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Chapter 1 - INTRODUCTION

1.1 Background

Almost two thirds of the world's population live within 400 km of the ocean shoreline;
just over half live within 200 km, an area only taking up 10% of the earth's surface
(Adegoke et al. 2012). Most of these coastal regions rely on groundwater as their main
source of fresh water for domestic, industrial and agricultural purposes (Comte et al.
2016). As the world's population continues to grow at an alarming rate, fresh water
supplies are constantly being depleted, bringing with it issues such as saltwater
intrusion and increasing the importance of groundwater monitoring, management, and
conservation (Amore 2012, Swathy 2016).

In Vietnamese Mekong Delta (VMD), the achievement of a sustainable balance between
water demand and water supply is a major challenge for management of water
resources due to the general trend of increase in water demand from population,
agriculture and limited renewable freshwater resources. Because of the rapidly
increasing population and very fast economic development in the VMD, the surface
water resources are unable to meet these demands, sroundwater was over-abstracted
(Ha et al. 2015). Resulting groundwater depletion and saline water intrusion are the
main problems that threaten drinking water supplies, farming systems, and livelihoods
in the delta (Vuong 2013).

In some regions of the Mekong Delta, the ongoing exploitation has reached the capacity
limits of the aquifers, challenging scientists and decision makers in order to satisfy the
increasing water demand in the VMD (Wagner et al. 2012). New groundwater
exploration studies are often hindered by the complexity of the subsurface structure
and the hydrogeological system of the VMD, which still needs further investigations
(Wagner et al. 2012). Thus, in order to exploit, use and manage the groundwater
resource in coastal areas sustainably, further investigation on water resources in large
scale of VMD is needed and integrated water resources management practices should
be considered (An et al. 2014). Further investigation should be conducted following
the tidal regime and seasons in order to: (i) examine interaction of groundwater

between shallow aquifer and deep aquifer as well as these aquifers with surface water;



(i) assess the effects of pumping activities on groundwater flow system; (iii) identify
impacts of climate change and sea level rise on groundwater source in coastal aquifers
(An et al. 2014).

Currently, in the Mekong Delta, the concept of sustainable GW resources utilization is
taken into consideration particularly in the urban area and the coastal area (DONRE,
2012). Therefore, the decision-makers there have to be provided with adequate
information on what is happening in the area’s GW in order to formulate sustainable
water resources development strategies. GW models play an important role in
development and management of GW resources, and in prediction of effects of
management measures such as assessment tools for evaluating recharge, discharge
and aquifer storage processes, and for quantifying sustainable yield (Zhou et al. 2011).
Several studies have been carried out on the impacts of the climate scenarios,
groundwater pumping scenarios in the MDV. These results showed that groundwater
pumping presented a more significant influence on the groundwater system than
climate variability. However, there is no estimation of groundwater demand in the
future by different climate change and socio-economic development. Previous studies
defined groundwater demand amount in future same as current or increase by several
ratios. Structural and non-structural measures have not been analyzed to reduce
pressures on groundwater resources and meet sustainable yield of aquifers yet.

The UN-Water (2009) demonstrated that climate change is going to have a direct
impact on the hydrologic cycle and, through it, water availability for different purposes.
Climate change adaptation has become more important in terms of any development
discussion (Keskinen et al. 2010, Tennberg 2012). Adaptive measures consider not only
optimum adaptation strategies for projected change in drought, flood, and implications
for water security within an integrated catchment framework but also the impact on
long-term groundwater quantity and quality (Parry et al. 2007). In the coastal areas as
VMD, where increasing urban and rural water demand has already exceeded
sustainable levels of water supply, tiger planning and regulation are very necessary to
remain sustainable (Parry et al. 2007). However, ongoing and proposed adaptation
strategies are likely to buy some time and face many challenges due to uncertainties

in future climate projections and inform adaptation decisions and poor response of



local people to government guidelines and (Collins et al. 2013, Evers et al. 2018). In
order to encourage local people to follow regional adaptive strategies, a better
understanding of behavior factors needs to be carried out due to various decision
making of adaptation.

For preparing the information mentioned above, it is necessary to carry out the field
survey to investigate groundwater use distribution/pattern and how groundwater issues
impact on socio-economic development for the Mekong Delta, especially in coastal
areas. Furthermore, by using groundwater modelling approaches, this study was
conducted to assess the sustainable yield of aquifers in a coastal province based on
the proposed sustainable concept and criteria. By applying scenarios of climate and
socio-economic development, projection of groundwater demand and the varying gaps
of GW supply to meet sustainable yields in near future should be quantified and
evaluated. Based on the results of models and evaluations, additional
recommendations are proposed to improve adaptive proposals of the government to
cope with sustainable GW development in the coastal Viethamese Mekong Delta.

1.2 Objectives of the study

The main objective of this study is to propose adaptive measures to cope with
sustainable groundwater vyields of the aquifer system under climate change and
socioeconomic development scenarios.

The specified objectives are to:

1) To explore the role of groundwater use and impact of GWU in Tra Vinh Province
area.

2) To assess sustainable yields of the aquifer system and estimate groundwater
demand by different scenarios of climate change and socioeconomic
development in Tra Vinh Province area.

3) To propose adaptive measures to cope with sustainable yields of the aquifer

system in Tra Vinh Province area.



1.3 Approach of the study

In order to achieve the objectives stated in section 1.2, the study approach is shown
in Figure 1.1. The survey, satellite image and groundwater model data were collectively
used to develop the best possible estimation of groundwater use distribution and
pattern. The surveys were carried out during 19 to 29 March 2018 to set the baseline
of GWU distribution, i.e., each distribution is extrapolated by land surface temperature
(LST) from satellite images and the groundwater flow model was used to correct and
verify distribution/pattern of GWU by space and time. Upon getting the best possible
spatial distribution of GWU, the simulation of groundwater was developed to assess
impact of long-term GWU. For assessing sustainable yields of the aquifer system,
concept and criteria of sustainable yield are proposed for the study area with the
concern of reducing impacts on both groundwater quantity and quality. The
groundwater models developed for the study area were used to estimate the
sustainable yield based on proposed criteria of sustainable yields. In term of proposing
adaptive measures for groundwater use, Fogg Behavior Model (FBM) was applied to
analyze human behavior from field survey data which derived various decision factors

of new cropping and land use change to cope with the impacts of climate variabilities.
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Figure 1.1 - Study approach



1.4 Scopes of the study

1.4.1 Scope of work
The research scope includes research background, fieldwork, models and analyzes.
The research process, described in-depth below, established a groundwater dataset
within the Tra Vinh Province, Vietnamese Mekong Delta (VMD) for the study.
Field surveys
In order to ensure sufficient coverage of local communities with groundwater
consumption, groundwater use impact and behavioral factors in climate change
adaptation, three different districts were selected for the socio-economic survey, and
thus for the test run as well. In each district, the population was classified into strata
of lower income group, middle-income group and higher income group by each
commune due to the strong dependence of water use on the type and size of the
residential property (Mullaney 2004). Three communes, represented three income
group of each district, were selected for conducting the survey. In the study area,
totoal number of househould are 288,666 households in 2018 (TVSO 2018). Based on
the guideline of sample size calculation (Israel 1992), a deterministic sample size of
150 households was chosen for each zone (all together 419 samples: error 5 % with
confidence level at 95 %), consisting of small to high groundwater users in the study
area. The stratified random sampling model divides the ensemble into a couple of
layers (or zones), and the sampling was conducted independently in each layer. When
the statistical property within a layer shows similarity, and the variance within the layer
is small and the variance between layers is large, the stratified random sampling could
greatly improve the sampling efficiency (Deng et al. 2011).
Estimation of GWU distribution/pattern and assessment of GWU impact
In term of GWU distribution, the survey and analysis focused on domestic and
agricultural uses including irrigation and aquaculture. Industrial use was not involved
in the estimation of this study due to the existing available information of industrial
wells under license. Moreover, groundwater is mainly exploited for household and
agricultural activities of the Vietnamese Mekong Delta in general and the study area
(Tra Vinh Province) in particular (Sanh 2010). GWU distribution was estimated by using

the statistical data (population and land use) and extrapolated to non-data-areas by



applying Land Surface Temperature (LST) from Satellite Images. In addition,
groundwater modelling system (GMS) software was applied to simulate flow of GW to
correct the distribution/pattern of GWU for both space and time based on the
calibrated groundwater levels (GWLSs).

The numerical model was developed to check the impact of long-term groundwater
use on aquifers. The three-dimensional groundwater flow model MODFLOW-2000 and
three-dimensional solute transport model (MT3DMS) were used for predicting
groundwater flow and salinity transport from January 1994 to December 2018. The
impact of over-exploitation includes storage depletion and salinity movement in the
duration of 1994 and 2018. Land subsidence is not considered in this study due to
unavailable of observed data in the study area even though with the strong correlation
of GWL drawdown and land subsidence in the VMD (Minderhoud et al. 2017). GWU
issues were identified through the survey to confirm the simulation of GW models.
Estimation of sustainable yield and groundwater demand

The concept of sustainable yield focused on reducing the impacts of over-exploitation
including storage depletion and salinity movement in the duration of 2018 till 2030.
When the aquifer system is simulated to meet the equilibrium state, GW drawdown
will reduce to approximately zero (Elango 2005, Abdalla 2009). So, it can significantly
reduce the rate of land subsidence in the study area. Two criteria corresponding with
these impacts are applied for the groundwater sustainable model in order to estimate
the sustainable yield of the aquifer system. The first criterion is to lead the aquifer
system meet a new equilibrium state and the second one is to control salinity
movement until 2030.

In order to estimate groundwater demand in the future, firstly total water demand in
dry season is estimated by using information about population growth and land-use
change of two socioeconomic scenarios. In addition, three scenarios of climate change
are applied to estimate the duration without fresh surface water in the study area.
Water demand is separated two groups including the ones uses only surface water and
the others depend on both surface water and groundwater. Proportion of GW demand
is estimated based on the dependence on GW varies different purposes among three

zones and availability of fresh surface water during dry seasons. Lastly, groundwater



demand estimation is compared with the sustainable yield to determine the gaps of
groundwater supply by different scenarios of socio-economic development and
climate change.
Proposal of adaptive measures for GWU
In order to recommend adaptive measures for GWU to meet sustainable yield in the
future, measures are separated and reviewed by three aspects including demand side,
supply side and management side. In the supply side, a review of water supply plans
both in regional and local scale is carried out to assess the reducing proportion of GWU
in the future by using alternative sources of water supply in the future. In term of
management sides, a review of monitoring network design for both GWLs and salinity
movement is conducted as an adaptive measure to improve the management of
sustainable yields. The main point of this part is to analyze the impacts from land use
plan in the Mekong Delta Master and Provincial Plans as an adaptive measure to meet
the sustainable development of water resources in general and sustainable yield of
the aquifer system in particularly. In term of implementing the master plan in the study
area, behavior factors in climate change adaptation are surveyed and developed
behavior models for specified areas based on Fogg Theories. These models provide
more knowledge on behavior side to let the stakeholder know how to stimulate local
people to follow the change in the master plans of the region and local.

1.4.2 Study area
The study area is Tra Vinh Province, which locates in the southeastern part of the
Mekong Delta in Vietnam and lies between the coordinates of 9°31’38.2” to
10°04°45.1”N latitude and 105°56’57.1”7 to 106°35’1.7”E longitude. The region is
situated southwest of Ho Chi Minh City and lies on the coastal plain of the Mekong
Delta. The socioeconomic survey was conducted in the northern, middle and coastal
zone by three representative districts such as Cang Long, Tra Cu and Duyen Hai district,
respectively (Figure 1.2). Groundwater models simulated the whole area of the study

area (2,341 km?) and 13 layers including 7 aquifers and 6 aquitards.



Figure 1.2 - Geographical location of Tra Vinh Province in VMD (Tran 2020)

1.4.3 Data used in the study

The data collection is summarized as Table 1.1. The collected data are mainly from

the Division for Water Resources Planning and Investigation for the South of Vietnam

(DWRPIS), and fieldwork of SALINPROVE project collection.

Table 1.1 - Summary of data collection for the study

Data name Types Quantity | Period of data Sources
1.Hydrogeology data
1.1. Borehole strata vertical section 72 2003-2016

map (distribution DWRPIS &
1.2. Geophysical 10 2003-2016
, cross-section) DONRE

1.3. Observed GWL station 17 1994-2018
1.4. GW abstraction report 3 2013 & 2018




Table 1.1 - Summary of data

collection for the study (to be continued)

Data name Types Quantity | Period of data Sources
2. Hydrology data
2.1. River water levels station 5 1994-2018
map
2.2. River cross-sections (distribution, 134 1994 -2018 SIWRR
cross-section)
2.3. In flow station 3 1994 -2018
2.4. Meteorology station 6 1994 -2018 SRHMC
3. Socio-economic
3.1. Statistical year book 2 2007 -2018 DOS
2010, 2020,
3.2. Land use planning book, map it DONRE
2030
4. Climate data
4.1. Rainfall, temperature 3 2 1980 - 2018 SRHMC
4.2. Inflow report 2 1994 - 2018 SIWRR
5. Field data
SALINPROVE
5.1. EC measurement dataset 746 2017
project
SALINPROVE
5.2. Salinity observation station 5 6/2017- 12/2018
project

where:

DWRPIS = Division for Water Resources Planning and Investigation of the South of VN

SIWRR = Southern Institute of Water Resources Research

SRHMC = Southern Regional Hydrometeorology Center

DONRE = Department of Resources and Environmental (Tra Vinh Province)

DOS = Department of statistics (Tra Vinh Province)

SALINPROVE project = Mitigating groundwater SALINity impacts for imPROVEd water

security in coastal areas under socio-economic and climate change
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1.5 Significance and limitations of the study
1.5.1 Significance of the study
This study highlighted the significance of research with the following points:

1) The study is the first trial to collectively use field survey data to estimate the
GWU distribution and correct/confirm the distribution/pattern with the
technology of satellite images and groundwater model and the
distribution/pattern derived will be used as an important basis for groundwater
management study in the area.

2) The study is the first trial to estimate sustainable yield under the sustainable
concept via newly developed GW models to simulate the complex
hydrogeological setup of the study area and the sustainable yield derived will
be used for sustainable gsroundwater management control in the study area.

3) The study is the first trial to propose additional adaptive measures for GWU
with consideration of behavior analysis from the field survey data.

1.5.2 Limitations of the study
In this dissertation, there were the following limitations:

1) The sample size was relatively enough for 90 % significant - 419 interviewed
respondents for regional planning. However more samples should be
conducted to enhance the accuracy of the results for further local planning
and implementation.

2) The groundwater model did not consider aquifer parts distributed on the sea
due to lack of borehole data. If the aquifer boundary can expand wider towards
the sea, the boundary condition of saline transportation model will reduce
uncertainty.

3) Number of salinity monitoring stations is as available and duration of salinity
monitoring is only two years, longer monitored data will enhance the
estimation of sustainable yield.

1.6 Structure of the dissertation
The rest of the thesis is oreanized as follows.
Chapter 1 provides the study background, objectives, the approach and crops, the

significances and limitations of the study and the structure of the dissertation.
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Chapter 2 reviews development of GWU in the Vietnamese Mekong Delta (VMD),
sustainable yield development and its application in the VMD, GW demand in the VMD,
factors that affect farmer’s climate change adaptation and application of Fogg Behavior
Theories on different sectors. The discussion highlight gaps of previous research in GWU
distribution/pattern, application of sustainable concept in VMD and applications of
Fogg Behavior Model (FBM) on groundwater resources field.

Chapter 3 describes the characteristic of study area such as the boundary and location,
topography and climate, hydrology, eroundwater development and management and
general information of socio-economic. The descriptions of the study area highlight the
current situation of water supply and use by two main sources including GW and
surface water.

Chapter 4 describes the data used in the subsequent study, measurement of main
variables, and detailed methods to operationalize research approach in order to fulfill
study objectives. GW models and Fogg Behavior Model are the major data analysis
techniques used. Satellite Images is used as a support tool for GWU distribution
interpolation.

Chapter 5, 6 and 7 present analyzed results and findings corresponding with three
studies objectives. Chapter 5 shows the results of GWU distribution/pattern and impact
of GWU via field survey data analysis and groundwater model development. Chapter
6 presents the estimated results of sustainable yield by developing sustainable models
based on concept and criteria of sustainability. Projected results of groundwater
demand under various scenarios of socio-economic development and climate change
is also presented in this chapter. Chapter 7 discusses the reviews of adaptive measures
from government proposal and other literatures. Development of adaptive behavior
models and design of groundwater monitoring network is presented in this chapter.
Chapter 8 provides the overall discussions, conclusions and recommendations of the

study.
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Chapter 2 - LITERATURE REVIEWS

Groundwater (GW) is an important research topic, especially in the context of extreme
water shortage for both domestic and agricultural purposes in the Vietnamese Mekong
Delta (VMD). Several studies have examined impact of GW extraction in specific areas
or scenarios. However, most studies have paid little effort to survey and estimate
groundwater use (GWU). This section reviews gaps of previous studies in groundwater
use estimation and application in the VMD. The importance of sustainable yield studies
and application of sustainable yield concepts over the world and in the VMD were
reviewed carefully to select the concept and tool to assess sustainable yield in the
study area. Besides, a review of climate change impact on GW was provided to help
clarifying which factors are the main drivers of change in aquifer components. Lastly,
a majority of review studies have investicated behavior factors in climate change

adaptation and applications of Fogg Behavior Model (FBM).
2.1 Groundwater use in VMD

2.1.1 Groundwater consumption and management

Groundwater consumption

The Vietnamese Mekong Delta (VMD) is located in southwestern Vietnam, one of the
areas in the world that is most vulnerable to the impacts of climate change (DONREs,
2012). Due to many activities to cope with climate change in upstream and increasing
of water demand for drinking and agriculture in the coastal area, GW has been playing
an important role in local water supply, particularly in the areas of low rainfall and
low lying coastal alluvial plains (Nam 2017). Since the 1960s, GW exploitation in the
VMD to meet domestic, agricultural and industrial needs has dramatically increased
(Danh 2008, Wagner et al. 2012). Dug wells and tube-wells are most popular in
exploiting GW for household demand in the VMD, while big wells were constructed for
industrial areas or water supply stations as part of the Rural Clean Water Supply
Program (LittleJohn 2011).

About 4.5 million people depend upon GW for drinking (Ghassemi et al. 2000). In the
largest city in the delta, there was 24 per cent of the population of Can Tho city,
exploited GW for domestic purpose as drinking, cooking, bathing or gardening (IUCN
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2010). Especially in rural or coastal areas where is difficult to access fresh surface water
due to increasing salinity concentration in the dry season, this proportion also becomes
much higher (Danh 2008, Eastham et al. 2008, Van et al. 2019). In VMD, it is estimated
that as a million GW wells, distributed from shallow to deep aquifers at the depth of
10 to 300 m (MONRE 2011). The GW extraction increased significantly from around 1,2
mil.m®/d in 2007 (DWRPIS 2009) and just over 2 mil.m?/d in 2015 (Minderhoud et al.

2017) (Figure 2.1).

3.0
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Figure 2.1 - Annual GW abstraction in the VMD and HCMC province (Minderhoud et
al. 2017)

Summary of studies on GWU in Mekong Delta presents an increase trend of GW
consumption since 2000s until now, however there were only few surveys which
conducted the estimation of number and pumping rate of GW wells (Danh 2008, Vuong
2013). Other studies usually applied statistics of previous studies and used the linear
interpolation to estimate GWU for their own studies (Minderhoud et al. 2017, Nam
2017, Hai 2018).

Groundwater use management

Since 2015, water resource planning in Viet Nam has been focused more on GW
resources, but still relatively minor actions have been adopted to promote sustainable
GW development. In Vietnam, large-scale GW wells of supply units and industrial zones

need the license for construction and operation based on the 1999 Law on Water
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Resources. However, local authorities usually meet many difficulties in implement
these regulations due to low capacity and consistency (Danh 2008, IUCN 2010).
According to the latest statistic from Vuong (2013),the VMD has around 553,135 GW
wells in which only 932 wells were licensed for exploitation with capacity higher than
200 m>/day which mainly used for drinking or industrial supply (IUCN 2010). The main
proportion is small capacity wells own by local residents without any license. Although
regulations on GW management have been promulgated, strategies of GW
development still has to face many barriers due to gaps in assessment of potential or
sustainable GW exploitation (Boehmer 2000). This resource seems to be effectively
invisible and consequently ignored by policymakers (IUCN 2010).

GW abstraction is the main input of any GW simulation, however information about
distribution and pattern of GWU show a big gap at the VMD. Most of previous studies
input GW wells to models by average distribution so the model results could not
present GWL distribution or salinity distribution with a high accuracy. Thus, it can give
more understandings on household GWU by different purposes and its distribution.
Filling the gaps of understanding of GWU pattern and distribution will help stakeholder
and water managers to carry out the better simulation and assessment of GW. In order
to meet sustainable GW development, role and impact of the GWU on the aquifer
system throughout Mekong Delta need to be understood clearer, especially in coastal
areas where the water supply has been facing more challenges.

2.1.2 Impact of groundwater exploitation over the world and in the VMD
Currently, many coastal areas in the world have been under intense pressure of over
GW pumping and saline water intrusion (Polemio et al. 2019). Over GW exploitation is
the main season which causes depletion of GW storage. The negative effects of the
depletion may include exhausting GW wells or lake, declination of water quality; land
subsidence, cost of exploitation (Leake 1997). The strong reliance on GW to meet the
local demand near the coast has resulted in a significant GW depletion, altering in
reversing the gradient of GW flow in coastal led to saline GW intrusion from sea
(Yakirevich et al. 1998), and conflicts over the use, protection and development of the
GW resources (Karim et al.). The pressure on water supplies and precious ecosystems

in coastal areas is very high and will only be seen to increase in the future (Post 2005).
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GW depletion has been a major concern in aquifer systems in many countries over the
world (Famiglietti 2014). In several areas of China, over-exploitation or reduction of GW
recharge or combination caused GW depletion in since the 2000s (Changming et al.
2001, Feitelson 2005, Zhou et al. 2013). In China, the rate of GW exploitation has
experienced a dramatic rise from 57 km?>/year to 111 km?/year in the period between
the 1970s and 2000s (Zaisheng et al. 2006). After the 2000s, the average depleted rate
is estimated by about 24 km?®/year in Central Valley of California (Konikow 2015). Long-
term GW extraction also causes storage depletion in many developing countries. GW
levels declined in a range of 45 to 50 m in Bangkok and 12m to 30m in Ho Chi Minh
city, respectively after around 25 years of GW extraction (Ha et al. 2015, Minderhoud
et al. 2017, Lee et al. 2018).

Monitoring data and simulation of the aquifer system of the delta for more than 30
years shows declination in both GW quantity and quality by numerical models as IMOD,
VISUAL MODFLOW and GMS software due to increasing GW exploitation (DWRPIS 2009,
IUCN 2010, Minderhoud et al. 2017, Van Pham et al. 2019). GW flow models in the
period of 2000 and 2010 showed that GW resources in VMD were under depletion. The
impacts of GW abstraction on the aquifer system were significant through the decreases
of GWL with average 1.75 m for the main exploited aquifer (gp,.s) and the decreases
of the accumulative changes of storage with average 73.29 mil.m’ per year for the
whole VMD (Vuong 2013). In VMD, GW presents a heterogeneous in fresh-saline
distribution by depth because of sea-level regression and transgression phases since
million years ago (Van Pham et al. 2019). The salinity of GW extraction frequently
increases due to GW storage depletion by overexploitation in the Mekong Delta (IUCN
2010). In the period of 2006 and 2010, the subsidence rate was estimated about 1.6
cm per year using INSAR data (Erban et al. 2014). Recently, Minderhoud et al. (2017)
demonstrated that GW pumping caused the subsidence of the VMD on average by
about 18 cm by last 25 years, with some areas subsiding by over 30 cm based couple
packages of IMOD model. By land subsidence modeling suing IMOD software for Soc
Trang Province, in the serious scenario of combining increasing pumping and low
recharge condition, model simulation predicted that significant land subsidence be at

71.4 cm in 2035.
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In summary, most of studies in the VMD applied numerical model to assess impact of
GW extraction on the aquifer system. Reviews showed three main impacts including
storage depletion, declination of GWLs, salinity movement and land subsidence. While
GW flow models were always simulated with improvement of land recharge (Vuong
2013, Long et al. 2017), river conductance (Boehmer 2000, Van et al. 2018), hydraulic
conductivity distribution (Van Pham et al. 2019) and GW transportation model lacked
development of input parameters such as advective and dispersion coefficients. These
coefficient values was referred from books or other areas without any calibration

(Vuong 2013, Van Pham et al. 2019).

2.2 Sustainable groundwater development in the VMD
2.2.1 Impact of climate change on groundwater development

In term of climate change impact studies, there are fewer studies in GW due to the
better visibility and accessibility of surface water (Silva 2018). In comparison with
surface water, GW shows a more complicated relationship with climate variability (IPCC
2007). In the VMD, there are some studies in climate change impact on GW system.
The results concluded that climate change is a major factor effecting on GW resource
in the VMD. The hydrological models and GW models have determined the negative
and positive impacts of three climate change scenarios including five GCMs under RCP
scenarios to GW resources in VMD. In the late 21st century, average wet season
recharge is estimated to remain unchanged at 28% as in base year (2010) (Shrestha et
al. 2016). However, average dry season recharge is projected to reduce by 2 mm and
4 mm under RCP4.5 and RCP8.5 scenarios, respectively. By RCP4.5 and RCP8.5
scenarios, GW storage will go through a moderate rise to 120 and 160 mil.m’ at the
end of the century, respectively (Shrestha et al. 2016). In period of 2050 and 2100, the
rate of decrease in GWLs is projected as 10 cm to 50 cm per year and saline GW areas
of all aquifer are expected to increase by the end, except for Holocene aquifer (gh)
(Vuong 2013). In addition, GW exploitation is demonstrated to be more influence on
the GW system in comparison with the impact of climate change in some areas of VMD

(Hai 2018).
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2.2.2 Sustainable yield estimation of the aquifer system

The term sustainability has been in recession for a long history with development of
sustainable yield concept depending on the types of aquifer yield (Maimone 2004).
Since the 1980s, the sustainable concept was well known and was also applied for the
management of GW resources development (Zhou 2009). Before there was the
concept of sustainable yield, safe yield was widely applied by constraints of GW
quality, supply, economic and law/regulations (Todd et al. 1980). While the sustainable
yield is estimated by a certain amount of GW extraction for a long duration without
impact on environment and socio-economic (Lin et al. 2019). For instance, e
sustainable yield can be understood as “the allowable net draft at steady state for a
selected equilibrium head” (Mink 1980) or GW system must reach equilibrium state
(Sophocleous 2000, Bredehoeft 2002). In coastal aquifers, GW extraction can lessen
GW flow toward the coastal line and cause salinization in areas of fresh GW (Roumasset
et al. 2010). A capture of natural discharge can also define sustainable yield
(Bredehoeft 1997, Bredehoeft 2004). he capture can be understood by deriving a
proportion of GW storage but actually from surface water (i.e., river, reservoir and
canals) (Sophocleous 1997).

In the VMD, there is no reliable understanding of the potential of GW because of
limitation in GW technical assessment (Boehmer 2000, IUCN 2010). In VMD, sustainable
yield was usually estimated based on a specified drawdown (Vuong 2013, Tran et al.
2019) or as a proportion of GW recharge, the proportion changing with different
hydrogeologic conditions (Dong 2017) without the concern of impact of GW extraction.
There is no research on sustainable yield of aquifers among VMD, applied the concept
of sustainable yield to reducing impact of GW exploitation.

In summary, sustainable yield of the aquifer system in the study area needs to be
estimated in order to maintain GW supply for essential demands and reduce impact
of over-groundwater exploitation including both quantity and quality. Based on
literature reviews, climate change does not present a high directly impact on change
of GW situation in the near future, so the estimation of sustainable yield study is not

necessary to involve climate change effect in the study area.
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2.3. Groundwater demand estimation in the VMD

In the VMD, the most common sources of water for irrigation include rivers, canals and
ponds (IUCN 2010). During dry season, climate change and upstream activities have
been causing negative issues in the VMD including drought and saltwater intrusion (Nam
2017). In 2016, these issues also caused extremely water shortage in many coastal
areas of the VMD. The GW extraction for domestic and irrigation are reported to be
rapidly increasing since the 2000s in Viet Nam, especially in some urban and coastal
areas of the VMD (Eastham et al. 2008, Nam 2017). In coastal province of VMD, the
preference of the households for the different water supply sources was ranked as
follows 39-60%, 7.8-39%, 1.9-6.4% and 2.1% for exploiting GW by tube-wells, using tap
water network, harvesting rainwater and storing river/canal water, respectively (Chi et
al. 2018). Can Tho city, a center socio-economic of the VMD, present a high
dependence on GW supply for domestic activities, accounting for 52.4% total domestic
water demand (Danh et al. 2015). These proportion can be applied to estimate GW
demand for domestic use in the future based on scenarios of population growth (Tran
et al. 2019). However, there is still a significant percentage of GW which use for
agricultural activities such as irrigation and aquaculture. In most studies of GW
prediction, the estimation of GW demand in the future is usually an assumption of
business as usual (Vuong 2013, Shrestha et al. 2016, Bui et al. 2017) or increase or
reduce specific percentages from the baseline. In general, GW demand studies in VMD
focused mainly on impact of change in population and land use and paid little
attention to climate change effect. A full estimation of GW demand under by scenarios
of socioeconomic and climate change need to be carried out to understand impact

range of these scenarios on GW demand in the future.

2.4 Behavior change in climate change adaptation

2.4.1 Concept of climate change adaptation
In term of climate change adaptation in VMD, Dang et al. (2012) summarized various
adaptive measures such as shifting planting dates, adjusting planting techniques,
switching and diversifying crops and varieties, shifting water inlets, expanding area

under irrigation, soil conservation, crop rotation, changing crop management practices,
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diversifying income sources, and buying crop insurance from previous studies. Much
literatures have emphasized the influence of the socioeconomic characteristics in
determining farmers' decision to choose climate change adaptation strategies (Hassan
et al. 2008, Bryan et al. 2009, Marie et al. 2020). However, previous studies have given
less effort to understand psychological factors in terms of climate change adaptation
(Grothmann et al. 2005), and these factors were short of integrating with socio-
economic factors to understand more about the decision making of farmers in that
process (Dang et al. 2012).

The VMD is considered as one of the most vulnerable areas by effects of climate
change and extreme events over the world (Chinvanno 2011). In addition,
heterogeneity in the implementation of adaptation strategies of climate change has
reduced the efficiency of adaptive measures, especially crop and variety changing.
Recognizing that there were uncertainty and heterogeneity in farmer decision-making
to cope with climate change impact (Dessai et al. 2007), a better understanding of
behavioral process of farmers in climate change adaptation will play a significant role
in influencing policymakers (Dang 2014, Arunrat et al. 2017).

2.4.2 Behavior factors of climate change adaptation in the VMD

In the MDV, behavior factors were potential constraints to change of the farming
systems or expansion of aquaculture: know-how of farmer, water, capital, labor and
land size, market price/demand (Bosma et al. 2004, Bosma et al. 2005, Phong et al.
2007). Farmers and agricultural officers showed a different awareness of barriers to
climate change adaptation (Le Dang et al. 2014). From the perception of farmers, the
main barriers included land ownership, non-acclimatize, access to new agricultural
technologies, market demand, habit, or maladaptation. While, agriculture officers
believed that issues of demographics, supported capita, land extension, working
experience in agricultural activities, and access climate variability information played
an important role in barriers of farmer perception about climate change adaptation (Le
Dang et al. 2014). These different points between farmers and officers can explain the
unsuccessful adaptive strategies in VMD for many years. Base on reviews of empirical
researches relevant to factors affecting varies decision of farmers in term of climate

change adaptation, these factors were defined by five categories including demography
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and socio-economic conditions, existing resources, features of society and culture,
human perception and psychology (Dang 2014).

Much literatures discussed the importance of socio-economic factors and physical
resources in understanding farmers’ climate change adaptive behavior. Most of them
used a fuzzy mass of psychological theories that is not easy to present an organized
and specific view. However, there is little research effort that went into combing
motivation and ability factors which are important parts to understand human
decision-making process to do adaptive measures under climate change in VMD.

2.4.3 Fogg Theory and its application

Fogg Behavior Model (FBM) is a new psychological model which is widely applied in
concept persuasive technology (Fogg 2009b). Three factors of FBM consist of
motivation, ability, and triggers to be able to adjust behavior. Since 2007, the earliest
practical models were developed based on FBM to focus on designing new
technologies to optimize motivation and productive uses (Fogg 2002, Fogg 2009a, Fogg
2009b). The models show the relationship between motivation, ability, and trigger by
a friendly description for users (Fogg 2009a). Technology design is the main field, the
FBM and other development from it are widely applied (Saparova 2012, Guimaraes et
al. 2018) and following by the public health field (Agha et al. 2019). For instance, an
application of FBM is carried out to design the health care plan for the employee in
the United States (Boerger et al. 2018). he results showed a significant difference in
factors including gender, age, working environment, and financial incentive by different
utilizers. Kemler et al. (2018) demonstrated that it is difficult to change the health-
related behavior of winter athletes in the Netherlands and their behavior change in
injury prevention was estimated efficiently at 10%. In brielf, FMB has been widely
applied in business and public health field in term of persuasion. In term of different
decision-making, FBM can explore strategies for designing for behavior change to

make/change habits, and to support conscious actions.
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Chapter 3 - STUDY AREA CONDITIONS

In water resources research, the study area is always defined firstly. Actually, the study
area river basin or sub-basin, however in some cases, they follow government
boundaries such as province/city limits. In this study, Tra Vinh is situated in the central
east of Mekong River Delta Region, in Vietnam covering an area of a 2,512 km2. The
province is located between two rivers: the Tien river and Hau river, which flow towards
the South China Sea. In order to have a macro picture, this chapter describes main
hydrological factors such as topography, climate, hydrology, hydrogeology,
groundwater supplies and general information of socio-economic of Tra Vinh Province
also includes.

3.1 Topography

The province of Tra Vinh is located in the southeastern part of the Mekong Delta in
Vietnam and lies between the coordinates of 9°31°38.2” to 10°04°45.1”N latitude and
105°56°57.1” to 106°351.7”E longitude (Figure 3.1). Its northern boundary is bordered
by the Ben Tre Province, in the south the Soc Trang Province, in the west the Vinh
Long Province, and in the east the East Sea. Note that an islet is located between the
Tien and Hau Rivers. The total natural area of Tra Vinh Province is about 2,341.2 km?,
with nine subordinate administrative unit. The provincial coastline stretches up to 65
km extending from Duyen Hai district to Chau Thanh district (Mai et al. 2014). The
coastal delta affected by the interference of sea and river features prominently in the
provincial topography, forming sunken and flat areas alternated with arched sand
ridges running in parallel with the coast, which become higher and larger towards the
sea. The Tra Vinh Province is part of the lowland area in the Mekong Delta having an
elevation range of +0.4 meters to +1 meters (occupying 66 % of the area of the
province), is suitable for agriculture production linked to its irrigation and drainage by
gravity. The sand dunes have an average height of +1.0 meter to +3.0 meters. The
region can be easily distinguished by its big quantities of mounds and sand caves and

a complex network of rivers and canals.
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Located in the Mekong River Delta, Tra Vinh province has typical characteristic of humid

tropical climate which are highlighted by the uniformly high temperature, plenty of

sunlight, and abundant rainfall. The average temperature is about 26.6°C in, ranging

from 18.5°C to 35°C. Maximum temperature commonly occurs in April and May, while

the minimum temperature takes place in December and January. The province

receives an average sunshine hour of 7.7 per day (Mai et al. 2014) which is a great

advantage for growing crops. Tra Vinh climate is with two distinct seasons which are

dry and rainy season. The rainy season lasts from May to November and dry season

stretches from December to April next year. The data recorded at Cang Long weather

station (Figure 3.1) shows the variation of rainfall to a significant degree. Average rainfall

in rainy season is 1617 mm whereas there is only 198 mm averagely in the dry season

(Figure 3.2).
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Average monthly rainfall in Tra Vinh
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Figure 3.2 - Average monthly rainfall in Cang Long station from 1987 to 2016 (Silva

2018)

The Mekong Delta has the total evapotranspiration 809 mm to 841 mm per month
(Bui et al. 2017), Tra Vinh province alone has the rate of evapotranspiration up to 130-
150mm per month. In a spatial scale, high evaporation rates occur in the sand ridges
in the south and the region near the coastline. When evapotranspiration is higher than
rainfall, salt tends to rise as a result of the capillary actions and concentrated in the

surface layer (Mai et al. 2014).
3.3 Hydrology

In Vietnam, the Mekong Delta river system consists of two major distributaries - the
Tien and Hau rivers - and the man-made canal network (IUCN 2010). At Tan Chau
station, the discharge occupies 84% of total VMD freshwater flows through the Tien
River, and another 16% is observed at Chau Doc station on Hau River (Eslami et al.
2019). The maximum wet season discharge and minimum dry season discharge at Tan
Chau station are 60,000 m>/and 2,000 m*/s, respectively (Anh et al. 2018). The
fundamental characteristic of the hydrologic regime in VMD is very complex and

involves the tropical monsoon climate.
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Figure 3.3 - River/canal distribution and observed stations in the VMD (Anh et al.
2018)

Tra Vinh Province locates at the river mouths of the VMD between two large rivers,
Tien and Hau Rivers, is influenced by the hydrographic processes of the East Sea and
flow from up-stream of VMD (Ta 2018, Dang et al. 2019). In Tra Vinh Province,

boundaries of fresh/saline water fluctuate by seasonal and strongly depend on
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interaction mechanism of upstream flow and saltwater intrusion from the sea. (Nguyen
et al. 2008, Dang et al. 2019, Eslami et al. 2019). At Tra Vinh station (Figure 3.4),
freshwater is available during the wet season and begins to disappear from late January
or February to early wet season (late May to early June). In the period from 1993 to
2017, the longest durations with saline water at Tra Vinh station were in 2005 and
2016, accounting for 100 days and 94 days, respectively (Dang et al. 2019). Depended
on upstream flows, the freshwater boundary in the estuaries changed by each month
and year (Dang et al. 2019). In February of 2005, the fresh/saline water boundary
moved into inland over 25 km from the coastal line (Figure 3.4). In Tra Vinh Province,
understanding of changing in fresh/saline water boundaries and duration without
freshwater is very important to identify alternative sources for freshwater supply in dry

season (Dang et al. 2019).
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3.4 Groundwater development and management
3.4.1 Geology and hydrogeology

Stratigraphy of VMD ranges in different tectonic phases from Precambrian to Holocene
age, corresponding to formations of intrusive, extrusive rocks and sedimentary
(Anderson 1976). These rocks consist of granite, gneiss, quartzite, and crystalline types
of rocks. The basement of stratigraphy is defined by intrusive and extrusive rock, while
cover layers consist of eight sedimentary formations and are distributed by time from
middle-upper Miocene (N12-3) to Holocene (Q23) formations (Vuong 2013, Silva 2018).
Each formation is divided by two parts: composition of low permeability silt, clay, or
silty clay in the upper part (aquitard); and higher permeable and includes of fine to
coarse sand in the underlying part (aquifer) (Vuong 2013, Van Pham et al. 2019). Two
hydrogeological cross-sections (Figure 3.5, Figure 3.6 and Figure 3.7) provide a whole
view about spatial distribution and connections of eight sedimentary formations in the

VMD (Vuong 2013).

A\

S

Figure 3.5 - Layout of cross-sections (Vuong 2013)
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Figure 3.7 - Hydrogeological cross-section (ll-Il) (Vuong 2013)

Eight hydrogeological aquifers broadly distributed in Tra Vinh Province include three
types of confined, unconfined, and semi-confined aquifers (Deltares 2011). The eight
aquifers, from ground surface to deeper, are Holocene, Upper Pleistocene, Upper-
middle Pleistocene, Lower Pleistocene, Middle Pliocene, Lower Pliocene, Upper
Miocene and Upper-Middle Miocene. Only one shallowest aquifer is defined as an
unconfined aquifer, consists mainly of clay silt and sand with high organic matter due
to interaction with surface water (Bui et al. 2017). Characteristic of lithology and

aquifer/aquitard properties are presented in detail in Table 3.1.



Table 3.1 - Characteristic of lithology and aquifer/aquitard properties
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ol Horizontal HC
Lithology
Average | Average (m/s)
Formation | thickness | depth
Upper | Lower
(m) (m) Upper part Lower part
part part
peat or sandy clay
Holocene consists of fine , s
155 16.9 with high organic 4x10" | 8x10°
(gh) sand
matter.
Upper low permeability, | high permeability,
Pleistocene 29.1 ar.9 consist of silt to composition of ax10" | 6x10”
(gps) sandy clay. fine to coarse sand
Upper-
low permeability, | high permeability,
Middle 7 3
41.5 86.8 consist of silt to composition of 4x10" | 2x10°
Pleistocene
sandy clay. fine to coarse sand
(gp2-5)
Lower low permeability, | high permeability,
Pleistocene 38.1 146.5 consist of silt to composition of 8x10° | 1x10™
(gp,) sandy clay. fine to coarse sand
low permeability, | high permeability,
Middle 8 3
51.3 206.5 consist of silt to composition of 9x107 | 2x10°
Pliocene
sandy clay. fine to coarse sand
low permeability, | high permeability,
(n,,) 53.8 274.8 consist of silt to composition of 3x10° | 5x10™
sandy clay. fine to coarse sand
low permeability,
high permeability,
Lower consist of silt and . s
37 358 composition of 1x10™ | 8x10°
Pliocene weathered silty
fine to coarse sand
clay
limited
Miocene <400 -
information
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3.4.2 Distribution of fresh/saline groundwater
The VMD aquifers present a very heterogeneous distribution of fresh/saline
groundwater and not clear following in-depth (Vuong 2013). The main reason is
explained by regressive and transgressive sea-level ver the past few millennia (Van
Pham et al. 2019). Neogene-Q formations were found offshore stratigraphy with
thickness from 550 m to 650 m and mainly consist of sand, clay and interpose siltstone
(Anderson 1976). The Upper Miocene level from 450 m to 820 m thick is composed of
sand and clay interleaved. Closed to the present coastline, fresh GW was found at
more than 150 to 450 m below ground surface level (Van Pham et al. 2019). However,
the area with fresh groundwater occupies about 20 % to 30 % area of VMD, except
only the shallowest aquifer with small distribution of freshwater around 2 % of the
VMD area (Figure 3.8) (Vuong 2013). Good quality groundwater, with TDS in range of
200 to 1,000 mg/\, generally is found in the east and southeast portions of the study
area. Most fresh groundwater infiltrated the subsurface during a period of low sea-

level, at least more than 20 ka ago (Van Pham et al. 2019).
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Figure 3.8 - Distribution area of saline and fresh groundwater in aquifers (Vuong 2013)

3.4.3 Current situation of groundwater supply
In Tra Vinh Province, GW is mainly abstracted for domestic activities including drinking,

cooking, bathing, washing and gardening. Besides, some crops or farming ponds also
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use GW to ensure enough irrigation demand. Total GWU was estimated to be about
187,685 m>/d in 2007 (Sanh 2010), accounting about 40% for domestic use. In the
period of 2004 and 2008, GW abstraction increased almost two times due to a rapid
growth in number of households using GW for domestic activities (Sanh 2010). The
most recent report showed that 224,773 m3/day was abstracted in whole province of
which mainly was abstracted in gps; (20%) and gp,.; aquifers (70%), a small amount
was exploited in gh aquifer, gp, aquifer, and other aquifers (n,.,, n,.; and ny3) have not
been yet exploited. Total number of abstraction wells is 88,927 wells, of which number
of well with capacity =200 m>/day is 114 wells (official wells*) and that of well with
capacity <200m>/day is 88,813 wells (non-official well**) (Vuong 2013) (Table 3.2). The
Decree No.27/2014/TT-BTNMT dated 30/05/2014 of the Ministry of Natural Resources
and Environment formed the basis for sroundwater resources licensing within Vietnam
territory. Besides, each province or region has proposed their own planning for GW
exploitation, utilization and protection. However, Tra Vinh Province is one of locality
that has not fully implemented the GW exploitation plan yet. Up to now, licensing of
GW exploitation mainly depends on the decree or circular of Government and MONRE.

Table 3.2 - Statistics of abstracted wells in Tra Vinh Province in 2010

Groundwater abstraction (m>/day)
No. Aquifer
Official well Non-official well Total
1 | Holocene (gh) 0 7,800 7,800
2 | Upper Pleistocene (gps) 0 73,920 73,920
3 | Middle Pleistocene (qp,.3) 42,000 119,000 161,000
4 | Lower Pleistocene (qp;) 3,200 0 3,200
Whole province 53,200 200,720 245,920

*official well: big wells (>200 m>/d) were licensed to exploit sroundwater by DONRE
*non-official well: household wells (<200m’/d) were not licensed to exploit
groundwater (mainly made by local households)

Because of the rapidly increasing population and very fast economic development in
the VMD, the surface water resources are unable to meet these demands, groundwater
was over-abstracted (Ha et al. 2015) in many areas of VMD including Tra Vinh Province.

Resulting groundwater depletion and saline water intrusion are the main problems that
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threaten drinking water supplies, farming systems, and livelihoods in the delta
especially in the coastal province as Tra Vinh (Vuong 2013). In the coastal zone (see
location of Q217-station in Figure 3.1), observed groundwater levels show a significant
declination by 40 cm/year and 60 cm/year from 2000 to 2018 in gp,.; and n,_., aquifer,
respectively. Only the shallowest aquifer (gh) presents a stable fluctuation of GWLs in
the period of 2000 and 2018 (Figure 3.9). Besides, the rapid decrease of GWLs also
caused the land subsidence in some locations of Tra Vinh Province, with mean
subsidence rate about 20 cm due to the impact of 25 years of GW abstraction

(Minderhoud et al. 2017).
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Figure 3.9 - Time series of GWLs at Q217 station

3.5 General socio-economic information

According to statistics in 2018 of Tra Vinh Province Statistical Office (TVSO 2018),
population of the province is more than 1 million (8% of the VMD population) which
distributes by 288,666 households, in which number of poor households account for
13.23% (Nguyen 2018). The population growth rate of the province was 0.18 %/year in
the period of 2007 and 2018. Among provinces of VMD, Tra Vinh has the largest number
of Khmer people, occupying for more than 31% of the total province population.
The province economy is 39% agriculture, 20% industry and 35% services. In 2018, the
gross regional domestic product (GRDP) growth was estimated at 11.05%. The total
social development investment capital reached over 22.8 trillion VND (981.5 million
USD) and domestic revenue, 3.7 trillion VND (159.2 million USD). The ratio of poor

households was reduced by 2.44%. Province's latest five-year development plan
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concentrates in strengthening maritime economics including high-tech aquaculture,

forest-aquaculture, tourist and energy industries (PPC-TV 2015).

H

Figure 3.10 - The land use map of Tra Vinh Province (Silva 2018)

About 89% of Tra Vinh’s land, corresponding to around 184,024 ha, is mainly used for
agriculture activities including paddy, annual crops, perennial crops, orchards,
aquaculture, forest and salt cultivation. With conditions of soil and potential of water
resources, a large part of the land has been used for growing food including paddy
(33% of total land), aquaculture (33% of total land), annual and perennial crops (5%
of total land) (Nguyen et al. 2020). Since the early 2000s, agricultural production land
has decreased dramatically due to change paddy fields into shrimp farming and
perennial crops in the middle and northern part of the study area. In the coastal part,
aquaculture is the main economic activity due to the availability of saline water all
year round. In Tra Vinh Province, the production forest area is about 4,300 ha,
accounting for 65% of the total area of forest. See more detail of land use distribution

in Figure 3.10.
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Chapter 4 - RESEARCH METHODOLOGIES

This chapter shows methodologies to operationalize the conceptual theories, in order
to fulfil the objectives of the study. It explains specific methods/theories and the
application of these methods/theories to carry out the expected results. The study
investigated GWU issues and propose adaptive measures to meet sustainable yield of
the coastal aquifer system of VMD as in the flowchart of research methodologies
shown in Figure 4.1. This research can be divided into the 3 main parts, i.e., (i) to
estimate groundwater use distribution/pattern including assessment of the current
impact of GWU, (ii) estimations of sustainable yields of the aquifer system and
groundwater demand under various scenarios of climate change and socio-economic
development, and (iii) to recommend additional guidelines via behavior analysis and
estimation of reduced gaps in GW supply to cope with sustainable yields of the aquifer

system.

i Socio-economic survey | ! Data collection

,;’_‘;74 GWU pattemv/distribution F |
' _‘ Impact of long-term GWU ‘ h '

‘ Record of and use/
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Gaps in GW supply by

) i Proportion of GWD jo—
different scenarios

ropose adaptive measures to meet

Review of government Estimation of reduced gaps Additional guidelines in

guidelines

in GW supply demand and supply sides
Behavioral factors in CC Additional management
adaptation guidelines via behavior analysis

Figure 4.1 - Flow chart of research methodology

sustainable yield of the aquifer system

e

4.1 Socioeconomic survey

Survey methods are applied to provide a more detailed picture of groundwater use
and its issues. Based on different fresh/saline distribution of both groundwater and
surface water, consumption and issues of groundwater show distinguishing features.

For surface water in the study area, characteristic of saline intrusion present in three
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difference zone including zone which freshwater is at all seasons, freshwater depends
on seasons (it can be moderate or hard to improve) and saline water is at all seasons.
(Scarrott 2009) (see more detailed in APPENDIX 2). Besides, Kriging Interpolation (Surfer
11) is applied to simulate distribution of salinity groundwater based on total dissolved
solids (TDS) levels by using an electrical conductivity (EC) dataset with 746
measurement points of three shallowest aquifers in Tra Vinh area from the EC
campaign of SALINFROVE project (APPENDIX 1). The salinity map presents the North-
South gradient of salinity concentration for the three aquifers. By combining the
characteristic of saline intrusion in surface water and distribution of saline groundwater,
three-zone of the study area are identified including coastal zone (Duyen Hai district),
northern zone (Cang Long district and Tra Vinh town), middle zone (Tra Cu, Cau Ke,
Chau Thanh, Tieu Can and Cau Ngang).

In each zone, 140-150 questionnaires are prepared with the distribution of
questionnaires based on the guideline of sample size calculation (Israel 1992). A high-
income commune, a moderate-income commune and a low-income commune in
each zone are selected to conduct the survey by a classification of GDP per capita of
communes. Random sampling is used to pick up the respondent of every village at
selected communes. With high homogeneous in saline/fresh distribution of water
resources, and consideration of different levels of respondent poverty, analysis of
surveyed data of three communes can ensure sufficient coverage of local communities
in behavior of groundwater use and be used for represent the whole corresponding
zone.

The other objective of the survey is to collect information about behavioral factors in
term of implementing various adaptive measures of individual households to cope
with effect of climate change. The other objective of the survey is to collect
information about behavioral factors in term of implementing various adaptive
measures to cope with climate change impact. The sample size with 150
questionnaires per zone, occupies less than 1% of total household in each zone.
According to number of household in the study area (over 250,000 households), the
sample size is considered to be good enough for drawing conclusions about all of

households in each zone in regional scale due to high variety in behavioral factors of



35

each adaptive measures as well as impact of external factors on the human psyche.
However, with a zonal classification based on the potential of water resources and
income level, the representative samples can present differences in behavioral factors
among three proposed zones.

A drafted questionnaire of the socio-economic survey was pretested with the
participation of local residences, local officers and stakeholders at three zones to
check and add information relevant to behavior of groundwater use at three different
zones. Based on the feedbacks of the test-run, the survey questionnaire was modified
and improved to plan for carrying out the socio-economic survey and data processing.
Then, the socio-economic survey was conducted by the survey team of SALINPROVE
project from 19 March 2018 to 29 March 2020 with a collection of 419 survey

questionnaires for all three zones (Figure 4.2).
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Figure 4.2 - Distribution of survey questionnaires in three zones

4.2 Estimation of GWU distribution/pattern and assessment of GWU impact
4.2.1 Estimation of GWU distribution/pattern
a) GWU distribution estimation
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SPSS tool and Excel are applied to analyze statistics of the survey data by zonal
classification. Water supply for domestic use is separated by five methods including
bottle, tap water, tube-wells, rain-harvesting, and pond/canal storage. Besides, GWU
for agricultural use focuses on for irrigation and aquaculture. By assessing the
dependence on GW in domestic and agricultural use, role of GW in three different
zone is carried out to understand the importance of GW supply through three zones.
Average GWU per household and percentage of HH using GW for domestic use of each
zone are identified as the baseline based on the survey data to extrapolate total GWU
for domestic use in corresponding zone. In addition, average GWU for 1 ha irrigation
and aquaculture area of each zone are used to estimate total GWU for agricultural use
of corresponding zone.

Percentage of the total surveyed household and mean of groundwater use (GWU) by
each supply method is used as a baseline to calculate GWU of each district by using
population and land use data in Tra Vinh Province.

Table 4.1 - Functions of GWU pattern estimation

GWU pattern Descriptions Function
Mean GWU by bottle DB,
Mean GWU by tap water DT;
Domestic use Mean GWU by tube-wells DW;
Average GWU per HH GWUp; = DM; + DT; + DW,
Total GWU for domestic ZGWUdj = GWUq * PD;
Mean GWU for aquaculture GWU,
Total GWU for aguaculture ZGWUaj = GWU,; * A,
Agricultural Mean GWU for irrigation GWU; = MA; x A
e Total GWU for aquaculture XGWU; = GWU; * A,
Total GWU for agriculture ZGWUagJ- = ZGWUaj + ZGWUU
GWU in dry season GWUgy; = 2GWUy +2GWU,,

Where: PD is percentage of household using GW for domestic use (%)
A, is area of fresh-brackish aquaculture (ha), A; is area of irrigated area (ha)

j varies three zones (northern, middle and coastal zone)



37

b) Modification of GWU distribution by using distribution of land surface
temperature (LST)

Based on literature reviews and survey, GW was mainly exploited via tubed wells which
mainly distributed at in household land to supply water for domestic demand
including gardening. Besides, a number of tube-wells are located at planting areas
(annual crops, aquaculture) for more convenient in irrigation, especially in sand dunes
which are suitable for annual crops as watermelon, onion, pepper during the dry
season. In other words, GWU was distributed more in household land or sand dune
area and less in the paddy field or other irrigation areas with high soil moisture.
Therefore, the distribution of tube-wells or GWU cannot be on average by any zone.
In order to modify the distribution of GWU in each zone, land surface temperature
(LST) distribution from Satellite Images is applied to represent the distribution of GWU
due to separated distribution of household lands and sand dunes of LST values
(Fisseha et al. 2011).

Landsat 8 OLI (Operational Land Imager) and TIRS (Thermal Infrared Sensor) images are
opened and provided Thermal Infrared (TIRS) bands (Band 10 and 11, 100 m spatial
resolution resampled to 30 meters) that can be used for Land Surface Temperature
(LST) estimation with good spatial resolution. The Landsat 8 LST is computed by fusing
images of MODIS LST and Landsat 8 brightness temperature (Tb), provided by
Hazaymeh et al. (2015). The information acquired from Landsat 8 Images is processed
in Raster Calculator Tool of ARC-GIS software in order to calculate the LST. To achieve
the LST distribution from Landsat 8 images, the process includes the major following

steps as Figure 4.3.
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Figure 4.3 - The process of LST estimation from Landsat 8 image (Bendib et al. 2017)

Step 1: Top of Atmosphere (TOA) Radiance:
Using the radiance rescaling factor, Thermal Infra-Red Digital Numbers can be
converted to TOA spectral radiance.

LA = ML * Qu + AL

where:

LA is TOA spectral radiance (Watts/ (m?* sr * Hm)

ML is radiance multiplicative Band (No.)

AL is radiance Add Band (No.)

Q.4 are Quantized and calibrated standard product pixel values (DN)

Step 2: Top of Atmosphere (TOA) Brightness Temperature:
Spectral radiance data are converted to top of atmosphere brightness temperature
using the thermal constant values in Meta data file.

BT =K,/ ln (K, /LA + 1)-272.15

where:

BT = Top of atmosphere brightness temperature (°C)
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LA = TOA spectral radiance (Watts/(m? * sr * Lm))

K1 = K1 Constant Band (No.)

K2 = K2 Constant Band (No.)

Step 3: Normalized Differential Vegetation Index (NDVI):
The Normalized Differential Vegetation Index (NDVI) is a standardized vegetation index
which is calculated using Near Infra-red (Band 5) and Red (Band 4) bands.

NDVI = (NIR —= RED) / (NIR + RED)

where:

RED is DN values from the RED band

NIR is DN values from Near-Infrared band

Step 4: Land Surface Emissivity (LSE):
Land surface emissivity (LSE) is the average emissivity of an element of the surface of
the Earth calculated from NDVI values.

PV = [(NDVI = NDVlryin) / (NDVIay + NDVI i)

where:

PV is proportion of vegetation

NDVI are DN values from NDVI Image

NDVI i is minimum DN values from NDVI Image

NDVI ax is maximum DN values from NDVI Image

E =0.004 * PV + 0.986
where:

E = Land Surface Emissivity

PV = Proportion of Vegetation

Step 5: Land Surface Temperature (LST):
The Land Surface Temperature (LST) is the radiative temperature which calculated
using Top of atmosphere brightness temperature, wavelength of emitted radiance,
Land Surface Emissivity.

LST = BTA1 + W * (BT / 14380) * In(E)

where:

BT = Top of atmosphere brightness temperature (°C)
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W = Wavelength of emitted radiance

E = Land Surface Emissivity
Estimation of GWU distribution
The total GWU in each zone (GWUyy;) is estimated by the statistical data and baseline
of GWU via the field survey mentioned in the previous section. The ratio between LST
cell value and sum of all LST cell in each zone are applied to estimate GWU value by
cell (GWUs) from the total GWU (GWUyy,) in corresponding zone.

GWUs = GWUqy; x LST/Sum (LST,)

where:

LST. is temperature value of cell.

GWU_ is GWU value of each cell

j are zones (northern, middle and coastal zone)
On the other hand, the population and land use data at the commune level are used
to estimate total GWU of 17 communes in Tra Cu District. This estimation is compared
with the sum of GWU;, by distributed area of 17 corresponding communes to verify the
application of LST Satellite images in this study.
c) Estimate average dry season GWU pattern by years
In order to estimate GWU pattern from 2007 to 2018, the linear correlation of the
referred estimation of GWU for domestic in 2007 and that in 2018 are used to
interpolate average dry season GWU for domestic of remaining years. In addition, GWU
for agriculture is estimated based on availability of freshwater during dry season. For
the remaining period from 1995 to 2007, a referred estimation of GWU in 1995, 2000
and 2007 are applied to estimate average dry season GWU for remaining years by using
the linear interpolation.
d) Correction and verification of GWU pattern
A groundwater flow model (MODFLOW) is developed to verify the spatial distribution
of GWU in March 2018 by steady calibration. On the other hand, the transient model
is used to verify time series of average dry season GWU from 1995 to 2018 via
calibration of groundwater levels (GWLs). The ratio of GWU between wet and dry
seasons is also corrected in calibration process. The process of GW model

development is presented in more details in the next section
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4.2.2 Assessment of GWU impact

a) Development of GW models

In order to study the impact of long-term groundwater use on aquifers, the
Groundwater Modeling System (GMS) is applied to simulate the three-dimensional GW
flow by MODFLOW module and three-dimensional salinity GW transportation by
MT3DMS module (Mass Transport Three-dimensional for Multi-Species). Simulated
duration is from January 1994 to December 2018 and is divided by 300 time-steps
(monthly). MODFLOW simulates the piezometric heads via fluxes from cell to cell flux
during the flow computation, then it is subsequently used to be the flow field for
simulating transport simulation in MT3DMS module.

In term of simulating GW flow and salinity transportation, two equations described

advection, dispersion, source of fluid, sorption (Zheng et al. 2002, Zheng et al. 2012)

as below:
é’(K 0’71)+0”(K 0’71)+0”<K o’h)_l_ _Séh
@C XX@C a.y vy @/ & ZZ & qS - S dj
0 a 0 qs a
— D — ) — — (v = - =R—
ébci( ij &j) — WO +5Cs = AC+p,0)C =R~
where:

Ko Ky and K, are the HC values along the x, y, and zcoordinate axes and may
be function of space [L/T];

h is the piezometric head [L]; t is time [T]

s is the volumetric flux of GW sources/sinks per unit volume [1/T] with positive
values indicating flow into the GW system

S, is the specific storage of the porous material and may be function of space
(1/L]

C is the dissolved concentration of species k, ML?;

0 is the porosity of the aquifers, dimensionless;

T; i x is the distance along the respective Cartesian coordinate axis, L;

D; is the hydrodynamic dispersion coefficient tensor, L2 T i v is the seepage

or linear pore water velocity; LT
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gs is the volumetric flow rate per unit volume of aquifer representing fluid

sources (positive) and sinks (negative), T;

CkS is the concentration of the source or sink flux for species k, ML:

SR, is the chemical reaction term, ML>T .,
For groundwater flow model
In order to simulate GW flow, to begin with, a conceptual model is defined to represent
the modelled area including the model domain, boundary conditions and layer
properties. The conceptual model for aquifers in the study area is developed base on
available hydrogeological data. In the conceptual model, the data are assigned to the
grid via a GIS tool. The first step of simulation is to create a suitable grid pattern based
on the MODFLOW domain. Boundary conditions are identified by specified and general
head boundary that represents the coastal line and the boundary on north, west and
east of the model domain, respectively. The input parameters are initial GWLs,
hydraulic conductivity, GW recharge, river water levels and conductance and GW
pumping. The groundwater flow model is calibrated by hydraulic heads of 17
observation wells by considering the variations during the period of 1/1994 to 12/2008
and the period of 1/2009 and 12/2018 of observed GWLs data is used for the
verification process.
For salinity transportation model
For stimulation of GW salinity transportation, total dissolved solids (TDS) is used as the
simulated parameter. Three packages in MT3D module (advective package and
dispersivity package and source/sink mixing package) and a variable-density flow
package in SEWAT module were used with same time scale of the calibrated
groundwater flow model. ICBUND value of the distribution area of the aquifers in the
modeling area is assigned a value of 1 (the area with TDS content changes over time).
Typically, calibrated parameters are used to define the longitudal dispersivity, and
porosity in this study based on observation data of 5 monitoring wells along saline
interface from July 2017 to December 2018.
b) Exploration of GWU impact on aquifers
Based on GWLs distribution, drawdown of GWLs can be carried out to understand

impact of GWU in different areas. Distribution of depleted cones based on GWLs map
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also identifies the area which is prone areas of saline intrusion as well as land
subsidence. Besides, an analysis of GW balance consist of GW budget, estimates the
inflow components, outflow components and changes in storage of the aquifer system.
A GW balance can be analyzed by spatial and temporal distribution or aggregation of
parameters (Nam 2017). The impact on aquifers is assessed by comparing inflow and
outflow rates. Outflow exceeding inflow can forewarn of falling GW levels, reduced
rainfall recharge, or salinity movement as previously significant declination of GWLs.
According the defination of conceptual mode, Based on the conceptual GW balance
in the study, the equation of GW balance in this study is described as below:
(GWI + P + RR + DP) — (GWO +RR,+ Q) = AGWS

where: GWI is the inflow of aquifers (lateral flow); LR is the recharge from precipitation;
RR is the recharge from the rivers (river leakage); DP is the deep percolation from the

upper layer; GWO is the outflow of aquifers (lateral flow); Q is the certain GW pumping

(GW abstraction); AGWS is the change in groundwater storage.
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Figure 4.4 - Conceptual GW balance (Nam 2017)
By simulation of TDS transportation using MT3DMS, movement of fresh/saline interface
(identified TDS contour) is identified in response to the salinity source. The areas having
total dissolved solids (TDS) in GW greater than 1,000mg/l is considered to be the area

having saline GW. Comparison of TDS contours at different time-steps can estimate the
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increasing area of saline GW and the average rate of increase. Furthermore, based on
the survey data, distribution of GWU issues is used to verify impacts of long-term GWU
and assessed by developed GW models.
4.3 Estimation of sustainable yields and GW demand

4.3.1 Estimation sustainable yields of the aquifer system.
Identification of sustainable concept and criteria
In order to consider the gaps of traditional safe yield concept in term of GW
management, the sustainable yield is introduced as a newer and comprehensive
concept. The sustainable yield concept can be dived three categories of constraint
including environmental, economic and political constraint for a certain region. (Koch
et al. 2012). On the other hand, the sustainable yield concept focuses more on GW
pumping impacts on a GW system with the broader definition as “The amount of
ground water that can be safely withdrawn from a groundwater basin annually, without
producing an undesirable result” (Meyland 2011). Undesirable results are the
consequence of GW pumping that consist of the GW storage depletion, the saline GW
intrusion, the land subsidence, the exhaustion of streamflow, the contravention of
current water rights and increase of pumping cost (Alley et al. 1999).
In this study, undesirable results of aquifer are identified by exploring impacts of long-
term in the above section. The first sustainable criterion is proposed to enable the
aquifer system to meet a new equilibrium state in time. By applying this criterion, the
groundwater level will be stable and change in GW storage will reduce to
approximately zero. The second sustainable criterion is proposed to control saline GW
movement as present. The area of saline water is controlled to not extend more
specified percentage in the near future.
Estimation of sustainable yields
Numerical models are known as a very useful tool to predict effects of GW pumping,
so it is applied efficiently in sustainable yield estimation (Zhou 2009). Numerical
models can carry out a certain sustainable yield based on different constraints or
criteria of sustainability. (Kalf et al. 2005). Therefore, numerical models can be applied

to determine response yields with various criteria of sustainable yield.
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GW flow and salinity transportation in the previous section (same modules) is used to
develop sustainable models. The simulation time of sustainable yield is extended
more 12 years from January 2019 to December 2030 and is divided into 444 stress
periods (monthly step). All parameters were kept unchanged as 2018 except only GW
abstraction. In order to estimate sustainable yields by the sustainable model, GW
abstraction is reduced by following steps as below:
®* QW abstraction of all wells in three zones since 1/2020 from 5% to 50% (in
2018) until GWLs fluctuates stable (select points at depleted cone and center
of each zones) and change in GW storage ~ 0. Total GW abstraction of the
sustainable model at the new equilibrium state is considered as sustainable
yield of aquifer based on the first sustainable criteria.
® After the aquifer system reach to a new equilibrium stat, GW abstraction of
wells which locate in expanded areas of saline GW continue to be reduced
more until area of saline GW of the main exploited aquifer (gp,.s) in 2030 < or
= 105 % of area of saline GW in the base year (2018). The existing GW
abstraction in the sustainable model is consider as sustainable yield based on
the second criteria.
The estimated sustainable yield is compared with the estimated GWU in 2018 to
identify reduced proportion of GW abstraction in each zone to meet sustainable
yield of the aquifer system by different criteria of sustainability.
4.3.2 Groundwater demand estimation
In VMD in general and Tra Vinh Province in special, as the alternative surface water
supply resources are not satisfied with the water demands, the water demand mostly
relies on the GW supply. The GW demand also depends on the availability of fresh
surface water during dry season. In some dry years with very low rainfall, when the
duration of available fresh surface water lasted less than 1 month during the dry
season, farmers had to use more GW to satisfy domestic and some agricultural
demands. In addition, the past water demand at Tra Vinh Province is estimated by

using the data such as the records of population, water consumptions (domestic water
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supply, industry, agriculture, and aquaculture). The proportion of GWU per total
demand is analyzed by the definition of the water year variations.

In order to understand the impact of climate change and socio-economic
development on groundwater demand in this study, two scenarios of socio-economic
development are selected to estimate future water demand by using data of
population growth and land-use change. In addition, the proportion of GWD by total
water demand in the future is estimated based on annual rainfall projection by two
climate change scenarios and the estimated proportion in the past. GW demand by
different scenarios is computed by the projected proportion of GW demand and total
projected water demand. The difference between projected GW demand and
sustainable yield of the aquifer system is considered as gaps of GW supply in future by
different scenarios of climate change and socio-economic development.

4.4 Recommendations of adaptive measures for GWU

In order to propose adaptive measures to meet sustainable GW development, firstly,
a review of government strategies for climate change adaptation in the Mekong Delta
is conducted and classify adaptive measures in different sides including supply,
demand and management side. The main task of this part is to develop behavior
models for three zones of the study area by applying Fogg Behavior Model (FBM) in
order to understand difference of behavior factor distribution in term of adaptive
decision for climate change in the past. Lastly, additional guidelines are proposed to
reduce gaps in GW supply by alternative supply plan or land use change. In addition,
improvement of management side is also noted by review and suggestions of
monitoring network design and focusing on incentive and additional factors to let more
response from human side in term of implementing adaptive strategies.

Application of Fogg Behavior Model (FBM)

Fogg (2009a) proposed a behavior model that explains how behavior occurs and what
contributes to it. In FBM, three factors are defined to understand a certain behavior
can be performed or not. Three factors are presented at the same time by motivation,
ability (simplicity), and triggers with subcomponents of each factor. (Figure 4.5). These
elements must happen at the same time in order for behavior to result. The FBM is

proved to be very useful in analysis of behavior change and design of persuasive
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technologies (Fogg 2009a, Fogg 2009b). The expected behavior can be defined by
"motivation x ability x trigger" and if it doesn't occur, there is definitely lack at least
one of those three components is missing. With a high enough motivation. When a
good enough motivation can match with the ability to perform a behavior, it simply
requires only a trigger to make the behavior happen. The activation threshold (Figure
4.5) separates triggers by two parts of triggers, the upper ones can lead behavior change
and the lower ones show no behavior change. A trigger can be understood as a cue or
call to action that makes someone done their certain behavior. For ability, it can be
considered easier or simpler to cause a particular behavior. While motivation relates

to attitude change to make a behavior happen.
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Figure 4.5 - Three factors of the Fogg Behavior Model (Fogg 2009a)

In the Vietnamese Mekong Delta, some studies have discussed cognitive and
psychological factors in regard to adaptive behavior of farmers (Bosma et al. 2004,
Bosma et al. 2005, Dang 2014, Le Dang et al. 2014). Farmers, who usually presented a
high positive attitude in adaptive measures to cope with climate change impact,
concerned about these impacts on their agricultural activities (Le Dang et al. 2014). In
other words, concern about the climate change impact motivate farmer's decision in
adaptive strategies. In addition, market price or demand always play a significant role
in farmers' decision-making about adopting adaptive measures like expanding

aquaculture and salt-tolerant crop (Bosma et al. 2004, Bosma et al. 2005, Phong et al.
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2007). Farmer's assessment of market price or demand can motivate their decision to
change or not change any agricultural activities in term of climate change adaptation.
Access to the resources determined adaptive capacity at various scales (Wall et al.
2006). In other words, the main barrier to the adaptive decision makinng of farmers is
access to resoures including extension, information, credit and water (Bryan et al. 2009).
First factors which significantly affected to farmer's decision on climate change
adaptation includes access to information about climate change and adaptive
strategies. If farmers can easy access to this information, and they will feel more
simplicity to follow the adaptive strategies. Besides, other factors are defined as access
to resources including capital, irrigation, education, and health care (Dang et al. 2012,
Le Dang et al. 2014). Generally, Generally, if farmers can access to more resources,
they will have more simplicity or high ability to lead their decision-making in term of
climate change adaptation.

In summary, factors influencing farmers’ adaptative decision can be separated by two
groups following three main elements of Fogg Behavior Model (FBM), i.e., motivation,
ability factors and trigger point for decision making. Motivation factors include concern
about the effects of climate change (M1) and concern about market price/demand.
While ability factors present various components of access to resources such as: easy
access to information about climate change and adaptive measures (S1); access to
technological knowledge (S2); easy access to irrigation (S3) and easy to access to
capital/credit (S4). These factors were transferred to the questionnaire to interview
how different among respondent lead to their own different decision in changing or
non-changing agricultural activities (defined as a trigger point) to adapt to climate
change impact. In term of analysis of survey data, percentages are used to estimate
weight of each factor for each respondent. In order to develop adaptive behavior
model (ABM), a fix weight is assigned for each answer in term of behavior factor survey.
Total weight of motivation and ability factors were estimated by sum of all single
factors by using coefficient represent the different percentages comparison in the same
group. Two linear functions are proposed to estimate weight of motivation and ability

factors as below:
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Motivation weight: 2ZM = a;M; + a,M,
Ability weight: 225 =b,S; + b,S, + b3S5 + bsSs
where:
My, My, Si, Sy, S3 & Sq = 1 or 0 depends on answer of respondent is Yes or No,
respectively for having these factors
ai, a: motivation coefficient corresponding with proportion distribution of 2
motivation factors
b1, by, bs, by ability coefficient corresponding with 4 ability factors
The adaptive behavior models present scattered plots of motivation and ability weight
of all samples in each zone to understand different distribution of behavior factors

with identified target and different stringers represented by trigger line (Figure 4.6).
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Figure 4.6 - Application of FBM in changing agriculture activities
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Chapter 5 - ROLE OF GROUNDWATER USE AND ITS IMPACT

This chapter presents an estimation of spatial and temporal variability of groundwater
use (GWU) data to the GW simulation and develop GW models to assess impact of
GWU on the aquifer system. In section 5.1, the investigation data also analyzed to
explain the role of GWU for different use purposes. Then, the GWU distribution and
pattern are estimated by application of satellite image and groundwater modelling in
section 5.2. Section 5.3 shows a detailed procedure of GW modelling consisting of
input data, process of calibration and validation and result of errors. An assessment of

the impact of GWU issues on local socioeconomic is presented in section 5.4.
5.1 Role of groundwater use

5.1.1 In domestic use
In Tra Vinh Province, water is supplied for domestic use via five supply methods
including bottled water, tap water, rain harvest, tube-wells and pond water store. If
bottled water, tap water and rainwater were targeted primarily for drinking, cooking
and bathing, tube-wells went mainly to serve laundry and gardening demand.
Generally, the preference of the households for the different water sources is ranked
as follows: 61%, 58%, 53%, 45% and 2% for tube-wells, tap water, bottled water,
rainwater harvesting and pond water store, respectively (Table 5.1). The results show
that tube-wells is the most preferred water supply method in the middle and coastal
zone due to available and low cost of groundwater pumping. the tap-water supply
presents a higher quality due to standard of Vietnam QCVN 02: 2009/BYT which
accounts for 56% and 45% of the total surveyed HH in the middle and coastal zone,
respectively. In the northern zone, tap water is the main water supply method for
household water demand which occupies 76% of the total surveyed HH in this zone
and there is only 25 % of it exploited GW via tube-wells. For domestic activities, local
people show a priority on groundwater instead of other sources such as surface water
or rainwater. (Table 5.1). However, they still use other water sources like rainwater and
river water for their daily activities although without high consumption. Rainwater
harvesting is stored in the rainy season by tanks or jars and used mainly for drinking

and cooking during the dry season. The rainwater harvesting shows the highest
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proportion in the northern zone, about 86% and the proportion decreases significantly
to the south with only 16 % in the coastal zone (Table 5.1). There is only less than 2%
in all three zones used surface water which is stored by small ponds or canals. In
contrast with rainwater harvesting, the proportions of bottled water show an increasing
trend from north to south of the study area. Bottled water is produced by small private
companies which source water is taken through tap water or tube wells and mainly
used for the drinking purpose.

Table 5.1 - Ratios of different water supply methods in Tra Vinh Province.

Number Ratios of water supply methods (%)
of
Zone Pond
surveyed | Bottled | Tap Rainwater
Tube-wells water
HH water | water harvesting
store
Northern zone 140 25% 16% 29% 84% 6%
Middle zone 139 53% 56% 67% 34% 1%
Coastal zone 140 80% 42% 86% 16% 0%
Total 419 53% 58% 61% 45% 2%

Most of surveyed HH usually uses a combination of different water supply methods to
satisfy total domestic demand and suitably with specified purposes such as drinking,
cooking, bathing or washing. Among five water supply methods, GW is available in tube-
wells, bottled water and tap water. During the dry season, a number of HH in the study
area uses water for domestic with only one source of water is from groundwater via
tube-wells or tap water network which is transferred from big stations of GW
exploitation. In addition, the bottled water is also produced from GW via tap water or
tube-wells in that area. These households are considered as completely dependent
on GW during the dry season. The highest percentage of surveyed households which
completely depended on GW shows in the coastal zone, around 89 % and there were
12 and 66% in the northern and middle zone, respectively (Figure 5.1.). Other remaining
households used groundwater in combining with other sources as rainwater or surface

water. In other words, these households are partly dependent on GW in term of
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domestic use during the dry season. The result shows that the proportion of surveyed
HH which is partly dependent on GW, were 22%, 34% and 11% in the northern, middle
and coastal zone, respectively (Figure 5.1.). In the northern zone, there is 66% of total
surveyed HH did not use any GW for their domestic demand due unavailability of GW
in a part of this zone (Figure 5.1.). These households show a non-dependent on GW in

the dry season like this is not found in the middle and coastal zone.

Total
Coastal zone

Middle zone

Northern zone

0% 20% 40% 60% 80% 100%

W not dependent on GW i partly dependent on GW i completely dependent on GW

Figure 5.1 - Dependence of domestic use on GW in Tra Vinh Province

5.1.2 In agricultural use

Agriculture plays a significant role in developing the economy of the coastal area of
VMD. Agricultural water use accounted for 86% of all water abstraction from the
Mekong river (Smajgl et al. 2013). In Tra Vinh Province, irrigation water is mainly taken
from surface water however this source can’t maintain supply capacity due to
availability of freshwater. In fact, river water sources always are plentiful even in the
dry season. However, the mechanism of salinity water distribution in estuary areas is
strongly dependent on discharge from upstream. In particular, salinity concentrations
higher than 4 % (TDS ~ 4 ¢ per liter) are deemed unsuitable for crops and aquaculture
(Nguyen et al. 2014).

In the coastal zone of Tra Vinh Province, GW is considered as the main source for
irrigation demand because fresh surface water is known to be not available throughout
the dry season. In the dry season, planting paddy is usually alternative by other annual

crops like watermelon, pepper, onion and peanut with higher value and less water



53

requirement. In the dry season of 2018, area equipped for irrigation is currently about
282.5 ha of which 100% are equipped for irrigation with mean of irrigation consumption
about 31.6 cubic meters per hectare day™ (Table 5.2). In the northern zone, that has
availability of fresh surface water, main crops are coconut, paddy and some orchards.
Although GW is exploited a high proportion for domestic use, however, it occupied a
very small proportion of irrigation demand. Conjunctive use clearly presents in the
middle zone by access water for irrigation. At the start of the dry season (in January
and February), freshwater is still available in main rivers and canal system, most farmers
preferential use water from canals and ponds for crop irrigation. However mid and later
in the dry season (March, April and May), the contribution of freshwater decrease
dramatically. When the discharge at Tan Chau station is less than 2,000 m?/s, there is
no freshwater in this zone. This implies that most area of the middle part cannot
access to freshwater since that time until the early rainy season (late May or June) or
earlier in case of releasing more water from upstream dams. As a result, GW is exploited
more to fill the shortage of crop irrigation. Food crops include paddy, maize still must
be dependence on surface water due to high crop demand and large planting area.
During the dry season of 2018, there is 32 % and 46 % of total surveyed HH used GW
for irrigating orchards and annual crops, respectively (Table 5.2).

In Tra Vinh Province, there are two types of aquaculture including freshwater
aquaculture and saline/brackish water. The area of saline/brackish aquaculture
accounted 25,648 ha, approximately 83% of the total aquaculture area in 2015
(General statistical office, 2016), were located primarily in coastal districts. Freshwater
aquaculture area occupies only 0.5 to 3.4%, mainly distributed in the northern zone
where freshwater is more available. However, cultivation of shrimp in areas where the
salinity concentration of water is low and changed over time tended to affect shrimp
growth, causing diseases that resulted in low productivity. When enters peak time of
the dry season, salinity concentration always increases rapidly due to the higher
temperature and saltwater intrusion. In order to maintain salinity concentration in
farming ponds, farmers usually exploit GW to mix with available water in ponds. In the
dry season of 2018, GW exploitation for shrimp farming lasted continuously from 7 to

20 days for 13 % and 30 % of the middle and coastal zone, respectively (Table 5.2).
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Proportion of GWU for agricultural activities
Zone Food Perennial
Orchards | Annual crops | Aquaculture
crops crops
Northern
non-use non-use % 9% n/a
zone
Middle zone non-use non-use 32% 46% 13%
Coastal zone non-use non-use 87% 100% 30%

5.2 Estimation of GWU distribution/pattern

5.2.1 Baseline of GWU

For domestic use, consumption of GW of each surveyed HH is summarized from all

water supply methods. On average, each household used approximately 1.3 m® of GW

to satisfy its domestic demand. Mean of GWU varies from 0.95 m>day™ per HH to 1.35

m°day’ per HH and its trend increased from northern to coastal zone (Table 5.3).

Besides, GW is also exploited for irrigation and aquaculture via tube-wells. GW irrigation

mainly distributed on sand dune areas and supplied water for some annual crops

including onion, watermelon, pepper and vegetables. On the other hand, an amount

of GW is used for aquaculture with the main objective is to maintain salinity

concentration of farming ponds due to saltwater intrusion and high temperature during

the peak time of dry season. Mean of GWU for irrigation and aquaculture are estimated

by 25.7 and 30.8 m>day™ per ha, respectively (Table 5.3).

Table 5.3 - Baseline of GWU by different purposes

Purpose\zone Northern Middle Coastal Total
Domestic (m’d™/HH) 0.95 1.26 1.35 12
Onion 24.6 23.4 27.7 252
Watermelon n/a 39.2 38.7 39
Irrigation Pepper n/a 13.1 144 13.8
m>d!/ha Vegetables 20.6 28.2 32.4 27.1
Orchards n/a 26.3 28.8 27.6
Average 22.6 26 28.4 25.7
Aquaculture (m*d/ha) 30.1 30.1 32.2 30.8
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5.2.2 Estimation of GWU pattern
For domestic use
GWU for domestic use of each zone is estimated based on ratio of HH using GW and
baseline of GWU for domestic. In 2018, Tra Vinh Province has about 77,079 households.
In which, a high number of surveyed households uses GW as the main source for
domestic use, it occupies 82% of total surveyed households in the coastal zone due
to the saline surface water problem. In the northern zone, the ratio of HH using GW is
lowest; around 26%. Distribution of household number in three zones is applied to
estimate total GWU for domestic in corresponding zones. The result shows that total
GWU for domestic of Tra Vinh Province is 167,676 m>/d in which the proportion of the
northern, middle and coastal part were 8%, 77% and 16 %, respectively. See more
detail in Table 5.4.
Table 5.4 - GWU estimation for domestic

Ratio of HH Number of Total domestic | Percentage
zone using GW HH GWU (m>d™) %
Northern zone 26% 53,238 13,150 8%
Middle zone 66% 154,391 128,392 7%
Coastal zone 82% 23,608 26,134 16%
Whole province 58% 77,079 167,676 100%

For agricultural use

Baseline of GWU for aquaculture in each zone is used to extrapolate to the whole
zone based on statistical data of the brackish aquaculture. Brackish aquaculture mainly
distributes in the coastal zone, about 1,273 ha and a part of middle and northern zone.
In the coastal zone, the estimated GWU for aquaculture is 41,015 m®/d during the dry
season of 2018 (Table 5.5). GW provides 2,167 and 21,483 m?>/d for aquaculture use in
the northern and middle zone, respectively (Table 5.5). According to statistical data of
land use in 2018, area of some annual crops is used to estimate total GWU for irrigation
by zone based on baseline of GWU from the surveyed results. The estimation shows
a highest amount of GWU for irrication in the middle zone due to largest distribution

of sand dunes as well as main annual crops in the dry season, accounts for over 70%
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of total GWU for irrigation of the study area. The estimated GWU for irrigation is 8,505
m>/d and 23,699 m>/d in the northern and coastal zone, respectively. The total GWU
for agricultural activities is 178,603 m?>/d, presented a similar amount with total GWU
for domestic during the dry season of 2018 (Table 5.5).

Table 5.5 - GWU estimation for agricultural activities

GWU for annual crops GWU for aquaculture Total
Area of Area of Aquaculture | agriculture
Zone Irrigation
annual aquaculture* GWU GWU
GWU (m’d™) .
crops (ha) (ha) (m*d™) (m>d™)
Northern
378 8,505 72 2,167 10,672
zone
Middle
3,205 81,734 714 21,483 103,217
zone
Coastal
837 23,699 1,273 41,015 64,714
zone
Whole
4,421 113,938 2,059 64,665 178,603
province

The estimated groundwater use of the study area is 346,279 m>/d in dry season of
2018. In which, the coastal zone (Duyen Hai district) occupies 23 % of total GWU of
the whole province although population and area of this zone are accounted for
around 10% and 13% of the whole province, respectively. In northern zone, GW is
mainly exploited to satisfy domestic demand with total GWU is around 23,832 m*/d.
In the middle zone, total GWU is 231,609 m®/d in which proportion of GWU for

domestic and agriculture use are 55% and 45%, respectively (Figure 5.2).
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Figure 5.2 - The estimated GWU of Tra Vinh Province in the dry season 2018

5.2.3 Estimation of GWU distribution
Modification of GWU distribution by applying LST distribution
Land surface temperature (LST) from Landsat 8 Image (acquisition date 22 Feb 2018)
is simulated by using ARCGIS 10.4. Figure shows the distribution of LST in Tra Cu district,
high temperature area presented for households, roads and sand dunes distribution.
The range of low LST is from 14 to 25 °C, represented for paddy fields, surface water

areas which use less GW for irrigation. See details in Figure 5.3.

-~ N
Fi 0
TN,
Vinh Long ‘;\'\ A
\ Ben Tre
S Province 3
s - 10°0°0"N
3
<
- 9°50°0"N
- 9°40°0"N
Province 29y
- % East Sea
0o 5 10
=+ =+ =+ =+ = 9°30°0"N
106°0'0"E 106°100"E 106°20'0"E 106°300"E

Figure 5.3 - LST distribution using Landsat 8 Image
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Total GWU in each zone is redistributed in more detail by applying the distribution of
LST. The result shows that the GWU per cell increased gradient from north to the
south and is much higher in sand dunes and housing areas. The coastal area presents
a much higher GWU compare with two remaining areas due to a high amount of GWU

on a small area of this zone. See more details in Figure 5.4.
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Figure 5.4 - GWU distribution of Tra Vinh Province during the dry season of 2018

On the other hand, GWU by commune is estimated by using baseline of GWU and data
of land use and population at commune level of Tra Cu District (Figure 5.4) to verify
the GWU distribution applying LST distribution (Figure 5.5). From the map of GWU
distribution, sum of GWU by 17 communes is estimated by using zonal statistic tool of
ARCGIS (Figure 5.5). The result shows a statistically significant positive correlation
between these two estimations (adj-R? = 0.646) (Figure 5.6). Therefore, the distribution
of LST can be used to interpolate GWU to areas which detailed information of housing

or land use are not available.
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Interpolation of GWU pattern distribution by year
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For Tra Vinh Province, GW accounted for 187,000 m>/d in dry season 2007, and this

has increased by almost two times to 346,279 m>/d in that of 2018. That explains the

significant decrease of GWLs in main exploited aquifers (qps; and gp,.3) after the 2000s

(see more detail in section 3.4.3). GWU for domestic activities increases rapidly due to

growth in the percentage of household using GW between 2007 and 2018, accounting

15% for the whole study area. In addition, the standard of drinking water supply also
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increased from 60 liters/day per capital to 85-100 liters/day per capital between 2007
and 2018, respectively. For agriculture activities, GWU shows a light increase,
accounting only 25,000 m>/d in this period. Statistical data of annual crops, agricultural
between 2007 and 2018 also show a similarity in planting area of annual crops,
orchards and aquaculture. So, agricultural water demand seems to not change much
in this period. However, depending on the availability of fresh surface water during dry
season, GW can be exploited with varies amount.

While agricultural use in the coastal zone is strongly dependent on GW by all demand
of water, that of the northern zone is more dependent of surface water due to much
better controlling of saline intrusion during the dry season in this zone. The middle
zone is the most sensitive area with GWU for agriculture due to changes availability of
freshwater by years. Figure 5.7 shows comparison of average dry season flow at Tan
Chau (Figure 3.1) and seasonal difference of GWLs at the middle zone (observation
well-Q404030 - Figure 3.1). Before 2006, GWLs showed a light fluctuation between wet
and dry season (less than 10 cm per year) due to small GW pumping in this period.
However, there is high varies of GWLs between wet and dry season in the period of
2007 and 2018. In some dry years (2013,2016), when average dry season is low, local
people had to exploit more GW to satisfy their demand mainly via tube-wells due to
high number of days without freshwater in these years, accounting 23 cm and 35 cm
for 2013 and 2016 (Figure 5.7). However, the amount of GWU for agriculture seems to
be lower in the wet year (2009, 2012) due to a shorter duration without fresh surface
water. Therefore, GWU for agriculture in the middle zone is strongly dependent on up-

stream flow or duration without freshwater in the study area.
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Figure 5.7 - Comparision between average dry season flow at Tan Chau and seasonal

difference of GWLs at observation well (Q404030)

For the period from 2007 to 2018, GWU in dry season is estimated by linear
interpretation between that of 2007 (Sanh, 2007) and 2018 (this study). In term of GWU
for agriculture in dry season, the amount of GWU is adjusted based on average dry
season flow in this period. For the period of 1995 and 2007, GWU of each year is
estimated by using linear interpolation of GWU between GWU in three years including
2007, 1995 and 2000. GWU in dry season of 1995 and 2000 is estimated by percentage
of total GWU of the VMD in the same year, accounting 20,000 m?>/d and 50,000 m*/d
in 1995 and 2000. Figure 5.8 presents the time series of average dry season GWU from
1994 to 2018. The corrected GWU shows a significant increasing since 2000s in the
middle and coastal zone. In 2018, the estimated GWU is higher around 3 times than
the one in 2005 for these two zones. There is a slowly growth of GWU in the northern
zone due to availability of surface water and salinity distribution of GW. The total GWU
is only 235,000 m*/d in 2010, occupied only about 75% of current GWU in 2018.
Average wet season GWU is estimated by 70% of average wet season for all three
zones and the percentages is corrected by calibration of GWLs in the groundwater flow

model.



62

250,000
o Average dry season GWU in northern zone

’.'D‘

Sé 200,000 Average dry season GWU in middle zone

; < Average dry season GWU in coastal zone

% 150,000

c

e

b

< 100,000 N

&

) Lo

& 50,000 5O &

ju o

}];J 00000 QOOOOOOOO

00 o0
= 0 coo06666888069°
1990 1995 2000 2005 2010 2015 2020

Years

Figure 5.8 - Estimation of average GWU in dry season by years

5.2.4 Verification of GWU distribution by GW flow model

Verification of spatial and pattern distribution of GWU

In order to verify GWU estimation, GWU of each zone by time and space is inputted
into pumping package of GW models (detailed description of model development in
the next section). The most common way of inputting GW pumping is to convert total
GWU of any specified area by a number of wells with same rate of pumping for each
single image well. In this study, application of images wells with equal distribution in
each zone and the GWU distribution by applying LST distribution are also used to
compare accuracy of the estimated method based on calibration result of groundwater
flow model. GWU in the wet season is surveyed in this study, so it is defined by 70%
of GWU in the dry season for all three zones. During the model calibration, these
percentages of three zones were corrected to improve simulated GWLs based on
observation ones. The results show that GWU distribution by using LST distribution
present a much better correlation between simulated and observed GWLs at the time-

step of March 2018 of 13 observation wells (Figure 5.9).
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Figure 5.9 - Comparison of correlation regression of different GWU input by equal

distribution and application of LST distribution

Correction/verification of long-term GWU pattern

The calibration process of GWLs is carried out using 13 time series of monthly GWLs
from observation wells extending 15 years from 1995 to 2009. Calibrated results show
a good match between observed and simulated GWLs, with high R? (see more details
in section 5.3.2 and APPENDIX). Visual comparison in the observation wells also
suggests that the GWU estimation is reasonably good. Ratio of average wet season
GWU and average dry season GWU is corrected by 55%, 64% and 73% for the northern,

middle and coastal zone, respectively.

5.3 Development of GW models

In this study, two models of GW include simulation of flow and salinity movement by
MODFLOW and MT3DMS package in GMS software. In this study, the conceptual model
is defined to simulate the whole area of Tra Vinh Province and 7 aquifers from
Holocene (gh) to Miocene (ni). The distribution of layers is simulated based on the
hydrogeological formation. The bottom elevations of the 13 layers were interpolated
from 56 boreholes in the model domain (DWRPIS 2009). By using Kriging method, the

groundwater system in Tra Vinh Province modelling into 13 layers, representing 7
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aquifers and 6 aquitards. Layers of 1, 3, 5,7, 9, 11, and 13 represented for aquifers.
Layers of 2, 4, 6, 8, 10, and 12 represented for aquitards. See layer simulation by 3D

view and fence section in the Figure 5.10 below.

Figure 5.10 - Aquifer system and the fence section of the layers in the model

Domain and model grid

The domain area of the model is 2,341 km?, covering the whole area of Tra Vinh
Province. The model with the length of X axis is 75,000m, the length along the Y axis
is 67,000m. The model domain is divided into 135 rows and 151 columns, with a total
of 20,100 grid cells. The size of each ¢rid is 500mx500m. Grid cells outside the model
area assigned inactive.

5.3.1 Construction of groundwater flow model

Boundary conditions

Referring to the boundary conditions, river boundaries were assigned at the Hau and
Tien River and their main branches. The depth of the riverbed ranges from 5 to 10
meters, cutting into the Holocene aquifer, were assigned to the first layer of the model
(Figure 5.11). General head boundary is assigned at the distribution boundaries for the
northwest of the model at layer 1 and the northeast, northwest, southwest of the
model at the layer 2 to layer 13 using water level data of different nearby GW
monitoring station and the regional model results (Vuong 2013). Specified head
boundary is assigned for 65 km of the southeastern coastal line of the study area to

all layers of model, the head values on these boundaries were taken as a time-
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dependent specified head boundary is provided using the seawater level observation

(Figure 5.11).

Boundaries condition
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Figure 5.11 - Assign boundaries condition for the model

Hydraulic parameters

storage coefficient range from 0.5x10” to 0.75x107 (Table 5.6).

10°0°0°N

9°50'0"N

9°40'0"N

9°30°0"N

Aquifer properties are represented by hydraulic conductivity (HC) and storage
coefficients. Hydraulic conductivity includes horizontal HC (K) and vertical HC (K,).
While storage coefficients consist of specific storage (S;) and specific yield (S,). These
parameter values are assigned by different zones and aquifer. For aquifer layers the

horizontal hydraulic conductivity range from 9.4 m/d to 33.8 m/d, while its values of
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Table 5.6 - Hydraulic parameters of the aquifers in the study area (DWRPIS 2009).

Average value of parameters
No. layer .
Aquifer for each aquifer
(number of polygons)
Ky, (m/d) K, (m/d) Se S,
gh 1(2) 10 1 0.00075 0.12
aps 3 (3) 25 25 000038 | 0.18
aP23 5(4) 18.6 1.9 0.00073 | 0.17
aP1 7(3) 25 2.5 0.00001 | 0.12
Ny 9 (3) 22 2.2 0.00032 | 0.18
No.1 11 (2) 33.8 3.4 0.00005 | 0.18
Nis 13 (2) 9.4 0.9 0.0001 0.18

Rainfall recharge

In the VMD, the main recharge of the shallow aquifer is from rainfall (Vuong 2013,
Shrestha et al. 2016). In areas of sand dunes or high sand content, the rainfall recharge
shows a high percentage of preparation, while the large apart of the topsoil shows a
very low permeability in rice fields or other crops (Silva 2018). The previous study also
developed a potential map of rainfall recharge based on the field/laboratory test and
analysis of hydrogeological and land use data (Figure 5.12) in which the potential area
of sand dunes is of high recharge rate and the area of clay and silt is of low recharge
rate (Silva 2018). By using results of infiltration capacity test at the field and the
groundwater fluctuation method (Sophocleous 1991, Crosbie et al. 2005), a one-
dimensional recharge is calculated at four locations of the study area. The amount of
recharge to the GW system of four points is interpolated to the whole study area by
the potential map. In the study area, the annual rainfall recharge is estimated to be

range from 8% to 12% of total annual precipitation.
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Figure 5.12 - Potential recharge zones in the province of Tra Vinh (Silva 2018)
River water levels and conductance coefficient
In the VMD, the interconnection between surface water and groundwater is described
as being insignificant due to the thickness of the top clay layer (30 to 50m). The limited
river conductance from the previous model (Boehmer et al. 2000) is estimated based
on the interpolated function of interaction parameter (Van et al. 2018). River
conductance of each main river/canal section is inputted into the river leakage of the
shallowest aquifer (gh). Water levels at limited river stations are linearly interpolated
to other nodes of rivers and canals.
Observation wells
In the study area, time series of monitoring GWLs has lasted from late 1992 to present.
The number of GW monitoring wells are 3, 1, 2, 0, 3, 3, and 1 for aquifer gh, gp; gp,.,
gp:, N, n,' and ny®, respectively. The initial GWLs are assigned by the average
monitoring GWLs and linear interpolation in January 1994 at 13 observation wells
(Figure 5.1) in the National Monitoring Network (DWRPIS 2019). The monthly GWL of 13
monitoring wells (Figure 5.13) are inputted directly into the model. The time series is

25 years from 1/1994 to 12/2018.
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Figure 5.13 - Distribution of GWL monitoring wells in Tra Vinh Province

5.3.2 Saline GW transportation model
For simulation of saline GW transportation, total dissolved solids (TDS) is used as the
simulated parameter. Three packages in MT3D module (advection package, dispersion
package and source/sink mixing package) and a variable-density flow package in SEWAT
module are used. ICBUND value of the distribution area of the aquifers in the modeling
area is assigned a value of 1 (the area with TDS content changes over time). ICBUND
of the narrow band distributes along 65 km of coastline is assigned a value of -1 (area
with constant TDS content). The initial TDS content of the fresh and saline GW area
are assigned a value of 500 mg/l and 5,000 mg/|, respectively. Initial TDS content of
the narrow band distributed along 65 km of coastline is assigned a of 35,000 mg/l for
the shallowest aquifer (gh). The minimum fluid density is assigned a value of 1,000
mg/m> and the maximum fluid density is assigned a value of 1,025 mg/m?.
Density/concentration slope is assigned a value of 0.7143. Ratio of horizontal

transverse dispersity to longitudinal dispersity (TRPT) is assigned a value of 0.1 and ratio
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of vertical transverse dispersity to longitudinal dispersity is assigned a value of 0.01.
The molecular diffusion coefficient (D,,) is assumed to be 86.4 x 10* m?%/d (Van Pham
et al. 2019). The longitudinal dispersion coefficient is assigned a value of 50 for all
aquifers and the effective porosity is assigned by 0.25 (Van Pham et al. 2019),
representing aquifer and aquitard layers. Coefficient of longitudinal dispersion and
effective porosity is adjusted by calibration process at 5 observed points of salinity
concentration along the fresh/saline interface of the Upper-Middle Pleistocene aquifer
(gp.-3) aquifer (Figure 5.13).
5.3.2 Calibration results

For GW flow model
Timer series of GWL at 13 monitoring wells are compared with simulated GWL during
the calibration process (Figure 5.13). In this process, hydraulic parameters are adjusted
to lead fluctuation of simulated GWLs close with monitoring one based on trial and
error method. The error performance of the model includes Root Mean Square Error
(RMSE) and the coefficient of determination (R?). Figure shows RMSE and R2 value of
13 monitoring in calibration and validation period. In the calibration period, RMSE
values show a reasonable simulation, range from 0.47 m to 0.98 m. This range of the
validation period is 0.53 m to 1.02 m. In addition, visual comparison of monitoring wells
in the shallowest aquifer (gh) and the main abstracted aquifer (qp,.s) also suggests that
the model is reasonably good (Figure 5.14). See more detail of calibration results in
APPENDIX 4.

Table 5.7 - RMSE and R? value during calibration and validation (unit: m-MSL)

Calibration Validation

Aquifer Wells

RMSE (m-MSL) | R?> | RMSE (m-MSL) R?

Q217020 0.55 0.75 0.53 0.71
ah

QO7701A 0.47 0.78 0.51 0.68
ars Q4042020 0.67 0.85 0.63 0.81

Q40403T 0.47 0.89 0.53 0.84
ap2-3

Q217020 0.68 0.79 0.81 0.75



https://www.sciencedirect.com/topics/earth-and-planetary-sciences/diffusion-coefficient
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Table 5.7 - RMSE and R? value during calibration and validation (unit: m-MSL) (to be

continued)
Calibration Validation
Aquifer Wells
RMSE (m-MSL) | R* | RMSE (m-MSL) | R?
Q217030 0.86 0.71 0.92 0.65
Noy Q404037 0.75 0.68 0.82 0.59
Q406040 0.98 0.64 1.02 0.57
Q217040 0.88 0.61 - -
Ny Q40404T 0.74 0.63 - -
Q40505M1 1.12 0.58 - -
Nis Q021050 1.23 0.55 - -
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Figure 5.14 - Comparison of simulated and observed GWLs in calibrated and
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A

validated periods

For TDS transportation model

In similarity with GW flow model, the trial and error method is applied to calibrate this

model based on 2 years data of TDS observation at 5 points of the gp2-3 aquifer

(Figure 5.19). During the calibration process, longitudinal dispersion and effective

porosity are adjusted to obtain reasonable agreement between computed TDS and

monitoring ones. The calibrated model presents an average RMSE of 37.5 mg/l and the

trend that the computed TDSs lightly higsher and less fluctuate than the monitoring
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one is described (Table 5.8). This model uses seasonal GW pumping sot it maybe effect
to results of computation. In general, the computed results with of the 5 monitoring
wells presents the high value of R? except only in the observation of CT6 (Figure 5.15).
In general, observed TDS increased lighltly from 939 mg/l to 1,000 mg/l. However,
there is a big difference of TDS in dry and wet season, accounting 130 mg/L. It can be
explained by errors during sampling collection or low protection of well.

Table 5.8 - Errors estimation of TDS calibration

Observe wells | ME (mg/\) RMSE (mg/l) | R?
LHA 7.6 30.6 0.859
CL2 -23.9 27.9 0.551
CL4 31.7 33.2 0.890
CTé -0.2 53.6 0.338
Ck1 17.6 42.2 0.748
Average 6.56 37.5 0.657
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Figure 5.15 - TDS fluctation by computed model and observed data
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5.4 Assess impact of GWU

5.4.1 Current situation of GW system by the long-term GWU
Change in GWLs distribution
Figure 5.16 to Figure 5.18 show the differences in GWL between 1994 and 2018 which
indicates a drawdown of GWLs in this period. The aquifers gp,s has the largest
declination of GWLs than the other aquifers. Due to small distribution of GWU in the
shallowest aquifer (gh), resulting in 3/4 area with drawdown of lower than 4m (Figure
5.16). In the middle zone, GW exploitation is limited in this aquifer, however, a part of
the middle zone shows a decrease of GWL by 5m to 7m from 1994 to 2018. The main
reason is the high infiltration into below aquifers.
In the gps aquifer (Figure 5.17), over two-thirds of area in the Tra Vinh Province
experienced drawdown in the main exploited aquifer (qp,.s; aquifer) exceeding 6m
(Figure 5.17). The middle zone has larger decrease of groundwater levels than the rest
zones, the maximum value of drawdown is 9.0 m and the rate of GWL decline at the
center point of depleted cone (coordinate x= is 0.36 m/year). The average rate of
drawdown in the northern and middle zone are 0.25 m/year and 0.19 m/year,
respectively (Figure 5.17).
In the main abstracted aquifer (gp,.s), the drawdown shows significant values, accounts
for over 7 m, locally up to 12 m after 25 years (Figure 5.17). Depleted cones
concentrate mainly at GW supply stations of GW production and industrial wells with
extensive GW pumping, e.g. Chau Thanh District of the middle zone, and coastal zone.
In the northern zone, GWLs maintained highest distribution for all aquifer due to a
small amount of GW abstraction. The deeper aquifers also presented a decrease in
GWLs in the period from 1994 to 2018 and follow the distribution of gp,.; aquifer due

to mainly infiltration to this aquifer.
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Figure 5.18 - Drawdown map of gp, 3 aquifer after 25 years of GW exploitation
Change in saline GW distribution

Figure 5.19 presents the increasing area of saline GW and rate of the increasing area of
saline GW of gp2-3 aquifer between 1994 and 2018. The results indicate that there is
an increasing saline GW area most aquifer, except for only gh aquifer. In the Holocene
aquifer (gh), saline GW is distributed in the most area and GW abstraction is limited in
the fresh-water lenses as sand dune areas. Salinity concentration of the gh aquifer
fluctuated by seasonal due to directly recharge from rainfall. For both Upper
Pleistocene aquifer (qps) and Upper - Middle Pleistocene aquifer (gp,.s), saline GW is
distributed in the northern zone (Figure 5.19). Saline GW area has a tendency of
expanding from the north (source of salinity) to the south, especially is area of
depleted cone area near the fresh/saline interface. The average rate of saline
movement in qp,.saquifer was 0.32 km?/year during the period of 1994 and 2018 (Table
5.9). The rate of increase in these areas is largest for gp,.; aquifer and are almost the

same for deep aquifers from gp; to ny; aquifer.
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Table 5.9 - Extension of saline GW area between 1994 and 2018.

Increasing Aquifer
saline GW by: gh as | apss aps n,? n,' n,’
Area (km?) 0 15 34 6 5 4 6
Average rate
0.4 0.68 1.36 0.32 0.2 0.16 0.24
(km?/year)
TDS (mg/l)

1110000 - Vinh Long Province

Ben Tre Province I
I~ 3000

1100000 -

1090000 1500
1080000 - 1000
1070000 Soc Trang Province B 500
1060000 Countour lines by GW model simulation | I[J

- \/
H:H East Sea
1050000 0 2 0

T T T T T T T
610000 6520000 630000 640000 650000 660000 670000

Figure 5.19 - TDS distribution of gp,3 aquifer in March 2018

Change in GW storage

GW budget of the GW flow model is used to estimate inflow and outflow component.
A water balance of three shallowest aquifer is shown in to understand the gaps
between inflow and out flow components of the aquifer system in the study area
(Figure 5.20). Recharge from the sandy areas is the most important water resources to
leakage to the lower aquifers contributes to GW abstraction in the upper Pleistocene
aquifer (gps) (Figure 5.20). In additional, aquifer gh also absorbed total of river leakage

of the whole study area. Total outflow including GW abstraction and filtration to below
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aquifer (gps; aquifer) is approximated total inflow of aquifer (river leakage and land
recharge), about 128,320 m®/d. It means that the changing storage of gh aquifer is very
low and it also explained by the stable fluctuation of GWLs of this aquifer in duration
from 1994 to 2018 (Figure 5.14). In gp,_3 aquifer (main abstracted aquifer), 82 percentage
of inflow is leakage flow with lower and upper aquifer. Based on the estimated GW

budget in 2018, there is 35% of GW abstraction comes from GW storage.
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Figure 5.20 - Annual GW balance in 2018 of three shallowest aquifers

The rainfall recharge was mainly dependent on rainfall distribution and showed a
stable trend in the period from 1994 and 2018 with an average annual recharge is
about 83,546 m>/d (Figure 5.21). Sum of lateral flow and river leakage occupied only
40% total inflow in 2018 and two these components show a similarity by increasing
slight since 2006. The annual change in storages in all aquifers except the aquifer gh
are of negative values, meaning that groundwater is being depleted. Changes of GW
storage in 1994 of the Tra Vinh Province area were around -4 mil.m® and that of 2018
is -44 mil.m’ (Figure 5.21) resulting the mean rate of depleted GW storage is -1.6
mil.m?/year. Captured storage has been increasing dramatically since 2008 to catch up
with the significant growth of GW abstraction. In other words, the over GW pumping

exhausts the storage of the aquifer system and induces the decrease of GWL seriously
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in the period of 25 years. In these situations, knowledge of GW storage is important for

managing GW development and for assessing sustainable yield.
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Figure 5.21 - Time series of GW budget of the aquifer system in Tra Vinh Province

5.4.2 |dentify GWU issues via survey
From the field survey, a number of surveyed households in middle and coastal zones
had to add reinforce tube to increase pumping capacity and other households had to
drill deeper wells to access GWL due to drop of GWL in the peak time of dry season
(Table 5.10). These issues mainly occurred in the irrigation area with high rate of
groundwater pumping in a short duration. For example, in order to cope with high
temperature and salt water intrusion, farmers had been pumping GW in 15 to 30
consecutive days to maintain salinity concentration in farming pond. Some tube-wells,
which were used for domestic use, also faced the same issue during the dry season
(Table 5.10). In the northern zone, the main issue is the distribution of saline GW. More
than half of surveyed HH cannot access to fresh GW to supply for domestic use. Most
of HH store rainwater to satisfy domestic demand and some HH even had to use water
from ponds or canals. Most of GW users faced issue with taste or smell of GW via tube
wells. Normally, local people have to make depostion of GW for some days before
use. In general, drop of GWLs most commonly occurs because of a long-term pumping
of water from the ground. Groundwater is continuously pumped from aquifers, with
little or limited recharge (Danh 2008). Saline intrusion mainly occurred in the

shallowest aquifer during the dry season due to high pumping for irrigation at sand
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dune areas. The source of saline water is mainly from canal/river network. However,

some households found the saline instrusion from shallow aquifer to deep aquifers.

Table 5.10 - Summary of GWU issues via survey

Domestic use

Agricultural use

Zone
Issues

Coping methods

Issues Coping methods

Northern 1. bad taste

zone 2. saline GW

1. Deposition or only
use for washing

2. Store more rainwater

1. saline GW | 1. Store more surface

distribution | water

1. bad taste
Middle 2. intermittent

1. some use deposition
2. install reinforce

pipes, improve pump

1. install reinforce

1. GWL pipes, improve pump

Coastal 2. intermittent

2. install reinforce

pipes, improve pump

zone supply or low levels drop | capacity, construct
capacity, construct
pressure deeper wells
deeper wells
1. saline 1. Using other deeper
1. some use deposition
1. bad taste intrusion in | wells

the shallow | 2. install reinforce

zone supply or low aquifer pipes, improve pump
capacity, construct
pressure 2. GWL capacity, construct
deeper wells
levels drop | deeper wells
5.5 Findings

Dependency on GW in each zone is different and increased from north to south. In the

coastal zone, tube-wells is main supply method for domestic use and agriculture

during dry season. In dry season of 2018, GWU is estimated 346,279 m>/d in which the

middle zone occupied about 67 percent. Land surface temperature (LST) presented a

good correlation with GWU distribution in term of extrapolation of non-data areas. In

future, the technique can be applied to estimate GWU in other area and in regional

scale with similar characteristic of GWU. Seasonal GWU pattern from 1994 to 2018 is

estimated based on availability of freshwater. The results show a much higher GWU

distributed in the dry season due to higher demand and less availability of rainwater

and fresh surface water.
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Groundwater models in the period of 1994 and 2018 showed that GW system in Tra
Vinh Province has moved from a pristine system to a developed system then become
a depleted system at present and the existing development of groundwater resources
is unsustainable. The impacts of groundwater abstraction to groundwater resources is
significant through the following indexes including decrease of GWLs, changes of
groundwater storage and increasing area of saline GW. Drawdown of the GW table
caused land subsidence and salt intrusion in this period. The accumulative changes of
groundwater storage in Tra Vinh Province is -1,545 mil.m?, and the average decreasing
rate is 1.6 mil.m>/year during 25 years of GW exploitation. Saline GWU mainly expanded
from north towards the depleted areas with highest rate in the qgp,; aquifer,

approximately 0.32 km?/year.
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Chapter 6 — ASSESSED SUSTAINABLE YIELDS OF THE AQUIFER SYSTEM

The first section of this chapter describes the estimation of sustainable yields by
development of sustainable model and concept/criteria of sustainable yield (section
6.1). The sustainable yield estimation included four main sub-sections: 1) development
of sustainable models 2) sustainable yield by equilibrium state, 3) sustainable yield by
controlling saline movement and 4) Groundwater balance analysis. Besides, this
chapter also presents estimation of GW demand in next decade by different scenarios
of socioeconomic and climate change (section 6.2). Comparison of sustainable yield
and GW demand projections are also carried out to understand gaps of GW supply in
next decade under different expectation of socio-economic development and climate

change effect.
6.1 Estimation of sustainable yield

6.1.1 Development of sustainable models

In the last chapter, impact of the long-term GWU was assessed by using simulation of
GW flow and salinity transportation model. The results showed that storage depletion
and saline movement have been happening with a high rate. Sustainable yield of the
aquifer system not only depends on GW pumping network but also climate change
effect and other factors (management factors). In the study area, GW recharge can
occupy around 8% to 12% of annual rainfall at potential areas of recharge, however
these areas distributed less than 10% of study area. Therefore, total recharge of study
area is lower than 30% of current GW exploitation in 2018. In addition, other studies
resulted gradual decrease in GW recharge in VMD over the coming decades, with more
decrease over the dry season. In the next decade, GW recharge was projected to
reduce less than 1.5mm and Imm compare with the base year 2010 for RCP 4.5 an
RCP 8.5. In the other words, effect of climate change on GW recharge in the study area
is not worth considering in the next decade.

Sustainable models of this study aim to investigate sustainable yield of the aquifer
system until 2030 based on current distribution of GWU. Calibrated models of flow
and salinity transportation was used to develop sustainable models by expanding

simulating time until December of 2030. All value of input parameters was kept same
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as the base year (2018), except only GW abstraction. GW abstraction of 2019 and 2020
was repeated as GW abstraction in 2018, then started to reduce since 2021. Two criteria
of sustainable yield were applied into sustainable models including new equilibrium
state and control saline movement. In term of GW flow model (MODFLOW), GWLs at
important points (depleted cone, coastal area, center of each zone) was checked until
the GWLs reach the new equilibrium level. In addition, more reduction of GW
abstraction in saline prone areas were to maintain area of saline GW by checking
movement of TDS contour (1,000 meg/l) which represent the fresh/saline GW in this
studly.

6.1.2 Estimation of sustainable yield by criterion of equilibrium state
In term of maintaining the rate of GW abstraction from 2018 to 2020, the GWL decline
continued 80 cm (Figure 6.2) for all three observed points of the qgp, 3 aquifer (Figure
6.1). The amount of GW abstraction was adjusted gradually since January 2021 in order
to the GWL decrease is smaller and reaches to a stable state. The simulated result of

the gp,s; aquifer showed that steady-state of GWLs was 12 m-MSL at two depleted

cones in the middle zone.
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Figure 6.1 - GWLs distribution of gp,.3 aquifer in March 2030



82

While the stable GWLs were 8.7 m-MSL and 9.8 m-MSL in the coastal and northern
zone, respectively (Figure 6.2). In the steady-state, low GWLs of the qp,s; aquifer
distributed mainly in the middle zone, especially in some districts (Cau Ke, Tieu Can
district) closed a other high GW abstraction area of Soc Trang Province (Figure 6.1). The
northern and coastal zone distributed high GWLs about 7 to 8 m-MSL and decreased

toward the middle zone.
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Figure 6.2 - Time series of GWL fluctuation at some points of gp,.s; aquifer

The simulation results corresponding to sustainable criterion of equilibrium state were
as follows: If the the GW abstraction rate is 195,000 m*/d since January 2020, the
decline in storage has been decreasing and stabilizing since from March 2024 (Figure
6.3). This means that the inflow into the aquifer is in equilibrium with the extraction.
This amount of GW abstraction can be called as the “sustainable safe yield” for the

aquifers.
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6.1.3 Estimation of sustainable yield by criterion of saline controlling
Reducing GW abstraction to reach the equilibrium state also lessened an amount of
inflow from the saline source in the north, northeast of the study area and from the
coastline. It means the risk of saline movement for aquifers was also reduced. However,
the simulation of TDS transportation model presented a large extension of saline GW
area (TDS > 1,000 mg/l) in the northern zone and depleted area in the middle zone
(Figure 6.4). So as to limit the extension of saline GW in the study area, GW abstraction
continued to reduce at some parts along with the fresh/saline interface. By decreasing
GW abstraction rate about 20,000 m*/d in these parts, the area of saline GW was
maintained similarly as the one in 2018 for the qp,.; aquifer (Figure 6.5).

TDS (mgfl)

- IEOOU

r ==1500

1110000 4 Vinh Long Province

Ben Tre Province

1100000+

1090000

1080000 ~ {1000

10700004 Soc Trang Province

TDS contour lines by
GW madel simulation

1060000 =eseseenn In March 2018 ~
In March 2050
Equilibrium level
km East Sea
1050000 10 2 0 -

Figure 6.4 - TDS distribution of gp,.s aquifer in March 2030 by in equilibrium state
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Figure 6.5 - TDS distribution of gp,.3 aquifer in March 2030 by in saline controlling
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6.1.4 GW balance analysis
The water balance (Figure 6.6) shows that when the volume of GW decreases to about
175,845 m>/d, the recharge from rainfall and leaky from rivers and streams is almost

unchanged; the boundary inflow and change of storage are decreases.

Year 2016 2018 2020 2022 2024 2026 2028 2030 2032
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Figure 6.6 - Water budget chart by applying sustainable criteria

The results of the sustainable model show that when the exploitation is reduced
equitable for all wells by 34% compared to the current exploitation (corresponding to
the exploitation rate is 195,745 m?/d, the GW system reaches an equilibrium state. The
reduced percentage of GW abstraction was 36%, 34% and 32% in the northern, middle
and coastal zone, respectively. In order to control saline movement as present, GW
abstraction needs to be reduced more in some saline prone areas. In total, 41 % of
current GW abstraction needs to be further reduced to limit the saline GW area in 2030
not expand more 5 % than the current one in 2018. The reduced GW abstraction
mainly focused on the northern zone with 66 %, and 40 % for the middle zone. There
was no decreasing in GW abstraction of the coastal zone due to far distance from the

salinity source. See more detail amount of sustainable yields in the Table 6.1.



Table 6.1 - Comparison of sustainable yields and current GW abstraction
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Sustainable yield estimation
Current GW
) Equilibrium Saline
Zone abstraction Reducing Reducing
state controlling
(2018) percentage percentage
(m>/d) (m>/d)
Northern
24,380 15,711 36% 8,224 66%
zone
Middle
213,437 140,485 34% 128,350 40%
zone
Coastal
57,977 39,271 32% 39,271 33%
zone
Total 295,794 195,466 34% 175,845 49%

6.2 Estimation of groundwater demand in the future

6.2.1 Estimation of freshwater availability under climate change scenarios

Selection of climate change scenarios
The VMD region locates in one of the highest vulnerable areas by effects of climate
change in combination with sea-level-rise over the world (Syvitski et al. 2009, Murray
et al. 2012). As the results of the last chapter, GW played a very important role in
supplying water for domestic use of Tra Vinh Province. Furthermore, GW was also
considered as an alternative source for irrigation due to not available fresh surface
water, especially in the dry season. The irrigation demand for GW presented a
correlation with availability of fresh surface water during the dry season. So, the
application of climate change scenarios needs to represent a range of different climate
change projection on the duration of fresh surface water availability in the study area.
Three scenarios represent three Global Circulation Models (GCMs) of medium emission
of Representative Concentration Pathway (RCP 4.5) for the whole Mekong Basin to 2030
and 2060 (Table 6.2). Three selected climate change scenarios consist of:

®* Medium climate scenario is scenario of increased seasonal variability by using

GCM model (IPSL-CM5A-MR) and it predicts wetter and drier in wet and dry
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season, respectively. It is the change simulated from this GCM that is used in

the main M3CC simulations.

Upper climate scenario is scenario of wetter overall as the ‘upper’ bound of
projected future impacts by using GCM model (GFDL-CM3) in most of the Lower

Mekong Basin (LMB), this model gives a projection of wetter overall conditions).

Lower climate scenario is scenario of drier overall as the ‘lower precipitation’
bound of projected future impacts by using GCM model (GISS-E2-R-CC). It
projects a decrease in wet season flow which it will be a big concern for Mekong
River Commission (MRC) member countries);

Table 6.2 - Climate change scenarios for basin-wide assessments (MRC 2017b)

Type of scenarios Emission GCM Climate
Level of change Pattern of change scenarios sensitivity

Low climate change scenarios

1 Wetter overall GFDL-CM3
Drier overall GISS-E2-R-CC
Increased seasonal e IPSL-CM5A-MR i

variability

Medium climate change scenarios

[ Wetter overall GFDL-CM3
— Drier overall GISS-E2-R-CC
RCP4.5 Medium

Increased seasonal IPSL-CMSA-MR
- variability
High climate change scenarios
Wetter overall GFDL-CM3
e ] Drier overall GISS-E2-R-CC

High Increased seasonal B8 IPSL-CM5A-MR High
variability

Projection of the duration without freshwater

The study area locates in the coastal estuaries of the VMD so the freshwater regime is
strongly dependent on the inflow from upstream (Dang et al. 2019). Dang 2019 used
salinity measures from 1996 to 2017 from 18 monitoring stations throughout the VMD
coastal region to explore freshwater regimes the coastal estuaries of the VMD. The
study demonstrated that the average discharge at Tan Chau in the dry season (January
to May) had a tight relationship (R?=0.80) with the duration without freshwater at Tra
Vinh. Accordingly, when the average dry season discharge at Tan Chau is greater than

5,000 m*/s, freshwater is available for all days at Tra Vinh. When, the average dry
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season discharge is lower than 3,000 m?>/s, the duration without fresh water can last

80 days.
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Figure 6.7 - The relationship between mean dry season flow at Tan Chau and the

duration without freshwater at Tra Vinh (Dang et al. 2019)

Based on the identified correlations with discharge in upstream (Tan Chau), the
duration without freshwater can be predicted in the estuaries (Tra Vinh). The correlated
function is converted to estimate the duration without freshwater at Tra Vinh (Dnf) by
various projections of the mean dry season flow at Tan Chau (Qgy,.1c) as below:
Dhf = - Qqy-1c¥0.0557 + 262.5 (days)

These results of climate change scenarios show that generally the great impacts in up-
stream discharge are due to climate change. At the Tan Chau station (Figure 3.3),
average dry season flow is projected to change -25%, 8% and 30% compare with base
period (1995-2004) for lower, medium and upper of climate change scenarios in the
period of 2021 and 2030, respectively.(Table 6.3). The average of dry season flow of
base period is 3,729 m®/s. The study project that in lower precipitation scenario,
average dry season flow in Tan Chau will decrease to 2,789 m?/s in next decade. In
medium and high precipitation scenario, it will be 4,027 m®/s and 4,848 m®/s,
respectively. By projection of upper scenario, there is no days without saline water at
Tra Vinh (Figure 3.4) due to high average dry season flow in the next decade (2021-
2030). In this period, duration without fresh water is projected as 38 days and 107 days

for medium and upper precipitation scenarios, respectively.



88

Table 6.3 - Estimation of duration without freshwater at Tra Vinh in next decade

Projected Duration
Average dry season Average dry
Climate ratio in RCP without
flow in Tan Chau season flow
scenario 4.5 freshwater at
(1995-2004) m*/s (2021-2030)
% Tra Vinh (days)
Lower 3729 -25% 2,797 107
Medium 3729 8% 4,027 38
Upper 3729 30% 4,848 0

6.2.2 Estimation of water demand under socio-economic scenarios

Selection of socio-economic scenarios

Scenarios of socio-economic (SSE) are always considered as an important tool for
investigating the consequences of climate change that will impel adaptive strategies
(Kriegler et al. 2010). In previous studies, projections of GW demand were developed
by increasing or decreasing proportion of current GWU by without linking with any
scenarios of socioeconomic (Vuong 2013, Minderhoud et al. 2017, Nam 2017). In this
study, SSEs have been applied for estimating GW demand by different purposes and
to various zones, typically closely linked with different prediction of climate change.
Total water demand or GW demand of each sector or a certain area is always under
the influence of two main components including climate parameter and
socioeconomic conditions. Both climate parameter and socio-economic condition vary
by spatial and temporal. Change in socio-economic condition includes population
growth, land-use change, technologies and institutions. (IPCC AR4). The first SSE was
proposed to be business as usual (BAU) that is to are mainly based on the existing
tendency of socio-economic conditions in the study area. The BAU scenario is mainly
referred from the local plan next 2030 (PPC-TV 2015). The annual average GDP growth
rate will reach 9 % during 2021-2025 and 13% during 2026-2030; to restructure the
economy in the direction of quickly raising the proportions of industry and services,
striving for the target that the proportion of industry - construction, services, agriculture
- forestry - fisheries in the GDP will be 28.05%, 33.87% and 38.08% by 2025, and 36%,

34% and 30% by 2030, respectively. In the agriculture sector, rice planting is still the
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main crop in the next 10 to 15 years, however, the growth rate of expanding
aquaculture and forest is intensified 2.5 % per year. The natural population growth
rate is maintained at around 4 to 6 % per year. The percentage of poor households
will drop 2-3% annually, and by 2030, the percentage of poor households will be
equal to the average percentage of the whole VMD region.

Another SSE is applied to follow the strategy of the Mekong Delta Plan (MDP), which
aims to sustainable and prosperous development in the far vision of the VMD (MIE
2013). In the MDP scenario, develop strategies is associated with achieving optimum
utilization of natural resources, especially is saline water resource. The scenario seems
to be under more uncertainty however it can achieve a stipulated level or value in
the objective of sustainable development. Apart from the effectiveness in government
incentives, the plans on land and water resources are the key to success of this socio-
economic scenario.

By following the MDP, Tra Vinh Province is targeted to have a new land structure to
maximize the efficiency of saline water resource of a coastal province (Figure 6.8).
Mangrove forests are proposed to protect against storm surges and to create a
healthier brackish water environment. Integrated shrimp and fish farming, in addition
to renewable energy production in mangroves would be encouraged, as opposed to
exclusively shrimp farming. Restoration of coastal mangrove belts would include the
planting of numerous native species, including many plants with uses and applications
in medicine. As a low growth rate of the population was considered in this scenario
based on the official Vietnam projections and current trends. In the MDP scenario, the
population is projected to be around 30 million in 2030 and then rapidly decrease to

15 million in 2050.
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Figure 6.8 - Extract of land use planning of Tra Vinh Province from the MDP

Projection of population growth and land use change

The population of the province is projected to increase by 1.46 million and 1.06 million
persons in the next 10 years by BAU and MDP scenarios, respectively. The growth rate
was assumed to be the same for all three zones (Table 6.4). There was a difference in
changing proportion between agricultural production and aquaculture land. While the
BAU scenario showed a lightly increasing percentage of agricultural production land
from 62 to 67%, aquaculture land proportion reduced from 13 % to 11% by 2030. In

contrast, aquaculture land was expanded significantly and occupied to 20% total land
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area, especially the model of aquaculture-forest was planned to be 11 % (Figure 6.8).

The other kinds of land use showed a small percentage and change by 2030.

Table 6.4 - Population projections by two scenarios

Population (person)
Zone
Baseline (2018) BAU MDP
Northern zone 254,700 379,500 268,000
Middle zone 684,200 909,500 687,000
Coastal zone 105,100 177,500 105,000
Whole province 1,044,000 1,466,500 1,060,000
80%
[ ] Baseline-2018 B MDP-2030 B BAU-2030
T0%
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E s50%
=
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Figure 6.9 - Land use projections by proposed scenarios

Water demand estimation

In the study area, the users of water consist of domestic, industry, rice planting, other

crops, livestock, and aquaculture. The calculated water needs were made for northern,

middle, and coastal zones. The results have been calculated using statistical data in
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2018 and projected data in 2030. The water demand was calculated for categories:
domestic, industry, agriculture (food crops, other crops, livestock) and aquaculture.
Where:
- The water demand is estimated for food, annual and perennial crops by using
the irrigation guideline (TCVN 8641:2011).
- The water demand is estimated for livestock by using the drinking standard for
livestock (TCVN 4454-1987)
- The water demand is estimated for freshwater aquaculture by assuming 21,250
m?/crop (interview and calculation)
- The water demand is estimate for domestic activities by following water supply
standard for the VMD until 2030 (No.2140/QD-TTg)
- The water is estimated for industry by following the standard of indutrial water
demand (TCXDVN33:2006), accounted fro 25-45 m*/ha/day
Figure 6.10 illustrates the estimation of 6 categories of water demand in Tra Vinh
Province in the dry season of 2018. In particular, food crops are the largest using
sector of water, accounting for 819%, which was followed by other crops including
annual, perennial crops and orchards at 15% (Figure 6.10). Domestic requires about
104,000 m*/d of water supply. And only 1% of total water demand consisted of
industrial use due to a small proportion of this sector in the study area (Figure

6.10).

Total demand: 205 2%
5.2 mil/m?/d

B Domestic B Industrial B Food cops
Other crops B Livestock B Aguaculture

Figure 6.10 - Average water demand of Tra Vinh Province in dry season, 2018
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The changes in water demand of three zones by different socio-economic scenarios
for the next decade since 2021 is shown in Figure 6.11. In general, all three zones
except hobbies book showed a rising trend in water demand over the period by BAU
scenario. The increasing water demand of the middle zone is the highest due to
expanding of food crop area in this zone while those of the northern zone was the
lowest. In particular, water demand projection by BAU scenario in the dry season of
2030 will be 1.1 mil.m?4d, 5.6 mil.m?/d and 0.22 mil.m*/d for the northern, middle
coastal zone, respectively (Figure 6.11).

In contrast, water demand (WD) projections by MDP scenario showed a similar pattern
of a decrease. The northern zone will decline slowly from around 1.08 mil.m*/d in
2018 to just under 0.5 mil.m?/d in 2030 while that for middle and coastal zone went
through a similar declination from approximately 4.2 mil.m*/d to 1.6 mil.m?®/d and 0.17
mil.m?/d to 0.08 mil.m?/d in the same period (Figure 6.11). The main reason of
significant decrease in water demand of three zones are changing of food plant to
other crops as saline/brackish aquaculture, forest and salt-tolerance crops with much

lower demand of freshwater.
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Figure 6.11 - Water demand projections by different scenarios.
6.2.3 Groundwater demand estimation
Proportion of GWU
In order to estimate GW demand, proportion of GWU in the dry season is defined by
two categories of water demand. The first category includes domestic and industrial

demand which is projected by considering proportion of GW demand equal ratio of
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GWU for domestic in the base year (2018). GW is assumed to occupy 44%, 67% and
87% total water demand of domestic and industry in next decade for northern, middle
and coastal zone, respectively. The second category are agricultural and aquaculture
water demand in which the estimation of GW demand does not cover water demand
for food crops (mainly paddy planting) due to strong dependence on surface water
supply of these crops. If the dry season is considered from 1 January to 31 May, the
proportion of GW for these demands in the middle and northern zone is estimated by
comparing the duration without freshwater at Tra Vinh and the whole dry season (151
days).

In the next decade, 71%, 25% and 13% of these demands are GW demand by lower,
medium and upper scenarios for the middle zone (Table 6.5). The percentage of the
northern is assumed by a half of the middle zone due to around 50% of northern
zone can access to fresh surface water throughout the year. In the coastal zone, the
whole dry season is considered to depend completely on groundwater so the
proportion of GW demand is 100 % (Table 6.5).

Table 6.5 - Identification of GW demand proportion

Proportion of GWU in dry season
Agriculture and aquaculture
Ratio of GWU in
demand
Zone In domestic and wet season/dry
(except food crops)
industrial demand season (%)
Lower Medium Upper
scenario scenario scenario
Northern
44% 35% 13% 6% 54%
zone
Middle
76% 71% 25% 13% 63%
zone
Coastal
87% 100% 100% 100% 74%
zone
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Table 6.6 shows the results of the baseline/future scenario for the GW demand. In
general, the baseline of GW demand in 2018 shows a higher value than the GWU
estimation base on the survey data for all three zones. Total GWU estimation in Tra
Vinh Province occupies was 86% of that of GW demand estimation in the base year
(2018). Besides, two scenarios of socio-economic development (water demand
estimation) and three scenarios of climate change (duration of available freshwater)
are combined to carry out 6 scenario of groundwater demand. In general, GW demand
is projected much higher in BAU scenarios than MDP scenarios. It can be observed that
among 6 scenarios, the highest GW demand for the Tra Vinh Province is presented by
lower climate scenario in considering development of socio-economic as usual (BAU
scenario), accounting about 73.7 mil.m? and the smallest one is only 22.7 mil.m? by
following the MDP and expectation of upper climate model (Table 6.6). In next decade,
GW demand is distributed mainly in the middle zone, represents more than 60% of
total GW demand of the study area for all scenarios. By following MDP scenario, GW
demand shows a declination in the coastal zone from 13.8 mil.m?in 2018 to 7.5 mil.m°,
4.9 mil.m® and 3.7 mil.m® by lower, medium and upper climate scenarios, respectively
(Table 6.6).

Table 6.6 - Projections of average dry season GW demand in next decade

Average annual groundwater demand in next decade (mil.m?)
GWU

Following Mekong Delta

Zone estimation . Busi L (BAU)
Basel usiness as usua
aseline Plan (MDP)

Lower | Medium | Upper | Lower | Medium | Upper

Northern
2.8 4.3 6.4 5.5 4.3 4.5 3.7 3.1

zone

Middle
28.5 31.1 53.0 34.2 32.6 32.1 16.8 15.9

zone

Coastal
10.6 134 14.2 12.3 11.4 7.5 4.9 3.7

zone
Total 41.8 48.8 73.7 51.9 48.3 44.2 253 | 227
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6.2.4 Gaps in groundwater supply to cope with sustainable yield

GW seems to be required more in the next decade by various scenarios of climate
change and socio-economic development. The difference between the sustainable
yield of the aquifer system and GW demand projections carry out the gaps of GW
supply in the future. Based on that, the alternative method of water supply will be
proposed to fulfil these gaps to meet sustainable yield. Table 6.7 shows significant
comparison of gaps in GW supply by different scenarios of Tra Vinh Province in next
decade. In term of considering development of socio-economic as usual in next
decade, sustainable yield of the aquifer system can only satisfy less than 50% in three
zones for all three climate scenarios. Proportion of gaps of GW supply by three CC
scenarios are 70%, 58% and 55% for lower, medium and upper climate scenarios,
respectively (Table 6.7). The northern zone also shows a high percentage in gaps of
GW supply (75% on average) in case of following the projections of Mekong Delta Plan.
However, sustainable yield of the aquifer system is closed with GW demand in the
coastal zone, accounting only 4% in proportion of gap of GW supply. GW demand
projections by medium and upper climate scenarios are evenly higher than 5% and
29% of sustainable yield in the coastal area (Table 6.7). Overall, it is important to note
that, in next decade, proportion of gaps of GW supply will increase significantly in BAU
scenarios and in contrast with MDP scenarios.

Table 6.7 - Projections of gaps of GW supply in next decade

Gaps in GW supply (m*/d)
Sustainable
Business as usual Following Mekong Delta
Zone yield
(BAU) Plan (MDP)
(m>/d)
Lower | Medium | Upper | Lower | Medium | Upper
Northern zone 8,224 85% 82% 8% 9% 74% 69%
Middle zone 128,350 70% 549% 52% 51% 6% 1%
Coastal zone 39,271 64% 58% 55% 32% -5% -40%
Total 175,845 70% 58% 55% 51% 14% 4%
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6.3 Findings

The concept for sustainable yields in both quantity and quality, in the long run, was
determined by equilibrium state and maintaining of the distribution of fresh GW. The
results of the sustainable model indicate that the current annual GW abstraction (2018)
needs to be reduced 49% (175,845 m>/d) (Table 6.1) to cope with sustainable yield of
the aquifer system in Tra Vinh Province in the next decade (2021 - 2030).

GW demand in dry season is projected to increase in BAU scenarios, however, the rate
of GW demand is projected to be reduced significantly under DAM scenarios (Table
6.6). By the end of next decade, annual GW demand simulated under MDP scenarios
is expected to be about 37.6 mil.m’with expectation of high precipitation, accounting
less than by nearly 21.7 mil.m’ in comparison with the one of 2018 (Table 6.6).
Comparing between sustainable yield and GW demand, gaps of GW supply almost
need to be filled throughout to meet sustainable yield in the next decade under all
scenarios, except only following the change of Mekong Delta Plan (MDP scenario) and

expectation of wetter climate in the next decade.
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CHAPTER 7 - PROPOSED ADAPTIVE MEASURES FOR SUSTAINABLE
GROUNDWATER DEVELOPMENT

This chapter aims to propose adaptive measures with additional guidelines from
governmental proposal and reviews. First, from the reviews, the adaptive measures for
sustainable GW development were separated by three aspects as supply, demand and
management. For supply sided, a review of water supply plans was identified by
location, capacity and purpose assess how much gaps of groundwater (GW) supply can
be reduced. The key idea is in the demand side with an application of the Fogg
Behavior Model (FBM) to analyze the different distribution of behavior factors in term
of changing agricultural activities to cope with climate change. Adaptive Behavior
Models are conducted and applied to propose additional recommendations each zone
to cope with sustainable development of GW. For the management side, design of GW
monitoring networks of both quantity and quality was proposed to improve
management ability of the government and local authorities.

7.1 Review of adaptive measures for GWU

GW is an essential source of freshwater, is an important water supply source for
domestic and agricultural activities in Tra Vinh Province. However, GW resources are
being rapidly used up at an alarming and unsustainable rate, accounting over 34 %.
Reduced precipitation and combined with GW over-exploitation are having direct
impacts on aquifers recharge, discharge, storage and saline movement. These
circumstances call to adaptive strategies from not only groundwater users but also
government or stakeholder with the preservation and sustainable management of GW
resources. These circumstances call to adaptive strategies from not only GW users but
also government or stakeholder with the preservation and sustainable management
of GW resources.

In one hand, it is important to improve the conservation of groundwater reservoirs,
limiting water use and optimizing water reuse first. The Mekong Delta Plan (MIE 2013)
is considered as an adaptive measure to reduce freshwater demand. In the study area,
land use is planning to change to saline aquaculture and combined with mangrove or

production forest in the coastal zone (Table 7.1). On the other hand, annual crops are
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shifted to salt-tolerant crops. The average dry season GW demand can be reduced in
a range of 44% and 72% in comparison with the baseline (2018) by next decade. For
the middle and northern zone, the average dry season GW demand also shows a
significant declination due to agriculture restructuring, accounting by 12% and 31% on
average in next decade, respectively.

In the supply side, this shall be pursued through an integrated approach to water
management also considering alternative sources of freshwater. Complementary to
this, the availability of Managed Aquifer Recharge (MAR) (Dillon et al. 2009, Ngo et al.
2015) to restore and even increase the natural infiltration capacity of freshwater into
the aquifer is growing, including rainwater harvesting (collection and store of rainwater
otherwise lost due to runoff) and use of river water (Table 7.1). The study area should
have solutions to store water by ponds or canals and wait for the rain to start the crop
(Table 7.1). This solution is planned to apply in the northern and middle zone due to
the more availability of freshwater in these zones. While MAR should be implemented
in sand dunes area of coastal with high potential of recharge and reduce the risk of
saltwater intrusion into aquifers in the future (IUCN 2010).

For management side, monitoring is anyhow required to assess the compliance with
normative standards (van Bracht et al. 1985, Zhou et al. 2013). In Tra Vinh Province,
GWLs have been monitored since 1994 as the groundwater started to be exploited in
the VMD. Currently, there are only six groundwater monitoring stations consisting of 13
monitoring wells (Figure 5.13) operated by the National Center of Water Resources
Planning and Investigation (NAWAPI) to observe both quality and groundwater level of
different aquifers in Tra Vinh Province. The existing GW monitoring network can't
provide a comprehensive overview of movement in both GW quality and quantity, so
it leads to a considerable shortcoming in the overall management cycle of the study
area. A design preliminary monitoring networks for groundwater level and salinity
monitoring need to be proposed in Tra Vinh Province to provide important information
required for managing and developing the sustainability of the groundwater resource
(Table 7.1).

The GW system is greatly impacted by location-specific land use in the study area. By

restructuring of land use in the study area, GW demand could cope with a sustainable
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yield of the aquifer system in next decade. However, not the entire local communities
will change their current agricultural activities to follow the design of the new system.
In term of persuading, the incentive and training require a wide understanding of
adaptive behavior of local people due to changing agricultural activities to cope with
climate change impact in the past (Table 7.1).

Table 7.1 - Summary of adaptive measures for sustainable GW development

Review adaptive measures for sustainable GW development
Zone Demand side
Supply side Management side
(following MDP)
1. Design of monitoring
1. Store water by 1. Change to
networks (GWLs and
Northern | ponds/canals perennial crops
salinity)
zone 2. Divert surface water from 2. Change tolerant
2. Additional incentive and
upstream crops and orchards
training
1. Store water by
1. Change to saline | 1. Design of monitoring
ponds/canals
aquaculture networks (GWLs and
Middle | 2. Divert surface water from
2. Change to salinity)
zone upstream
aquaculture-forest, | 2. Additional incentive and
3. Managed Artificial Recharge
orchards training
(MAR)
1.Change to saline | 1. Design of monitoring
1. Store water by
aquaculture networks (GWLs and
Coastal | ponds/canals
2. Change to salinity)
zone 2. Managed Artificial Recharge
aquaculture-forest, | 2. Additional incentive and
(MAR)
mangrove forest training

7.2 Reduction of gaps of GW water supply

During dry season, the increasing frequency of drought and water shortage in the Tra
Vinh Province tracks closely to the increasing the disputes and conflicts in water
utilization in the upstream of Mekong Delta. A range of gaps of GW supply to cope
with the sustainable yield varies by different scenarios of socio-economic development
and climate change (section 6.2.3). In order to reduce these gaps, Viethnamese
government and local authorities plan alternative methods of water supply for

domestic and agricultural activities to reduce pressure on the GW system. In order to
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expand alternative sources of water supply, the government planned to construct

couple storage ponds in northern and middle zone to reduce a portion of water

shortage or gaps of GW supply in the estimation of this study. Two ponds include:

« Don Chau Pond: The pond locates in Don Chau commune of Tra Cu district

with its surface covering 299 ha. The pond can store 5,220,000 m® to supply

water for domestic use and irrigation of coastal zone (Duyen Hai district) and

some districts of the middle zone (Tra Cu, Cau Ngang district) about 4 to 5

months of the dry season. This pond will reduce the pressure on increasing GW

abstraction during the dry season in the middle and coastal zone.

« Lang The pond: The pond locates in the northern zone (Tra Vinh city) with its

surface 38 ha. The pond volume is around 1.9 million m’, with the main

purpose to replace a proportion of GW supply for domestic water in Tra Vinh

city.

In addition, managed aquifer recharge (MAR) is also proposed in the coastal zone to

ensure adequate supply water for domestic use in this zone. Furthermore, MAR also

has a role to maintain salinity concentration of GW due to risk of saline intrusion. In

case of successful implementation of storage ponds or MAR, GW abstraction can meet

sustainable yield of the aquifer system in the DAM scenario. In term of the BAU

scenario, reducing percentages of GW are 15%, 5% and 15% in the northern, middle

and coastal zone, respectively. See more detail in Figure 7.1.
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Figure 7.1 - Additional water supply plan and reducing proportion
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7.3 Behavior analysis of climate change adaptation

7.3.1 Natural conditions of climate change adaptation
The covering/land use area statistical classification and results in Tra Vinh Province,
Vietnam in 2000 and 2015 are shown in the Figure 7.2. In 2000, the rice cultivation and
aquaculture seafood area accounting for 51% and 10% total province area,
respectively. In addition, the paddy land and aquaculture areas mainly attributed in
the lowlands. Total rice area decreased from 108,711 hectares to 89,790 hectares in
2000 and 2015, respectively. From Figure 7.2, it can be seen that the wet cultivation
area dropped to 42% while aquaculture area increased to 13% of province area. From

2000 to 2015, the perennial crops are slightly increased from 31% to 33%.
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Figure 7.2 - Structure of the Land Cover/Main Land use in 2000 (left), 2015 (right)

in Tra Vinh Province

7.3.2 Analysis of surveyed data
Based on the survey results, there was 44% of total respondent changed their own
agricultural activities to others in the whole province. Another 44% and 11% were non-
changing agricultural activities and changing to off-farm, respectively. The coastal zone
showed a highest percentage of changing agricultural activities, about 55%. While
people used to maintain their own agricultural activities, occupied only 58 % instead

changing to other ones, approximately 28%. See detail in Table 7.2.
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Changing agricultural Non-changing
Total Changing to off-farm
activities agricultural activities
Zone | surveyed
Number of Number of Number of
HH % % %
surveyed HH surveyed HH surveyed HH
Northern
140 69 49% 63 45% 8 6%
zone
Middle
139 39 28% 81 58% 19 14%
zone
Coastal
140 FA/ 55% 44 31% 19 14%
zone
Total 419 185 44% 188 45% 46 11%

7.3.3 Development of adaptive behavior models

The farmers are more likely to concern about market price than other motivation

factor. In other words, the market input/output is main constraint to farmer’s decision

to change or not change their own agricultural activities. The strength of belief in the

reality of climate change impact can motivate farmer’s decision. Access to available

water supply is main factor of ability eroup, it occupied 90 % of total surveyed

respondent. If farmers cannot see a stability in accessing water supply, most of them

don’t change their own agricultural activities. Nowadays, access to information of

climate change or adaptive measures seems to be not a big issue. Farmers can access

this information via internet, TV, friends and propaganda by local authorities. Access

to new technologies and capital showed a close percentage of total surveyed

respondent, around 75 %

Table 7.3 - Estimation of behavior coefficient

Motivation coefficient

Ability coefficient

Zone
ay a, b, b, bs by
Northern zone 0.48 0.52 0.23 0.28 0.31 0.20
Middle zone 0.44 0.56 0.17 0.30 0.31 0.22
Coastal zone 0.40 0.60 0.17 0.30 0.35 0.16
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In the northern zone

Figure 7.3 show the scattered plots of motivation and ability factors in the northern
zone. It indicates that a separated distribution of variation farmer's decision by changing
or non-changing their agricultural activities (trigger point) can be explained by significant
variables of behavior factors. Motivation weight is divided by three levels including low
motivation, moderate motivation and high motivation. For surveyed respondent with
low motivation, the decision was to not change their own agricultural activities to adapt
to climate change impact although ability shows a high value (0.7 to 1) in some
surveyed respondent (Figure 7.3). There is a separated decision-making in term of
changing or non-changing agricultural activities by the moderate motivation group. In
case of changing agricultural activities, ability weight shows a range of 0.69 to 1, except
only two surveyed respondents (Figure 7.3). The range represents for respondents
which can be easy to access irrigation, capital and additional technologies or climate
change information. With ability weight lower than 0.6, there is only two surveyed
respondents decided to change their agricultural activities for moderate motivation
group. Only four respondents show high motivation in the northern zone decided to
not change their agricultural activities due to low ability weight (Figure 7.3). In other

words, these respondents can’t access to any ability component or only access to

capital/credit.
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In the middle zone

Figure 7.4 shows the scattered plots of motivation and ability factors in the middle
zone. It indicates that a separated distribution of variation farmer's decision by changing
or non-changing their agricultural activities (trigger point) can be explained by significant
variables of behavior factors in this zone. This zone shows a lower number of surveyed
respondents who changed their agricultural activities to cope with climate change
impact than the northern zone. These respondents also show a range of ability weight
between 0.6 and, except only five respondents with high motivation and one
respondent with moderate motivation (Figure 7.4). There is only one respondent with
changing the agricultural activities under low motivation. For moderate motivation
group, more than a half of surveyed respondents can only access to one or two ability
components including (assess to climate change information, access to technologies,
access to irrigation and access to capital/credit). (Figure 7.4) It can lead to their decision
to not change their agricultural activities to cope with climate change. The remaining
respondents carried out the decision to change their agricultural activities due to
availability of climate change information, technologies, and irrigation (0.7 to 0.85 of
ability weight) (Figure 7.4).
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In the coastal zone

Figure 7.5 shows the scattered plots of motivation and ability factors in the coastal
zone. It indicates that a separated distribution of variation farmer's decision by changing
or non-changing their agricultural activities (trigger point) can be explained by significant
variables of behavior factors in this zone. The coastal zone also presents a highest
number of respondent (Table 7.2) in term of changing agricultural activities to cope
with climate change in the past. Similar in the northern zone, respondents did not
change their agricultural activities with low motivation for the coastal zone. For high
motivation group, three respondents do not change their agricultural activities due to
low ability weight (less than 0.3) (Figure 7.5). It means these respondents can access
to only one ability component (climate change information or technologies or
capital/credit). Other remaining respondents in high motivation group can access at
least two ability components, and it led to the decision of changing their agricultural
activities. Most of respondents with moderate motivation changed their agricultural
activities if they can access to irrigation and technologies or more than that (ability
weight is higher than 0.6), except only a respondent with ability weight lower than 0.6
(Figure 7.5). Other respondents who can’t access irrigation or technologies, do not
change their agricultural activities, accounting by ability weight lower than 0.5 (Figure

7.5).
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7.3.4 Additional recommendations from ABM
However, most of the respondents show moderate motivation and varies of ability
weight in all three adaptive behavior models (ABM). In order to be more successful in
the implementation of the Mekong Delta Plan (MDP) with many changes of agricultural
activities, additional recommendations need to be proposed for each specific zone.
For each zone, the recommendations focus on three potential groups which distribute
closely with trigger lines. The first group is defined by low motivation and high ability.
For all three zones, this group need to be improved awareness of climate change
impact and sustainable effectiveness of new crop planning by demand or price of crop
products. The second group is defined by moderate invitation and moderate ability. In
the coastal and middle zone, respondents in this group used to face issues with
irrigation water and capital/credit. In order to bring this group passing trigger lines of
ABM, it should add more ability to make the decision in changing agricultural activities
by ensuring the supply of irrigation water and supporting bank loans. In the northern
zone, paddy was changed to perennial plants and orchards by a large proportion of
this zone for long term ago, so farmers show a habit with existing agricultural activities.
There is also a gap in knowledge of new technologies of the respondents in the second
potential group. Therefore, by conduct more meeting or training about new
technologies or new crops, ability weight of this group can be improved to move this
group passing the trigger line. It means respondents of this group can change their
decision to follow the MPD if they can have more training or guideline to apply new
technologies on different agricultural activities. The third potential group is defined by
high motivation and low ability. In general, respondents of this group are much easier
to adjust their decision. With high motivation, respondent of this group needs to be
only supported only one or two resources to bring their behavior target (changing
agricultural activities) to successful part of ADMs. In the middle and coastal zone,
government or local authorities should pay more attention on reducing shortages of
irrigation water and productive support credit to make farmers feel easier to make the
decision to change to other agricultural activities. In addition, it is essential that

information of climate change and new technologies need to be supported more
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frequency in the northern zone in term of persuading farmers to change their
agricultural activities.

Table 7.4 - Additional recommendations via behavior analysis

Additional recommendations
Zone
Potential group 1 Potential group 2 Potential group 3
Disseminate widely effect of | Conduct more training,
Update timely
Northern climate change guidelines of new
information of climate
zone Ensure outcomes of new technologies in different
forecast
agricultural products agricultural activities
Disseminate widely effect of improve capacity of improve capacity of
Middle climate change irrigation water supply & | irrigation water supply &
zone Ensure outcomes of new productive support productive support
agricultural products credit credit
Disseminate widely effect of improve capacity of improve capacity of
Coastal climate change irrigation water supply & | irrigation water supply &
zone Ensure outcomes of new productive support productive support
agricultural products credit credit

7.4 Design of GW monitoring network

In order to improve sustainable yield management, preliminary monitoring networks
for GWLs and salinity monitoring are designed for three shallowest aquifers in Tra Vinh
Province. The GW flow and salinity transport models are applied to produce contour
maps of GWLs and TDS distribution for three important aquifers in a coastal province
of Mekong Delta due to limitation of actual observations. Secondly, maps of GWL and
salinity distribution are used to select locations and numbers of monitoring points
based on monitoring criteria. Kriging interpolation method is applied to reproduce GWL
and TDS contour maps based on the proposed monitoring networks. Kriging standard
deviation was also used to evaluate proposed monitoring network as wells. Finally, a
priority list of monitoring wells are recommended for monitoring network

implementation and management.
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Through a number of trial-and-error iterations, the final selected monitoring wells are
24, 25 and 25 for the Holocene aquifer (gh), Upper Pleistocene aquifer (qps) and Upper-
Middle Pleistocene aquifer (gp,.s), respectively. The developed contour maps of GWLs
by Kriging method show a similarity with the simulated map of GW flow model (Figure
7.6). The standard deviation of interpolation error (KSD) is less than 1.0 at most areas.
Therefore, these selected monitoring wells consist of a good preliminary GWL
monitoring network for Tra Vinh Province

The developed contour maps of TDS by Kriging method show a similarity with the
simulated map of the MT3DMS model (Figure 7.6). Through a number of trial-and-error
iterations, the final selected monitoring wells are 44, 46 and 45 for the Holocene
aquifer (gh), Upper Pleistocene aquifer (gps) and Upper-Middle Pleistocene aquifer
(gp..3), respectively (Figure 7.6). In most areas, the standard deviation error of Kriging
interpolation (KSD) is lower than 500 mg/l in gps; and gp,s aquifers, and more than
1,000 mg/l in large areas in the Holocene aquifer due to heterogenous distribution of
fresh/saline of this aquifer. However, this aquifer accounts for less than 8% total GWU
of the Tra Vinh Province, a high error of Kriging interpolation can be accepted.
Therefore, these selected monitoring wells consist of a good preliminary salinity
monitoring network for Tra Vinh Province. Since installation of GW monitoring wells is
very costly, so monitoring wells were divided in two priority categories following
monitoring criteria to be more efficiently implemented (Figure 7.6). For GWL monitoring
network, the focus areas is depleted cones and boundary areas. For salinity GW
monitoring network, the focus areas are transition zones between fresh/saltwater and

seawater intrusion areas.
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monitoring)
7.5 Findings
Reviews of Government guidelines explained a detailed plan on demand, supply,

management sides to develop socioeconomic associated with sustainable

development of groundwater resources. This study can help clarifying additional
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recommendations to enhance successful implementation of the MDP via each side as
below:
« In supply side: Needs more surface storage due to limited GW pumping from
sustainable yields of the aquifer system
« In demand side: Propose adaptive measures on agricultural activities to cope
with limited resources but need to grow socioeconomic to match with target.
« In management side: Needs to improve monitoring system to control within
the sustainable yields. Needs more incentive and technology for change (from

FBM analysis) to implement agricultural activities based on the MDP.
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Chapter 8 - CONCLUSIONS AND RECOMMENDATIONS

This last chapter presents the overall conclusions and recommendations of this study.
The results of three chapters include the role of GWU, impact of GWU, sustainable
yields, GW demand, behavior analysis, additional recommmendations and proposal of
GW monitoring network, which are summarized by linkage with current literature
reviews to describe the overall picture of the study. The last section shows the

recommendations and limitations of this study and directions for future studies.

8.1 Conclusions

8.1.1 Role of groundwater use
Mean of GWU varied from 0.95 m>day per HH to 1.35 m>day ™ per HH and its trend
increases from northern to coastal zone. Mean of GWU for irrigation and aquaculture
were 25.7 and 30.8 m°day" per ha
In the dry season of 2018, groundwater use is estimated 346,279 m>/d in which the
exploited amount in the northern, middle and coastal zone are 23,822 m>/d, 23,1608
m?>/d, 90,849 m>/d, respectively. GW is exploited mainly for domestic use, about 55 %
of total GWU in both northern and middle zone. This percentage in the coastal zone
is only 29 %, the other remaining percentage is for irrigation and aquaculture use.
LST is proved to be good tools with good correlation with groundwater use (GWU)
distribution with adj-R* = 0.646. In future, the technique can be applied to estimate
GWU in other area and in regional scale.
In Tra Vinh Province, in 2018, water is supplied for domestic use via five supply
methods including bottled water, tap water, rain harvest and groundwater well.
Percentage of the total surveyed household which are completely dependent on GW
source are 66 and 89 % of in the middle and coastal zone, respectively. In two these
zones, there is no surveyed household maintained their domestic use without any GW
supply. Due to the distribution of saline GW, there is only 33 per cent of the total
surveyed households which was partly or completely dependent on GW source in the

northern zone.
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8.1.2 Impact of GWU
In Tra Vinh Province, gsroundwater depletion most commonly occurs because of a long-
term pumping of water from the ground. Many areas of the Tra Vinh Province are
experiencing groundwater depletion, especially at exploited clusters with large
production as Chau Thanh, Tieu Can district. In sand dune areas, high GW abstraction
for irrigation and aquaculture in a continuous time resulted in GW depletion. The
coastal zone is especially in high risk of facing GW depletion during the peak time of
the dry season. From our field survey, it was found that local people had to add
reinforce tube to increase pumping capacity in the gp,.; aquifer and even drilled new
wells to cope with depletion of the shallowest aquifer.
Not like other coastal areas over the world, fresh groundwater is found and exploited
in aquifers from 150m up to 500 m below ground surface. In three shallowest aquifers,
brackish water is present only in the northern part of the aquifer and a north-south
TDS distribution with lower values towards the south where many exploited wells have
been operating to supply water for domestic and agricultural use. Salinity
concentration grew up in the dry season due to the effect of seawater intrusion through
river and canal network in Holocene (gh) aquifer.
The most obvious consequences of depleting groundwater resources are the increased
costs of pumping groundwater as the groundwater table decreases dramatically.
Because groundwater levels declined too far, then the well owner might have to
attempt to lower the pump and add reinforce tube. A percentage of surveyed
households can’t use GW from aquifers at certain times of the dry season and they
had to construct deeper wells or reduce irrigation amount and planting area.
This long-term extensive exploitation has depleted groundwater resources and caused
several problems. In some places with heavy GW withdrawal, the water table dropped
from 5 m below the ground surface in 1994 to 15 m below the surface in the early
2018s. Based on the estimated GW budget in 2018, there was 35% of GW abstraction
comes from GW storage. Captured storage has been increasing dramatically since 2008
to catch up with the significant growth of GW abstraction. In other words, the over GW
abstraction reduced the storage of the aquifer system and induced the decline of GWL

significantly in the period of 25 years. The results demonstrated that GW system in Tra
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Vinh Province has moved from a pristine system to a developed system then become
a depleted system at present. This raises the concern that present GWU is already
depleting a limited aquifer, and that further intensification of this GWU in future is
unsustainable.

8.1.3 Sustainable yields
To analyze sustainable development of GW system in Tra Vinh Province area, a
concept of equilibrium state and controlling saline GW movement is proposed and
proved to improve both quantity and quality management. A three-dimensional GW
numerical modelling (MODFLOW-SEAWAT) is used to meet equilibrium state and for
controlling saline GW movement. The model result shows that the sustainable yield
is 175,845 m>/d, about 59 % of current GW abstraction. Especially, the sustainable
yield is only one-third of the current pumping in the northern zone.
By reducing GW abstraction is 195,000 m?/d since January 2020, the decline in storage
has been decreasing and stabilizing since early 2024. However, saline GW area still
expanded toward some of depleted cones. So as to satisfy the concept of sustainable
yield, the volume of GW decreases to about 175,845 m?/d, the recharge from rainfall
and leaky from rivers and streams is almost unchanged; the boundary inflow and
change of storage are decreases.

8.1.4 Groundwater demand
After proposing socioeconomic growth and climate change scenarios, the analysis of
the unmet water demand and per cent coverage of the GW demand to cope with the
sustainable yield for the period of 2020 and 2030 was computed. By scenarios of
following the master plan of VMD, the estimated GWDs are closed with the sustainable
yield of aquifer due to low-outlook in population growth and changing agriculture
activities to adapt with saline water. If population growth and land use pattern are still
maintained as usual, the demand of GW will be higher 2.5 times than sustainable yield

on average of three scenarios of climate change.
8.1.5 Behavior analysis

Behavior analysis provides a different view on looking on adaptation parameters to

cope with new changes from the Master Plan of VMD. From our field survey and
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analysis, it was found that the motivation factors and ability factors significantly
influence the farmer's decision in changing or not changing their own agricultural
activities to others. In other words, if farmers perceive high effectiveness for changing
their agricultural activities (reduce damage or higher price) and their ability is good
enough, they are more likely to intend to change to other agricultural activities. In the
middle and coastal zone, paddy or food crops was changed to aquaculture, annual
crops and orchards. While there was 55 % of total surveyed HH changed their own
agricultural activities in the coastal zone, the percentage in the middle zone is only
28%. This difference can be explained by more difficulty in accessing source of water
supply and capital in the middle zone. The northern zone showed a high percentage
in changing agriculture activities with mainly changing to perennial crops (coconut,
sedge). A high concern about the impact of climate change and market price motivated
farmers to change their own agricultural activities (paddy food crops).
8.1.6 Additional recommendations
Government proposals for sustainable GW development are intended to inform and
assist adaptive measure in three aspects including demand, supply and management.
They are illustrative and are presented to help local authorities consider possible ways
to address anticipated current and future threats resulting from the changing climate
and socio-economic development. However, the strategies presented are not a
comprehensive in term of convincing local people changing their agricultural activities
to cope with climate change impact. Fogg Behavior Model indicated some
improvement via motivation and ability factors. The additional measures should be
prepared for implementing the new plan of VMD. In the northern zone, information
about climate change and new technologies need to be supported more frequency.
While government or local authorities should pay more attention to improve capacity
of irrigation water supply and productive support credit to make farmers feel easier to
change to other agricultural activities in the middle and coastal zone.
8.1.7 Proposal of GW monitoring network
Preliminary monitoring networks have been designed using contour maps of

groundwater levels and TDS distribution from GW flow and saltwater transport models



116

as a reference. Because of limitation in number of GW monitoring wells, preliminary
GWL monitoring networks need to be implemented with a series of piezometers to
observe GWLs and salinity concentration in main exploited aquifers. Time series data
of monitoring GWLs will carry out efficiency determination on the direction and velocity
of GW flow through aquifers and improvement in simulations or projections of three-
dimensional GW flow patterns in Tra Vinh Province. In addition, monitor and map of
TDS should be used to identify saline prone areas that help lessen or prevent future
increase in salinity GW. The proposed monitoring networks need to be improved to
support the government or local authorities in term of control freshwater availability
of both river and groundwater system with the consideration of sustainable yield
proposed.

8.2 Recommendations

The thesis deals with socioeconomic survey, GW modelling and behavior analysis in
adaptive measures proposed. The sample screening was carefully and scientifically
conducted to ensure the representative samples, while the field survey was carried
out with great caution. In this study, the sample size was selected and analyzed in the
regional scale, so future studies for implementation should be conducted in more
details in the local scale (e.g. commune or district only). That would help to generate
further useful insights for local authorities as well as more detailed implications for the
national government in implementation of the Mekong Delta Plan. In addition, it must
be demonstrated that survey and model developed in this study are successful in the
initial trial, though not completely sufficient to deal with these implementation
challenges. It can be seen that the GW survey and models were efficiently developed
as suitable tools for assessing GWU and its impact, there are still outstanding issues
which need to be considered in further studies:

+ More salinity monitoring/measurement to confirm the salinity distribution
location/pattern which will affect the sustainable yield estimation and GW
recharge locations

« Fresh GW distribution of aquifers in the coastal zone should have more study

to confirm the volume and location of this freshwater aquifer.
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APPENDIX

APPENDIX 1 - TDS interpolation using Kriging Method (Surfer 11).
Left: three variogram models of three aquifers. Right: TDS distribution of three aquifers.
Top: Holocene aquifer (gh). Middle: Upper Pleistocene aquifer (gps). Bottom: Upper-

middle Pleistocene aquifer (qp,.3).
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APPENDIX 2 - Commune selection for the socioeconomic survey
Criterion 1: Potential of freshwater distribution of groundwater and surface water
1) Northern zone: Easy to improve surface water + Fresh/saline groundwater
(FSBQG)
2) Middle zone: Hard to improve surface water + Fresh groundwater (BSFG)
3) Coastal zone: Saline surface wall seasons + Fresh groundwater (SSFG)

2.1 Representative state of existing saline groundwater in Tra Vinh Province
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2.2 Extracted map of saline intrusion in the Vietnam Mekong Delta (Scarrott 2009)
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2.3 |dentification of three zones in the Tra Vinh Province
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Criterion 2: Sample screening by selecting surveyed communes

capital assessment

2.4 General information of selected communes.

based on GDP per

Population | Area Potential of WR
Zone Commune GDP/capita
person ha Surface water | Groundwater
My Cam 11,832 2,298 High Fresh Saline
Northern
Huyen Hoi 14,244 3,473 Moderate Fresh Fresh/Saline
zone
Dai Phuoc 9,520 2,008 Low Fresh + Saline Saline
Dinh An 5,444 592 High Fresh + Saline Fresh
Middle
Thanh Son 9,592 1,415 Moderate | Fresh + Saline Fresh
zone
Ham Giang 2,488 1,591 Low Fresh + Saline Fresh
Long Huu 10,862 3,623 High Saline Fresh
Coastal
Truong L.H 5,560 3,751 Moderate Saline Fresh
zone
Dan Thanh 7,069 4,134 Low Saline Fresh




APPENDIX 3 - Survey implementation

3.1 General information of surveyed households

Northern | Middle | Coastal
Component

zone zone zone
20-30 3% 1% 5%

Respondent
30-45 19% 19% 28%

age

>45 79% 80% 67%
Number of 1-2 6% 7% 8%
family 3-5 59% 79% 74%
member =5 33% 14% 18%
None 3% 9% 5%

Education
Primary-high school 91% 86% 89%

level

University/vocation 6% 6% 6%
Paddy 44% 60% 13%
Economical Aquaculture 0% 18% 57%
activities Other crops 68% 24% 50%
Non-agriculture 11% 18% 14%
<40 mil.vnd/year 44% 64% 31%

Household
40-100 mil.vnd/year 41% 23% 38%

income

>100 mil.vnd/year 15% 13% 31%

120
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3.2 Some photos of surveyed implementation

¢) GW pumping for irrigation d) GW pumping for aquaculture
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APPENDIX 4 - Calibration results of groundwater flow model
4.1 Comparison of simulated and observed GWLs of gps; aquifer (observation well
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Groundwater levels (m.MSL)
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4.3 Comparison of simulated and observed GWLs of n,_; aquifer (observation wells:

Q217040, Q40404T, Q405050)

Groundwater levels (m.M5L)

—Simulated - Q217040

-10
« Observed - Q217040
-12
" B Calibration L Verification o
o v Vi s o v v s s W
) (= ) & ) (= ', & = (=
2. 93 2. 0 ). o s 0-9 0‘0.5‘ 2. 0& ). 7 o g 3. 7> 2. 30

(=}

— Simulated - Q40404T

Groundwater levels (m.M3L)

-10
w Ohserved - Q40404T

-12
Calibration Verification

1 |- > >




124

——Sirmulated - Q405050 W ¥

Groundwater levels (m.MSL)

-10
w Ohserved - Q405050

-12
Calibration Verification

.14 - » »

4.4 Comparison of simulated and observed GWLs of n, ; aquifer (observation well

Q405050)

o o o i s ol L v v o
. S, . 9, W, 9, 9, %, i, s,
93 i¢) e 0_‘_} l.'.?j\ @& 1’:; J’Q -4?) eg
g 2
% 5
g 2
a
g -4
E
Z -6
5
o -8 ——Simulated - Q405050
o
-10 . Obsarved - Q405050
12

Calibration N Verification

-

=
&
]
¥



125

REFERENCES

Abdalla, O. A. (2009). "Groundwater modeling in semiarid Central Sudan: adequacy and

long-term abstraction." Arabian Journal of Geosciences 2(4): 321

Adegoke, J., O. Ogoeye and V. Ozebo (2012). "A Case Study of the Depth of Fresh/Salt
Water Interface Using Values of Fresh Waters Heads in Groundwater of Variable Density."

Electronic Journal of Geotechnical Engineering 17: 1669

Agha, S., D. Tollefson, S. Paul, D. Green and J. B. Babigumira (2019). "Use of the Fogg
Behavior Model to Assess the Impact of a Social Marketing Campaign on Condom Use in

Pakistan." Journal of health communication 24(3): 284-292

Alley, W. M., T. E. Reilly and O. L. Franke (1999). Sustainability of ground-water resources.
US Department of the Interior, US Geological Survey, US Department of the Interior, US

Geological Survey.

Amore, L. (2012). The United Nations World Water Development Report-N 4-

Groundwater and Global Change: Trends, Opportunities and Challenges, UNESCO.

An, T. D., M. Tsujimura, V. Le Phu and T. T. Hang (2014). Groundwater Flow System in
Coastal Region of the Mekong Delta as Determined by Hydrogeochemistry. Proceedings

of the 19th IAHR-APD Congress, Hanoi, Vietnam

An, T. D., M. Tsujimura, V. Le Phu, A. Kawachi and D. T. Ha (2014). "Chemical characteristics
of surface water and groundwater in coastal watershed, Mekong Delta, Vietnam."

Procedia Environmental Sciences 20: 712-721

Anderson, H. R. (1976). Hydrogeologic Reconnaissance of the Mekong Delta in South

Vietnam and Cambodia, Department of the Interior, Geological Survey.

Anh, D. T,, L. P. Hoang, M. D. Bui and P. Rutschmann (2018). "Modelling seasonal flows
alteration in the Vietnamese Mekong Delta under upstream discharge changes, rainfall

changes and sea level rise." International Journal of River Basin Management: 1-15



126

Arunrat, N., C. Wang, N. Pumijumnong, S. Sereenonchai and W. Cai (2017). "Farmers'
intention and decision to adapt to climate change: A case study in the Yom and Nan

basins, Phichit province of Thailand." Journal of Cleaner Production 143: 672-685

Bendib, A., H. Dridi and M. I. Kalla (2017). "Contribution of Landsat 8 data for the
estimation of land surface temperature in Batna city, Eastern Algeria." Geocarto

International 32(5): 503-513

Boehmer, W. (2000). Surface water data and processing for the hydrogeological model of
the Mekong Delta. Division for Water Resources Planning and Investigation for the South

of Vietnam. Groundwater Study Mekong Delta.

Boehmer, W. and J. Kootstra (2000). Ground Water Study Mekong Delta. HASKONING BV
Consulting Engineers Architects, in association with Division of Hydro-Geology Engineering

Geology for the South of Vietham ARCADIS Euroconsult. 136.

Boerger, N. L., N. A. Barleen, M. L. Marzec, D. P. Moloney and J. Dobro (2018). "The impact
of specialized telephonic guides on employee engagement in corporate well-being

programs." Population Health Management 21(1): 32-39

Bosma, R., C. Q. Nam, P. M. Duc, H. Udo and J. Verreth (2004). Motivation of farmers in
the Vietnamese Mekong Delta to integrate aquaculture in their production system. New
dimensions and challenges for sustainable livestock farming. Vol. lll. Proc. 11th AAAP

congres Kuala Lumpur, 5-9 Sept. 2004.

Bosma, R. H., H. M. Udo, J. A. Verreth, L. E. Visser and C. Q. Nam (2005). "Agriculture
diversification in the Mekong Delta: farmers’ motives and contributions to livelihoods."

Asian Journal of Agriculture Development 2(1362-2016-107656): 49-66

Bredehoeft, J. D. (1997). "Safe yield and the water budget myth." Groundwater 35(6): 929-
930

Bredehoeft, J. D. J. G. (2002). "The water budget myth revisited: why hydrogeologists
model." Groundwater 40(4): 340-345



127

Bredehoeft, J. J. G. (2004). "Reply to M. Sophocleous in discussion of papers section (C.
Neuzil discussion editor)." Groundwater 42(4): 618-619

Bryan, E., T. T. Deressa, G. A. Gbetibouo and C. Ringler (2009). "Adaptation to climate
change in Ethiopia and South Africa: options and constraints." Environmental science

policy 12(4): 413-426

Bui, D. D., N. C. Nguyen, N. T. Bui, A. T. Le and D. T. Le (2017). "Climate change and
groundwater resources in Mekong Delta, Vietnam." Journal of Groundwater Science and

Engineering 5(1): 76-90

Changming, L., Y. Jingjie and E. Kendy (2001). "Groundwater exploitation and its impact
on the environment in the North China Plain." Water international 26(2): 265-272

Chi, N. T. L., P. Dao and M. Kyncl (2018). "Water supply status in rural areas of the Mekong

Delta and development measures." GeoScience Engineering 64(1): 35-41

Chinvanno, S. (2011). Climate change in the Mekong River Delta and key concerns on
future climate threats. Environmental change and agricultural sustainability in the

Mekong Delta, Springer: 207-217.

Collins, M., R. Knutti, J. Arblaster, J.-L. Dufresne, T. Fichefet, P. Friedlingstein, X. Gao, W.
Gutowski, T. Johns and G. Krinner (2013). Long-term climate change: projections,
commitments and irreversibility. Climate Change 2013-The Physical Science Basis:
Contribution of Working Group | to the Fifth Assessment Report of the Intergovernmental

Panel on Climate Change. Cambridge University Press.

Comte, J.-C,, R. Cassidy, J. Obando, N. Robins, K. lbrahim, S. Melchioly, I. Mjemah, H.
Shauri, A. Bourhane and I. Mohamed (2016). "Challenges in groundwater resource
management in coastal aquifers of East Africa: Investigations and lessons learnt in the
Comoros Islands, Kenya and Tanzania." Journal of Hydrology: Regional Studies 5: 179-

199



128

Crosbie, R. S., P. Binning and J. D. Kalma (2005). "A time series approach to inferring
groundwater recharge using the water table fluctuation method." Water Resources

Research 41(1)

Dang, H., E. Li and J. Bruwer (2012). "Understanding Climate Change Adaptive Behaviour
of Farmers: An Integrated Conceptual Framework." International Journal of Climate

Change: Impacts & Responses 3(2)

Dang, H. L. (2014). Adaptation to climate change: the attitude and behaviour of rice
farmers in the Mekong Delta, Vietnam. School of Agriculture, Food and Wine, Faculty of

Science, The University of Adelaide. Ph.D Thesis.

Dang, V. H., D. D. Tran, T. B. T. Pham, D. N. Khoi, P. H. Tran and N. T. Nguyen (2019).
"Exploring Freshwater Regimes and Impact Factors in the Coastal Estuaries of the

Vietnamese Mekong Delta." Water 11(4): 782

Danh, V. T. (2008). Household switching behavior in the use of groundwater in the Mekong

Delta, Economy and Environment Program for Southeast Asia (EEPSEA).

Danh, V. T., H. V. J. R. W. Khai, Water, and Solar (2015). "Household demand and supply

for clean groundwater in the Mekong Delta, Vietnam." 2(1): 4

Deltares, D. A. (2011). Vietnam-Netherlands Mekong Delta Masterplan project Mekong
delta water resources assesment studies. Viet nam-Neetherlands Mekong Delta

Masterplan Project. Delta Alliance: 1-68.

Deng, H., L. Wang, J. Liu, J. Zou, D. Li, Q. Zhou and J. Huang (2011). "An optimized sampling
model in the survey of groundwater resource nitrate content of rural areas in the

Shandong province." Mathematical computer modelling 54(3-4): 956-964

Dessai, S. and J. P. van der Sluijs (2007). Uncertainty and climate change adaptation: A
scoping study, Copernicus Institute for Sustainable Development and Innovation,

Department ...

Dillon, P., P. Pavelic, D. Page, H. Beringen and J. Ward (2009). "Managed aquifer recharge."

An introduction waterlines report series 13: 1-64



129

Dong, U. T. (2017). "Determining the exploitable reserves of the groundwater system in
Con Son island under the conditions of climate change and sea-level rise." Journal of

Science and Technology Development, Vietnam 20(No. K4-2017)

DWRPIS (2009). Research of geological structure and classification of N-Q sediments in
Mekong Delta. Division for Water Resources Planning and Investigation for the South of

Vietnam: 24-86 (in Vietnamese).

DWRPIS (2019). Report on the results of the National Groundwater Monitoring Network
for Nam Bo Plain: Data set during 1994 — 2018. Division of Water Resources Planning and

Investigation for the South of Vietnam.

Eastham, J., F. Mpelasoka, M. Mainuddin, C. Ticehurst, P. Dyce, G. Hodgson, R. Ali and M.
Kirby (2008). Mekong river basin water resources assessment: Impacts of climate change.

CSIRO: Water for a Healthy Country National Research Flagship, Citeseer.

Eastham, J., F. Mpelasoka, M. Mainuddin, C. Ticehurst, P. Dyce, G. Hodgson, R. Ali, M. J. A.
C. S. Kirby and R. O. W. f. a. h. c. n. r. flagship (2008). "Mekong river basin water resources

assessment: Impacts of climate change."

Elango, L. (2005). Numerical simulation of groundwater flow and solute transport, Allied

Publishers Chennai.

Erban, L. E, S. M. Gorelick and H. A. Zebker (2014). "Groundwater extraction, land
subsidence, and sea-level rise in the Mekong Delta, Vietnam." Environmental Research

Letters 9(8): 084010

Eslami, S., P. Hoekstra, N. N. Trung, S. A. Kantoush, D. Van Binh, T. T. Quang and M. van
der Vegt (2019). "Tidal amplification and salt intrusion in the Mekong Delta driven by

anthropogenic sediment starvation." Scientific reports 9(1): 1-10

Evers, J. and A. Pathirana (2018). Adaptation to climate change in the Mekong River Basin:

introduction to the special issue, Springer.

Famiglietti, J. (2014). "The global groundwater crisis." Nature Climate Change: 4, 945-948



130

Feitelson, E. (2005). "Political economy of groundwater exploitation: the Israeli case."

International Journal of Water Resources Development 21(3): 413-423

Fisseha, G., H. Gebrekidan, K. Kibret, B. Yitaferu and B. Bedadi (2011). "Analysis of land
use/land cover changes in the Debre-Mewi watershed at the upper catchment of the

Blue Nile Basin, North West Ethiopia." Biodlivers. Environ. Sci 1.6 1(6): 184-198

Fogg, B. J. (2002). "Persuasive technology: using computers to change what we think and

do." Ubiquity 2002(December): 2

Fogg, B. J. (2009a). A behavior model for persuasive design. Proceedings of the 4th

international Conference on Persuasive Technology.

Fogg, B. J. (2009b). Creating persuasive technologies: an eight-step design process.

Proceedings of the 4th international conference on persuasive technology, ACM.

Ghassemi, F. and D. Brennan (2000). "An evaluation of the sustainability of farming
systems in the brackish water region of the Mekong Delta." Resource profile subproject:

summary report. Australian Centre for International Agricultural Research

Grothmann, T. and A. Patt (2005). "Adaptive capacity and human cognition: the process
of individual adaptation to climate change." Global Environmental Change 15(3): 199-

213

Guimaraes, M., D. F. Adamatti and L. Emmendorfer (2018). "An agent-based environment
for dynamic positioning of the Fogg behavior model threshold line." Advances in

Distributed Computing and Articial Intelligence Journal

Ha, K, N. T. M. Ngoc, E. Lee and R. Jayakumar (2015). "Current Status and Issues of
Groundwater in the Mekong River Basin." Korea Institute of Geoscience and Mineral

Resources (KIGAM): Bangkok, Thailand: 121

Hai, D. H. (2018). Assessment of the impacts of climate change on groundwater resources

in Ca Mau peninsula, Ho Chi Minh University of Technology. Ph.D Thesis.



131

Hassan, R. M. and C. Nnemachena (2008). "Determinants of African farmers’ strategies for
adapting to climate change: Multinomial choice analysis." African Journal of Agricultural

Resource Economics 2(311-2016-5521): 83-104

Hazaymeh, K. and Q. K. Hassan (2015). "Spatiotemporal image-fusion model for enhancing
the temporal resolution of Landsat-8 surface reflectance images using MODIS images."

Journal of Applied Remote Sensing 9(1): 096095

IPCC (2007). Climate Change 2014: Synthesis Report Contribution of Working Groups |, I
and Il to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. [Core Writing Team, Pachauri, RK and Reisinger, A. (eds.)]. IPCC, Geneva,
Switzerland, 104 pp.

Israel, G. D. (1992). Sampling the evidence of extension program impact, Citeseer.
IUCN (2010). "Groundwater in the Mekong Delta." Mekong Water Dialogues

Kalf, F. R. and D. R. Woolley (2005). "Applicability and methodology of determining

sustainable yield in groundwater systems." Hydrogeology Journal 13(1): 295-312

Karim, T., W. Von Igel, M. E. Soler and C. Lucila "Analysis of water use patterns and conlicts
in the Sa Pobla Plain and Alcudia Bay (Majorca, Spain)." Water Culture and Water Conlict

in the Mediterranean Area

Kemler, E. and V. Gouttebarge (2018). "A tailored web-based advice tool for skiers and
snowboarders: Protocol for a randomized controlled trial." JMIR research protocols T(1):

el?

Keskinen, M., S. Chinvanno, M. Kummu, P. Nuorteva, A. Snidvongs, O. Varis and K. Vastila
(2010). "Climate change and water resources in the Lower Mekong River Basin: putting

adaptation into the context." Journal of Water and Climate Change 1(2): 103-117

Koch, M., P. Arlai and A. Lukjan (2012). "Modeling Investigation on the future Permissible
Yield in upper Chiang Rai Aquifers System." Procedia Engineering 32: 69-76



132

Konikow, L. F. (2015). "Long-term groundwater depletion in the United States."
Groundwater 53(1): 2-9

Kriegler, E., B.-C. O'Neill, S. Hallegatte, T. Kram, R.-H. Moss, R. Lempert and T. J. Wilbanks
(2010). Socio-economic scenario development for climate change analysis. CIRED Working

Paper DT/WP No 2010-23.

Le Dang, H., E. Li, J. Bruwer and I. Nuberg (2014). "Farmers’ perceptions of climate
variability and barriers to adaptation: lessons learned from an exploratory study in

Vietnam." Mitigation & adaptation strategies for global change 19(5): 531-548

Le Dang, H., E. Li, I. Nuberg and J. Bruwer (2014). "Farmers’ assessments of private adaptive
measures to climate change and influential factors: a study in the Mekong Delta,

Vietnam." Natural hazards 71(1): 385-401

Leake, S. A. (1997). Modeling ground-water flow with MODFLOW and related programs,

US Department of the Interior, US Geological Survey.

Lee, E., R. Jayakumar, S. Shrestha and Z. Han (2018). "Assessment of transboundary aquifer
resources in Asia: status and progress towards sustainable groundwater management."

Journal of Hydrology: Regional Studies 20: 103-115

Lin, L. and H. Lin (2019). "Determination of groundwater sustainable yield using a
numerical modelling approach for the Table Mountain Group sandstone aquifer,

Rawsonville, South Africa." Hydrogeology Journal 27(3): 841-855

LittleJohn, J. (2011). "Groundwater in the Mekong Delta." Environmental Science & Policy

Long, T. T., S. Koontanakulvong and P. P. Aye (2017). "Examination of land recharges using
soil moisture approach: Case study in Thailand." Internet Journal of Society for Social

Management Systems: 10

Mai, V. T., T. P. L. Bui, T. H. Vu and T. T. T. Luc (2014). Climate change scenarios for the
study regions and their impacts on rice production with respect to droughts and salinity

identified. Ministry of Foreign Affairs/The Royal Norwegian Embassy, Hanoi.



133

Maimone, M. (2004). "Defining and managing sustainable yield." Groundwater 42(6): 809-
814

Marie, M., F. Yirga, M. Haile and F. Tquabo (2020). "Farmers' choices and factors affecting
adoption of climate change adaptation strategies: evidence from northwestern Ethiopia."

Heliyon 6(4): e03867

Meyland, S. (2011). "Examining safe yield and sustainable yield for groundwater supplies
and moving to managed yield as water resource limits become a reality." Transactions

on Ecology the Environment 145: 813-823
MIE, M. M. D. (2013). Mekong Delta Plan. MONRE & MARD.

Minderhoud, P., G. Erkens, V. Pham, V. T. Bui, L. Erban, H. Kooi and E. Stouthamer (2017).
"Impacts of 25 years of groundwater extraction on subsidence in the Mekong delta,

Vietnam." Environmental Research Letters 12(6): 064006

Mink, J. F. (1980). State of the groundwater resources of southern Oahu. Board of Water
Supply, City and County of Honolulu

MONRE (2011). Report of climate change in the Mekong Delta, Vietnam. Vietnam-
Netherlands Mekong Delta Master Plan project. Ministry of Natural Resources and

Environment: 6-13.

MRC (2017b). Climate Change impacts on hydrology of the Lower Mekong Basin — Volume

1: Water level flow and salinity. Mekong River Commission. Vientiane, Lao PDR.

Mullaney, J. R. (2004). Water Use, Ground-water Recharge and Availability and Quality of
Water in the Greenwich Area, Fairfield County, Connecticut and Westchester County, New

York, 2000-2002, US Department of the Interior, US Geological Survey.

Murray, V. and K. L. Ebi (2012). IPCC special report on managing the risks of extreme
events and disasters to advance climate change adaptation (SREX). J Epidemiol

Community Health:, BMJ Publishing Group Ltd.



134

Nam, N. D. G. (2017). Groundwater Modeling for Sustainable Groundwater Utilization in
Mekong Delta. Agricultural and Environmental Engineering, United Graduate School of

Agricultural Sciences, Tokyo University of Agriculture and Technology.

Ngo, M. T., J. M. Lee, H. A. Lee and N. C. Woo (2015). "The sustainability risk of Ho Chi

Minh City, Vietnam, due to saltwater intrusion." Geosciences Journal 19(3): 547-560

Nguyen, A. D., H. H. Savenije, D. N. Pham and D. T. Tang (2008). "Using salt intrusion
measurements to determine the freshwater discharge distribution over the branches of
a multi-channel estuary: The Mekong Delta case." Estuarine, Coastal Shelf Science T7(3):

433-445

Nguyen, A. L., V. H. Dang, R. H. Bosma, J. A. Verreth, R. Leemans and S. S. De Silva (2014).
"Simulated impacts of climate change on current farming locations of striped catfish
(Pangasianodon hypophthalmus; Sauvage) in the Mekong Delta, Vietnam." Ambio 43(8):
1059-1068

Nguyen, H. H. (2018). "The Analysis of Factors Affecting Multi-dimensional Poverty of the
Khmer Ethnic in Tra Vinh Province, Vietnam." International Journal of Economics &

Financial Issues 8(4): 158

Nguyen, K. A, Y. A. Liou, H. P. Tran, P. P. Hoang and T. H. Nguyen (2020). "Soil salinity
assessment by using near-infrared channel and Vegetation Soil Salinity Index derived from
Landsat 8 OLI data: a case study in the Tra Vinh Province, Mekong Delta, Vietnam."
Progress in Earth Planetary Science 7(1): 1-16

Parry, M., M. L. Parry, O. Canziani, J. Palutikof, P. Van der Linden and C. Hanson (2007).
Climate change 2007-impacts, adaptation and vulnerability: Working group Il contribution

to the fourth assessment report of the IPCC, Cambridge University Press.

Phong, L. T., H. M. Udo, M. E. van Mensvoort, R. H. Bosma, L. Q. Tri, D. K. Nhan and A. van
der Zijpp (2007). "Integrated agriculture-aquaculture systems in the Mekong Delta,
Vietnam: an analysis of recent trends." Asian Journal of Agriculture Development 4(1362-

2016-107679): 51-66



135

Polemio, M. and K. Walraevens (2019). "Recent Research Results on Groundwater
Resources and Saltwater Intrusion in a Changing Environment." MDPI Journal/Water: 131-

142

Post, V. (2005). "Fresh and saline groundwater interaction in coastal aquifers: is our

technology ready for the problems ahead?" Hydrogeology Journal 13(1): 120-123

PPC-TV (2015). Master Plan of Socio-Economic Development of Tra Vinh Province to 2025.

Provincial People's Committee.
Programme, W. W. A. and UN-Water (2009). Water in a changing world, Earthscan.

Roumasset, J. A. and C. A. Wada (2010). "Optimal and sustainable groundwater extraction."

Sustainability 2(8): 2676-2685

Sanh, N. V. (2010). "Research on water resources in Tra Vinh province: water use and
exploitation, solutions for using sustainable water resources and management." Can Tho

University(15b): 167-177

Saparova, D. (2012). "Motivating, influencing, and persuading patients through personal
health records: a scoping review." Perspectives in Health Information

Management/AHIMA 9(Summer)

Scarrott, R. (2009). Extracting gradient boundaries using hyper-temporal image analysis:
progress towards a tool for gradient analysts. International Institute for Geo-Information
Science and Earth Observation, Enschede, The Netherlands, International Institute for
Geo-Information Science and Earth Observation, Enschede, The Netherlands. Master

Science (MSc): 24.

Scarrott, R. G. (2009). Extracting gradient boundaries using hyper-temporal image analysis:
progress towards a tool for gradient analysts, University of Southampton, Southampton,
UK, Lund University, Lund, Sweden, University of Warsaw, Warsaw, Poland, International
Institute for Geo-Information Science and Earth Observation (ITC), Enschede, The

Netherlands,. Ph.D Thesis.



136

Shrestha, S., T. V. Bach and V. P. Pandey (2016). "Climate change impacts on groundwater
resources in Mekong Delta under representative concentration pathways (RCPs)

scenarios." Environmental Science & Policy 61: 1-13

Silva, P. P. B. (2018). Impact of Climate Change on Groundwater Availability: A case study
on Tra Vinh, Vietnam UNESCO-IHE Institute UNESCO-IHE Institute Master Thesis.

Smajel, A. and J. Ward (2013). The water-food-energy nexus in the Mekong region. New
York, New York, USA, Springer.

Sophocleous, M. (1997). "Managing water resources systems: Why" safe yield" is not

sustainable." Ground water 35(4): 561

Sophocleous, M. (2000). "From safe yield to sustainable development of water

resources—the Kansas experience." Journal of hydrology 235(1-2): 27-43

Sophocleous, M. A. (1991). "Combining the soilwater balance and water-level fluctuation
methods to estimate natural groundwater recharge: practical aspects." Journal of

hydrology 124(3-4). 229-241

Swathy, P. (2016). Simulation of salt water intrusion into the coastal aquifers of Kadalundi
river basin in Malappuram district using visual modflow, Academy of Climate Change

Education and Research, Vellanikkara. Master Thesis.

Syvitski, J. P., A. J. Kettner, I. Overeem, E. W. Hutton, M. T. Hannon, G. R. Brakenridge, J.
Day, C. Vordsmarty, Y. Saito and L. J. N. G. Giosan (2009). "Sinking deltas due to human
activities." Nature Geoscience 2(10): 681-686

Ta, T. K. O. (2018). "Natural and environmental characteristics of Tra Vinh coastal area,
Mekong Delta Vietnam for the development of hard clam culture." Journal of Biodiversity

and Environmental Sciences (JBES) 13: 58-67

Tennberg, M. (2012). Governing the uncertain: Adaptation and climate in Russia and

Finland, Springer Science & Business Media.

Todd, D. and L. Mays (1980). Groundwater Hydrology, nd ed, Wiley, New York.



137

Tran, L. T. and S. Koontanakulvong (2019). SURFACE WATER-GROUNDWATER INTERACTION
PROCESSES FOR GROUNDWATER PUMPING MANAGEMENT IN SAIGON RIVER BASIN,

Chulalongkorn University.

Tran, P. H. (2020). "Assessment of changes in the structure land use in Tra Vinh Province
under scenarios of climate change and sea level rise." Vietham Journal of Science &

Technology 58(1): 70
TVSO (2018). Year Book. Tra Vinh Statistical Office.
UN-Water, W. W. A. P. (2009). Water in a changing world, Earthscan.

van Bracht, M. J. and E. Romijn (1985). Redesign of groundwater level monitoring networks
by application of kalmanfilter and kriging methods. L'approche stochastique des

écoulements souterrains. Symposium.

Van Pham, H., F. C. Van Geer, V. B. Tran, W. Dubelaar and G. H. O. Essink (2019). "Paleo-
hydrogeological reconstruction of the fresh-saline groundwater distribution in the
Vietnamese Mekong Delta since the late Pleistocene." Journal of Hydrology: Regional

Studies 23: 100594

Van, T. P. and S. Koontanakulvong (2018). "Groundwater and river interaction parameter

estimation in Saigon River, Vietnam." Engineering Journal 22(1): 257-267

Van, T. P. and S. J. E. J. Koontanakulvong (2019). "Estimation of Groundwater Use Pattern
and Distribution in the Coastal Mekong Delta, Vietnam via Socio-Economical Survey and

Groundwater Modelling." 23(6): 487-499

Vuong, B. T. (2013). Assessment of impacts of groundwater abstraction and climate

change on groundwater resources in Mekong Delta, Viet Nam. MONRE.

Wagner, F., V. B. Tran and F. G. Renaud (2012). Groundwater resources in the Mekong
Delta: availability, utilization and risks. The Mekong Delta System, Springer: 201-220.

Wall, E. and K. Marzall (2006). "Adaptive capacity for climate change in Canadian rural

communities." Local environment 11(4); 373-397



138

Yakirevich, A., A. Melloul, S. Sorek, S. Shaath and V. Borisov (1998). "Simulation of seawater
intrusion into the Khan Yunis area of the Gaza Strip coastal aquifer." Hydrogeology Journal

6(4): 549-559

Zaisheng, H., W. Hao and C. Rui (2006). Transboundary Aquifers in Asia with Special
Emphasis to China. Beijing, UNESCO, Beijing, UNESCO.

Zhou, Y. (2009). "A critical review of groundwater budget myth, safe yield and
sustainability." Journal of hydrology 370(1-4): 207-213

Zhou, Y., D. Dong, J. Liu and W. Li (2013). "Upgrading a regional groundwater level

monitoring network for Beijing Plain, China." Geoscience Frontiers 4(1): 127-138

Zhou, Y. and W. Li (2011). "A review of regional groundwater flow modeling." Geoscience

Frontiers 2(2): 205-214



FWIAINTAUNNIINY 1Y
CHuLALONGKORN UNIVERSITY



NAME

DATE OF BIRTH

PLACE OF BIRTH

INSTITUTIONS ATTENDED

HOME ADDRESS

PUBLICATION

VITA

Tuan Pham Van
19 March 1990
Hai Phong city, Vietnam

Division for Water Resources Planning and Investigation for
the South of Vietnam

Chien Thang commune, An Lao District, Hai Phong city,
Vietnam

Van, Tuan Pham, and Sucharit Koontanakulvons.
"Estimation of Groundwater Use Pattern and Distribution in
the Coastal Mekong Delta, Vietnam via Socio-Economical
Survey and Groundwater Modelling." Engineering Journal
23.6 (2019): 487-499.

Van, Tuan Pham, and Sucharit Koontanakulvong.
"Groundwater and river interaction parameter estimation
in Saigon River, Vietnam." Engineering Journal 22.1 (2018):
257-267.

Conference paper on “Design of Groundwater Monitoring
Network In Tra Vinh Province, Mekong Delta Vietnam” at
Section HIW4-5: Land subsidence and urban (groundwater)
management: Problem analysis and solutions of the
Vietnam International Water Week (VACI2019) 22-25
March, Ha Noi, Vietnam

Project member of SALINPROVE project: Mitigating
groundwater SALINity impacts for immPROVEd water
security in coastal areas under socio-economic and
climate change.

Participated in the training workshop on “Monitoring of



141

groundwater salinity and related socio-economic
parameters”, 21 - 23 March 2017 and “Modelling of
saltwater intrusion”, 4 - 8 September 2017, IHE-DELFT,
Netherlands.

Participated in the training workshop on
“Mitigation/adaptation measures for saltwater intrusion”,
26 August to 1 September 2018, Tianjin, China.
Participated in the outreach workshop on
“Mitigation/adaptation measures for saltwater intrusion”, 3

June 2019, Tra Vinh, Vietnam.



	ABSTRACT (THAI)
	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	Chapter 1 - INTRODUCTION
	1.1 Background
	1.2 Objectives of the study
	1.3 Approach of the study
	1.4 Scopes of the study
	1.4.1 Scope of work
	1.4.2 Study area
	1.4.3 Data used in the study

	1.5 Significance and limitations of the study
	1.5.1 Significance of the study
	1.5.2 Limitations of the study

	1.6 Structure of the dissertation

	Chapter 2 - LITERATURE REVIEWS
	2.1 Groundwater use in VMD
	2.1.1 Groundwater consumption and management
	2.1.2 Impact of groundwater exploitation over the world and in the VMD

	2.2 Sustainable groundwater development in the VMD
	2.2.1 Impact of climate change on groundwater development
	2.2.2 Sustainable yield estimation of the aquifer system

	2.3. Groundwater demand estimation in the VMD
	2.4 Behavior change in climate change adaptation
	2.4.1 Concept of climate change adaptation
	2.4.2 Behavior factors of climate change adaptation in the VMD
	2.4.3 Fogg Theory and its application


	Chapter 3 - STUDY AREA CONDITIONS
	3.1 Topography
	3.2 Climate
	3.3 Hydrology
	3.4 Groundwater development and management
	3.4.1 Geology and hydrogeology
	3.4.2 Distribution of fresh/saline groundwater
	3.4.3 Current situation of groundwater supply

	3.5 General socio-economic information

	Chapter 4 - RESEARCH METHODOLOGIES
	4.1 Socioeconomic survey
	4.2 Estimation of GWU distribution/pattern and assessment of GWU impact
	4.2.1 Estimation of GWU distribution/pattern
	4.2.2 Assessment of GWU impact

	4.3 Estimation of sustainable yields and GW demand
	4.3.1 Estimation sustainable yields of the aquifer system.
	4.3.2 Groundwater demand estimation

	4.4 Recommendations of adaptive measures for GWU

	Chapter 5 - ROLE OF GROUNDWATER USE AND ITS IMPACT
	5.1 Role of groundwater use
	5.1.1 In domestic use
	5.1.2 In agricultural use

	5.2 Estimation of GWU distribution/pattern
	5.2.1 Baseline of GWU
	5.2.2 Estimation of GWU pattern
	5.2.3 Estimation of GWU distribution
	5.2.4 Verification of GWU distribution by GW flow model

	5.3 Development of GW models
	5.3.1 Construction of groundwater flow model
	5.3.2 Saline GW transportation model
	5.3.2 Calibration results

	5.4 Assess impact of GWU
	5.4.1 Current situation of GW system by the long-term GWU
	5.4.2 Identify GWU issues via survey

	5.5 Findings

	Chapter 6 – ASSESSED SUSTAINABLE YIELDS OF THE AQUIFER SYSTEM
	6.1 Estimation of sustainable yield
	6.1.1 Development of sustainable models
	6.1.2 Estimation of sustainable yield by criterion of equilibrium state
	6.1.3 Estimation of sustainable yield by criterion of saline controlling
	6.1.4 GW balance analysis

	6.2 Estimation of groundwater demand in the future
	6.2.1 Estimation of freshwater availability under climate change scenarios
	6.2.2 Estimation of water demand under socio-economic scenarios
	6.2.3 Groundwater demand estimation
	6.2.4 Gaps in groundwater supply to cope with sustainable yield

	6.3 Findings

	CHAPTER 7 - PROPOSED ADAPTIVE MEASURES FOR SUSTAINABLE GROUNDWATER DEVELOPMENT
	7.1 Review of adaptive measures for GWU
	7.2 Reduction of gaps of GW water supply
	7.3 Behavior analysis of climate change adaptation
	7.3.1 Natural conditions of climate change adaptation
	7.3.2 Analysis of surveyed data
	7.3.3 Development of adaptive behavior models
	7.3.4 Additional recommendations from ABM

	7.4 Design of GW monitoring network
	7.5 Findings

	Chapter 8 - CONCLUSIONS AND RECOMMENDATIONS
	8.1 Conclusions
	8.1.1 Role of groundwater use
	8.1.2 Impact of GWU
	8.1.3 Sustainable yields
	8.1.4 Groundwater demand
	8.1.5 Behavior analysis
	8.1.6 Additional recommendations
	8.1.7 Proposal of GW monitoring network

	8.2 Recommendations

	APPENDIX
	REFERENCES
	VITA

