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Fresh water resources in coastal areas are under intense pressure from groundwater consuming activities,
sea level rise and extreme weather events, which effectively amplify salt water intrusion (SWI) into
coastal freshwater aquifers. Literature on SWI describe the effects of SWI, model SWI scenarios and
explain possible SWI mitigation strategies. To our knowledge there are, however, no studies that
combine socioeconomic data with groundwater simulations to estimate SWI mitigation prevalence
within an area. In this study, we demonstrate how a socioeconomic model can be combined with
groundwater simulations to explore the possible role of behaviour willingness in finding suitable SWI
adaptation/ mitigation strategies. The coastal province of Tra Vinh, located in the populated Vietnamese
Mekong Delta, is an area affected by SWI and was used as case study area. Data collected from 313
households spread over nine communes, within the province, was used to construct a Bayesian Belief
Network (BBN) model. The model integrates both socioeconomic (e.g. education, age) and psychosocial
(behavioural) characteristics, to predict the willingness to change of the population; willingness to
change from groundwater to a different source of water. The validated BBN model showed good model
performances. The research found amongst others, using three model analysis, how the BBN model
could be used on both regional (province) and local (commune) scale. The two different scales can
help in defining both target groups and suitable locations for SWI mitigation/ adaptation interventions.
Moreover, this study did not focus on finding suitable alternative water sources, that can serve as a
substitute for groundwater abstraction. Though, the model analysis can help to more effectively define

the possibilities of alternative sources and/ or water-saving interventions.

Keywords: Saltwater intrusion, Groundwater abstraction, Bayesian Belief networks, Behavioural model

1. INTRODUCTION

A. Research motivation

Fresh water is a precious natural resource for hu-
man life, essential in our daily lives. Human pop-
ulation growth and climate change are expected to
have substantial impacts on global water resources
throughout the twenty-first century [1]. Freshwa-
ter resources (mainly groundwater) in coastal areas

are under pressure from water consuming activities,
salt water intrusion and extreme weather events [2]
[3]. These coastal areas are a nexus of the world’s
oceanic and hydrologic ecosystems [4] and with 70
% of the world’s population residing in these areas
they are among the most densely populated areas in
the world [5], often with enormous socioeconomic
importance. It is therefore imperative to understand
the available water resources in these densely pop-
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ulated areas. The large Viethnamese Mekong Delta,
located at the end of the second richest river basin
(the Mekong river basin), in terms of biodiversity in
the world, is one of these densely populated coastal
areas [6]. The 21 million inhabitants living in this part
of the river basin already experience the burden of
climate change, groundwater depletion and saltwa-
ter intrusion [7]. Moreover, Vietnam has been ranked
among top five countries where climate change is
expected to have a devastating impact, in particu-
lar its Tra Vinh province [8]. Further increase in ex-
treme climate events (periods of extreme droughts
and floods) are expected to result in depletion of the
freshwater availability and with it a drop of the wa-
ter levels in the aquifers [9] [10]. Dropping water
levels in these fresh water aquifers and a rising sea
level, due to climate change, are expected to have
an increasing influence over the saltwater intrusion
(SWI) phenomena, a common phenomenon in coastal
aquifers, in which saltwater intrudes the fresh water
aquifers, polluting the fresh water intended for drink-
ing, irrigation and/ or industry purposes [11]. SWI
is the movement of saltwater into fresh water bod-
ies like rivers or aquifers, due to natural processes
which can be influenced by human activities. Un-
controlled fresh-groundwater extraction by (large)
water users is one of these human activities, which
leads to degrading the quality of the fresh-water to
brackish water, directly affect domestic supply and
crop productivity (S5) [12] [13]. Lack of groundwa-
ter information, knowledge and awareness amongst
inhabitants and a lack of regulations and guidelines
for groundwater permit system and management,
aggravates the risk of salt water intrusion and leads
to over exploitation in certain areas [2].

Vietnam's strong economic growth and demographic
transition, in which a higher water demand is ex-
pected, will create both opportunities and challenges
[14]. Figure 1 gives an illustration of the various
factors which play a role in the increasing demand
for water and the factors that result in freshwater
scarcity in the Viethamese Mekong Delta.

Several countries have already faced the problems
of climate change and the race of minimizing the
gap between what’s needed and what’s the feasible
water supply. The in 2018, Day Zero status of Cape
Town (South Africa), in which the local authorities
referred to the day when Cape Town would become
the first major city in the world to run out of water,
as reservoirs tend to dip too low to deliver a potable

supply [15], is one of these examples. Moreover, Mas-
sachusetts Institute of Technology (MIT) published
an article in April 2019, which states:"Sea-level rise
threatens to deluge villages and mega-cities, and poi-
son the water tables, along the subcontinent’s 7,500
kilometers coastline. The Southern Indian city of
Chennai already experienced acute water shortage
(June - July, 2019), some 21 other cities in India could
follow Chennai and run out of and/ or lose its "most"
valuable resource of groundwater as early as next
year" [16].
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Figure. 1. Influence factors, expected to increase
the demand for water (partially derived from the
Mekong Delta Plan | www.mekongdeltaplan.com/)

The estimated volume of 1,924,000 m? abstracted
every day from 550,000 exploitation wells for drink-
ing water, irrigation and industry purposes, is the
main cause for groundwater depletion and saltwater
intrusion in the Vietnamese Mekong Delta [13]. For
future development of the area it is important to
have a better understanding of one of the most
abundant, but at the same time poorly understood
water sources, fresh groundwater reservoirs [8].
Saltwater intrusion mitigation and adaptation
measures are essential for protecting the quality of
the remaining water. These possible measures could
be categorised by ‘hard” and "soft” solutions [18]. Soft
measures always require the involvement of local
communities and seeks to improve the way water
is used (e.g. via efficient technologies, education
and/ or training), rather than to find new sources
of supply [7]. Whereas, the hard path relies almost
exclusively on centralised infrastructure to capture,
treat and deliver (new) water supplies. To date this
hard path is mainly used, however, a combination
of ’hard” and ’soft” measures is expected to result
in a better solution in the long run [19]. Water
managers are increasingly embracing the “soft
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Figure. 2. Study location, Tra Vinh province (red) and the surrounding environment, drawn using QGIS [17]

path” approaches to ensure that people have the
water they need in the future [18]. Water solutions
that rely on social engineering (in addition to
hydrologic engineering) will require a more nuanced
understanding of public awareness, participation,
beliefs, and behaviour change [20] [21]. This study
will focus on designing a model, to find suitable
locations to effectively implement both "hard” and
‘soft’ solutions and try to use the nuance as described
above to come to conclusions.

Research into saltwater intrusion; monitoring, mit-
igating the possible socioeconomic impact and/ or
designing adaption strategies is nothing new. How-
ever, to our knowledge there is no study that inves-
tigates the possibilities of using psychosocial and
socioeconomic data in combination with groundwa-
ter simulations to design effective saltwater intru-
sion mitigation strategies, which the local popula-
tion would be willing to accept and use. We belief
that it is essential to include behavioural aspects of
the local inhabitants, to effectively implement (large
and capital intense) mitigation/ adaptation strate-
gies to overcome the possible (negative) impact of
SWI After all, an investment solely based on data
simulations (i.e. the groundwater model), without
consultation or proper analysis of the end-user (i.e.
local inhabitants) is doomed to be unsuccessful.

The main objective of this research is to combine
socioeconomic data and groundwater model simula-

tions within a probabilistic graphical model (PGM),
which addresses the behaviour willingness (i.e. the
willingness of the local inhabitants to change/ adapt
towards a different water source as a result of the
increasing problems that come with saltwater intru-
sion). This combination of data is expected to help
to identify suitable locations for implementing SWI
mitigation/ adaptation strategies i.e. identify loca-
tions in which people are likely to encounter the SWI
effect and are willing to change from groundwater
to a different source of water.

With this research we expect to answer the following
question:

Does the local population expect and experience the
same risk of saltwater intrusion as can be seen from
the groundwater model simulations? If so, how will-
ing (or not) are the inhabitants to adapt to these
effects, and how could their behaviour be influenced?

We will first present a cross-sectional survey pre-
formed in the Tra Vinh province, Vietham. Followed
by a brief explanation on the design of the groundwa-
ter model used. After which we present a Bayesian
Belief Network (BBN) model, which uses the analy-
sis of the interactions between socioeconomic and
psychosocial characteristics to find the impact of
these interactions on the willingness to change (be-
havioural willingness), using the RANAS approach.
And finally we will present and discuss three differ-
ent model analyses.
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2. METHODOLOGY

A. Study location

The economic potential of the Vietnamese Mekong
River Delta is the result of its strategic position in so-
cioeconomic development, relative young and abun-
dant labour force and the favourable climate condi-
tions [22]. With over 20 % of Vietnam'’s population
living in the Mekong Delta area, it generates nearly
25 % of Vietnam’s national GDP and 90 % of the total
rice exported [23], as a result the area is a key player
to Vietnam’s food production and economic devel-
opment. The province of Tra Vinh is located in the
coastal lowlands of the Vietnamese Mekong Delta.
Located only 4150 kilometres from Vietnam’s most
populated city and economic center, Ho Chi Minh
City (8.64 million inhabitants), Tra Vinh province
is primarily important in agri- and aqua- cultural
production [24]. Groundwater abstraction is seen
as primary water source for the 1.3 million inhab-
itants living in the province and is used for both
household, industry and irrigation purposes. A re-
search report from Can Tho University [25] reported
an average daily groundwater abstraction in 2007
of +187,685 m3, abstracted by an estimated 84,600
wells of which only 121 are licensed. Moreover, in
2016 annual groundwater abstraction was estimated
to be 347,793 m3/d. Resulting in a total groundwater
abstraction increase of two to three times in the last
10 years.

B. Data collection

B.1. Socioeconomic data collection

In May and June 2019, a cross-sectional study in the
Tra Vinh province was conducted, during which 313
households were surveyed (56). The households
were divided over nine communes (third-level and
lowest level of Vietham’s administrative units sys-
tem). The communes were located in three differ-
ent districts (Duyén Hi, Cang Long and Tra Cu)
within the Tra Vinh province (figure 2). During the
cross-sectional study the local SALINPROVE project
partner, Ho Chi Minh City University of Technol-
ogy (HCMUT), assisted in arranging collaboration of
the commune based government (Tra Vinh Provin-
cial Youth Union). The questionnaire was translated
from English into Vietnamese, back-translated into
English, and reviewed for definition accuracy and
possible interpretation errors. A pilot test was per-
formed amongst students from HCMUT. Moreover,
informed consent was obtained from all participants

prior to the interview and ethical approval was given
by HREC Delft University of Technology (Human
Research Ethics Committee).

Survey households were selected based on a previ-

ous survey study conducted in March 2018. During
the study in 2018, IHE made a selection of the nine
communes based on water resources conditions and
commune level income analysis. In 2018 the target
was to collect data on groundwater use [25]. Every
commune consists of 6 - 8 villages and in every vil-
lage 8 households were randomly selected. In 2018
a total of 419 households were interviewed. Dur-
ing the survey study in May - June 2019 in 2018
collected GPS-coordinates were used to interview
the (same) households. The limited resolution of the
in 2018 gathered gps-coordinates, and to retain ran-
dom selection of household, led to using a constant
"household-selection" approach. The interviewee
had to select the household nearest to the location
indicated by the gps-coordinates on google.maps. If
there was nobody home or if the inhabitants were
not willing to take part in the interview the survey
conductor had the possibility to address the direct
neighbours (i.e. the household on the right or left
side of the first chosen household). If these neigh-
bours didn’t consent to partake the gps-coordinate
was disregarded. Data collected in 2018 was not used
and/ or compared for purposes other than the house-
hold sampling in this study.
The target audience for this study was chosen to be
the "oldest" household member present at that mo-
ment; respect for the elderly and their say over the
household are the primary reasons. The question-
naire designed for the survey study (2019), include
the following themes; 1. socio-demographic informa-
tion of the household; 2. knowledge and perceptions
on groundwater abstraction and saltwater intrusion;
3. future expectations on water availability; and 4.
water related habits (S6). Behaviour determinant fac-
tor questions i.e. questions related to the RANAS ap-
proach (C.2), were measured using a five-item Likert
scale. Furthermore, a nominal scale was used to mea-
sure socioeconomic characteristics. And the number
of open questions was kept to a minimum, since they
are not considered suitable for statistical analysis
and are considered to serve as source of additional
information. Moreover, water quality measurements
were performed, measuring the electrical conductiv-
ity (EC) and parts per million (ppm) of the various
water sources present at the households.
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Figure. 3. Two maps of groundwater simulations scenarios of the upper-middle Pleistocene aquifer (qp2-3)

B.2. The groundwater model

The groundwater model used in this research was
developed by the SALINPROVE team. The software
Groundwater Modelling System ("GMS") was used
to create a three-dimensional (3D) groundwater flow
and saltwater transport model. The model consists of
135 rows and 151 columns, and 13 model layers rep-
resenting 7 aquifers and 6 aquitards. The model grid
size was set at 500 meters x 500 meters. The model
boundaries are determined by three natural bound-
aries (northeast and southwest boundary are two big
rivers: Co Chien and Hau rivers respectively and the
southeast boundary is the 65 km long coastline of
the South China Sea) and one man-made boundary
(northwest boundary: the Tra Vinh province border).
Aquifer inflow/ recharge is considered from precipi-
tation infiltration, river leakage and underground in-
flow from upstream (i.e. man-made boundary, north-
west). Moreover, aquifer discharge/ outflow was
considered to be the result of groundwater abstrac-
tion and discharge to the sea.

A MODFLOW model was used to simulate transient
groundwater flows from January 2007 to December
2016. The model was compared and calibrated with
data collected from six observation wells, which mea-
sured the groundwater levels on a monthly basis for
a period of ten years (2007 - 2016), resulting in 120
groundwater measurements from every well. Fur-
thermore, a SEAWAT model was used to simulate
the saltwater transport/ intrusion. The model was
compared and calibrated with groundwater measure-
ment taken during a survey study conducted in 2018.
From the salinity measurements collected a contour
map was created, using Ordinary Kriging, which

looks fairly similar to the groundwater model (59).
The final calibrated model was used to run four fore-
cast scenarios illustrating the change in salinity levels
in the province; 1. business as usual, 2. reduction
of abstraction, 3. increase of recharge and 4. climate
change. This research only considers the ground-
water model output from the third aquifer (Upper -
middle Pleistocene aquifer (qp2-3), depth: +70 me-
ters - £140 meters). Mainly, since the aquifer is the
most used aquifer for groundwater abstraction. Two
model output maps (qp2-3, average salinity levels)
are used as data input in the BBN model. Only the cli-
mate change scenario was considered for this study,
this scenario showed the biggest change in salinity
levels and is expected to illustrate the goal of the BBN
model best. The two scenarios used in this research
are:

1. Current situation (01/01/2017)

Primary model calibrated with in situ data mea-
surements, as explained.

2. Climate change effects (01/01/2032)

The simulation was done using Representative
Concentration Pathway (RCP) 4.5, which influ-
enced model input parameters; rainfall, actual
evapotranspiration (AET), and runoff [26] [27].

C. Data analysis

The procedure on collecting and analysing house-
hold data using the RANAS approach described by
Daniel et al. (2019) [28], was used. The analysis of the
groundwater model simulations was based on the
coloured model output maps, indicating the salinity
of the groundwater.
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Table 1. Descriptive statistics of behavioural determination factors i.e. example of RANAS psychosocial
factor questions. M = mean, SD = Standard deviation.

Determinant factors Example question Scale! M(SD)

Risk Perceived vulnerability How confident are you that you can ALWAYS get unsalted water/fresh water every day? 1-5 3.66(1.41)

Perceived severity Do you think the risk of you not having enough fresh water will increase in the future? 1-5 2.88(1.46)

Factual knowledge 10 true/false questions to test the factual knowledge on saltwater intrusion and groundwater depletion. 1-5 2.15(0.80)

Attitude Instrumental beliefs How often do you talk with your neighbours/friends/relatives about the environment, SWI, groundwater 15 211(1.05)
depletion and similar topics?

Affective belief (Feelings) Have you experienced a decrease in quality over the past years? 1-5 2.94(1.54)

Norm Descriptive norm (Others’ behaviour) How many of your neighbours/friends already changed their water source, due to saltwater intrusion? 1-5 2.56(1.41)

Injunctive norm (Others (dis)approval) People who are important to you, how much do they approve you to adapt/change? 1-5 3.94(1.27)
Personal norm How important is it for you to get water from unsalted water source? 1-5 4.48(1.05)
Ability Self-efficacy How much do you expect you can reduce your groundwater usage and change this with another water source? 1-5 2.63(1.62)
Maintenance self-efficacy How confident are you to always get unsalted water, if you have many things to do? 1-5 3.83(1.30)
Self- Action control How much do you pay attention to the level of saltiness of your water when using for drinking water? 15 2.40(1.61)
regulation  Action control How much do you pay attention to the level of saltiness of your water when using for irrigation purposes? 1-5 2.54(1.59)
Action planning Do you think it is important to look for alternative household water sources? 1-5 4.08(1.23)
Coping planning Are you willing to change your daily water source? 1-5 3.58(1.49)
Commitment With your knowledge about the impact that saltwater intrusion and/or groundwater depletion can have on 15 3.09(1.53)

the Tra Vinh province, how strong do you feel an obligation to change your household water consumption?

IScale explanation: (1) = unwanted answer i.e. perceived severity; (1) indicates very low risk (no) and (5) = look for answer i.e. perceived severity; (5) indicates very high risk (yes, I feel the risk)

C.1. Statistical analysis, socioeconomic characteristics

Six socioeconomic characteristics were identified
from literature that may influence the willingness
to change: 1. presence of children under the age of 18
years old [29], 2. level of education [30], 3. employ-
ment status [31], 4. age [32], 5. saltwater intrusion
information/ promotion activities [33], and 6. Wealth
level [28]. To create the socioeconomic characteristic,
wealth level we used principal component analysis
(PCA). PCA combines the relevant data (questions)
and converts the data into one component, whilst
retaining most of the information [34]. The software
IBM SPSS Statistics 25 was used for this analysis pro-
cess. Household asset data was used as input in the
PCA for creating the socioeconomic status (SES) (S8).
We used the principal component, output from the
PCA, and assigned an index (i.e. poor (40%), mid-
dle (40%) and rich (20%) [35] [36]) to complete the
wealth level characteristic. PCA to create a Wealth
level component works best when using assets that
are more unequally distributed between households,
these assets are given more weight in the PCA [37].
For example, 24-hours electricity and having a mo-
bile phone are assets that almost all households in the
Tra Vinh province have (i.e. zero standard deviation).
The zero variation of these assets will have little use
in differentiating SES. Finally, the socioeconomic fac-
tor saltwater intrusion level, which illustrates location
specific risk, was determined using the groundwater
model simulations. We used the model output maps
(figure 3) and categorize them by their colours; low

risk: dark blue (£0 - 1500 ppm), medium risk: light
blue (£1500 - 2000 ppm), high risk: green (£2000 -
10000 ppm) and very high: yellow and red (> 10000

ppm).

C.2. Statistical analysis, psychosocial factors

The Risk, Attitude, Norm, Ability and Self-requlation
(RANAS) approach was used to collect psychosocial
data. The approach enables one to measure observ-
able behaviour, with which one can use the data to
design and evaluate behavioural change strategies
that target a specific behaviour in a specific popula-
tion [38] [39]. The three main reasons why we consid-
ered this approach above others are; 1. the clear struc-
ture and guidelines for applying the method, 2. the
framework of already defined behaviour change tech-
niques (BCTs), and 3. the extensive number of studies
for which RANAS is used. The RANAS framework
inquires psychosocial information at sub-factor level
[28], and focuses on five behavioural factors. To-
gether, these five factors determine three behaviour
outcomes; behaviour, intention and habit. This re-
search focuses on behaviour outcome intention i.e.
the willingness to change. The behaviour factors
considered by the RANAS approach are [38]:

* Risk, representing a person’s awareness and un-
derstanding

e Attitude, representing a person’s emotions which
arise when thinking of a particular behaviour

* Norm, representing a person’s perceived social
pressure towards a behaviour
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* Ability, representing a person’s confidence in his
or her ability to practice a behaviour

e Self-regulation, representing a person’s attempts
to plan and self-monitor a behaviour and man-
age conflicting goals

The cross-sectional study collected data on the five
behavioural factors consisting of multiple questions,
based on the RANAS guidelines. Here PCA com-
bined the relevant questions assigned to each factor
and converted the data into one component for ev-
ery behavioural factor. Some of the questions used
in the analysis are illustrated in table 1. For exam-
ple, the component on behavioural factor Risk was
constructed using three questions: a question on per-
ceived vulnerability (person’s subjective perception
of his or her risk) , a question on perceived severity
(person’s perception of the seriousness of the conse-
quences) and a set of questions on a person’s general
understanding and knowledge on groundwater ab-
straction and SWI. The compressed three risk ques-
tions resulted in a new data string that covers the
Risk component. The five newly created behavioural
components are classified as psychosocial factors.

Three tests were performed to evaluate the quality
of the principal components; 1. Kaiser-Meyer-Olkin
(KMO, measures the suitability of the data used for
factor analysis), 2. Cronbach’s alpha (¢, measures
the reliability, internal consistency of the data) and
3. total variance (Var %, used to measure the spread
between numbers in a data set, helps to assess how
individual numbers relate to each other within a data
set) [28] [40].

D. BBN model compilation and validation

To visualise and assess the interaction between the
defined socioeconomic and simplified RANAS psy-
chosocial characteristics, a Bayesian belief network
(BBN) framework was considered. Bayesian belief
networks (also named causal probabilistic networks)
can model the interaction between variables that are
causally linked (or theorized to be so) in a proba-
bilistic manner [28]. The BBN model designed in
this study is a direct acyclic graph (DAG), consist-
ing of three levels of hierarchy, illustrating the de-
pendencies between variables (called "nodes") [41].
Level 1 socioeconomic characteristics (education, age,
etc.), level 2 psychosocial characteristics (RANAS be-
haviour factors) and level 3 the expected outcome
variable (willingness to change from groundwater to
a different source of water). The outcome variable

(level 3) gives a prediction of the behaviour willingness
in the area. "Behavioural willingness is defined as
what an individual is willing to do under certain cir-
cumstances" [29].

BBN was considered over other methods, like re-
gression analysis, since it offers multiple advantages.
The two main advantages for using BBN over other
methods in this research are: 1. BBN enables one to
not only proceed from causes to consequences, but
also gives the opportunity to deduce the probabili-
ties of different causes given the consequences [42]
and 2. BBN offers a clear visualisation of the causal
interpretation of a complex system [28]. The visu-
alisation and analysis of the probabilistic graphical
model (PGM) was performed using the software Ge-
Nle 2.4 . To assess potential statistical relationship
between two categorical variables, we performed the
chi-square tests. The chi-square test can determine
whether their is a statistical relation between each of
the households’ socioeconomic characteristics and
the psychosocial factors. Moreover, we used lo-fold
cross-validation? to validate the BBN model, which
was compiled by the GeNle software, using the so-
cioeconomic, psychosocial, hypothesis and statistical
relations. 10-fold cross-validation is a technique for
evaluating the prediction accuracy of a model (i.e.
how accurately the predictive model performs) [43].

E. Three BBN model analysis

The validated BBN model will then be used to run
three different model analysis, the third analysis was
not specified in advance and is considered as post
hoc analysis.

1. Power of a single node mutation on the output;
Changing the input value of nodes, to find the
effect on the output. These mutations of so-
cioeconomic and psychosocial nodes do not in-
tend that we advise to change the characteris-
tics of the local inhabitants, it merely helps in
finding what kind of household would have a

IThe GeNle 2.4 software helps to draw a probabilistic net-
work to automatically calculate thee probabilities of "the hy-
potheses" using given evidence | (www.bayesfusion.com).

2The K-fold method, which is seen as a powerful cross-
validation method, divides the data set into K parts of equal
size, trains the network on K-1 parts, and tests it on the last, Kth
part. The number of folds (i.e. K) determines how many times
the model is trained (K-1). The model evaluation technique
implemented in the GeNle software keeps the model structure
fixed and relearns the model parameters during each of the
folds.
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Figure. 4. Final structure of the compiled BBN model. Using raw data (socioeconomic factors) and the cre-
ated PCA factors. The percentages in each node indicate the probability of a node being in a certain state.

higher likelihood of changing their source of
water. Knowing the power of socioeconomic fac-
tors is expected to help to define target groups.
Whereas, information on the power of psychoso-
cial factors is expected to help in defining suit-
able behavioural change techniques (BTCs).

2. Change in groundwater simulation scenario;
Ilustrating the influence of increasing saline lev-
els, by changing socioeconomic node; saltwater
intrusion level. Baseline scenario (01/01/2017),
will be compared with climate change scenario
(01/01/2032), figure 3.

3. Post hoc analysis: Increase in output resolution;
The BBN model created focuses on a regional
scale (province). This analysis will look at the
effect of increasing the resolution to local scale
(commune). To increase the resolution the BBN
model will be running 313 times (i.e. each house-
hold, from which data was collected, individu-

ally).

3. RESULTS

A. Descriptive analysis of the survey study

99 % of the respondents have access to a source of
groundwater. 59 % makes direct use of groundwater
and use it as main water source. Whereas, from the
remaining 41 % of the respondents, 40 % has access
to or uses water distributed via piped infrastructure
(which consists of groundwater ). Moreover, the
water quality measurements indicate that the water
quality from private groundwater wells is in 70 %
of the measurements better than that of tap water
(only households using both groundwater and tap
water were considered). 13.1 % of the respondents
reported having no education and 51.1 % reported
to have education till primary school level. Detailed
information on the interviewed households can be
found in appendix S7.

399 % of the households has access to groundwater or to
piped infrastructure (predominantly supplies groundwater ab-
stracted from regulated wells). It is not possible to predict
whether one will change in opposite direction, i.e. from not
using groundwater to using groundwater. We therefore chose to
not exclude households that are not using groundwater now.
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Table 2. Mutation of individual nodes in the BBN model (figure 4). Illustrating what happens when assign-
ing 100 % to one option of a node, to find the power of influence on the output of a single node (510).

Socioeconomic nodes  APyjjingness = yes(%)!

Updated PWillingness to change = yes(%)z

Education level 3 None | 28 Primary | 29 Secondary | 28 College | 31
SWI level* 12 Low | 25 Medium | 36 High | 36 Very high | 24
Wealth level 10 Poor | 23 Middle | 33 Rich | 30

SWI information 14 Never | 25 Sometimes | 39 Regularly | 30

Employment 20 Agribusiness | 34  Daily Labour | 23  Business | 14 Other | 22
Age 7 <25 122 25<->59 | 29 >60 | 29

Children < 18 4 No | 26 Yes | 30

Psychosocial nodes APWillingness = yes(%)

Updated PWillingness to change = yes(%)

Risk 32 Low | 14
Attitude 11 Low | 24
Norm 21 Low | 10
Ability 30 Low | 4
Self-regulation 47 Low | 3

Moderate | 36 High | 46
Moderate | 35 High | 27
Moderate | 31 High | 30
Moderate | 25 High | 34
Moderate | 44 High | 50

! Difference in lowest and highest model output (willingness) between the possible answers within an individual node. For example,
in factor Employment, 100 % agribusiness gives a model output of 34 % and 100 % business 14 %, generating a AP of 20 %.

2 The effect of assigning a 100% score to one answer of an individual node, to determine the impact of this change towards the overall
output (baseline showed 28 % = Willing, figure 4). For example, model mutation stating that 100 % of population works in
agribusiness, generates the highest model output (i.e. willingness to change of 34 %).

B. Statistical results

The test results of the three parameters, important
for ensuring the quality of the newly created com-
ponents using PCA, are shown in table 3. Based on
statistical analysis all values for KMO, Var % and «
are reasonably acceptable. Confirming the quality to
use the newly created components.

Table 3. PCA modelling value output in which the
following should be considered: KMO >0.60, Var %
>50 % and « >0.6 [44].

KMO | Var % o
Risk 0.64 62.59 | 0.69
Attitude 0.66 48.61 | 0.60
Norm 0.63 55.26 | 0.59
Ability 0.79 68.74 | 0.85
Self-regulation | 0.69 53.00 | 0.73
Wealth level 0.71 33.62 | 0.61

The results of the chi-square test are illustrated in
appendix S8. All values showing significant relation-
ships, at a 5 % significance level, are included in the
BBN model. These significant relationships are repre-

sented by an arrow in the BBN model, through which
the socioeconomic node can influence the linked psy-
chosocial node. Surprisingly there is only one statisti-
cal relationship found between socioeconomic factor
Education and the psychosocial factors (Risk).

C. BBN baseline model and model validation

The BBN model in figure 4 illustrates the final struc-
ture of the BBN model. The BBN model predicted
the following states for the hypotheses node (lowest
in the hierarchical network), while using the data
collected from the survey study: yes, willing at 28 %
and no, not willing at 79 %. This output was differ-
ent than the willingness measured. The willingness
was also measured during the survey study using
question:"Are you willing to change your daily water
source?" Which resulted in a 41 % "willingness".

10-fold cross-validation showed an overall model
output accuracy of 76.35 % (239/313). Moreover, out-
put answer no, not willing, meaning the household is
not willing to change from groundwater to a differ-
ent source of water, is with 86.96 % (160/184) accu-
racy the most accurate answer, whereas the method
found an accuracy of 61.24 % (79/129) for yes, willing.
Another way to show the accuracy of the model is
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Medium  12% i i ] | Daily_labourer 19% —
Middle 39% Sometim es 20% Between 25 and 5972%
High 3o [ : : ; Business 12% ] Lot bl 2
Rich  20%|] Regularly  15% || Plus 80 25% [l
very_high 19 I Other 9% [l =
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No T1%
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2 Willingness to change from groundw ater to a different w ater source

* Using data from the model simulation scenario, climate change 01/01/2032 (figure 3).

Figure. 5. Changing node saltwater intrusion level, using the data from the climate change groundwater

model scenario.

the value of the area under the (receiver operating
characteristic, ROC) curve (AUC) [28] [45]. To have a
good model accuracy the AUC value should at least
be above 0.7, the closer the AUC is to 1, the better its
performance, with a perfect test if AUC =1 [46]).The
AUC value found for this model was 0.86 (S8), which
classifies the model as moderately accurate (moder-
ately accurate = 0.7<AUC>0.9 [46]).

D. BBN model analysis results
D.1. 1. Power of a single node mutation on the output

Table 2 illustrates how the output node (i.e. the will-
ingness to change) is influenced when we update a
single socioeconomic or psychosocial node. More-
over, the most influenceable socioeconomic node,
capable of changing the output solely is Employment
(AP =20 %). Whilst, Education level (AP =3 %) is least
powerful in changing the output of the hypotheses
(i.e. willingness to change). A single mutation of one
of the five psychosocial factors indicate that, Risk,
Ability and Self-regulation have the highest individual
influence power (AP = 32, 30 and 47 % respectively).

D.2. 2. Change in groundwater simulation scenario

We only considered one groundwater simulation sce-
nario, which showed to be having significant enough
change in salinity levels, compared to the current
situation groundwater model. Moreover, only the
main aquifer used for groundwater abstraction (the
upper-middle Pleistocene, qp2-3) was considered.
The current situation scenario (01/01/2017, figure
3) was used in the final BBN structure (figure 4).
The climate change scenario (01/01/2032, figure
3), was used as new input for the climate change
BBN model (figure 5). The climate change scenario
implies a relatively higher salinity level within
some communes. Commune Huyen Hoi is mainly
categorized from having a low SWI level (current
situation scenario) to medium SWI level (climate
change scenario) and in the coastal areas (Dan Than
and Truong Long Hoa) some coordinates were
changed form low salinity level to high level. The
changed input of socioeconomic factor saltwater
intrusion level only resulted in a slight change of the
data output (AP =1 %).
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willingness

Figure. 6. 313 individual runs of the BBN model, using the current situation groundwater simulation model.
[lustrated on a map to show % of willingness per household, drawn using QGIS [17].

Table 4. Local scale willingness to change

Commune Average willingness
Huyen Hoi 57%
Dai Phiioc 47%
My Cam 39%
Dan Thanh 37%
Long Huu 30%
Truong Long Hoa 30%
Ham Giang 26%
Thanh Son 14%
Dinh An 11%

D.3. 3. Increase in output resolution

The BBN model as illustrated in figure 4 shows
the probabilistic outcome on the hypothesis of the
province as a whole. The map gives a more accu-
rate indication of the willingness to change in the
province. The BBN model (figure 4) classifies each
household interviewed as either yes, willing; imply-
ing 100 % willingness or no, not willing; implying
100 % not willing to change. In other words, if a
certain person/ household has a 51 % willingness
to change the model will classify him as yes, willing
and another person/ household having 49 % willing-
ness is assigned to no, not willing.

Running the BBN model 313 times (i.e. each house-
hold individually) gives a more accurate representa-
tion of the output. Illustrating these individual runs
on a map of the province and applying a spectral
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distribution color bar, indicating the percentage of
willingness to change, gives the opportunity to eas-
ily compare the groundwater model maps and the
maps created using multiple BBN model runs (figure
6). Moreover, we were able to calculate the average
willingness per commune, table 4.

4. DISCUSSION

To the best of our knowledge, this is the first
study that combines groundwater model simula-
tions, socioeconomic characteristics, and people’s
psychosocial characteristics to find suitable SWI
mitigation/ adaptation measures. This new ap-
proach can play an important role in defining the
right balance between hard and soft SWI solutions,
which is essential in finding long term solutions [7]
[19]. The presented BBN model, constructed using
household survey data and groundwater simula-
tions, gives a visualisation of the causal linkages
(or theorized to be so) between the three levels
within the hierarchical model (i.e. socioeconomic —
psychosocial — willingness to change). The simple
representation of the model and the relative ease
of measuring the first level (socioeconomic) factors,
needed as input, make the model not only accessible
for people without (any) technical abilities, but also
ensures easy use of the model itself. The household
data, which was collected by educated and mostly
local civil servants in the Tra Vinh province (May -
June 2019), in combination with the already existing
groundwater model, ensured good quality data for
building the BBN model. One can use the BBN
model to analyse the interactions between different
nodes and to measure the influence of one node on
another. The BBN model showed to be a helpful
tool in finding suitable target groups and specific
target locations to implement SWI mitigation/
adaptation strategies more effective and efficient.
On average we found good predicting performances
for the designed BBN model. Both the accuracy
measurements form the 10-fold cross-validation and
AUC confirmed good model performances [46].

The research showed two surprising, but at the
same time interesting side results. First, the wa-
ter quality measurements clearly showed that water
(originally groundwater) distributed by the already
present piped infrastructure is somehow "polluted’.
The already present infrastructure shows us that the
local authorities are working on finding alternative

ways of supplying water to their inhabitants (i.e. cen-
tralised/ controlled groundwater abstraction can be
seen as SWI mitigation measure). Though, at the
same time the measurements imply that malfunction
of the infrastructure is presumable, this should be
investigated. An increase of the piped water quality
could lead to an increase of people actually using the
regulated water source and with it a change towards
regulated groundwater abstraction. Second, it is sur-
prising to see that Education has only a statistical
relationship with psychosocial factor Risk. Literature
in which a similar approach was used, show that
the socioeconomic factor Education is of significant
importance [28] [29].

A. Model analysis implications

The results of the three model analysis show that the
BBN model designed in this study is capable of pre-
dicting the likelihood of the willingness to change on
both regional (province) and local (commune) scale.
The regional scale analysis can be used to deter-
mine suitable target groups, when designing cer-
tain SWI interventions. The model illustrates that
people working in agribusiness are the best target
group (table 2). Moreover, the model also suggest
to design an intervention strategy that focuses on
influencing behavioural factors; risk, ability and/ or
self-regulation to further increase the probability of
the intervention being effective (in this example we
will focuses on ability). The predefined behaviour
change techniques (BTCs) in the RANAS approach,
indicate to focus on infrastructure and skill, when
one wants to challenge a persons ability. A possi-
ble effective intervention could supply the target
group with (an improved) piped water infrastruc-
ture (confidence in performance [38]). Or to educate,
train or demonstrate (how-to-do-knowledge [38]) the
households how to and the importance of closing the
water source when not needed (i.e. saving water).
Moreover, the model also suggests to focus on inhab-
itants who; (I) already experience a relatively "lower"
groundwater quality [47], (II) are middle class, based
on wealth level and (III) are between 25 and 60 years
old and (IV) have children below the age of 18.
Whereas, the local scale analysis (figure 6) can be
used to compare with groundwater simulations, to
find suitable locations for SWI measures. For ex-
ample, Huyen Hoi is the commune most willing to
change from groundwater to a different source of
water (57 %). This combined with the high expected
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risk in the area, visualized by climate change ground-
water simulation scenario (figure 3), clearly shows
that Huyen Hoi is suitable for implementing SWI
mitigation/ adaptation strategies.

Moreover, table 2 shows that the socioeconomic
node saltwater intrusion level, has a relatively high
power of influencing the output node. Though, the
model analysis in which only the groundwater sim-
ulation scenario was changed, illustrates that the
willingness is not significantly affected by changing
the single socioeconomic node. This suggests that it
is not realistic to state that a single node mutation
is effective in influencing the willingness to change
and implies that a combination of factors should be
influenced to generate a significant change in output.

5. LIMITATIONS & RECOMMENDATIONS

The methodology used to create the BBN model in
this study has limitations and inspires for future re-
search. First, it should be mentioned that the BBN
model as illustrated in this research is merely a pre-
diction model, that can help to understand and pre-
dict the behavioural willingness. To reliably predict
behaviour, let alone the behavioural consequences
of socioeconomic measures (based on self-reported
studies), remains a big challenge [48]. Moreover, this
is the first study that focuses on behaviour willing-
ness as a result of SWI effects. Therefore, we would
like to stress that one should be careful to not con-
clude too much from the BBN model as presented
in this paper (i.e. reality is complex). Furthermore,
the socioeconomic factors used in this research do
not fully explain the psychosocial factors, likewise
the psychosocial factors do not fully explain the hy-
pothesis. The model is a simplification of reality,
i.e. there are many (infinity) other socioeconomic
and psychosocial factors, that may influence the be-
havioural willingness. Also, a change of a specif fac-
tor may influence another factor in the same hierar-
chical level (i.e. node education may influence node
wealth level), this was not considered in the BBN
model. Second, the RANAS approach is a proven
approach (mainly) in the field of WaSH (Water, Sani-
tation and Hygiene) related studies, future research
should validate whether the approach can be used
for the purposes as explained in this research. More-
over, the model should be validated using data from
different (coastal) areas. Such a study should con-
firm whether it is actual possible to use the model in
different areas and how, for example, cultural differ-

ences influence the model. These studies should also
consider changing and/ or adding socioeconomic
characteristics to see whether this generates a bet-
ter outcome of the model. The RANAS approach
does suggest that a change in situation and/ or loca-
tion can influence the role of the psychosocial factors
[39]. Third, another interesting possible future study,
would be to subdivide groundwater abstraction into
the specified purposes (e.g. irrigation, industry and
household purpose). To test whether there is a dif-
ference in the willingness among the different water
purposes. For example, do we find a higher will-
ingness to change for groundwater abstraction used
for irrigation purposes compared to groundwater
used for household water purposes. This is impor-
tant, since irrigation and industry related ground-
water abstraction contribute significantly to the total
groundwater abstraction volume (S10). Lastly, future
research should focus on finding alternative water
sources, that can substitute groundwater abstraction.
The lack of other high quality water sources in the
area is expected to increase the difficulty of convinc-
ing people to change from groundwater abstraction
to using a different water source. Moreover, such a
research should also consider whether possible al-
ternative water sources influence the output of the
model. For instance, if changing to an alternative wa-
ter source involves extra costs, future work should
explore how this can effect the model output as pre-
sented in this research.

6. CONCLUSION

Mitigation of saltwater intrusion in coastal areas is
challenging and will require more than only hard
solutions. A parallel implementation of hard and
soft solutions, in which involvement of local com-
munities is essential, is expected to have a long term
impact. In this study we used a Bayesian Belief Net-
work to create a model, that uses both data from
groundwater simulations and socioeconomic data
collected from a survey study. The model was de-
signed to help to explore and understand the possible
impact on the willingness of a population on miti-
gating saltwater intrusion. The model simply illus-
trates how socioeconomic characteristics influence
psychosocial factors and how these psychosocial fac-
tors determine the likelihood of the willingness to
change from using groundwater to a different wa-
ter source. The BBN model reveals that there are
critical combinations between socioeconomic charac-
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teristics, which indirectly facilitate the willingness to
change. Employment and SWI information/ promo-
tion are found to be important individual (indirect)
drivers. Moreover, the model showed a high influ-
ence from psychosocial (behavioural) factors; risk,
ability and self-regulation. Furthermore, the model
analysis showed how one can use the BBN model for
different purposes. Comparing the local (commune)
scale model analysis (figure 6) with groundwater
simulations (figure 3), enables to compare location
specific SWI risk with location specific willingness
to change. In other words, we visualise the SWI risk
(groundwater model) and illustrate whether the will-
ingness to change matches the level of SWI risk. This
can help to determine suitable locations for SWI mea-
sures.

Whereas, the regional (provincial) scale model analy-
sis can be used to define target groups and suitable
intervention strategies (using RANAS behavioural
change techniques (BCTs)) to effectively influence
the willingness of the target group.

Concluding, the method described in this paper can
be used as a tool to find suitable target groups and
locations, to implement SWI mitigation/ adaptation
strategies. Defining suitable locations (local scale
analysis + groundwater simulations) in combination
with the right target groups (regional scale analysis)
is expected to increase the effectiveness of a mitigat-
ing measure.
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model and finally S10) Groundwater abstraction statistics and some node mutations of the BBN
model.
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Annex 1: Thesis supplementary material

S1. Research questions
Main question:

‘Does the local population of the Tra Vinh province expect and experience the same risk of
saltwater intrusion as can be seen from groundwater model simulations? If so, how willing (or
not) are the inhabitants to adapt to these effects and how could their behaviour be influenced?’

Steps taken to answer main question:

I.  Use the RANAS approach to collect data on behaviour in the Tra Vinh province
Il.  Design a Bayesian Belief Network (BBN) model to find the relation between
socioeconomic factors, psychosocial factors and the willingness to change / adapt

1. Link the BBN model to groundwater (SWI) simulations to see whether behaviour

and actual risk match

IV. Can we use the BBN model to find location suitable SWI adoption/ mitigation

strategies?

S2. The SALINPROVE project
This research is part of a project named SALINPROVE, in which
IHE Delft Institute for Water Edu-cation (UNESCO-Deft) plays

a front role. The SALINPROVE project started in 2016 and aims

to address the most widespread problem linked to groundwater
exploitation in heavily populated coastal aquifers, namely that of
saltwater intrusion. The project focuses on three different
locations (Maputo; Mozambique, Laizhou Bay; China and Tra
Vinh province; Vietnam) towards defining the dimension and
impacts of the existing groundwater salinization problems, more
importantly, feasible solutions, both at present and under future
climate and socioeconomic change. This research will focus on
the Tra Vinh province located in the Vietnamese Mekong Delta.
Partners for this location are amongst others; the Dutch Ministry
of Foreign Affairs, Ho Chi Minh City University of Technology
(HCMUT) and multiple institutes located in Vietnam. The past
two years of research can be summarized into three main
activities;

1. Problem diagnosis of salinity and impacts
2. Monitoring of groundwater salinity
3. Modelling of salt water intrusion

This research will contribute to the fourth and final phase of
the overall project:

LN
Figure 1. The Mekong River Basin
drains into six countries and has
the world’s third largest delta,
which is crucial to the food security
of Southeast Asia. The delta
provides 50 % of Vietnam's food; it
accounts for 90 % of Vietnam's rice
production making this country
world's second most important rice
exporter, with an export value of
several billion USD.

4. Co-construction of cost-effective mitigation/ adaptation measures
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S3. Concluding words/ comments from the author

The future of (amongst others) Vietnam’s water resources in combination with its history of
violence make me somewhat anxious. The ecosystem created by the Mekong Delta, rich
diversity and fertility, will "perish” with groundwater depletion, decrease in surface water
discharge and an increase in saltwater intrusion. Most of the economic strength of the Mekong
Delta area depends on this complex system of river streams, where seasonality and occasional
flooding play an important role. It is only a matter of time before Vietnam’s economic epicentre
will runout of water. Let alone "high" quality water used for household purposes. The Mekong
Delta’s neighbouring countries, i.e. India and China, who are already buying their way into the
Mekong Delta water resources, are working on providing sufficient water (and energy) for their
own inhabitants. This further aggravates the problem; downstream this will result in a decrease
of surface water discharge and consequently a decrease in fertility rate of the soil and the overall
water volume available in these downstream countries. In conclusion and worst-case scenario,
friction between the Mekong Delta’s countries and the neighbouring countries over the precious
water rights will be inevitable, let us hope that a "water war" can be prevented using innovative
mechanisms to ensure sufficient and clean fresh water. This said, it is actually not a matter of
willingness to change, it is a must for these local inhabitants to change. The real question is to
what substitute source can they change?
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Annex 2: Article supplementary material

S4. Methods used in the research

1) The RANAS approach

"Behaviour is a difficult subject matter, not because it is inaccessible, but because it is extremely
complex. Since it is a process, rather than a thing, it cannot easily be held still for observation.
It is changing, fluid, and evanescent, and for this reason it makes great technical demands upon
the ingenuity and energy of the scientist” (Skinner, 2005).

A method which enables one to measure observable behaviour, with which one can use the
data to design and evaluate behaviour change strategies that target a specific behaviour in a
specific population, is the Risks, Attitudes, Norms, Abilities, and Self-regulation (RANAS)
approach (Contzen & Mosler, 2012). The approach considers three behavioural outcomes;
behaviour, habit and intention (Contzen & Mosler, 2012). The five psychosocial factors are:

Risk factors; individual’s understanding and awareness of the risks as a result of SWI.
Example: a person’s thoughts of not being at risk of increasing water scarcity in the
future. This would indicate a low level of perceived severity. The low perceived severity
can also be a result of a lack of knowledge around groundwater abstraction, SWI and/
or climate change. Therefore, knowledge is considered as a risk sub-factor.

Attitude factors; a person’s stance towards the behaviour.

Example: a person who thinks groundwater depletion will not affect his or her lifestyle,
i.e., has a low level of attitude towards beliefs about groundwater depletion and SWI
(i.e. beliefs).

Norm factors; represent what behaviours are perceived to be normal and abnormal.
Example: a person may think it is not important to get water from a non-saline source,
i.e. low level of personal norm.

Ability factors; individual’s confidence in his or her ability to practice a behaviour.
Example: one may think that he/ she is not able to reduce groundwater abstraction and/
or change source type, i.e. low level of self-efficacy.

Self-regulation factors; a person’s attempts to plan and maintain a certain behavior.
Example, one has a low action control level if he/ she does not pay attention to the
salinity level of the water sources used. Commitment and or remembering to pay
attention may increase the person’s action control.

Initially RANAS was developed to change behaviour in the Water, Sanitation and Hygiene
(WaSH) sector in developing countries, though research in different fields show that the
approach is applicable to all kinds of human behaviour (Inauen & Mosler, 2014). Several
research projects prove that the RANAS approach is worth applying (Gamma et al., 2017;
Inauen & Mosler, 2014; Lilje & Mosler, 2018). Most of these studies, using RANAS, focus on
Wash related topics. To use the RANAS approach to change behaviours outside WaSH
contexts, the health-risk factors have to be altered to others that correspond to the behaviour in
question (Mosler, 2017), in this research the health-risk factors are changed with the risk of
running out of groundwater for daily purposes. Moreover, the WaSH promaotion, which is an
essential part of the RANAS methodology, was altered to a different socioeconomic factor SWI
promotion, since this factor corresponds to the behaviour in question (Mosler, 2017).

To compare the RANAS approach with other approaches that measures observable behaviour
is somewhat difficult, since the research focus of RANAS is still primarily on WaSH related
studies. However, literature compares RANAS with the Knowledge, Attitudes and Practice
(KAP) approach. KAP is also a widely used approach in the WaSH related research area. We
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chose RANAS above KAP, mainly since RANAS; 1. considers more behavioural factors and
2. provides a systematic method of selecting interventions (i.e. behavioural change techniques
(BCTs)). A limitation of the RANAS approach, is the remaining fact that self-report studies
(i.e. self-reported behaviour) often overestimates the behaviour when compared to observed
frequencies (Seimetz, Slekiene, Friedrich, & Mosler, 2017).

In this research, RANAS is used to help to understand the mindsets of the population and
transform this understanding into ideas for possible interventions. The statistical analysis
performed in this research isn’t a perfect sketch of reality, but in many ways a start of an
acceptable prediction. This study clearly shows how difficult it is to measure behaviour. “Even
though we have observed behaviour for many years, we are not necessarily able, without help,
to express useful uniformity’ or lawful relations.”(Skinner, 2005).

2) Bayesian Belief Network

“A Bayesian belief network is a graphical model that permits a probabilistic relationship among
a set of variables” (Pearl, 1988). Bayesian Belief Networks can model the interaction between
variables that are causally linked (or theorized to be so) in probabilistic manner (Daniel et al.,
2019). In this study, a hierarchical model is used, which means that the model is written in
multiple levels, that estimates the parameters of the posterior distribution (Allenby, Rossi, &
Mcculloch, 2005). A BBN model consists of nodes representing variables of interest and links
between nodes indicating informational or ‘causal’ dependencies among the variables.
Moreover, a complete BBN model consists of (Kabir, Tesfamariam, Francisque, & Sadiq,
2015): 1. several variables (nodes) and a set of links between the variables; 2. a state division/
scale for each variable; and 3. an assigned conditional probability for each of the variables
states. The efficacy of a BBN is realized by its capability to both being able to perform top-
down inference, inferring the top hierarchical nodes and observing their influence on the cause
(hypothesis, lowest in hierarchies) (predictive analysis) and bottom-up inference, inferring the
cause (hypothesis, lowest in hierarchy) and observing the effect of this inferring on the top
hierarchical nodes (i.e. diagnostic analysis) (Cockburn & Tesfamariam, 2012; Ismail et al.,
2011).

3) Principal component analysis of the psychosocial factors

PCA is a mathematical algorithm that identifies patterns in data. The algorithm uses orthogonal
transformation to convert multiple variables (in this research multiple questions), while
retaining most of the variation in the data set, into a set of linearly uncorrelated variables called
principal components (Ringnér, 2008). The data reduction technigque enables one to interpret
larger sets of data in a smaller number of components, which can be meaningfully interpreted.
The psychosocial (behavioural) components were created out of at least three 1 —5 likert scaled
questions. The dimension reduction technique was performed using SPSS software, indicating
a single component extraction, i.e. only one component was constructed. Following, the range
of the newly created component was subdivided into three equal subranges; Low (e.g. lowest
value — lowest value + 1/3 of range), Moderate, High. These subranges are used in the BBN
model as indices of the psychosocial (behavioural) characteristics (nodes).
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S5. Theoretical background information

1) Saltwater intrusion
Saltwater intrusion (SWI) is a common phenomenon in coastal aquifers that can affect the
quality of water intended for drinking, irrigation and/ or industry purposes (Karatzas & Dokou,
2015). SWI is the movement (flow) of saltwater into fresh water bodies like rivers or aquifers,
due to natural processes or human activities. Saline water has a higher mineral content than
freshwater, it is therefore denser and has a higher water pressure. As a result, saltwater can push
inland beneath the freshwater. However, under natural conditions, the seaward movement of
freshwater prevents saltwater from encroaching coastal aquifers, and the interface between
freshwater and saltwater (zone of dispersion or transition zone) is maintained near the coast or
far below land surface (Sherif & Hamza, 2001; Werner & Simmons, 2009).
SWI is a major concern for most coastal areas as it can induce contamination of valuable fresh
water resources. Moreover, SWI may also effect coastal ecosystems and cause damage to
agricultural activities, resulting in a change of the socioeconomic balance in these coastal areas
(Klassen & Allen, 2017a; Shrestha, Bach, & Pandey, 2016). The natural process of SWI in
coastal regions, can be influenced by natural or indirect human activities; sea level rise and
human activities; groundwater abstraction respectively (Klassen & Allen, 2017). These factors,
which influence SWI, may increase the possibility of (long-term) negative effects. The human
activity of extensive groundwater abstraction can reduce freshwater flow toward coastal
discharge areas and cause saltwater to be drawn toward the freshwater zones of the aquifer
(Klassen & Allen, 2017a). The pumping activities may result in both lateral encroachment in
the coastal area and vertical upconing of saltwater near discharging wells, both leading to
contamination of the water in coastal freshwater aquifers. Moreover, sea level rise may
influence the interface pushing the transition zone landward (Ferguson & Gleeson, 2012;
Klassen & Allen, 2017). SWI could lead to:

- Reduction in the productive capacity of affected land, causing social and psychological

hardship as well as economic hardship

- Loss of water quality for stock and domestic water supplies

- Degradation of the environment and wildlife habitats

- Damage to roads and other structures

- Damage to water-using household equipment
An example of negative effects of saltwater intrusion is already visible in Bangladesh: “Where
in the past we see migration due to annual flooding, or river bank erosion, now we see saltwater
intrusion more commonly which affects the environment long term. It makes it harder to grow
crops because the land is permanently altered by the saline water” (Park, 2019). Moreover, the
East coast of the United States also encountered these negative effects, farmers in Maryland are
aware of the SWI phenomena and want to design an action plan to overcome both degradation
of the environment and reduction/ loss in crop yields (Biron, 2019).

2) Hard and soft solutions

The many possible freshwater mitigation/ adaptation strategies already defined can be
categorized into hard and soft solutions. “Historically, water management has focused on
building and managing water supply infrastructure to meet human water demands. This
approach brought into use large-scale, centralized water infrastructure including major systems
for flood control, irrigation, water treatment, municipal water distribution, sewage systems, and
water storage. Known as the ‘hard path’, this approach to water management has improved
human water security around the world” (Wutich, 2014). The hard path to solving water
problem is one that relies almost exclusively on centralised infrastructure to capture (e.g. large
water dams, basins), treat (e.g. desalinization plants) and deliver water supplies (e.g. piped
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water infrastructure). When water has been scarce, the solution has been to find a new source,
or to bring it from somewhere else (Economist, 2019). With the acute need for water, which
one now can find in for example Cape Town and several cities in India, it is expected that these
hard solutions will not be abandoned. Bringing water in, for example in India where trains were
used to supply the city of Chennai with freshwater (Emily Schmall, 2019), or to exploit a new
source (e.g. desalinisation), will remain a short term, but better option than to move millions of
people. However, only using hard solutions is no longer enough to supply the demand of water
and needs to be complemented (Wutich, 2014). This complement approach has come to be
known as the “soft path” solutions. Soft path solutions, which focus on reforming institutions
(such as water policies and regulations), improving water-efficient technologies, and managing
agricultural and residential water usage (Gleick, 2002), always require the involvement of local
communities and seeks to improve the way water is used (e.g. via efficient technologies, saving
measures and education and/ or training), rather than to find new sources of supply (Economist,
2019; Smajgl et al., 2015). Especially when one looks further than supplying a city with a
freshwater source it becomes clear that soft solutions are of great importance. Take for instance
the side effects which arise from SW1 in the Mekong Delta; pollution of a freshwater source is
the acute problem, land and environment degradation are side effects, which will result in
socioeconomic distress (Qi & Qiu, 2011).



S6. Survey questionnaire

1) The 313 interviewed households | Figure constructed using QGIS

T The province of Tra Vinh
My Cam (48)

Dai Phuc (33)
Huyen Hoi (48)

Thanh Son (44)

Ham Giang (8)

Dinh An (14)

Long Huu (38)
Truong Long Hoa (40)
Dan Thanh (40)

0000008000

Long Huu

_Ham Giang
. Truong Long Hoa
+=* Dinh An
Dan Thanh

2) Survey questionnaire

Socio-demographic information of the household

Select date and time

Record location

Name of village

Select interview number, which is indicated on your map

Name of person who conducts the interview?

Name of person interviewed?

What is the gender of the respondent?

What is the age of the respondent?

How many people live in your household?

How many children are below the age of 18?

What is your highest level of education?

What is the main source of income in your household?

What belief do you follow?

How often do you watch TV or listen to the radio?

What kind of social media source do you use? If they use multiple only select most used)

How often do you open your social media in a day?

How much money does your household earn roughly in a month? (x1000 VND)

Are you the owner of your house?

How many rooms does your house have?

What type of walls does the main house have?

What type of roof does the main house have?




What type of floor does the main house have?

Do you or someone living in your household have the following (not broken)?

How much do you pay per month for buying commercial potable water? (on average)

How much do you spend on household water each month? (on average)

Water related habits

Do you use groundwater in your daily life?

What type of water source do your mainly/ primarily use for household purposes?

What portion of the overall water used comes from groundwater?

How deep is your well from which you collect the water?

What is your average monthly water bill? (x1000 VND)

What is the price (VND) per m® that you pay?

Do you know, on average, what volume of groundwater your household uses every month?
(m3/month)

What is the pump capacity of the pump you have? (m®h)

How long do you pump every day (on average, hour/day)?

Do you use / pump groundwater for irrigation purposes?

What water source do you mainly use for irrigation?

Can you estimate how much water you use every day for irrigation? (m®)

Do you use different water sources in the dry and the wet season?

Which water source do you mainly/primarily use during dry season?

Which water source do you mainly/ primarily use during wet season?

How difficult is it to collect water in dry season?

How difficult is it to collect water in wet season?

Do you always treat your household drinking water?

What percent of your drinking water do you treat? Give an estimate

Knowledge and perceptions on groundwater abstraction and saltwater intrusion

How much do you expect you can reduce your groundwater usage and change this with another
water source?

Is the quality of your household water during dry season different than the quality in wet
season?

How safe do you think it is to drink the water directly from your primary drinking water
source?

What is the quality of the raw water which you do treat for drinking water purposes?

What is the quality of the raw water which you do not treat for drinking water purposes?

Have you experienced a decrease in quality over the past years?

What do you think is the primary cause of salt water pollution?

How big is the impact of salt water intrusion in groundwater on your daily life?

Answer the following eight questions with true or false:

1. Increase in salt level in your water is no real problem.

2. Surface waters (river, streams, ponds) have better quality than ground water (wells
deeper than 50 m)

3. Bacteria/viruses are the only reason why you should purify water before drinking

4. Sea level rise is a problem for the Tra Vinh province
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Abstracting groundwater is okay, since rain will recharge the groundwater

Salt intrusion can only come from the sea

Salt water intrusion is mainly the result of groundwater abstraction

N o

Irrigation using groundwater is okay since the unused water will reach the underground
water level

Who in your opinion is responsible for supplying a fresh (high quality) water source?

What do you think is the most convenient water source?

Why do you think this is the most convenient water source?

What water source has the highest quality in your opinion?

Are you willing to pay somewhat more for your water?

Are you willing to pay more for your water if you know that it will be better for your family?

What would your main reason be of NOT improving your water supply system?

Have you ever received any information on groundwater depletion?

Have you ever received any information on salt water intrusion?

Do you think the information about groundwater depletion and saltwater intrusion is useful for
you?

Did the information on salt water intrusion and / or groundwater depletion affect your
behaviour?

From who? (can choose more than one)

Did you already implement any changes in your daily household water use?

What are these changes?

What was the main reason for changing your household water?

Did the change of household water source result in extra expenses? If yes, how much per month

How often do you hear the information/promotion from people who you mentioned before?

How often do you talk with your neighbours / friends / relatives about the environment, SWI,
groundwater depletion and similar topics?

If you HAVE to change your primary water source, how do you think this will look like? (one
only)

Suppose that the government could help your village with just ONE of these issues. Which
would YOUR FAMILY choose?

What would be your main driver to buy purified water?

Who much are you willing to pay in VND for 1L purified water delivered at your home?

Future expectations on water availability

With your knowledge about the impact that saltwater intrusion can have on the Tra Vinh
province, how strong do you feel an obligation to change your household water consumption?

Answer the following five questions with true or false.

There is no regulation or law on using groundwater for irrigation purposes

Irrigation using surface water (water from ponds and rivers etc,) is prohibited

Irrigation using groundwater is better than irrigation using surface water

Groundwater abstraction for irrigation is prohibited by law

Abstraction of groundwater should not be monitored

How many of your neighbours / friends already changed their water source, due to saltwater
intrusion? Can you estimate the percentage?

Do you think it is important to look for alternative household water sources?
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People who are important to you, how much do they approve/think you to adapt/change?

Do you think the risk of you not having enough fresh water will increase in the future?

How confident are you that you can ALWAY'S get unsalted water / fresh water every day?

How difficult would it be to get unsalted water every day?

How confident are you to always get unsalted water, if you have many things to do?

How confident are you to get unsalted water for your daily purpose if your primary water
source is prohibited by the government or if you found that your water source is salty?

What do you see as a possible and suitable way to (further) adapt / change your water
consumption?

How important is it for you to get water from unsalted water source?

Do you have a plan how you can get fresh water, if the water source that you use now becomes
salty? How?

How much do you pay attention to the level of saltiness of your water when drinking water?

How much do you pay attention to the level of saltiness of the water which you use for
irrigation?

Are you willing to change your daily water source?

Can we test the salinity level in your household water? If yes, we will only need some water
from your main water source. (uS/cm)

* The order of the questions as illustrated above is different from the actual survey. For more
information on the questionnaire please contact klessenstycho@gmail.com

S7. Descriptive analysis of the data

1) Demographic profile of the respondents

Variables n* %
Gender 313
Male 209 66.8
Female 104 33.2
Location 313
Dai Phuoc 33 10.5
Dan Thanh 40 12.8
Dinh An 14 4.5
Ham Giang 8 2.6
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Huyen Hoi 48 15.3
Long Huu 38 12.1
My Cam 48 15.3
Thanh Son 44 14.1
Truong Long Hoa 40 12.8
Employment 313
Agriculture 186 59.4
Daily labourer 61 19.5
Service 22 7.0
Military / police 2 .6
Housewife 3 1.0
Business 37 11.8
Student 2 6
Completed highest education level 313
None 41 13.1
Primary 160 | 51.1
Secondary 83 26.5
College and higher 29 93
Religion 313
Vietnamese folk religion 190 60.7
Buddhism 102 32.6
Roman Catholicism 2 6
Caodaism 2 6
Non-religious 4 1.3
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Other 13 4.2
Children below 18 years old living in the household? | 313
Yes 216 69
No 97 31
Type of household floor 313
Rudimentary (Mud) 104 33.2
Tiled, Concrete 209 66.8
Type of household wall 313
Rudimentary (wood planks, mud wood, corrugated | 94 30.0
iron, or stone mud)
Stone cement or brick cement) 219 70.0
Type of household roof 313
Rudimentary (Plastic, Wood) 25 8.0
Iron, Roof tiles 288 92.0
2) Wealth level versus employment status
Wealth level * Employment status | Crosstabulation
Employment Total
Agribusiness | Daily labourer | Business | Service | Other
ith Poor 57 25 6 2 2 92
Yeall Middle 80 17 12 3 2 114
Rich 49 19 19 17 3 107
Total 186 61 37 22 7 313
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S8. Results of the various tests performed

1) Descriptive statistics of psychosocial factor

Psychosocial

Socioeconomic Risk | Attitude | Norm | Ability | Self-regulation
Education 0.016

SWI level 0.000 |0.000 |0.001 |0.000 |0.000
Wealth 0025 |0.000 [GIGBENN 0.000 | 0.000
SWI promotion | 0.000 |0.000 [JONESIN 0.003 | 0.001
Employment [ 0.000 |0.007 |0.009 |0.000 |0.000

Age IOGMIOHEONN 0.000 | 0002
Children<18  [JOISSNIOIO00NNN 0.004 | 0.035 | 0.045

Indicated in green the statistical relationships used in the BBN model. Statistically significant
p < 0.05.

1591 aJenbs-1yD
uosiead Jo anpea d

2) Variables for creating the wealth level

No | Variables Categories

1 Has a refrigerator 1=Yes; 0=No

2 Has air-conditioning 1=Yes; 0=No

3 Has a motorbike 1=Yes;0=No

4 Type of household’s floor 1 =Tiled, Concrete; 0 = Rudimentary (Mud)

5 Type of household’s roof 1 = Iron, Roof tiles; 0 = Rudimentary (Plastic, Wood)
6 Type of household’s wall 1 = Bricks; 0 = Rudimentary (Wood, Plastic, Iron)

PCA was performed to create the socioeconomic factor wealth level. The PCA for these
household’s assets gave one factor which represents the relative wealth level.

3) Model validation test — using 10-fold cross-validation
The ROC curve and area under the cover calculations, for both output answer: no, not willing
and yes, willing:

ROC cune for Hypothese=No (AUC=0.864699) ROC cune for Hypothese=Willing (AUC=0.864889)
1 1
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S9. The groundwater model

Below some detailed information on the groundwater model is presented (source
SALINPROVE team). For further questions and/ or detailed information on the groundwater
model please contact the SALINPROVE project team.

Study area information

The study area covers an area of 2,247km? in the Vietnamese Mekong Delta, i.e. the whole
province of Tra Vinh. The southeast border of the area is the 65 km long coastline, the
northwester is the only man-made border in which the provincial borders were maintained,
the northeast and southwest are limited by two big rivers: Co Chien and Hau rivers
respectively. The groundwater system in Tra Vinh province is divided into 13 layers,
representing 7 aquifers and 6 aquitards. Layers of 1, 3,5, 7, 9, 11, and 13 represent the
aquifers. In this research only aquifer layer 5 was considered: Layer 5 represents the Upper-
middle Pleistocene aquifer (qp2-3), the composition of soil in this aquifer is mainly fine -
medium sand, sometimes mixed with small pebbles.

Table 1. Depth of stratigraphy in Tra Vinh province. Illustration of the first three aquifers,
used for groundwater abstraction

Aquifer  Area Topdepth(m) Bottom depth (m)  Thickness (m)
(kM) Max. Min. Ave. Max. Min. Ave. Max. Min. Ave.
gh 2341 0.0 350 106 13.0 60.0 303 2.0 60.0 1838
aps 2,341 26.0 83.0 485 61.0 1345 90.0 85 79.6 409
qp2-3 2,341 66.0 136.0 95.7 118.0 201.5 150.2 28.0 79.5 47.0

Set-up numerical model:

The model with the length of X axis is 75,000 m, the .

length along the Y axis is 67,000 m. The modelling area is e
divided into 135 rows and 151 columns, with a total of P NN
20,100 grid cells. The size of each grid is 500 mx 500 m. S~ = N

The absolute ground surface elevation is transferred from Y. = =
the topographic map of Mapinfor software into 6,926 s 1
points. The data of these 6,926 points was used via a "2D “w @
scater Data" module to include in a later stage in the final ‘

model. Moreover, the elevation of the different subsurface -~

layers (aquifers and aquitards) were established based on the stratigraphic data from 56
boreholes and with reliable stratum information of previous studies within the province.
Furthermore, the sparse density of the boreholes (56 boreholes/ 2,247 km?), resulted in an
additional 204 ‘virtual boreholes’, that are based on 6 hydrological cross-sections. The data of
the layer elevation of the 260 (virtual) boreholes was also imported into the model via a "2D
scater Data" module. This module allows the use of interpolation methods (in this report the
natural neighbour interpolation method was used) to build the elevation contour maps for the
bottom of layers.
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With the elevation contour maps in place the layer properties of each layer were determined.
Horizontally hydraulic conductivities of the aquifers are determined from the results of 59
pumping tests and the vertical hydraulic conductivities, specific storage of the aquifers is
taken as 1/10 of the horizontal hydraulic conductivities.

The river boundaries were assigned a conductance coefficient of 0.05m?/day/m? and the
smaller rivers within the province a conductance of 0.01m?/day/m?, infiltration was only
considered in the first aquifer. Moreover, water exchange between the sea and groundwater
along the coastline, as well as the exchange of groundwater between the study area and the
area outside the domain of the model are assigned a specified head boundary condition. The
figure below gives a clear illustration of the boundary conditions per layer.

Boundary condition

for Layer2 to 13 %Qz

Boundary condition
for Layer 1

Conditions boundary for layers of the model

Groundwater monitoring data was measured using 6 monitoring wells of the three top aquifers
(gh, gp3, gp2-3). This data was used to calibrate the groundwater flow model. These
monitoring wells have a continuous sequence of data for 10 years, from 2006 to 2016. From
the daily series of groundwater level data, calculating the series of 120 monthly average water
data.

Groundwater exploitation was also considered in the model data and was used from two
sources: The Department of Natural Resources and Environment in Tra Vinh province (Tra
Vinh DONRE) according to results of management of groundwater exploitation licenses until
2018 and at Division for Water Resources Planning and Investigation for the South of
Vietnam (DWPIS). These two reports indicate that in the study area, there are currently about
88,930 abstraction boreholes with about 370,410m%/day. With the largest volume abstracted
from the upper - middle Pleistocene aquifer. The data was processed by spreading the
abstraction wells according to district and aquifer (figure below). The estimated 88.831 small
boreholes without a specific location were combined to 1,378 ‘large’ boreholes each with an
abstraction rate of 140 m3/d.
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aquifer gh aquifer gps

aquifer gpz.s aquifer gpa
Input the location of the boreholes in the model

Groundwater recharge was estimated based on literature. A distinction was made between
confined and unconfined aquifers. The recharge rate was calculated based on an annual time
step. Field and laboratory experiments where used to determine infiltration capacity of soil
and soil parameters. Five possible locations were tested, checked and sampled, namely; 1)
Long Huu, 2) Chau Thanh, 3) Cau Ke, and 4) Cang Long. The five locations were checked,
using a double ring infiltrometer to determine the in-situ infiltration capacity of the soil. The
soil in each location was sampled and tested with laboratorial experiments to determine
specific soil parameters (hydraulic conductivity, soil texture, moisture content, porosity and
field capacity), used for the recharge assessment model. The recharge assessment model
results showed the following: The highest estimated recharge was in 2007 with 197 mm
which is around 11 % of the total annual rainfall and the lowest recharge was measured in
2013 with 120mm, 8 % of the annual precipitation. Based on these results, the potential
amount of recharge can vary from 8 % to 11 % of total annual precipitation.

Moreover, water measurements were taken during a household survey study in 2018. 419
households were interviewed, the interviewee took groundwater measurements of most
surveyed households. From these measurements a contour map was created of the upper-
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370  middle Pleistocene aquifer. To interpolate the measurement points Ordinary Kriging was
371 used, as a result the contour map illustrated below was constructed:

Impact of existing saltwater for qp23 aquifer; Mekong Delta; Tra Vinh; Vietnam

a4

Vinh Long

Ben Tre

Soc Trang
oo LEGEND
B Very Low: 2.5 ;
T low: 5.0
B Medium: 7.5 Pactic Ocean
. A B 5 . <1 |
372
373 State of existing saline groundwater parameter rating, using the electrical conductivity
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S10. Abstraction volume estimations, BBN model mutations and extra information

1) Number of households using groundwater calculations for 2007 (Sanh, 2010)

No. District Number of wells  Average depth (m)  Abstracted rate (m3/d)
1 TraVinhcity 786 87.1 692

2 Canglong 8591 97.1 15,749

3 Cau Ke 11,617 101.3 23,510

4 Tieu Can 13,484 98.1 31,014

5 Chau Thanh 11,711 91.6 39,102

6 Cau Ngang 11,419 100 22,619

7 Tra Cu 14,129 101 26,065

8  Duyen Hai 12,863 103 28,934

Total 84,600 97.4 187,685

* In 2016, annual groundwater abstraction was estimated to be 347,793 m®/d, in which the
coastal zone (Duyen Hai district) occupied approximately 24 percent.

Domestic use of groundwater

Previous studies estimated a mean water use per household varying form 1.05
mé/household/day to 2.05 m*/household/day. Moreover, this study clearly indicates that
groundwater abstraction increases from the northern part of the province towards the coastal
part (i.e. the more we move to the sea the more groundwater is abstracted for household
purposes) (Tuan Pham Van, 2019).

Agriculture group

Findings from the SALINPROVE project show higher groundwater abstraction rates during
dry season. Both for crop irrigation to reach suitable conditions for crop growth (i.e.
compensating for the low levels of rain) and aquaculture to balance salinity levels in the
ponds. The research estimated an average pumping rate, during dry season, for some of
annual crops such as water melon, pepper, onion, etc.. The calculation showed an average
pumping rate of about 30 m%/d/ha (Tuan Pham Van, 2019).
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Seasonal estimated groundwater use - Tra Vinh Province, 2018 (Tuan Pham Van, 2019)

90,000

80,000
B Wet secason M Dry season
70,000
60,000
50,000
40,000
30,000
20,000
10,000 ‘ l

0

Groundwater use (m3/d)

Cang Cau Tieu Chau Cau Tra Duyen

District city Long Can  Thanh Ngang Cu Hai

2) Vietnam's administrative units’ system, survey district and commune description

First level | Second level | Third level
Province District Commune
My Cam
Cang Long Dia Phuoc
Huyen Hoi
) Dinh An
TraVinh  TracCu Ham Giang
Thanh Son
Long Huu
Duyen Hai Truong Long Hoa
Dan Thanh

Water salinity classification

Class Salinity TDS (mg/ L = ppm) | Use?

Fresh <1,000 Drinking & Irrigation

Brackish 1,000-5,000 Irrigation — with careful management
Highly Brackish | 5,000-15,000 -

Saline 15,000-30,000 -

Sea water 30,000-40,000 -

Brine 40,000-300,000+ -

* The U.S. EPA sets the maximum contaminant level for TDS at 500 ppm. The World Health
Organization (WHO) sets the maximum contaminant level for TDS at 1000 ppm.

3) BBN model mutations
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“If a frog is put suddenly into boiling water, it will jump out, but
if the frog is put in tepid water which is then brought to a boil
slowly, it will not perceive the danger and will be cooked to
death..”



