological alterations caused by dams will range from
the pristine condition (BL scenario) to this full dam development scenario.
WID scenario: in the WID scenario, the LXQ, POR and MBR were protected by dykes for
rice cultivation throughout the flood season as proposed in Deltares (2013; Figure 4.2b), the
so-called “Food Production Scenario”. Upstream and downstream boundaries conditions
were maintained as in the BL. A large proportion of the floodplains have been already
protected by dykes (60 – 70%) during the 1st decade of the 21 century, and the effect of
dykes on water levels along the main stream was demonstrated by historical data analysis in
Chapter 3. A future in which the whole upper VMD is protected for rice cultivation is, thus,
very likely.
WIDR scenario: this scenario was based on the WID scenario, but it included a bypass in
which water was transferred to neighboring areas (Figure 4.2c). This was simulated by
doubling river widths with the purpose of reducing the pressure of water infrastructure
development on the hydrology of the protected regions, which represented the major flood
diversion scenario as in Deltares (2013).
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Figure 4.2. (a) - Sub-regions and hydrological stations in the Mekong floodplains and delta.
The map inset shows the regional location of the floodplains and delta and potential upstream
hydropower development (Data: MRC 2015); (b) - Compartments in POR, LXQ and MBR
and (c) - river diversion directions after Deltares (2013) in the VMD. 18
LS scenario: the land subsidence scenario was simulated by using the land subsidence map of
Erban et al. (2014). Land subsidence rates varied spatially and these were used to modify the
topography (SRTM DEM) of the floodplains accordingly. Storage capacity of link channels
was thus recalculated in many parts of the delta because the subsidence rate varied
throughout the floodplains. It was assumed that water extraction rates would be constant over
the study period (2000-2050) and only vertical subsidence was considered as in Erban et al.
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(2014). The subsidence rates ranged from 0 to 4 cm per year, and the areas where subsidence
rates were high (> 1 cm per year) included cities like Can Tho and the coastal part of the
Mekong Delta.
SLR scenario: upstream discharges were similar to the BL scenario, but downstream water
level boundaries were increased based on measured data, corresponding to the projected sea
level rise in 2050. Global sea level is predicted to rise in a range from 17 to 38 cm
corresponding to different emission scenarios (IPCC, 2014). Sea level rise was the focus of
this scenario as it will likely be the driver of climate change effects in the delta, as opposed to
basin rainfall-runoff. A recent modeling effort by Hoang et al. (2016) projected climate
change impacted water levels along the Mekong, but projected flow alterations at Kratie were
considered insignificant in the timeframe of this study (up to 2050).
The future development of water infrastructure, the subsidence rate and the rate of sea level
rise contain large uncertainties in when they would occur because they are dependent on the
level of greenhouse gas emission, development policies and international efforts. Thus, a
combined scenario would have significant temporal uncertainty and would not be
meaningful. The scenario-neutral approach, as adopted in this thesis, will contribute to the
understanding of independent drivers of change.
4.2.4 Indicators of hydrological alterations
The modeling scenarios were analyzed for changes in 30-day minimum water levels, 30-day
maximum water levels, monthly average water levels, water level rise/fall rates, maximum
flood extent and flood duration, indicators which are frequently the most altered by water
infrastructure development (Tockner & Stanford, 2002). These were also the indicators
historically identified as having changed under the effects of water infrastructure in the
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Mekong floodplains (Chapter 3). The non-parametric Kruskal-Wallis test was used to
determine if sets of indicators derived from each scenario were different from each other.
As a quasi-2D hydrodynamic model was employed in this study, in order to derive inundation
maps, the Invert Distance Weighting (IDW) method was used to interpolate between known
water level points in the model.

4.3

Results

4.3.1 Model calibration and validation
Overall, there was a good fit between observed and simulated water levels with NashSutcliffe coefficients E ranging from 0.61 to 0.98 (Figure 4.3).

Figure 4.3. Nash-Sutcliffe E coefficients of model efficiency between observed and simulated
water levels for calibration and validation years using daily and hourly data. 19
Because of the minor influence of tides on water level fluctuations, Nash-Sutcliffe
coefficients E were highest at stations in Cambodia (ranging from 0.70-0.98). In the VMD, E
coefficients ranged between 0.65 and 0.89, and were especially high for stations on the
Mekong and Bassac Rivers. High correlation coefficients (E>0.8) values were also found
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between modeling and measured water levels at the key stations for the calibration and
validation years of 1998 and 2000–2002 (Figure 4.4).

Figure 4.4. Measured versus simulated water levels for several key stations on the
mainstreams in 1998 and 2000-2002. 20
Figure 4.5a and 4.5b illustrate the inundation map derived from the MOD09A1 product and
the baseline simulation result from September 29, 2000. This date was chosen to check the
agreement between the two inundation maps because it was close to the date when the water
level reached its maximum at Tan Chau (September 23, 2000), and the proportion of cloud
cover was low. pe=0.64 and po=0.83 resulting in a Cohen‟s kappa of k = 0.63, which
indicated that the remotely sensed inundation map coincided well with the modeling
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inundation map. The areas of similarity between the MODIS imagery and modeling results
were large (83%; Figure 4.5c). However, land use also influenced the accuracy of the
MODIS-derived inundation maps (Figure 4.5e). In the lower VMD, while water levels were
low, “Orchard” and “Built-up area” land uses in the region made the observations by the
satellite become less accurate and contributed to the discrepancy between MODIS and the
modeling results. Additionally, in the middle and coastal parts of the delta, water depths were
shallow so satellite-based inundation maps may be influenced by bottom reflectance and
vegetation.

Figure 4.5. (a) Inundation maps of the year 2000 derived from MODIS; (b) numerical
simulation results; (c & d) areas of inundation similarity and difference between MODIS and
modelling; (e) land use map of the Mekong floodplains and delta (Source: MRC, 2003). 21
Arguably, the main source of uncertainties in this study came from the definition of channel
network and river cross sections in the hydrodynamic model. The model domain covers an
extension of around 70,000 km2, creating a complex logistical challenge to collect thousands
of cross sections of the river and canal network. Moreover, the heterogeneity in the
physiography of river catchments may cause different levels of water resistance, resulting in
different roughness coefficient even in a short river segment. Nevertheless, the high
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correlation coefficient between modeling results and measured water levels increase the
accuracy in modeling results.
It is important to note that the locations of the boundaries among the river-dominated, tidal
and transitional regions were dynamic. In the dry season, water fluctuations were still
observed at Phnom Penh, but the magnitude of water levels‟ fluctuation along the river from
Phnom Penh to the region near the border between Vietnam and Cambodia were small (less
than 0.25 m; Figure 4.6a and 4.6c). Thus, the Cambodia lowlands and the Tonle Sap
floodplain can be classified as river-dominant regions. The Vietnam Mekong Delta includes
transitional and tidal regions. The effects of tides on water levels in the coastal part of the
delta are prominent. In the flood season, the upper VMD turns into a river-dominated region
(Figure 4.6b & 4.6d). There is not much difference between the dry year (Figure 4.6a &
4.6c) and the wet year (Figure 4.6b & 4.6d) in terms of seasonal boundaries. Climate
variability only impacts on the Cambodian lowlands and upper Vietnam Mekong Delta, but
this effect is not significant in the rest of the floodplains and delta.

Figure 4.6. Magnitudes of daily water level changes at the driest time (Hmin: a & c) and
wettest time (Hmax: b & d) in the driest year (1998) and wettest year (2000).22
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4.3.2 Future impacts on monthly mean water levels along the Mekong mainstream
Modelling results showed that the magnitude of impacts of different drivers on water levels
varied considerably from one region to others. Mean monthly water levels in the dry year
(1998), normal (1999) and wet year (2000) along the Mekong River according to different
scenarios are shown in Figure 4.7.

Figure 4.7. Simulated mean monthly water levels along the Mekong River according to
different scenarios. Please refer to Table 4.1 for scenario descriptions. 23
Hydropower dams (HP scenario) increased monthly mean water levels in the dry season and
reduced monthly mean water levels in the wet season throughout the Mekong mainstream
from Kampong Cham, Tan Chau to My Thuan (Figure 4.7). In the wet year, mean water
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levels increased by 25.5% in the dry months and decreased by 0.8% in the wet months at
Kampong Cham compared to the BL scenario. In the dry year, the influence of hydropower
on monthly water levels was observed; dam operation increased water levels by 70% in the
dry months and decreased water levels by 5.9% in the wet months. This indicates that
hydropower dams could affect water levels in a dry year more severely than in a wet year and
in the dry season more heavily than in the wet season. The difference in monthly water levels
between BL and HP diminished downstream (Figure 4.7). In the middle and coastal parts of
the VMD, the difference in mainstream water levels between BL and HP was small (less than
10 cm at My Thuan; Figure 4.7c, 4.7f and 4.7i). Statistically, there were significant
differences in monthly water levels from Kratie to Chau Doc and Tan Chau observed
between the BL and HP scenarios according to the Kruskal-Wallis test (p-values<0.05), but
the difference in monthly water levels from Can Tho and My Thuan to the river mouth was
insignificant (p-values>0.05).
Contrary to the effect of dams, the impact of flood prevention systems on mainstream water
levels was observed in the wet season in the normal and wet years (Figure 4.7e & 4.7h).
Mean of monthly water levels were projected to increase by 15% (about 0.4 m; pvalues<0.05) at Tan Chau in the wet months (from June to December) in 2000 (Figure 4.7h),
and the mean of water level was predicted to increase by only 5% in the same period in 1998
(Figure 4.7b). Water levels were also expected to increase slightly by around 0.03–0.05 m at
the lower stations of My Thuan during the wet season in 1998 (Figure 4.7c) and 2000
(Figure 4.7i).
The widening of canal systems in the VMD (WIDR) resulted in a maximum water level
decrease of about 6 cm in the wet season at Tan Chau in the wet year (Figure 4.7h), but did
not affect water levels in other parts of the mainstream compared to the WID scenario.
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Sea level rise was the most important driver contributing to rising water levels (pvalues<0.05) at My Thuan. If the sea level rose the expected 17 cm, annual water levels at
My Thuan would increase about 10 cm and 12 cm during the dry year and the wet year,
respectively (Figure 4.7c and 4.7i). Sea level rise by 38 cm will cause an increase of 30 cm in
the wet year at My Thuan (Figure 4.7i). This rise is nearly a three-fold increase from the HP
scenario projections. Modeling results suggests that hydrological regimes of the middle and
the lower delta part of the Mekong River would be much more heavily affected by the tidal
regime than by upstream alterations.
Although land subsidence increased water retention capacity in different parts of the
floodplains, monthly water levels with respect to mean sea levels did not change in the LS
scenario. At Can Tho and My Thuan, where the land subsidence rates were almost 4 cm/year
(Erban et al. 2014), observed changes in water levels were minor (Figure 4.7).
As expected, modeling results showed that water level alterations in a normal year (1999)
ranged between the changes in the driest year (1998) and a wettest year (2000), thus the
analysis of the characteristics of the normal year are embedded in the range provided by the
other two years analyzed.
4.3.3 Future impacts on maximum flooding extent and flood depth
For the BL scenario, maximum flood extent was about 54,000 km2 in the year 2000, of which
27% was in the TSL, 18% in the CBL, and 55% in the VMD. Full dam development is
expected to reduce maximum flooding extent by 6% in the wet year (2000; Figure 4.8h) and
by 3% in the dry year (1998; Figure 4.8b) compared to the BL (Figures 4.8g & 4.8a);
however, delta-based water infrastructure, sea level rise and land subsidence are expected to
have greater effects in the VMD than in the Cambodian lowlands (Figures 4.8c, 4.8d, 4.8e,
4.8f, 4.8j, 4.8i, 4.8j, 4.8k and 4.8l).
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Maximum water depths tend to decrease in the upper part of the Mekong Delta according to
the HP scenarios, but the impact of hydropower dams on the middle and coastal regions was
very limited (Figure 4.9).
In the WID scenario, maximum water levels increased along the riverine corridor between the
Mekong and the Bassac Rivers to the East Sea (Figure 4.9). Maximum water level increased
up to 1.0 m at the Vietnam-Cambodia border, but only increased by 0.1–0.3 m in the middle
of the delta.

Figure 4.8. Maximum flood extent for scenarios of Baseline (a and g), HP (b and h), WID (c
and i), LS (d and j), SLR17 (e and k) and SLR38 (f and l) for the dry year (1998) and wet
year (2000). 24
Continuing future land subsidence (LS scenario) would be a major driver of change, causing
increased maximum water depths in the whole Vietnamese delta although maximum water
levels decreased. The influence of land subsidence on the maximum flooding depths is more
pronounced in the wet year rather than in the dry year. The changes in flood depth are likely
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relative to the change in ground elevation rather than water levels which should be compared
with a datum. This is because the alterations in water levels are low as mentioned in the
previous section.
The middle and coastal parts of the delta were heavily influenced by sea level rise. Overall,
the total extent of effected areas under the SLR38 scenario in the VMD was about 32,500 km2
(93% of the entire zone) if sea level increases by 38 cm. Sea level rise had a very limited
effect on maximum flood depths at POR, LXQ and MBR (Figure 4.9).

Figure 4.9. Percentage differences in maximum water levels between the BL scenario and
scenarios of HP, WID, WIDR, LS and SLR (17 and 38 cm) for the dry year (1998) and the
wet year (2000). 25

76

4.3.4 Future impacts on flooding duration
In general, the total unflooded areas and the regions where the inundation time was greater
than one month in the wet year (2000) were 1.45 times less than in the dry year (1998).
Hydropower dams (HP scenario) would not reduce the total extent of flooding, but would
reduce the length of inundation duration of those areas that are normally flooded for more
than 6 months (ie. wetland areas, Figure 4.10).

Figure 4.10. Extent of areas inundated according to the number of months flooded
corresponding to different scenarios in the dry year (1998) and wet year (2000). 26
The construction of water infrastructure was predicted to increase agricultural land
availability, and this development decreased flooded areas by 6% during a dry year and
increased permanent flooding areas (> 6 months). The widening of canal systems should
potentially decrease flooded areas caused by water infrastructure development by a factor
from 1.11 to 1.16.
Sea level rise would prolong flooded time by about 25% and 36% in the 1998 and 2000
scenarios if sea level increases by 38 cm. Land subsidence would expand flooded areas by
21% in the dry year and 12% in the wet year, and this phenomenon would exacerbate the
permanent flooding areas (>6 months) by 32% in the 1998 scenario and 36% in the 2000
scenario.
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4.3.5 Future impacts on annual hydrological alteration indicators
Changes to annual indicators of hydrological alterations along the Mekong and Bassac Rivers
are shown in Table 4.2. Overall, the magnitude of changes varied spatially according to
scenarios, with hydropower bringing the largest alterations in the Cambodian lowlands, while
sea level rise and water infrastructure development cause the greatest impacts on the VMD.

Table 4.2. Alterations of hydrological indicators along the mainstreams in the floodplains.
Values in parenthesis indicate a percent change from BL conditions. 7
Hydrological
indicators
BL

HP

WID

WIDR

LS

SLR17

SLR38

Cambodian Lowlands
Kampong Cham

Vietnam Mekong Delta

Phnom Penh

Tan Chau

Can Tho

Rise rate (m/hour)

0.21

0.09

0.07

0.25

Fall rate (m/hour)

-0.09

-0.06

-0.05

-0.15

30 days min (m)

2.72

1.11

0.05

-0.93

30 days max (m)

15.69

9.77

4.73

1.48

Rise rate (m/hour)

0.19 (-11)

0.09 (0)

0.07 (0)

0.25 (0)

Fall rate (m/hour)

-0.08 (-11)

-0.06 (0)

-0.05 (0)

-0.15 (0)

30 days min (m)

4.72 (+74)

2.13 (+92)

0.37 (+640)

-0.84 (+10)

30 days max (m)

15.54 (-1)

9.67 (-1)

4.62 (-2)

1.48 (0)

Rise rate (m/hour)

0.21 (0)

0.10 (+11)

0.08 (+14)

0.26 (+4)

Fall rate (m/hour)

-0.09 (0)

-0.07 (+17)

-0.04 (-20)

-0.15 (0)

30 days min (m)

2.74 (+1)

1.12 (+1)

0.06 (+20)

-0.93 (0)

30 days max (m)

15.71 (0)

9.82 (+1)

5.43 (+15)

1.71 (+16)

Rise rate (m/hour)

0.20 (-5)

0.10 (+11)

0.08 (+14)

0.26 (+4)

Fall rate (m/hour)

-0.09 (0)

-0.07 (+17)

-0.04 (-20)

-0.15 (0)

30 days min (m)

2.73 (0)

1.12 (+1)

0.06 (+20)

-0.93 (0)

30 days max (m)

15.70 (0)

9.82 (+1)

5.26 (+11)

1.66 (+12)

Rise rate (m/hour)

0.21 (0)

0.09 (0)

0.06 (-14)

0.24 (-5)

Fall rate (m/hour)

-0.09 (0)

-0.06 (0)

-0.04 (-20)

-0.14 (-5)

30 days min (m)

2.72 (0)

1.11 (0)

0.04 (-20)

-0.92 (+1)

30 days max (m)

15.69 (0)

9.77 (0)

4.55 (-4)

1.41 (-5)

Rise rate (m/hour)

0.21 (0)

0.09 (0)

0.07 (0)

0.25 (0)

Fall rate (m/hour)

-0.09 (0)

-0.06 (0)

-0.05 (0)

-0.15 (0)

30 days min (m)

2.88 (+6)

1.18 (+6)

0.17 (+249)

-0.73 (+21)

30 days max (m)

15.71 (0)

9.80 (0)

4.76 (+1)

1.57 (+6)

Rise rate (m/hour)

0.21 (0)

0.09 (0)

0.07 (0)

0.25 (0)

Fall rate (m/hour)

-0.09 (0)

-0.06 (0)

-0.05 (0)

-0.15 (0)

30 days min (m)

3.09 (+14)

1.26 (+14)

0.33 (+557)

1.57 (+47)

30 days max (m)

15.73 (0)

9.83 (+1)

4.81 (+2)

1.72 (+16)
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* Values in parenthesis indicate a percent change from BL conditions.

Dams reduced the rise rate by up to 11% at Kampong Cham, but the rates remained the same
at Tan Chau and Can Tho. Water level fall rates, meanwhile, decrease by 11% at Kampong
Cham. In terms of extreme water levels, full hydropower dam development increased 30-day
minimum water levels by 74% at Kampong Cham and by 10% at Can Tho.
The development of water infrastructure development (WID and WIDR) in the form of flood
prevention systems mostly changes rise/fall rates and maximum water levels. At Tan Chau,
the rise rates increase by approximate 11% and the fall rates decrease by 20% in the both
scenarios. In the WID scenario, 30-day maximum water levels increase by about 15–17% at
Tan Chau and Can Tho.
Land subsidence does not change the 30-day minimum water levels, but results in 30-day
maximum water level declining about 4-5% at Tan Chau and Can Tho. Sea level rise, on the
other hand, affects extreme water levels. For examples, if sea level rises 38 cm, 30-day
minimum water levels at Phnom Penh, Tan Chau, and Can Tho would increase by 14% (15
cm), 557% (28 cm) and 47% (44 cm) respectively. 30-day maximum water levels do not
change much along the river upstream of Tan Chau, but from Can Tho to the river mouth it
increases by 16% (24 cm).

4.4

Discussion

This study found that the results of the different scenarios of future alterations have different
magnitudes and distinct characteristics in the Cambodian lowlands versus the Vietnam
Mekong Delta. A discuss of the implications for each of these two regions follows.
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4.4.1 Hydrological changes in the Cambodian lowlands
Hydropower dams increase water levels in the dry season and decrease water levels in the
wet season in the upper floodplains because, reservoirs retain water in the wet season for use
in the dry season to extend generation output in the dry season. Water levels in the upper
floodplain are strongly linked to the flow regimes because this is a river-dominated region,
and dam operations would modify the hydrology of the Mekong floodplains in a similar way
as to what has recently occurred in the upper basin and upper part of the floodplains (Kummu
and Sarkkula, 2008; Piman et al., 2013; Cochrane et al., 2014; Lu et al., 2014; Räsänen et
al., 2017). Dams mainly changed water levels in the dry season (Figure 4.7), water level
fluctuations and water levels‟ rising and falling rates (Table 4.2). These hydrological
alterations in the upper floodplains, consequently, may endanger riverine ecology and aquatic
species.
Hydropower is an attractive source of energy, currently providing 16.6% of the global
electricity and 70% of all renewable electricity (REN21, 2016), but it is causing tension
between Mekong countries and some of their main economic sectors. Increasing demand of
electricity for economic development in China and South East Asia countries resulting in 7
mainstream dams (Dachaoshan, Gongguoquiao, Nuozhadu, Jinghong, Manwan, Xayaburi
and Don Sahong; MRC database, 2014) are examples of this on-going tension. Consequently,
policy makers should have plans to confront the consequences on the floodplains and delta of
upstream dam development.
This study also found that maximum flooding extent (Figure 4.8), maximum flooding depth
(Figure 4.9) and inundation times (Figure 4.10) did not change much in the HP scenario
compared to the BL. The effect of dams reduces through the floodplains as the terrain
becomes flatter. The regulation effect of the Tonle Sap Lake, as described in Arias et al.
(2014b) may also contribute to this buffering effect.
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4.4.2 Hydrological changes in the VMD
In the VMD, the main aim of localized flood prevention systems is to shift from double to
triple crops, but this activity may alter hydrological regimes in the region. Water
infrastructure development did not always have positive outcomes in terms of total income
(Chapman & Darby, 2016). However, delta-based water infrastructure could become the
main driver of hydrological alterations in the wet season if the development of such systems
is not well managed. The influence of the system in the dry season is limited. This is because
water infrastructure has been developed in the region which is transferred from a transitional
stage to a river-dominated stage in the wet season (Figure 4.6). Water infrastructure
development modifies the delta hydrology in the wet season by two mechanisms:
redistributing water retention capacity and reducing water transfer capacity of the floodplains.
The development of high dykes to enable a third rice crop results in excess water that can be
discharged to other regions and make local water levels to increase, because the flood
protection will limit areas to disperse water (Figure 4.8c). The two main rivers (Bassac and
Mekong) have much higher conveying capacity compared to canals, thus water will mostly
flow towards the Vietnamese East Sea, and this lead to the increase of water levels in the
middle delta and the neighboring basin (Figure 4.7c, 4.7f and 4.7i). Additionally, the “M”
shaped semi-diurnal tide of the Vietnamese East Sea enables easier water discharge to the
east rather than to the west because of the diurnal tide of the Vietnamese West Sea (Van et
al., 2012). This process will require downstream provinces to build their own flood
prevention systems, which may then trigger another flood propagation process. This study
confirmed the finding in Triet et al. (2017) that the construction of dykes increased shift
water levels downstream, but we also found that there was the increase of local water levels.
This may be a result of the reduction in water transfer capacity of the floodplains. The
designation of freshwater conservation areas, which can be managed for multiple purposes,
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should be considered in the floodplains in order to prevent some of the water management
issues expected to occur once all the factors of change begin to affect the VMD.
The widening of canals in the upper VMD illustrated in the WIDR scenario was considered
as an approach to reduce the stress of water infrastructure development during the wet
season. This may increase the availability of water in the dry season for irrigation, but the
effect during the wet season would be only minor. The transfer capacity of canals, even when
widened, is limited compared to the two main rivers which overflow in the wet season and
thus widening of the canals may not result in a significant advantage. Furthermore, if water is
transferred uncontrolledly to other regions, it may stimulate flooding problems in those
regions. The changing in water balance among river basins requires a comprehensive interbasin investigation study.
The middle delta in Vietnam is a transitional region where water levels will increase by the
influence from upstream systems and downstream sea level rise. The influence of sea level
rise on water levels is higher than that caused by upstream infrastructure development by
either dams or localized water infrastructure. The reason for this is that the middle delta has a
dense canal system which drains water easily, but this canal system also makes sea water
easy to penetrate into the delta, and a sea level rise of 38 cm will impact 93% of the region. In
the tidal region or the coastal part of the VMD, sea level rise will be the only driver of
hydrological alterations.
Land subsidence at the rate up to 4 cm/year (Erban et al., 2014) causes significant increases
in flood depths, but this phenomenon does not change baseline water levels. Land subsidence
theoretically increases water retention capacity in various parts of the delta; however, because
subsiding lands mostly occur in the tidal regions, land subsidence-induced water storage has
little impact on water levels.
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In addition to changes in water levels in terms of quantity and timing due to impacts of water
infrastructure development, it is also important to consider the issue of water quality and
fluvial geomorphology (Kondolf et al., 2014; Chapman & Darby, 2016). Flooding in the wet
season brings with its nutrients attached in alluvium-laden water (Kakonen, 2008). Dams, for
example, would lessen sediment movement downstream (about 55–100% of the 160–200 x
106 ton/year; Pearse-Smith, 2012; Kondolf et al., 2014); this could lead to a reduction of the
sediment-bound nutrients delivered from the Mekong in the floodplains. Whether high dykes
would offer poor farmers a significant improvement in livelihoods (Howie, 2011; Hoanh et
al., 2014) or would only create short-term and negligible benefits (Chapman & Darby, 2016),
it is clear that high dykes would change the availability of nutrients in protected areas. The
effort to control water would result in increases in agrochemicals usage and may harm poor
farmers who cannot afford them (fertilizers and flood prevention systems; Kakonen, 2008).
Further interdisciplinary research is needed to address the complex relationships between
water infrastructure development and social, economic, and environmental issues.

4.5

Conclusions

In this chapter, it was demonstrated that the impacts of water infrastructure, sea level rise and
land subsidence on water levels in the Mekong floodplain vary depending on the hydrological
characteristics of each region. Thus, well planned, comprehensive water management
strategies will be needed in each region.
In the Cambodian lowlands, which are mostly a river-dominated region, any alterations in
hydrological regimes caused by the development of hydropower dams would have a direct
effect on water levels. Hydropower reservoirs, which may impact on seasonal water levels,
fluctuations and water levels‟ rising and falling rates, would need to be operated under
regimes to minimize the impact on the region.
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In the upper Vietnamese delta, the impact of delta-based water infrastructure on hydrological
regimes is more significant than other factors in the wet season, but sea level rise will be the
main driver in the dry season. In the wet season, dykes may not only affect water storage
capacity but also water transfer capacity of the floodplains while efforts to widen the current
canal systems to mitigate the impact of dykes would have limited effect in relieving impacts.
Water storage areas should be maintained to reduce possible impact of localized water
infrastructure development.
Finally, land subsidence and sea level rise will have the greatest effect on both the middle
delta and coastal areas of the VMD, and the vulnerability of flooding in the delta would
increase in the coming years. A combination of strategies, such as sea-dyke establishment,
reductions in groundwater pumping and mangrove forests restoration, should be considered
to alleviate water management issues in this large and important region.
In Chapter 3 and Chapter 4, the impact of water infrastructure development on hydrology in
the Mekong floodplains was assessed by measured data analysis and numerical modelling
methods. In Chapter 5 and 6, the impact of water infrastructure development, land subsidence
and sea level rise on sedimentation in the Mekong floodplains will be further evaluated via
remote sensing data analysis and 2D hydrodynamic modelling.
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CHAPTER 5. QUANTIFYING SEDIMENT DYNAMICS IN THE
MEKONG FLOODPLAINS AND DELTA USING REMOTE
SENSING DATA

5.1

Introduction

Understanding the dynamics of sediment in the region, especially under current water
infrastructure development, is important because sediment is necessary for ecological and
agricultural productivity in the floodplains (Nguyen et al., 2013). Among the Mekong
floodplain regions, the Tonle Sap Floodplain is considered as one of the most biologically
important regions in South East Asia (Arias et al., 2014a); the Vietnam Mekong Delta plays
an important role in Vietnam‟s economy, providing around 50% of rice production in this
country annually (GSO, 2013); and the Cambodian Lowland is the most agriculturally
productive land in Cambodia (Lu et al., 2014a). Rich sediment flows from the Mekong
contributes significantly to the productivity of the regions so any modifications caused by
human activities may cause unexpected problems.
This chapter aims to study sediment dynamics in the Mekong floodplains by employing
remote sensing images based on the relationship between image reflectance and measured
Suspended Sediment Concentration (SSC) monitoring data. The sediment dynamics at
Chaktomuk, the confluence between the Mekong and Bassac rivers, is investigated as well as
the influence of flood prevention systems on sediment distribution in the upper part of the
VMD. The use of spatially interpolated sediment rating curves between in situ monitoring
points is explored as a method to improve sediment estimates within the floodplains.
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5.2

Materials and methodology

5.2.1 Materials
Suspended sediment data: SSC data at Kratie, Koh Norea, Tan Chau and Chau Doc (locations
shown in Figure 5.1) were measured by MRC and the Departments of Water Resources of
Vietnam and Cambodia as described in Koehnken (2012, 2014). Daily measurements were
collected at Tan Chau and Chau Doc from 01/07/2009 to 30/06/2013 and corresponding
satellite imagery was readily available for the period. At Koh Norea and Kratie, sediment
measurements were collected from 05/06/2011 to 24/07/2013. The depth-integrated SSC
sampling was implemented at the sites, but the homogenous grain sizes of sediment particles
at the measuring stations allows the application of remote sensing in estimating SSC from
surface water reflectance.
It was difficult to obtain dates which had both satellite images and measured SSC at these
two stations. This was primarily because of cloud coverage and low temporal resolutions of
both Landsat images (16 days) and gauged SSC (15 days). Thus, SSC series were regressed
from discharge (Q) for the two stations using the same procedure as in Lu et al. (2014)
(Figure A.2 in Appendix). Power and exponential regressions between water discharge and
SSC were used to obtain sediment rating curves at Kratie and Koh Norea, respectively. These
regression curves are the most optimal curve for each station to obtain the maximum R2
(0.8424 and 0.5821), significance (p<0.01) and minimum standard error of the estimate (58
mg/L and 91 mg/L; Figure A.3 in Appendix). Indeed, the high uncertainty caused by using the
regression curves as a surrogate to build the relationship between SSC and water reflectance
in these two stations may transfer into the estimated SSC map.
Cs = aQb

(5.1)

Cs = aebQ

(5.2)
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Where: Cs denotes SSC (mg/L); Q is water discharge (m3/s); a and b are the sediment rating
coefficient and exponent.
Satellite images: 59 Landsat Thematic Mapper (TM) / Enhanced Thematic Mapper Plus
(ETM+) images, captured from 1996 to 2013 (Tables A.4. to A.7 in Appendix), were used for
this study. The images were downloaded from the USGS Global Visualization View gateway
(GLOVIS). A maximum 30% of cloud coverage was considered as a threshold for selection
of the imagery. Cloud and cloud shadow, which might bias subsequent data analysis, were
masked in the Landsat images as in Zhu & Woodcock (2012). Due to the failure of the Scan
Line Corrector in Landsat 7 ETM+ since 2003, there were missing pixels in images captured
by this satellite (Chander et al., 2009). Missing pixels within those images were not used in
the analysis and were treated as NoData. Any spatial interpolation effort to fill these gaps
would lead to potential errors and high uncertainty in results.

Figure 5.1. The Mekong floodplains, gauging stations, and hydropower dams. 27
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5.2.2 Methodology
In order to develop SSC maps from remote sensing images, four steps were implemented.
Firstly, the downloaded images were projected to the Universal Transverse Mercator
coordinate system (UTM 48N) and they were then corrected for atmospheric distortions by:
(1) – converting Digital Numbers (DNs) to radiance using the bias and gain values, (2) –
converting the radiance to Top of Atmospheric (ToA) reflectance using the following
equation (NASA, 2007):
(5.3)
Where:

is unitless planetary reflectance;

is spectral radiance at the sensor

(W/m2/ster/µm); d is Earth-Sun distance in astronomical units (AU);
exoatmospheric irradiances (W/m2/μm);

is mean solar

is solar zenith angle; i is the band number. ToA

reflectance was then converted to water reflectance without in situ atmospheric measurement
by the method proposed by Wang et al. (2009, 2010): (1) correct for Rayleigh scattering
(molecules absorption) to obtain the corrected reflectance (

and (2) subtract

of the

bands 1 – 5 by the band 7 (SWIR 2.09 – 2.35 µm). Each Landsat image contains an
approximate 7900 rows x 6900 columns matrix with 30 x 30 m cell-size; thus, in order to
cover the whole study area five different georeferenced corrected Landsat images were joined
to produce a single complex seamless image to cover the spatial extent of the floodplains.
The single joined image was then analyzed further in the next steps. Due to the obit of
Landsat TM/ETM+, images in the same column are in the same day, and the images in the
different column were obtained 1 – 2 weeks later. I did not blend color to create a color
balanced mosaic image as it may modify predicted SSC values later.
In the second step, the approach developed by Sakamoto et al. (2006, 2007) was used to
identify the presence of open water pixels to define flooding extent. Pixels were considered
as water points if they satisfy the following criteria:
{

{

(5.4)
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Where EVI is the Enhanced Vegetation Index and EVI = 2.5 x (NIR - RED) / (NIR + 6RED7.5 x BLUE+1); LSWI is the Land Surface Water Index (LSWI) and LSWI = (NIR – SWIR)
/ (NIR + SWIR); DVEL = EVI – LSWI.
Subsequently, all the downloaded satellite images used in this study were converted to binary
inundation maps in which the value „1‟ is used for inundation and „0‟ for not. The binary
inundation maps were then used as masks to generate inundation maps containing reflectance
values from the corrected Landsat images.
In the third step, reflectance values at the location of the gauged stations were taken from the
satellite imagery. All gauging stations were located in river segments where the river widths
were wider than one kilometer so the comparisons between pixel values and measured SSC
were done without impact from river bank pixels. A Principal Component Analysis (PCA),
which employs an orthogonal transformation to transform a series of possibly correlated
variables (reflectance values of different bands) into linearly uncorrelated values (scores of
principal components, PCs), was applied. The relationship between the scores of each
principal component and the measured values of sediment concentration was derived.
Finally, as there were different sediment rating curves corresponding to the four gauging
stations, a spatial interpolation method was employed to distribute the impact of each curve
on each particular point in the study area. The Inverse Distance Weighting (IDW) method, a
type of deterministic method for multivariate interpolation with a known scattered set of
points, was a suitable interpolation method for this study because it considers the distance
from sampling points (scores of PCAs at the stations) to unsampled points and it does not
require much computational capacity. IDW was applied in this study based on Shepard’s
(1968) formula:
∑

{

∑

(5.5)

(5.6)
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Where x denotes an interpolated point (arbitrary); xi is an interpolating point (known); d is
the distance from the known point xi to unknown point x – in this study xi is the distance
from the unknown point to one of the stations; ui is the SSC values based on Landsat images
and the sediment rating curve of the station where d(x, xi) is defined; N = 4 is the total
number of known points used in interpolation; wi is the pixel value of the sediment variation
maps (for each sediment rating curve) corresponding to the gauging station and p is a positive
real number, called the power parameter. The value of p = 2 was chosen as it gave an
accurate interpolation (Li & Heap, 2002).
Sediment variation maps were generated for different months in the Mekong floodplains to
analyze temporal sediment dynamics in the floodplains. The whole process is schematically
illustrated in Figure 5.2.

Figure 5.2. Suspended sediment concentration estimation algorithm for this study. 28
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In the Mekong floodplains, a detailed analysis of fields in the Tam Nong district (the Plain of
Reeds) was done to study the movement of suspended sediment into fields protected by
dykes. The 459 km2 district, which consists of paddy fields and residential areas completely
protected by both low and high dykes, was also the study area in Nguyen et al. (2011),
allowing for the comparison of SSC values gauged by the authors and estimated values in
this study.
In the upper part of the Vietnam Mekong Delta, there was no problem of tree canopy
coverage because rice fields were the dominant type of land use (Sakamoto et al., 2006; GSO,
2013) and rice plants cannot live under submerged conditions for a long time. During the rice
growing cycle, water is mostly used at the beginning of the vegetative and reproductive
stages (mid-season), and water is maintained at low depth (20 to 50 cm) or pumped out
during the late vegetative and ripening stage (FAO, 1989). Thus, in the beginning of the
vegetative stage, there might be a mosaic of water and rice growth, but this is a short period
(20 - 45 days, approximately) so this phenomenon was ignored.

5.3

Results

5.3.1 Relationships between measured SSC and Landsat TM/ETM+ bands
In the PCA of Landsat TM/ETM+ bands, PC1 and PC2 contribute 91%, 93%, 91% and 86%
of the total variance at Tan Chau, Chau Doc, Khoh Norea and Kratie respectively (Table A.7
in Appendix).
There were statistically strong and significant relations (p < 0.001) in the form of exponential
regression between measured SSC and the scores of the first principal component (PC1) at
the stations in the Mekong floodplains. Figure 5.3 illustrates the relationship between
sediment concentration and the scores of the PC1 at the Tan Chau, Chau Doc, Khoh Norea
and Kratie stations (with Pearson coefficient (r) of 0.94, 0.81, 0.90 and 0.84, respectively). As
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expected, water reflectance increases with an increase of SSC. At the Tan Chau, Chau Doc,
Khoh Norea and Kratie stations, the coefficients of determination (R2) of the regression
curves were 0.9193, 0.8606, 0.7261 and 0.6579, respectively, and the standard errors ranged
from 25 to 65 mg/L.
Although SSC data and satellite images were captured in the same period, the exact dates
were different at Kratie and Koh Norea. As a result, SSC values, which were estimated from
discharge, were employed to develop the relationship between SSC and reflectance for those
two sites. The obtained correlations between SSC and reflectance were y = 58.099e-0.2625x (R2
= 0.7261; p < 0.001) at Khoh Norea and y = 40.368e0.2614x (R2 = 0.6579; p < 0.001) at Kratie.
The coefficient of determination (R2) at Koh Norea and Kratie, which were lower than those
at Tan Chau and Chau Doc stations, might be a direct result of the correlation between
discharge and SSC (Figure A.3).

Figure 5.3. Relationship between SCC and Landsat TM/ETM+ bands at Tan Chau (a), Chau
Doc (b), Khoh Norea (c) and Kratie (d) stations. 29
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5.3.2 Sediment dynamics in the Mekong floodplains
Spatial sediment variation in the Mekong floodplains
High correlation between measured SSC and reflectance captured by the satellite allows us to
discern spatial variations of SSC for the Mekong floodplains (Figure 5.4, representing the
end of the wet season in 2007). Canal systems were not shown clearly in the image because
of the floodplain inundation and spatial resolution (30 m) of the satellite, except for the main
stem of the Mekong and large canals linked directly to the Mekong.

Figure 5.4. Sediment spatial distribution in the Mekong floodplains in December 2007 and
sub-regions: (A) – Chaktomuk linkage and (B) – Vam Nao. 30
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High SSC areas (exceeding 200 mg/L) were observed in the Mekong River, the Bassac River,
the Cambodian Lowlands, the riparian zones along these two rivers in the Vietnamese delta,
and the region near the border between Vietnam and Cambodia (Figure 5.4). Sediment
concentration at the Long Xuyen Quadrangle in the right (west) bank was lower than that at
the Plain of Reeds in the left (east) bank (Figure 5.4), thus implying higher fertilization by
sediment in the less developed bank of the Mekong in this region of the floodplain.
Extremely high SSC regions (> 400 mg/L) were detected in the Cambodian lowlands and the
Plain of Reeds (POR).
Temporal sediment variation in the Mekong floodplains
The Chaktomuk conjunction (Figure 5.4 Location A) and the Vam Nao regions (Figure 5.4
Location B) were studied in greater detail for temporal variations. The Chaktomuk is the
conjunction that distributes sediment into the Mekong, Bassac, and Tonle Sap Rivers, the first
two ultimately flowing into the Mekong Delta. The Vam Nao region, between the Mekong
and Bassac Rivers, has recently been protected by water infrastructure development for rice
cultivation, and provides a useful example of the effect of water infrastructure development
on sediment variation in the delta.
a.

Chaktomuk conjunction

At Chaktomuk, sediment flux changes in relation to the hydrological regimes of the Mekong
mainstream and the Tonle Sap River. From hourly mean discharge from 1996 to 2003, I
calculated that the total volume of water flows via Tan Chau was 3.7 times greater than
through Chau Doc, and the mean of SSC at Tan Chau was 1.5 times greater than that at Chau
Doc. In the dry season, SSC from the upstream Mekong, Tonle Sap Lake, and SSC of the
Bassac were similar to the Tonle Sap River (Figure 5.5). In the beginning of the wet season,
the reversal effect occurs when sediment-laden flows from the Mekong flows into the Tonle
Sap (Arias et al., 2014a). High SSC loads are also transported into the Mekong and the
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Bassac via the Chaktomuk linkage. SSC values in the Mekong reached around 250 mg/l on
average (Figure 5.6). At the end of the wet season, the flow from the Tonle Sap reverses
again. The Tonle Sap Lake, which stores water from the wet season, starts to discharge back
to the Mekong. It is important to notice that the low sediment flow from the Tonle Sap does
not mix substantially with the high SSC flow of the Mekong River at the Chaktomuk
conjunction. This process is illustrated in Figures 5.5 & 5.6.

Figure 5.5. Sediment flows at Chaktomuk at different times of year: dry season (left), wet
season (middle) and transition from wet season to dry season (right). Arrows indicate the
direction of flow. See frame A in Fig. 5.4 for regional location. 31

Figure 5.6. Seasonal variation of estimated SSC in the Tonle Sap, the Mekong and the Bassac
Rivers in the dry season (top), the rising stage of the wet season (bottom left) and the falling
stage of the wet season (bottom right). Error bars show maximum and minimum monthly
values, boxes show 25-75% range, and the horizontal line in the box is the mean. 32
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b.

Vam Nao region and the impact of full dykes on sedimentation in the floodplains

The Van Nao region (Figure 5.4 location B; Figure 5.7) lies between the Mekong and the
Bassac River south of the Chaktomuk conjunction. Before 2007, the whole region flooded
every year, but the development of flood prevention systems, including high dykes, started in
2007 and by 2009 flooding ceased completely (Chapter 3). The imagery shows the exclusion
of sediment from the protected region and changes to adjacent regions.

Figure 5.7. Temporal variation of sediment at the Vam Nao at different times: wet season
before (2007) and after (2009) water infrastructure development. White stripes in the images
caused by the partial failure of Landsat 7. 33
The impact of semi-dykes on sedimentation in the floodplains
The change in estimated and measured sediment values in the river and in fields in the
riverine region of the Plain of Reeds is illustrated in Figure 5.8. At the beginning of the wet
season, SSC values in the main rivers were high at 170 – 200 mg/L. From 18 August 2009 to
19 September 2009, when water levels fluctuated were 2.28 – 3.0 m and discharges were
17,400 – 19,600 m3/s, the river started overbanking and fields in the Vietnam Mekong Delta
were flooded. Flooding in other parts of the floodplains had occurred earlier but the fields in
low dykes in the study area were not flooded yet until this time. However, estimated SSC in
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the fields had not increased yet, but remained at around 58 mg/L compared to 170 mg/L in the
river. On 13 September 2009, estimated SSC in the fields, which was about 214 mg/L, was a
little lower than that in the river at 255 mg/L. It was important to know that this was the peak
time of the flood season in the year 2009. Finally, between 30 November and 8 December,
flooding ended in the fields.

Figure 5.8. Sediment estimation from satellite images at different locations in the Vietnam
Mekong Delta. Tan Chau is the station directly upstream of the POR. 34

5.4

Discussion

5.4.1 The application of remote sensing in estimating SSC
Regression curves in the natural exponential form appeared to represent the best correlations
between satellite reflectance and measured sediment for the sites studied. The physical
explanation for this relationship is that as the amount of particles increase, the path of
scattering increases; hence, more radiation is absorbed in water and particles. It has been long
known that the counteraction between increased scattering due to increased particles and the
increases in path length results in nonlinear regression curves (Mertes et al., 1993).
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In this study, there was a high correlation between the measured SSC values and the 1 st
principal component of the PCA. This high correlation could be attributed to particles‟
characteristics of the region and SSC measurement method. The 1st principal component was
derived from water reflectance from band 1 to band 4 (NIR) and the values for each band
were similar (Appendix info Table S.6). This result does not negate the previous studies
(Richie et al., 1992; Baban, 1995; Wang et al., 2010, 2011; Fleiflea, 2013) where a single
band was used, but confirms that the PCA carried out in this study captures the variance
among all bands to find optimized more robust relationship between measured SSC and
Landsat band values. The framework provided in this study may also be used for newer
satellites such as Sentinel 2 (13 bands) or Landsat 8 (9 bands).
5.4.2 Spatial sediment variation in the Mekong floodplains
Based on the spatial sediment variation maps of the floodplains, it was observed that the main
source of sediment in the delta is from the two rivers and overbank flows from the border
between Vietnam and Cambodia. This observation is in agreement with hydrodynamic
modeling results presented by Nguyen et al. (2014), for which the sediment maps created
were solely based on limited availability of measured data. The remote sensing method for
estimating SSC presented here, however, allows for better understanding of spatial
differences in SSC.
At the end of the flood season, the high sediment zones observed via satellite images were
muddy lands (for example, parts of the Cambodian Lowlands near the border of Vietnam). It
is likely that at the end of the wet season, regions which were flooded during the wet season
became high moisture soils. The water mask method was not able to remove these areas from
the analyses. High to very high sediment concentrations (above 400 mg/L) were also
observed in riparian zones and some areas in the POR; these may be caused by reflectance of
soil due to shallow water conditions.
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Runoff flow from these regions probably increase sediment yields into the delta at the end of
the wet season. Some abnormally high sediment concentration points were also observed in
the floodplains, especially the Plain of Reeds, but these could be errors in satellite
interpretation caused by the impact of the soil as water depths were shallow in floodplain
fields or wetlands.
5.4.3 Temporal sediment variation in the Mekong floodplains
Remotely-sensed images showed that the proportional distribution of sediment into the
different branches at the Chaktomuk varies seasonally. During the dry season, flows from the
Tonle Sap Lake drain preferentially into the Bassac River at the Chaktomuk conjunction.
Since the Tonle Sap flows have lower SSC than the upstream Mekong River, SSC in the
Bassac is lower than that in the Mekong River downstream. In the rising and the high stages
of the flood season, sediment-rich waters flows from the Mekong to both the Tonle Sap Lake
and the Vietnam Mekong Delta (Lu et al., 2014); however, the estimated sediment
concentrations in the four branches at Chaktomuk are similar. In the falling stage, when the
Tonle Sap reverses back to the Mekong, the high SSC flow of the Mekong follows the high
velocity of the main stream toward the left bank (east) and the flow from the Tonle River
divides into two directions: to the Mekong and to the Bassac. As a result, the amount of
sediment concentration in the Bassac River is similar to the Tonle Sap River again at this
stage. Low sediment flows from the lake may dilute the higher sediment flow from the
Mekong, thus SSC in the Mekong reduces downstream of Chaktomuk.
The Mekong and Bassac Rivers are connected to each other by several rivers and canals in
the Vietnam Mekong Delta. One of the most important link rivers is the Vam Nao River
which transfers water and sediment from the Mekong to the Bassac to balance the amount of
water and sediment in these two rivers (Vo et al., 2012; Nguyen et al., 2014). Tan Chau and
Chau Doc are the two hydrologic stations upstream of the Vam Nao River in the Mekong and
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Bassac Rivers respectively; thus, data analysis of sediment concentration at these two stations
is important to understand the role of each river in sediment transport. During the dry season,
SSC at Tan Chau was lower than that at Chau Doc (Figure 5.9). This may be a result of the
complicated hydraulic processes at Chaktomuk as aforementioned. During the wet season,
Tan Chau had significantly higher SSC values than Chau Doc (Figure 5.9). The differences
between the mean SSC values in the wet season may be caused by the geologic differences
between the Bassac and the Mekong River from the Chaktomuk to Tan Chau and Chau Doc.
However, there is no difference obtained during the wet season between the Bassac and the
Mekong at Chaktomuk and the distribution in grain sizes at these stations are quite similar
(Koehnken, 2012). This hydrologic peculiarity may also be a result of the inequality in flow
velocity of the Mekong and the Bassac at the Chaktomuk bifurcation, which cannot be
detected by satellite images.

Figure 5.9. Mean and range (error bars) of measured sediment values during the measured
period (July 2009 – June 2013) at the Tan Chau and Chau Doc stations in the Vietnam
Mekong Delta based on Koehken (2012). 35
5.5.4 The effect of dykes on sedimentation
In the Vietnam Mekong Delta, the flow protection benefits of low and high dykes were
clearly observed through satellite image interpretation as also discussed in Chapter 3;
however, Chapter 3 pose different and unexamined effects on sediment deposition.
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The construction of high dykes is helpful for the expansion and intensification of rice fields
but it is important to notice that floods during this time also bring a great amount of alluvium
to fertilize fields in the delta. This is caused by the intensive soil erosion in the wet season in
the upstream regions of the floodplains (Fleiflea, 2013). Thus, the construction of high dykes
in these regions can significantly reduce the amount of sediment moving into fields.
Low dykes prevent some sediment access to fields, however, sediment can still move into
fields via two ways: (1) fine particles entering the field by overbanked flows and (2) coarser
particles entering via sluice gates or pumping activities (Nguyen et al., 2013). Thus, the
change in sediment concentration in fields protected by low dykes correlates strongly with
sediment concentration change in rivers, especially in the high and falling stages of the flood
season.
Sediment deposition in the delta is temporally related to the hydrological regime of the delta.
Channel and overland flow velocities at the beginning of the flood season are low because of
the low hydraulic head of flood flows from the Cambodian lowlands (Nguyen et al., 2014)
and consequently sediment deposition is induced and observed SSC is low. Subsequently, in
late September and October when the delta is in the peak of the flood season, observed SSC
in fields is quite similar to that in the river. These observations are similar to Nguyen et al.
(2013) in which the authors, via a sediment trap analysis, argued that sediment deposition in
the Mekong floodplains was occurring in August, November and December, depending on
the equilibrium between deposition and erosion rates. Although deposition dominates over
erosion in floodplains, estimated SSC always remains at a background level because of fine
particles that remain in suspension. Deposition rates from September to November slow
down in November when the flood begins to recede. At the end of the flood season, when the
Tonle Sap reverses back to the delta, low sediment flows from the lake dilute the Mekong
flows so SSC in the main river downstream of Chaktomuk reduces. Given the low temporal
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resolution of Landsat (16 days), it was difficult to capture exactly which dates the deposition
processes began and ended. Composite satellite images or other high frequency satellite
imagery could be employed to better understand this process in the Vietnam Mekong Delta.
The construction of extensive dyke systems can reduce sediment supplies to fields, which can
result in the reduction of agricultural production and exacerbate deltaic sinking. To
compensate for the loss of natural nutrients bound to sediments, farmers have to fertilize their
crops to ensure agricultural productivity (FAO, 1996; Takehiro, 2011). The use of artificial
chemicals may lead to both pollution of neighboring water environments (MRC, 2010) and
the increase of crop expenditures (FAO, 1996). In the Mekong floodplains, sea level rise due
to climate changes and land subsidence have been reported. With the increase of water levels
and sediment starvation, the sinking of the delta will continue (Le et al., 2007; Nguyen et al.,
2014; Schmidtt et al., 2017). The coordinated implementation of operational rules for sluice
gates and pumping stations to manage sediment distribution throughout the delta over time
and space is a necessary step to change the current trend.

5.5

Uncertainties

A number of uncertainties were encountered in this study. Firstly, although soils were
removed from the sediment variation maps developed, the effect of submerged soils,
especially, in shallow water regions, may lead to overestimations in SSC at specific times.
However, in the flood season, SSC was undoubtly high due to particles in the water column,
thus the influence of submerged soil on reflectance was reduced. Secondly, the time series of
SSC at Kratie and Koh Norea were derived from discharge so there were higher uncertainties
at these stations than at Tan Chau and Chau Doc stations. Nevertheless, the high coefficient
of determination between estimated SSC by discharge and reflectance at the two stations still
allowed for satisfactory derivation of SSC from satellite images. Finally, the uncertainty in
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the in-situ measurement process will undoubtedly transfer to the uncertainty in the SSC
estimation process using imagery.

5.6

Conclusion

Significant correlations between the reflectance derived from remote sensory images and
measured SSC shows the feasibility of satellite images in sediment monitoring, but ground
monitoring is still necessary to build sediment rating curves for various locations. The
application of the PCA of bands resulted in a more robust relationship between SSC and
satellite reflectance. The Inverse Distance Weighting method was successfully employed to
distribute the influence of each rating curve to every ungauged point in the study area. The
application of remote sensing in this study ranged from river sediment changes in the
Chaktomuk linkage to sediment alterations in the delta, caused by water infrastructure
construction. Further studies, however, are necessary to assess the impact of the distances
between the stations and the effect of rating curve development on interpolation accuracy and
uncertainties.
The complex hydraulics observed at Chaktomuk was deemed responsible for sediment
distribution patterns in downstream. Further field investigation and sophisticated
hydrodynamic models are necessary to understand the impact of this linkage to sediment
dynamics in the Vietnam Mekong Delta.
Although unprecedented water infrastructure development in the delta for flood protection
reduced flooding areas, high dykes disconnect the protected areas with the rest of the
floodplains. Furthermore, water infrastructure development, which may contribute to
economic growth by the increase of agricultural production, may also prevent sediment
moving into protected fields. In the long term, this phenomenon is likely to translate into
agricultural problems due to the degradation of soils; consequently, farmers will have to
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employ more artificial chemicals which render environmental pollution. More studies on
operational optimization to maximize protection areas and the amount of sediment moving
into fields are needed to ensure the sustainable development of the region. Remote sensing
and measured data analysis can only describe what happened in the past; in order to
investigate the impact of future development, land subsidence and climatic change,
hydrodynamic modelling should be implemented.
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CHAPTER 6. THE FUTURE IMPACT OF HYDROPOWER DAMS,
DYKES, SEA LEVEL RISE AND LAND SUBSIDENCE ON
SEDIMENTATION IN THE MEKONG FLOODPLAINS AND
DELTA

6.1

Introduction

The influence of upstream hydropower dams, delta-based dykes, sea level rise and land
subsidence on hydrology in the Mekong floodplains and delta was quantified by
hydrodynamic modeling in Chapter 4. It was concluded that the impact of each factor would
be different, depending on the hydrological characteristics of each region in the Mekong
floodplains and delta.
Besides hydrological regimes, sedimentation modification caused by water infrastructure
development, land subsidence and sea level rise has also been a source of public concern.
Sediment starvation may cause changes in channel forms and the reduction in deltaic
sediment deposition. Secondly, lessen sediment supply may also stimulate the use of
chemical fertilizers, which may result in poor water quality endangering the natural
environment. Changes in sediment concentrations or size distributions could influence the
development of riverine ecology and benthic organisms. Other negative effects caused by
sediment modification were previously mentioned in Chapter 2.
In addition to using remote sensing to study the impact of dykes on sedimentation (Chapter
5), a numerical modeling approach was chosen to implement this task. Previously, a largescale quasi-2D hydrodynamic model was used by Nguyen et al. (2014) and Nguyen (2015) to
study sediment distribution alterations caused by dams and by climate change (sea level rise).
This quasi-2D model used nodes and link channels to simulate floodplains and required a
spatial interpolation method (Kriging or inverse distance weighting) to obtain sediment
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values in the floodplain. Interpolation, however, results in large uncertainties in the values of
sediment in the interpolated cells. An application of a fully 2D hydrodynamic model is
therefore necessary to improve simulations of sedimentation in the floodplains along with
simulations of future changes.
The main aim of this chapter is thus to assess the influence of the aforementioned factors on
sedimentation in the Mekong floodplains and delta. A 2D MIKE 21 hydrodynamic model
was developed and calibrated to simulate water flow and a sediment transport as a result of
possible future changes in the region.

6.2

Material and methodology

6.2.1 Materials
Water levels and discharge data: 1998 (the year of highest drought) and 2000 (the wettest
year), were the historical extreme events (MRC, 2011; Chapter 4) chosen to study
sedimentation processes in the region. The upstream boundaries were river discharges at
Kratie on the Mekong River, at Dau Tieng on the Saigon River and at Go Dau on the East
Vam Co River. Downstream water level boundaries were generated by interpolating the
measured coastal stations‟ water levels (locations in Figure 4.1, Chapter 4).
Suspended sediment concentration (SSC): SSC samples and flow rates at Kratie and Khoh
Norea were collected to build sediment rating curves. In this study, the regression curves as
described in Chapter 5 (Appendix A.3) were used to estimate SSC from discharge values.
(6.1)
(6.2)
in which,

and

is SSC (mg/L) at Kratie and Khoh Norea, respectively;

Qt is discharge (m3/s) at Kratie and Khoh Norea, respectively.
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The length of the SSC data series measured in the Vietnam Mekong Delta (VMD) was
limited (from 2009 to 2013 only, as described in Chapter 5). For years other than in this
period, the study used a regression equation that is based on the relationship between the data
series at Kratie and Tan Chau:
=
where

(6.3)

is the SSC (mg/L) at time t + 1 at Tan Chau,

is the SSC (mg/L) at time t at

Kratie. This same equation was also used by Nguyen et al. (2015).
6.2.2 Methodology
The Mekong floodplains and delta are not only impacted by upstream flows, but also by the
tidal regimes of the Vietnamese East Sea and the Gulf of Thailand; hence a hydrodynamic
model was configured to account for back-water effects. The 2D hydrodynamic MIKE 21
model developed by the Danish Hydraulic Institute (DHI), which was applied in similar
studies in Koiliaris River Basin (Greek) and Var River (France) (Morianou et al., 2016;
Zavattero et al., 2017), was used in this research. This model solves the shallow water
Navier-Stokes equations, including mass and momentum equations:
+

(6.4)

(

)+

(6.5)

(

)+

(6.6)

Where
u is the velocity in the x direction (m/s)
v is the velocity in the y direction (m/s)
h is the height deviation of the horizontal pressure surface:
H is the mean height of the horizontal pressure surface (m)
g is the gravity acceleration (m/s2)
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(m)

f is the Coriolis coefficient
b is the viscous drag coefficient
is the kinematic viscosity (m2/s).
In DHI MIKE 21, the above equations are solved using the finite volume method (FVM). The
study area consists of around 1.2 million meshes, takes into account the most important
processes such as river run-off, wind forces, bottom friction and Coriolis Effect due to the
Earth‟s rotation. As a result of enormous amount of meshes, a computer (Intel Core i7-6700
CPU 3.4 GHz 8 cores in parallelizasion mode and RAM 16 GB) took about 200 hours to run
one year scenario.
A very dense flexible triangular grid (250 x 250 m resolution) was generated to cover the
whole region of about 70,000 km2 from Kratie in Cambodia to the river estuaries in Vietnam.
This not only include the whole Mekong floodplains and delta, but also a major part of the
Saigon-Dongnai River Basin (Figure 6.1). The numerical model used the SRTM DEM for
topographic mesh generation. Cross sections of the main streams, which were collected from
different projects from the Institute for Water and Environment Research as mentioned in
Chapter 4, were used to support the SRTM DEM, and a refined grid (100 x 100 m) was
generated along the mainstream.
The initial values for the roughness coefficient (n) were derived from a land use/land cover
(LULC) map (Source: Southern Institute for Water Resources Planning, 2000). Initial water
depths at each cell in the 2D model were determined by using the quasi-2D model MIKE11
(see the model in Chapter 4), and the Kriging interpolation method was used to calculate the
value for each cell of the 2D model based on the quasi-2D model‟s nodes.
In the Mekong floodplains and delta, the reported sediment grain size d50 ranges from 2.5 to
3.9 µm (Wolanski et al., 1996), from 3 to 8 µm (MRC/DMS, 2010) and from 10 to 15 µm
(Nguyen et al., 2014b), which is within the fine-grained spectrum. To model the transport and
deposition processes of cohesive sediment, the mud transport (MT) module of MIKE21 was
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used. This model calculates sediment transport capacity and bed level changes from flow
currents. Van-Rijn equations were used for the MT model:
√

(6.7)

Ssl = f * ca * V * h
in which:

(6.8)

Sbl is the bed load (m2/s)
Ssl is the suspended load (m2/s)
T is the non-dimensional transport stage
D* is the non-dimensional particle parameter
s is the relative density of the sediment
ca is the volumetric bed concentration (m)
g is the correction factor for suspended load based on bed load
V is the velocity (m/s)

Figure 6.1. Flexible triangular meshes of the Mekong floodplains and delta. 36
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6.2.3 Model calibration and validation
The 2D hydrodynamic model was calibrated and validated with data from seven water level
stations (Kampong Cham, Koh Norea, Tan Chau, Can Tho, My Thuan, Vam Kenh and My
Thanh) and two SSC stations (Koh Norea and Tan Chau) along the main rivers (locations in
Figures 4.1 & 5.1). These datasets were used in a number of studies as mentioned in Chapters
4 and 5. The calibration and validation processes were implemented by changing the
Manning‟s n parameters of the hydrodynamic model. The values of the Manning‟s n were
changed for each category in the LULC map. The Nash-Sutcliffe coefficient E was used to
validate the model, as described in Chapter 4.
The model was calibrated on an hourly basis for the year 2000 and validated for the year
1998 and 1999 for the Vietnam Mekong Delta (VMD). As the year 2007 marked the
development of high dykes for flood prevention, the years from 1998 to 2000 can be used as
the baseline scenarios for model calibration and validation without the impact of dykes. The
Cambodian lowlands were classified as a river-dominated region (Chapter 4); thus, the use of
daily water levels to calibrate and validate the model was sufficient.
Inundation patterns derived from modeling were compared with a MODIS-based flooding
map. The image was downloaded at the peak time of the wet season in 2000 to generate a
maximum inundation map (29 September 2000), and Cohen‟s kappa coefficient was used to
assess the agreement between the two maps (MODIS-based and modeling-based maps), as in
Chapter 4. Although a cell in the hydrodynamic model was considered as a “flooded” cell if
its water depth was a positive number, a flooded “cell” in the flood map derived from the
modeling results had water depths of at least 10 cm.
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6.2.4 Hydrodynamic modeling scenarios
In order to understand the impact of dams, delta-based water infrastructure, sea level rise and
land subsidence on sedimentation in the floodplains, six scenarios were simulated with the
hydrological conditions of the wet and dry years, as summarized in Table 6.1 and described
in detail as follows. The sensitivity-based, scenario-neutral approach, described in Chapter 4,
was used in this chapter.
Table 6.1. Scenarios used to study the impact of different human-made and climatic factors
on sedimentation in the Mekong floodplains. 8
Scenario
1

Name
BL

Acronym
Baseline

2

HP

Hydropower development

3

WID

Delta-based infrastructure
development

5

SLR

Sea level rise

6

LS

Land subsidence

Description
Year 1998/2000 flows
Year 1998/2000 flows plus 126 hydropower dams –
maximize electricity generation. Two scenarios HP30 and
HP95 include 30% sediment trapped and 95% sediment
trapped (Kummu et al., 2010; Kondolf et al., 2013; Nguyen et
al. 2014) in reservoirs were considered.
Year 1998/2000 flows plus protected POR, MBR and LXQ maximize agricultural development as described in Deltares
(2013).
Year 1998/2000 flows plus sea level rise 17 cm and 38 cm
(the so-called SLR17 and SLR38 scenarios)
Year 1998/2000 flows plus land subsidence

BL scenario: the baseline scenario was based on the years 1998 and 2000 which were the
driest and wettest years in the corresponding decades in terms of water volume, as mentioned
in Chapter 4.
HP scenarios: upstream flows were modified to simulate full hydropower development (126
dams) as in Lauri et al. (2012) and Arias et al. (2014a), and downstream boundaries were
kept similar to the BL. Two scenarios were modeled in which sediment trapping efficiency
(TE) coefficients of dams were 30% and 95% respectively. These values were described in
Kummu et al. (2010), Kondolf et al. (2013) and Nguyen et al. (2014).
WID scenario: upstream and downstream conditions were maintained as in the BL scenario.
The upper part of the Vietnamese Mekong Delta (LXQ, POR and MBR) was protected by
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dykes for rice cultivation. In order to simulate this scenario, meshes of the model which
represented protected areas were removed.
SLR scenarios: upstream discharges were similar to the BL scenario, but downstream
discharges were increased by 17 and 38 cm corresponding to the projected sea level rise in
2050 (IPCC, 2014).
LS scenario: the land subsidence scenario was simulated by using the land subsidence map of
Erban et al. (2014). Topography (SRTM DEM) of the region was modified according to the
spatial variation of land subsidence rates up to the year 2050. Land subsidence rates were
considered as constant values and it was assumed that vertical subsidence was simulated.
Preliminary SSC data analysis for the measured period from 2009 to 2013 showed that total
SSC in the dry season (January to June) contributed to a very small proportion (around 3%)
of annual SSC. Additionally, due to the long dry season, flood events in the Mekong
floodplains and delta are independent; thus, only the wet seasons (from July to December) of
the two years were simulated. It is important to note that the quasi-2D is better at representing
waterways during the dry season. Spatial variation of SSC and the percentage of sediment
deposition were considered in the extent of this study.
As aforementioned in Chapter 4, due to the uncertainty in development scenarios and climatic
conditions, a combined scenario was not considered.

6.3

Results

6.3.1 Model calibration and validation
Similar to the results in Chapter 4, because of the minor tidal impact, the NASH values were
high at Kampong Cham and Phnom Penh (ranging from 0.8 to 0.9). In the Vietnam Mekong
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Delta (VMD), the values of NASH ranged from 0.7 to 0.85. Calibration results for some
stations are shown in Figure 6.2 and Figure A.4 in the Appendix.

Figure 6.2. Model calibration and validation results for water levels and SSC. 37
There is a high agreement between the inundation patterns derived from a MODIS image and
modeling result for September 29, 2000 (Figures 6.3a & 6.3b). The Cohen‟s Kappa (κ) was
0.70 in relation to the flooding boundary. As described in Chapter 4, in the lower VMD water
depths were low and the region was covered by different types of LULC so the observation
by the satellite became less accurate.

Figure 6.3. Inundation maps of the year 2000, (a) derived from MODIS, (b) numerical
simulation results, (c) areas of inundation similarity and (d) difference between MODIS and
modeling. 38
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Figure 6.4. Land use map of the Mekong floodplains and delta (Data source: MRC, 2003). 39

6.3.2 Suspended sediment Concentration (SSC) Dynamics in the Mekong floodplains
Sediment dynamics in the Mekong floodplains, which were observed by satellite images as
described in Chapter 5, were confirmed in this chapter to be complex. According to the BL
scenarios (1998 and 2000), rich sediment regions (SSC > 150 mg/L) in the floodplains
include the Cambodian lowlands, the Long Xuyen Quadrangle (LXQ), the Plain of Reeds
(POR), the region between the Mekong and Bassac Rivers (MBR) and the middle Vietnam
Mekong Delta. At the beginning of the wet season (rising phase), high SSC flows from the
Mekong River flowed into the Tonle Sap Lake and the Vietnam Mekong Delta via the
Cambodian lowland. Sediment tended to deposit at the mouth of the lake as the water
velocity became slower. The maximum values of SSC were about 200 mg/L at the
Cambodian lowlands and around 150 mg/L at the Vietnamese delta (Figure 6.4). During the
high phase of the flood season, SSC concentration in the Cambodian lowlands increased to
above 300 mg/L, and SSC in the VMD reached 240 mg/L (Figure 6.4). At the end of the wet
season (falling phase), water from the Tonle Sap started discharging back to the Mekong.
Due to this reversal effect, the concentration of suspended sediment in the Mekong River was
higher than that in the Bassac River (Figure 6.4). This confirmed what was observed by
Landsat TM/ETM+ and discussed in Chapter 5.
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6.3.3 Future impacts on sediment dynamics in the floodplains
The construction of hydropower dams would significantly reduce SSC throughout the
floodplains. Maximum sediment concentration in the Cambodian lowland reached 100 mg/L,
and the highest SSC at around 150 mg/L was observed at the boundary between the
transitional and coastal regions.
Dykes would alter sediment transport direction and deposition patterns, leading to significant
modification of SSC dynamics in the Mekong floodplains. High sediment fluxes would likely
flow to the neighboring areas which were the Vam Co and Saigon-Dongnai Rivers Basins.
Land subsidence may change the hydrological characteristics of the floodplains‟ regions, but
this phenomenon had very little impact on SSC dynamics in the Mekong floodplains, as
shown in Figure 6.5.
Although sea level rise would inundate a large proportion of the Vietnamese delta (Chapter
4), this phenomenon only influenced the SSC dynamics in the middle and coastal parts of the
VMD.
Maximum SSC values in the different stage of the wet season in the LS scenarios were
similar to the BL scenarios.
The total sediment load at Kratie in the years 1998 and 2000 were around 175 and 190
million tons per year. These numbers are quite similar to 185 and 201 miilion tons reported
by MRC (2009c). The differences may come from the sediment rating curves. The
construction of upstream dams would reduce sediment load by 30 to 96% (Kummu et al.,
2010; Kondolf et al., 2013) which means only 7 to 122.5 million tons of sediment went into
the Mekong floodplains in the simulation scenarios of the year 1998. In the year 2000, those
numbers were 7.6 to 133 million tons per year.
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Figure 6.5. Sediment dynamics in the Mekong floodplains according to the different scenarios. 40
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Sediment deposition was calculated from the annual gross sediment and the floodplains‟
areas. Accumulated sediment deposition in the Mekong floodplains may vary in space and
time. According to the BL scenarios, in the dry year (1998), about 21.5% of sediment
deposits in the Cambodian Lowland (CBL), and 10.6% of total amount of sediment settles in
the Tonle Sap floodplain. Around 9.2% deposits in the Vietnam Mekong Delta, including
4.1% at the Long Xuyen Quadrangle (LXQ), 3.8% at the Plains of Reeds (POR) and 1.3% in
the region between the Mekong and Bassac Rivers (MBR). In the wet year (2000),
approximately 22.6% and 12.2% of sediment settles in the TSF and CBL, respectively. In the
VMD, sediment would mostly deposit in the LXQ (3.9%) and then the POR (2.4%). About
40.4% of the total sediment would flow to the ocean.
Hydropower development would change hydrological regimes, especially the riverdominated regions, as well as the amount of sediment deposition. Depending on the level of
trapping efficiency, the impact of dams on sediment deposition in the floodplains may be
different. If dams kept about 30% of sediment, the amount of sediment deposition in the
whole floodplains would diminish by 40% to 50%. The amount of sediment deposition would
become insignificant (less than 1%) if the trapping efficiency of dams was 96%.
The construction of water infrastructure would prevent sediment deposition in those specific
areas within the Mekong Delta of Vietnam. Nevertheless, the total amount of sediment to the
ocean would not increase. As mentioned in Chapter 4, the construction of water infrastructure
would shift floods downstream. Instead of depositing in the upper Vietnam Mekong Delta,
sediment would settle in the middle Vietnamese delta. Additionally, a large proportion of
sediment would flow to neighboring basins (Figure 6.5).
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Figure 6.6. Sediment distribution in different regions in the Mekong floodplains in the dry
year (1998). 41
Sea level rise would result in less sediment deposition in the VMD. If sea level rises by 17
cm, an additional 7.4% and 6.9% of sediment would move to the ocean during the dry year
(1998) and the wet year (2000), respectively.
Land subsidence would not decrease the amount of sediment deposition in the upper
Vietnamese delta, but more sediment would be washed to the ocean.
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Figure 6.7. Sediment distribution in different regions in the Mekong floodplains in the wet
year (2000). 42

6.4

Discussion

In this Chapter, the impact of hydropower dams, dykes, sea level rise and land subsidence on
sedimentation in the Mekong floodplains and delta was examined.
In the baseline scenarios, around 7.1 to 9.2% of sediment load at Kratie was predicted to
settle at the upper Vietnam Mekong Delta in the dry and wet years respectively. The
cumulative sediment deposition mass in this case was higher than that in Nguyen et al. (2014)
which ranged from 1.0 to 6.0%. The difference may originate from the delta-based water
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infrastructure as Nguyen et al. (2014) modeled the Mekong floodplains for only the period
from 2009 to 2011. Additionally, Nguyen et al. (2014) detected a reduction in SSC along the
2nd level channels from the Mekong and Bassac Rivers (i.e. the Hong Ngu channel). SSC
values in this study, however, are quite homogenous over the floodplains. Nguyen et al.
(2014) modeled the sediment dynamics between channels because the dyke system in the
delta became more comprehensive in the year 2009 to 2011. The main source of SSC in
Nguyen et al. (2014) was, thus, from the two main rivers (Mekong and Bassac), while the
SSC source in the 2D modeling scenarios came from both the two main rivers and the
overflows from the border between Cambodia and Vietnam.
A decrease in sediment supply by 30% to 95% due to trapping efficiency of dams (e.g.
Kummu et al., 2010; Nguyen et al., 2015) could lead to a 40% to 99% reduction in sediment
deposition in the Mekong floodplains. These results are compatible to results reported by
Arias et al. (2014a) for the Tonle Sap Lake, where a simulated dam trapping coefficient of
50%, resulted in 23.1 ± 6.6% sedimentation reduction in the Lake. The amount of sediment
supplied to the sea would be reduced between 16.8 and 38.5% in the dry year and between
23.8 and 38% in the wet year. It could be seen that although dams would not change flooding
extent (Chapter 4), which may change spatial distribution of sediment, dams would reduce
sediment deposition by reducing the amount of sediment amount moving into the floodplains.
High dykes would offer farmers opportunities for rice cultivation during the flood season.
Nevertheless, flood defense systems also prevent sediment from moving into compartments.
As shown in Figure 6.4, the POR, LXQ and MBR in the upper VMD are the regions where
SSC values were high (above 150 mg/L in the wet season). With high dykes protecting these
areas, sediment would settle in the middle region of the delta (Figures 6.6 & 6.7) and the
neighboring basins (Figure 6.4). This is because dyke construction would shift floods
downstream (the shifting mechanism was described in Chapter 4); hence rice fields in the
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upper delta would receive less sediment and nutrients (accounting for 7.6% of sediment
deposition, as described in Nguyen et al. 2014). As a large percentage (60% to 70%) of the
region has been protected for rice cultivation (Chapter 3), plausible operating rules of sluices
and culverts under the dykes could be considered as a solution to replenish nutrient and to
minimize the impact of sediment starvation.
Land subsidence as described in Erban et al. (2012) has no effect on sedimentation in the
river floodplains, but this phenomenon would increase the amount of sediment moving
toward the ocean by 7%. This is because land subsidence would increase the tidal influence
on the middle delta (Chapter 4). As the hydrodynamic regime of the middle delta becomes
more dynamic, more sediment would be conveyed. As a result, less sediment would deposit
in the region, and sediment would be routed to the ocean.
Sea level rise would probably have no or very little impact on sediment deposition in the
TSF, CBL and POR (inland regions), but this phenomenon will reduce the amount of
sediment deposition in the LXQ and MBR. Sea level rise will also strengthen the tidal effect
on the Vietnamese delta in the same way as land subsidence (Chapter 4). Tidal dynamics may
increase the flow velocity and reduce the deposition rate in the middle region of the delta.
This was in contrast with what was predicted in Nguyen et al. (2015) as the authors stated
that sediment would increase by 2 to 6% in the VMD due to higher water levels. The reason
may originate from the quasi-2D model used by Nguyen et al. (2015) which only included
link channels for the coastal part and was only calibrated and validated for the upper Vietnam
Mekong Delta. Both modeling results from this study and Nguyen et al. (2015) showed that
the impact of sea level rise on sedimentation in the POR was limited.
It is important to realize that whether the change factor is dams or dyke development, land
subsidence or sea level rise, the overall amount of sediment deposition in the floodplains will
be reduced in the future. Sediment starvation in combination with sea level rise and land
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subsidence will cause increasing vulnerability for the livelihoods of local people and the loss
of this delta in the future.

6.5

Uncertainties

This study did not model erosion and remobilization effects. In order to incorporate these
processes into the model, further efforts are required to measure soil characteristics.
However, it would be unfeasible to conduct a field survey for the whole Mekong floodplains
and delta (70,000 km2) in only one project; thus, it is proposed that gradual efforts to gather
required data start soon. Additionally, in rivers, sediment exists in the form of suspended or
bedded sediment. The coarser and heavier particles, which move in river beds, were not
simulated in the extent of this paper. Finally, in the saline environment, such as estuaries and
coastal areas, suspended sediment particles that may be combined with salt particles may
have different deposition characteristics, and this phenomenon may influence the levels of
uncertainty in modeling the results.

6.6

Conclusion

In this chapter, it was shown that a 2D hydrodynamic model could be used to predict future
changes in water levels and sediment dynamics in large deltas if the model were well
calibrated.
Modeling results suggested that dams, delta-based dykes, sea level rise and land subsidence
have an impact on sedimentation in the floodplains associated with the regions‟ hydrological
characteristics. Among the floodplains‟ regions, the Cambodian lowlands, which were
classified as a river-dominated region in Chapter 4, were only influenced by the development
of upstream hydropower dams.
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The Vietnamese Mekong Delta will be affected negatively in the future by each and all of the
change factors, which will result in lower sediment deposition. Dyke operation strategies
should be considered to minimize the effects of flood prevention systems on the amount of
sediment moving into compartments. Measures such as stopping groundwater extraction, and
building sea dykes could be considered to eliminate the ongoing impact of land subsidence
and sea-level rise on the middle and coastal delta. It is also suggested that upstream
hydropower dams be designed or operated to reduce trapping efficiency and so increase
sediment fluxes downstream.
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, the impact of hydropower dams, delta-based dykes, climate change and land
subsidence on hydrological regimes and sedimentation in the Mekong floodplains and delta
was quantified by historical data analysis, remotely sensed image analysis, and numerical
modelling methods. This study contributes to advance general scientific understanding about
the mechanism of hydrological and sedimentation alterations caused by both water
infrastructure development and climatic change.

7.1

Conclusions

7.1.1 The impact of water infrastructure development, climate change and land
subsidence on regional hydrology and sedimentation


The development of hydropower dams is the main driver of hydrological alterations

in the river-dominated region of the floodplain
Hydropower dams impact river flows by attenuating the natural flood pulse. The current
development of dams in the Mekong basin has a limited influence on hydrology in the upper
part of the Mekong floodplains, and the impact diminishes throughout the floodplains
because of the flat topography, the regulation effect of the Tonle Sap Lake, and the tidal
effect. Future dam development will increase hydrological disturbance throughout the
Mekong floodplains, especially the river-dominated part of the floodplains, including the
Cambodian Lowland and the Tonle Sap floodplain. In the future, dam development will also
attenuate flood regimes in the upper Vietnam Mekong Delta in the flood season when the
influence of tide is weak.


The effect of dams on sedimentation in the floodplains will be far more significant

than other factors
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Projected dam development will cause a significant reduction in sediment deposition
throughout the floodplains by 40% to 99%, and the magnitude of impact depends on trapping
efficiency of reservoirs, among other factors. Sediment decrease will result in the losses of
nutrient-attached sediment, which then transfer to the reduction in agricultural production and
bio-diversity of the region


Local water infrastructure development not only reduces water storage capacity but

also water transfer capacity of the floodplains
Although large-scale irrigation and flood prevention systems promote short-term agricultural
productivity, they alter hydrology in the upper Vietnam Mekong Delta. Historical data
analysis for the period from 1995 to 2014 showed that dykes had modified water level
rise/fall rates and annual water levels in the Vietnamese delta. Remotely sensed image
analysis showed the flooding area of the floodplains has been reduced significantly since
2007. Through hydrodynamic modelling, it was demonstrated that although dykes worked
well in protecting some regions from flooding, dykes could exacerbate flooding in other
regions as they reduced local water storage capacity. The increase of water levels on rivers
and channels between the protected areas implies dykes also reduce water transfer capacity.


The construction of dykes in the transitional region, the upper Vietnam Mekong

Delta, reduces sediment deposition in paddy fields and shift sediment to downstream and
neighbouring regions
Aerial image analysis was used to demonstrate that dykes modified sedimentation processes
in fields. High dykes separate rivers from the floodplains during the wet season, and semidykes prevent flooding in paddy fields during the rising stage. Thus, dykes fully or partially
reduce the amount of sediment moving into fields. Instead of settling in the upper delta, more
water and sediment will be shifted to the middle delta and neighbouring floodplains due to
dyke construction.
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Sea level rise is the dominant factor of hydrological alterations in the coastal part

of the Vietnam Delta
As a result of global warming, projected sea levels may rise significantly by 17 to 38 cm in
the next fifty years, leading to increase flood risk in substantial areas in the Vietnamese delta,
especially the coastal part. 1D-hydrodynamic modelling showed that water levels and
flooding times would increase as a result of this global phenomenon.
2D-simulations confirmed what was found from the 1D-hydrodynamic modelling results in
terms of hydrology, and the increase of tidal dynamics due to sea level rise will wash more
sediment to the ocean. In other words, less sediment will settle in the middle and coastal part
of the delta.


Land subsidence will increase flood depths and durations significantly, but this

phenomenon will reduce sediment deposition because it increases tidal penetrations
Land subsidence, which is mostly caused by infrastructure construction and groundwater
extraction, would increase flood depth and flood duration in the future. Although subsidence
rates are high at cities like Can Tho, this phenomenon mostly occurs in the middle and
coastal parts of the delta so it does not influence much on water levels. Simulation results
also showed that land subsidence would increase tidal action to penetrate further inland,
which is similar like in the case of sea level rise. More sediment is predicted to be washed to
the ocean.
It is important to note that each factor alters hydrology and sedimentation differently in
different regions of the floodplains. Additionally, while the future development of dams and
dykes and land subsidence rates contain large uncertainties (which depend on future
development policies of local governments and electricity demand), sea level rise is a global
problem which is dependent on the level of greenhouse gas emission and international efforts.
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Therefore, the use of the scenario neutral approach provides more meaningful results than a
combined scenario.
7.1.2 Combined remote sensing bands can be used to estimate river sediment changes
from small river segments to large river deltas
Satellite imagery was useful to provide Suspended Sediment Concentration (SSC)
information in the Chaktomuk linkage, the Vam Nao region and the whole Mekong
floodplains. Principal Component Analysis was used to consider the variability and
correlation among the bands of Landsat, and the Inverse Distance Weighting Method was
employed to distribute the influence of different sediment rating curves to every ungauged
pixels. This can be used as a framework to further apply for other rivers as well as satellite
products. Measured SSC data, however, is still necessary to develop sediment rating curves.
Cloud coverage and the number of available images would be the main barriers to have
highly temporal data series based on this technique.

7.2

Recommendations for water resources management

7.2.1 Planning, operation and optimization of water infrastructure
A holistic master plan is necessary to identify different water demands and to integrate dykes
and dam‟s management approaches to optimize water uses. Since hydropower dams are being
built across the basin, strong emphasis should be placed on improving water efficiency in
energy production and optimizing reservoirs‟ operations for minimizing environmental
impacts on downstream regions.
In the floodplains, institutional capacity-building of water users‟ association and the
operation of sluice gates should be emphasised to lessen the impact of dykes on the
environment. Because dykes cut off the floodplains from the river for intensive agricultural
production, they cause severe environmental deterioration. As a solution, farmers could open
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sluice gates during some years. Although the periods of waterlogging will be shorter
compared to natural processes, this will result in some natural flooding levels to enhance
fertility of the floodplains.
In order to increase the income of local farmers, besides constructing dykes for rice intensity,
the government could also stimulate different models such as crop rotation or rice production
in combination with other wetland service (fish production).
7.2.2 Establishing future adaptation and mitigation programs
Local communities should be informed about the future challenges due to the potential
impacts of upstream water infrastructure and sea level rise. Local authorities should
coordinate with hydrological and environmental experts to detect promptly any changes and
propose appropriate solutions. Future studies on resilient methods or the combination of
different methods against sea level rise should be implemented associated with the upstream
flow changes and flood shifting due to the construction of dams and flood prevention
systems. This could include “hard” solutions such as the upgradation of existing water
infrastructure, the construction of new structures (sea walls and other defences) or mangrove
forests. “Soft” options, which include monitoring, planning restrictions, movable houses or
reclamation, could be also considered.

7.3

Recommendations for future studies

7.3.1 Minimizing trapping efficiency of dams and optimizing the amount of sediment
moving into fields
It is important to notice that the rate of sedimentation depends largely on the size of
reservoirs, mitigation methods and operation rules. Thus, the amount of sediment trapped
behind reservoirs could be very uncertain. Meanwhile, the amount of accumulated sediment
deposits inside compartments in the floodplains is governed by pumping activities, sluice
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gate operation rules and dyke types (high/low dykes). Both dykes and dams will result in less
nutrient-attached sediment in agricultural fields. Further studies to find a way to optimize the
amount of sediment moving into fields and to reduce trapping efficiency of dams are
necessary.
7.3.2 The impact of water infrastructure development on salinity intrusion
The modification in the amount of water discharge leads to the alteration of saltwater
intrusion patterns. Dams have a seasonal regulation effect so there is a need to implement
studies on saltwater intrusion. The construction of canal systems in the floodplains should be
carefully assessed as well because they provide conduits for saltwater to be carried out
inland. Consequently, more agricultural farms and coastal communities would experience
saltwater contamination. In the delta, as a result of upstream water impoundment, aquifers
may become saline, and this leads to the shortage of fresh groundwater. Additionally, sea
level rise and land subsidence likely push saline water further into the delta.
7.3.3 Sedimentology
In the extent of this study, a 2D hydrodynamic model was elaborated to study the impact of
water infrastructure development, land subsidence and sea level rise. The sediment input for
the model was built based on flow rates via sediment rating curves due to the lack of current
sediment data series. Thus, it is recommended a continuously monitoring suspended sediment
program should be implemented. Further studies on sediment transport in channels should be
undertaken to the study the impact of different factors on river geometry which has a direct
link to riverine communities and ecology.
7.3.4 Implications of hydrological regime alterations and sedimentation changes to food
web and agricultural productivity
Few scientific studies mentioned the link between sediment starvation and hydrological
alterations and agricultural productivity. The lack of sediment could lead to either poor
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fertility of soils or the increased use of artificial fertilizers, resulting in soil pollution and
other environmental issues. It is recommended that further studies consider the impact of
future hydrological and sedimentation alterations on agricultural production and food web.
7.3.4 Uncertainties related to hydrodyanmic modeling
It is important to notice that the modelling results from this study were obtained based on
some model assumptions. River cross sections and morphology were assumed to be constant
over time. The use of SRTM DEM to calculate storage capacity may lead to the
overestimation or underestimation of water storage capacity of floodplains. Furthermore, the
use of hydrological scenarios of Lauri et al. (2012) for dam development scenarios may also
contain uncertainties as Lauri et al. (2012) used linear programing for dam operations which
may be different from real case operation. In terms of 2D hydrodynamic modelling for
sedimentation, the increased floodplain and river bank erosion due to damming was largely
ignored in this study, especially the case study with the trapping efficiency TE = 96% as
described in Kondolf et al. (2014). Additionally, as using the sediment rating curve (discharge
versus SSC) at Kratie, sediment input may not be described realistically. Therefore, more
research to uncertainties of hydrodynamic modelling are needed in the future.
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Table A.1. Hydrological alteration of indicators for pre- and post- 1991 periods at Phnom Penh. No significant changes were observed between
the two periods according to the Kruskal-Wallis test (p>0.1). 9

IHA
Parameter
Group

Magnitude of
monthly
water
conditions

Magnitude
and duration
of annual
extreme
water
conditions

Indicators of hydrological
alteration

Mean

Pre-impact

Post-impact

(1960 - 1990)

(1991 - 2014)

CV

RVA
Boundaries a
Low

High

Mean (% diff.
from preimpact
period)

CV (% diff.
from preimpact
period)

Hydrological
alteration
factor b

Ecosystem influences (The Natural Conservancy, 2009)

January (m)

2.55

0.239

2.378

2.811

2.82 (+10)

0.244 (+2)

-0.178

Habitat availability for aquatic organisms

February (m)

1.61

0.233

1.503

1.832

1.79 (+11)

0.407 (+75)

-0.061

Soil moisture availability for plants

March (m)

1.17

0.149

1.066

1.189

1.21 (+3)

0.370 (+148)

-0.413

Availability of food/cover for fur-bearing mammals

April (m)

1.00

0.170

0.082

0.916

1.04 (+4)

0.426 (+150)

-0.354

Reliability of water supplies for terrestrial animals

May (m)

1.13

0.272

0.881

1.084

1.19 (+5)

0.989 (+263)

-0.296

Access by predators to nesting sites

June (m)

2.73

0.424

2.480

2.910

2.39 (-12)

0.719 (+69)

-0.785

July (m)

4.79

0.351

4.486

5.588

4.34 (-9)

0.443 (+26)

-0.413

Influences water temperature, oxygen levels, photosynthesis in water
column

August (m)

5.95

0.230

6.534

7.818

5.64 (-5)

0.183 (-20)

0.057

September (m)

6.26

0.088

8.176

8.632

5.62 (-10)

0.160 (+81)

-0.530

October (m)

6.22

0.127

7.845

8.439

6.26 (+1)

0.164 (+29)

-0.648

November (m)

5.73

0.130

5.845

6.419

5.63 (-2)

0.334 (+156)

-0.648

December (m)

4.10

0.210

3.727

4.394

3.98 (-3)

0.289 (+38)

0.174

Annual minima, 1-day means (m)

0.64

0.313

0.570

0.680

0.63 (-2)

0.500 (+60)

-0.404

Balance of competitive, ruderal and stress-tolerant organisms

Annual minima, 3-day means (m)

0.65

0.316

0.599

0.704

0.69 (+6)

0.477 (+51)

-0.413

Creation of sites for plants colonization

Annual minima, 7-day means (m)

0.71

0.224

0.647

0.756

0.75 (+6)

0.424 (+89)

-0.296

Structuring of aquatic ecosystems by biotic vs. biotic factors

Annual minima, 30-day means (m)

0.82

0.172

0.772

0.869

0.91 (+11)

0.421 (+144)

-0.296

Soil moisture stress in plants

Annual minima, 90-day means (m)

0.99

0.188

0.937

1.069

1.08 (+9)

0.490 (+160)

-0.530

Dehydration in animals

Annual maxima, 1-day means (m)

8.83

0.058

8.757

9.069

9.03 (+2)

0.137 (+136)

-0.296

Structuring of river channel morphology and physical habitat conditions
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IHA
Parameter
Group

Indicators of hydrological
alteration

Post-impact

(1960 - 1990)

(1991 - 2014)

CV

RVA
Boundaries a
Low

High

Mean (% diff.
from preimpact
period)

CV (% diff.
from preimpact
period)

Hydrological
alteration
factor b

Ecosystem influences (The Natural Conservancy, 2009)

Annual maxima, 3-day means (m)

8.82

0.058

8.726

9.061

9.02 (+2)

0.137 (+136)

-0.296

Anaerobic stress in plans

Annual maxima, 7-day means (m)

8.80

0.062

8.697

9.005

8.99 (+2)

0.136 (+119)

-0.296

Volume of nutrient exchanges between rivers and floodplains

Annual maxima, 30-day means (m)

8.62

0.062

8.477

8.770

8.82 (+2)

0.136 (+119)

-0.648

Duration of stressful conditions

Annual maxima, 90-day means (m)

7.95

0.106

7.664

8.213

8.21 (+3)

0.144 (+36)

-0.296

Distribution of plant communities in lakes, ponds, floodplains

0

0

0

0

0

0

-0.167

Base flow index

0.17

0.24

0.16

0.19

0.20 (+17)

0.29 (+21)

-0.765

Duration of high flows for waste disposal, aeration of spawning beds in
channel sediments

Julian date of each annual 1-day
maximum

269

0.068

258

280

272 (+1)

0.040 (-41)

0.879

Number of zero-flow days

Timing of
annual
extreme
water
conditions

Mean

Pre-impact

Compatibility with life cycles of organisms
Evolution of life history strategies, behavioral mechanisms
Predictability/avoidability of stress for organisms

Julian date of each annual 1-day
minimum

Access to special habitats during reproduction or to avoid predation
114

0.062

107

123

125 (+10)

0.087 (+40)

-0.530
Spawning cues for migratory fish
Frequency and magnitude of soil moisture stress for plants

Number of low pulses

1

1

1

1

1 (0)

1 (0)

-0.139
Frequency and duration of anaerobic stress for plants

Frequency
and duration
of high and
low pulses c

Availability of floodplain habitats for aquatic organisms
Duration of low pulse (days)

136

0.18

131

143

128 (-5)

0.72 (+300)

-0.765
Soil mineral availability
Nutrient and organic matter exchanges between river and floodplain

Number of high pulses

1

1

1

2

1 (0)

1 (0)

-0.031
Access for waterbirds to feeding, resting, reproduction sites

Rate and
frequency

Duration of high pulses (days)

126

0.72

77

147

115 (-8)

0.65 (-9)

0.409

Influences bedload transport, channel sediment textures, and duration
of substrate disturbance (high pulses)

Rise rate (m/day)

0.06

0.167

0.06

0.06

0.06 (0)

0.167 (0)

-0.139

Drought stress on plants (falling levels)

Fall rate (m/day)

-0.05

-0.200

-0.05

-0.05

-0.05 (0)

-0.204 (+2)

-0.392

Entrapment of organisms on islands, floodplains (rising levels)

49

0.204

46

52

44 (-10)

0.455 (+123)

-0.503

Desiccation stress on low-mobility streamedge organism

Number of reversals
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a

Range of Variability Approach Boundaries (RVA) represent the values within one standard deviation from the pre-impact period mean.

b

Hydrological alternation factor represents the percentage of years in the post-impact period in which values fall outside the RVA boundaries (in fraction).

c

High flow and Low flow pulse thresholds are the median plus or minus 10%.
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Figure A.2. Remote sensing images of the Vietnam Mekong Delta in the peak stage of the flood seasons from 2000 to 2013 (white = submerged
areas; dark = other kinds of land uses)
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Figure A.3. Sediment rating curves at Kratie (left) and Koh Norea (right)

Table A.4. Remote sensing and SSC captured data at Chau Doc. 10
Remote Sensing Capture Date
Measured SSC (mg/L)
Landsat type
and date of SSC measurement
134
17/08/2009
TM
88
18/09/2009
ETM+
12/09/2009
102
ETM+
13/09/2009
102
TM
29/10/2009
80
TM
06/11/2009
52
ETM+
14/11/2009
77
TM
30/11/2009
31
TM
24/12/2009
19
ETM+
26/02/2010
17
ETM+
24/10/2010
81
ETM+
27/12/2010
23
ETM+
16/08/2011
238
TM
16/11/2011
56
ETM+
16/12/2011
47
ETM+
29/10/2012
34
ETM+
30/11/2012
26
ETM+
16/12/2012
12
ETM+
17/01/2013
18
ETM+
06/03/2013
8
ETM+
26/06/2013
38
ETM+
Note: although the Tan Chau station is near the Chau Doc station, they are normally in
different images.

Table A.5. Remote sensing and SSC captured data at Tan Chau. 11
Remote Sensing Capture Date and
date of SSC measurement
09/07/2009
18/08/2009
19/09/2009
13/10/2009
23/10/2009
30/11/2009
24/12/2009
26/02/2010
24/10/2010
27/12/2010
16/08/2011
15/11/2011
14/12/2011
16/12/2012
17/01/2013
06/03/2013
26/06/2013

Measured SSC (mg/L)

Landsat type

200
203
170
229
141
44
20
11
146
14
302
89
40
17
16
11
8

TM
ETM+
ETM+
TM
ETM+
TM
ETM+
ETM+
ETM+
ETM+
TM
ETM+
ETM+
ETM+
ETM+
ETM+
ETM+

Table A.6. Remote sensing and SSC captured data at Kratie. 12
Remote Sensing Capture Date
and date of SSC estimated
27/01/1996
05/07/1996
13/01/1997
02/03/1997
18/03/1997
14/09/1997
15/10/1998
31/10/1998
26/09/2000
08/05/2001
11/07/2001
18/12/2001
03/01/2002
20/02/2002
08/03/2002
12/06/2002

Estimated SSC (mg/L)

Landsat type

122
51
28
21
20
374
171
69
395
22
347
39
33
23
23
63

TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM

Table A.7. Remote sensing and SSC captured data at Khoh Norea. 13
Remote Sensing Capture Date
27/01/1996
05/07/1996
13/01/1997
02/03/1997
18/03/1997
14/09/1997
15/10/1998
31/10/1998
26/09/2000
08/05/2001
11/07/2001
18/12/2001
01/03/2002
20/02/2002
08/03/2002
12/06/2002
16/09/2002
02/10/2002
18/10/2002
Unit: SSC (mg/L)

Date of SSC estimated
27/01/1996
05/07/1996
13/01/1997
02/03/1997
18/03/1997
14/09/1997
15/10/1998
31/10/1998
26/09/2000
08/05/2001
11/07/2001
18/12/2001
01/03/2002
20/02/2002
08/03/2002
12/06/2002
16/09/2002
02/10/2002
18/10/2002

Estimated SSC
34
39
46
36
24
247
89
62
397
22
124
60
47
30
27
38
316
355
231

Landsat type
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM
TM

Table A.8. Values of PCA at different stations 14
Comp.1
Band 1
Band 2
Band 3
Band 4
Band 5
Cumulative proportion

-0.451
-0.523
-0.528
-0.494

Band 1
Band 2
Band 3
Band 4
Band 5
Cumulative proportion

-0.454
-0.499
-0.471
-0.499
0.272
0.760

Band 1
Band 2
Band 3
Band 4
Band 5
Cumulative proportion

-0.409
-0.548
-0.533
-0.471
-0.162
0.695

Band 1
Band 2
Band 3
Band 4
Band 5
Cumulative proportion

-0.454
-0.499
-0.471
-0.499
0.272
0.607

0.695

Comp.2
Tan Chau
0.122
0.102
-0.179
-0.970
0.910
Chau Doc
-0.123
0.214
0.334
0.906
0.929
Khoh Norea
0.358
0.222
0.107
-0.416
-0.799
0.907
Kratie
-0.123
0.214
0.334
0.906
0.865

Comp.3

Comp.4

0.854
-0.125
-0.159
-0.479

0.247
-0.637
-0.197
0.663
-0.234
0.998

0.985
0.836
-0.422
-0.200
0.288
0.987
0.767
-0.427
-0.254
0.402
0.985

-0.398
-0.348
0.835
0.147
0.998
-0.241
0.350
0.342
-0.728
0.414
0.998

0.836
-0.422
-0.200
0.288
0.960

-0.398
-0.348
0.835
0.147
0.997

Comp.5

0.540
-0.804
0.234
1.000
-0.280
0.739
-0.606

1.000
0.240
-0.724
0.636
-0.103
1.000
-0.280
0.739
-0.606

1.000

Table A.9. Downloaded images for data analysis at Chaktomuk (11o33‟00”N – 104o57‟00”E).
15

Year
1996
1997
1998
2000
2001
2002
2003
2004
2005
2006
2007

Date of images achieved
27/01; 07/05; 05/06; 05/07; 23/09; 26/11
13/01; 02/03; 14/09
15/10; 31/10
26/09
05/08; 11/07; 15/10
03/01; 20/02; 08/03; 12/06; 16/09; 02/10
30/11; 16/12
18/02; 06/04; 24/5; 25/06; 28/08; 05/09; 15/10; 18/12
08/03; 25/04; 31/08; 02/10
18/08; 03/09; 21/10; 06/11; 22/11; 17/12; 24/12
04/07; 21/08

Figure A.10. Model calibration and validation results for the driest year (1998) and the
wettest year (2000) at main stations on the Mekong.

