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The low flow phenomenon issignificantly concerned since it severely impacs socio
economic activities During low flow periods, diminished freshwater resources are
often unable to provide adequate water for crop production, hydropower
generation and urban wate supply, as well as to maintain water quality of
freshwater bodies due tohigh concentration of pollutants andsaltwater intrusion.

Accordingly, determining the required minimum flows in rivers during low flow

periods is important to reduce the impact ofsaltwater intrusion and maintain a
sustainable water supply for different water users such as agriculture, domestise

and industries.

Located in the central coastal zone of Viet Nam, the Vu Gid@hu Bon river basin
experiences drought during the dry sason along with salt intrusion due to low flow
The region was chosenas an indepth case studysince it provides crucial
information regarding the low flow phenomenon and drought situation during the
period 1976 - 2014. This research aims to develop a genergl applicable
methodology to assess minimum flowrequirements in the rivers. The goalof this
thesis is(1) to analyze the low flow phenomenon aad minimum flow requirements;
(2) to quantify the potential water demand from the differentuser categories (3) to
assess the performance of the existing irrigation systemm regards to water supply
availability and water demand; (4) to determine the required minimum flow to
prevent salt intrusion and satisfy the water demand from different activities during
low flow periods; and (5) to derive a generally applicable methodology to assess

minimum flow requirements in multi -sectorial water management scenarios.

Firstly, statistical analysis was conducted to examine trerglin precipitation and
flow during the study period. Thereafter, aflow duration curve and SPEI index were
calculated to understand the flow pattern and droughteventsin the region. The
potential water demand was quantified for the agricultural sector, as well as
domestic and industrial uses to map the water utilization pattern. The Penmanz

Monteith equation was applied to calculate the potential evapotranspiration using



the data from the dry year 2005. Furthermore, the performance ofthe irrigation
system was accessed by analyng the two indicators of Relative Water Supplyand
Relative Irrigation Supply. Finally, a calculation ofthe minimum flow requirement
was carried out by applying the hydrodynamic model MIKE 11The modelwas run
for different upstream discharge datasets to test the response of the salt
concentration, and then define where the salt concentration remains under
threshold values at chosen measurement pointsSix different scenarios were
developed to predict the minimum flow requirements toward the changes in

potential water use, sea level rise andater use efficiency

In general, he analysis of precipitation and flow revealedstrong increasing trends
however these were mostl seenin rainy season.On the other handthe SPEI index
showed a decrease of drougheventsin the years post 2000 The yearly potential
demand of the Wi Ga -Thu Bon Delta was calculated a809 million m3, ofwhich 203
million m3is for agriculture, 89 million m3is for domestic use, and only7 million
m3is for industry. Furthermore, the analysis ofRelative Water Supply and Relative
Irrigation Supply revealed the constraints of the irrigation system to supply
sufficient water for the crops, especiallyfrom February to June. Finally, theesults
of the six scenariosvere mapped presentng the spatialand temporal extens of the

minimum flow requirements in the Vu Giaz Thu Bonriver basin.

The described methodology includestransferable state-of-the-art techniques,
making it an applicable approach to determine the minimum flow requirement in
an anthropogenically influenced river basin. This methodology has been
successfully tested in the Vu GiaThu Bonriver basin and can be extrapolagd to

similar river basins.



Zusammenfassung

Das Phanomen des geringen Durchflusses ist besorgniserregend, da es die
sozioOkonomischen Aktivitaten stark beeintrachtigt. Wahrend einer Periode mit
geringem Durchfluss sind die verringerten Sul3wassergsourcen des Flusses nicht

in der Lage ausreichend Wasser fur die Pflanzenproduktion, die
Wasserkrafterzeugung und die stadtische Wasserversorgung bereitzustellen sowie
die Wasserqualitdt von Gewassern aufgrund des Eindringens von Salzwasser
aufrechtzuerhdten. Dementsprechend ist die Bestimmung der erforderlichen
Mindestflusse in Flissen wahrend Perioden mit geringem Durchfluss eine wichtige
Notwendigkeit, um die Auswirkungen des Eindringens von Salzwasser zu
verringern und eine nachhaltige Wasserversorgug fir verschiedene Wassernutzer

wie Landwirtschaft, Haushalt und Industrie aufrechtzuerhalten.

Das in der zentralen Kistenzone Viethams gelegene Einzugsgebiet des Flusses Vu
Gia- Thu Bon, in dem sich das Untersuchungsgebiet befindet, leidet wahrend der
Trockenzeit unter Trockenheit und Salintrusionen aufgrund geringer
Durchflussmengen. Die Region wurde analysiert und lieferte die entscheidenden
Informationen zum Ph&nomen des geringen Durchflusses und zur Dirre im
Zeitraum 1976 - 2014. Diese Forschung eit darauf ab, eine allgemein anwendbare
Methodik zur Bewertung des erforderlichen Mindestdurchflusses in den Fliissen zu
entwickeln. Das Ziel wird erreicht durch (1) Analyse des Phanomens mit geringem
Durchfluss und des Mindestdurchflussbedarfs; (2) Quarfizierung des potenziellen
Wasserbedarfs aus den verschiedenen Aktivitaten; (3) Bewertung der Leistung des
bestehenden Bewasserungssystems hinsichtlich der Verfligbarkeit der
Wasserversorgung und des Wasserbedarfs; (4) Bestimmen des erforderlichen
Mindestdurchflusses in Flissen, um das Eindringen von Salz zu verhindern und den
Wasserbedarf aus verschiedenen Aktivitaten wahrend einer Periode mit geringem
Durchfluss zu decken; und dann (5) Ableiten einer allgemein anwendbaren
Methodik zur Bewertung der Mindestlurchflussanforderungen in multisektoralen

Wassermanagementszenarien.



Zunachst wurde eine statistische Analyse durchgefuhrt, um Trends bei Niederschlag
und Abfluss wahrend des Untersuchungszeitraums zu analysieren. Danach wurden
eine AbflussdauerKurve und ein SPElIndex berechnet, um die Abflussmuster und
Durreereignisse in der Region zu verstehen. Der potenzielle Wasserbedarf wurde
quantifiziert, um das Wassernutzungsmuster abzubilden. Die Berechnung des
Mindestdurchflussbedarfs wurde unter Anwendung des hydrodynamischen
Modells MIKE 11 durchgefihrt. Das Modell wurde fir verschiedene
Abflussdatensatze ausgefiihrt, um die Reaktiobezlglichder Salzkonzentration zu
testen und dann zu definieren, wo die Salzkonzentration an ausgewahlten
Messpunkten unter denSchwellenwerten bleibt. Es wurden sechs verschiedene
Szenarien entwickelt, um den Mindestdurchflussbedarf fir die Anderung des
potenziellen Wasserverbrauchs, des Anstiegs des Meeresspiegels und der
Wassernutzungseffizienz vorherzusagen. Die Ergebnisse desechs Szenarien
wurden Kkartiert und zeigten das raumliche und zeitliche Ausmal3 der

Mindeststromungsanforderungen im Einzugsgebiet des Flusses Vu Gighu Bon.

Im Allgemeinen ergab die Analyse der Niederschlage und des Abflusses stark
ansteigende Tendenzendie jedoch hauptsachlich in der Regenzeit zu beobachten
waren. Andererseits zeigte der SPHhdex einen Riickgang der Dirreereignisse in
den Jahren nach 2000. Der jahrliche potenzielle Bedarf des Vu Giau BonDeltas
wurde mit 309 Mio. m3 berechnet, wovan 203 Mio. n? auf die Landwirtschaft, 89
Mio. m?auf den hauslichen Gebrauch und nur 17 Mio.%auf die Industrie entfallen.
Die Analyse der relativen Wasserversorgung und der relativen
Bewasserungsversorgung hat auRerdem gezeigt, dass das Bewasserungssystor
allem in den Monaten Februar bis Juni nicht in der Lage ist, ausreichend Wasser fur
die Kulturen zu liefern. Die Ergebnisse der sechs Szenarien wurden kartiert und
zeigten das raumliche und zeitliche Ausmald der Mindeststrémungsanforderungen

im Einzugsgebiet des Flusses Vu Gid'hu Bon.

Die beschriebene Methodik umfasst Techniken, die es zu einem anwendbaren
Ansatz machen, den Mindestdurchflussbedarf in einem anthropogen beeinflussten
Flusseinzugsgebiet zu bestimmen. Diese Methode wurde iBinzugsgebiet des

Flusses Vu GiaThu Bon erfolgreich getestet und kann auf ahnliche Einzugsgebiete

hochgerechnet werden.
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1.1 " AAECOT O1 A

Global supplies of freshwater are strongly under pressure with at least ortaird of
OEA x1 Ol A0 bPiIDPOI ACEIT TEOETC ET AOAAO xE
people lacking access to safe drinking wate(Hess et al, 2015). Increasing
population results in an increasing demand for freshwater supply, which in turn
affects freshwater drawn from surface water bodies, which also has lorgrm
consequences for ecosystem functions (Montagnat al, 2002. Additionally,
urbanization and the increasing populationdensity results in overexploitation of
water resources and places pressure on water availability causing water scarcity.
This situation is further being compounded by low flows, which affect botlsurface
water and ground water resources (Belalet al., 2012). Climate change induced
hydro-climatic extremes and sea level rise are also expected to aggravate the low
flow phenomenon in many coastal regions worldwideThis particularly is the case

in the Vietnamese coastal regions (IMHEN, 2012; IPCC, 2013). Here, due to the
variety of direct or indirect anthropogenic impacts on streamflow in river
catchments, the flow regimes of many rivers have been significantly modified and
the avaiability of water in a stream during low-flow periods has been changed
(Smakhtin, 2001a) Low-flow periods severely impact socieeconomic activities, as
diminished freshwater resources of rivess are unable toprovide adequate water for
crop production, hydropower generation and urban water supply, as well as to
maintain water quality of freshwater bodies due to saltwater intrusion. To
compound matters, water quality has also been declining rapidly because ttfe
increasing discharge of untreated domestic and industrial wastewater, irrigation
return flow, and non-point-source pollution (Pringle and Scatena, 1999%catena,
2004). This is more apparent in lowflow periods when the assimilative capacity of
the river decreases(Liu et al., 2005) and leads to a reduction of freshwater

availability in the rivers.
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Minimum flow in rivers and streams aims to provide a certain level of protection for
the ecosystenfunctions (Liu et al., 2005). It refers to the water considered sufficient
for protecting the structure and function of an ecosystem and its dependent species
(Elhatip et al., 2014). Moreover, minimum flow in rivers during low flow periods
becomes an important requirement for ecosystem restoration, and mukectorial
water resource management (Arthingon et al., 2006; Acremanet al, 2014).
Accordingly, releasing minimum inflow can reduce the impact of saltwater intrusion
and maintain a sustainable water supply for different water users such as

agriculture, domestic and industries downstream during lowflow seasons.

1.2 00T AT AT OOAOQAT AT O

The delta of a river basin represents a transitional environment where land
combines with rivers and the segCostanzaet al., 1993). These systems present a
continuum along the freshbrackish-salt water gradient, serving as one of the most
productive natural habitats (Costanzaet al., 1993). The dominant features of
ecosystems in a delta of a river basin are their salinity variance,hich is governed
by physical processes such as tides and inland freshwater inflow. Therefotbese
ecosystemsare very sensitive to changes induced by both human activities and
natural dynamics such as urbanization, physical alterations of the estuarine
systems, and nutrient enrichment (Alber, 2002; Rozas and Hackney, 1984; Wan
al., 2014). Climate change has induced global mean sea level rise at a rategafrim
per year since 1900 with an apparent change in rate to 3 mm year during the past
30 years(IPCC, 2013)increases in sea levels consequently induce anincreasein
salinity by bringing more saltwater into the delta, as well as have an influence on
water quality (Ross et al.,, 2015). Upstream changes in rivers can also have
pronounced effects onthe downstream into which they discharge. Construction of
dams, diversion of fresh water, and groundwater withdrawals lower the amount of
fresh water, an important factor in estuarine productivity (Dayet al., 1989). The
scientific community has tried toanswer the question of how much freshwater a
river needs since the midl1970s, resulting in the development of several

methodologies and approaches in different parts of the world\lattson,2002; Alber,
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2002; Annearet al., 2004 Penaset al., 2013). However, the ability to reproduce most
of these approaches is difficult due to the scarcity of required data, and also to the

large differences between the studied regions.

1.3 2A0AAOAE AAI AT A

Due to the topographic features and hydrological regime, the Vu G& hu Bon(VG

TB) river basin which is located in Central Viet Nam frequently experiences floods
during the rainy season and droughts in the dry season. With the dense human
intervention structures, wide-scale paddy rice cultivation downstream and the
strong development of hydropower n upstream, theVGTB river basin represents

a characteristic region in SouthEast Asia for studies on multisectorial water
resources management and climate change impacts. Sea level is expected to rise up
to 54 cm until 2100 (MONRE 2016). Scenarios needo be developed considering
such future changes in the regionRecently,most research has been focussing on
flood risks assessment and management. After the development of hydropower in
the past fewyears, studies on reservoir operation, impacts and ingtitional analysis
have been initiated. Besides, defining minimum flow requiremerstto maintain the
ecosystem and different activities downstream has become a critical issue in global
xAOAO OAOI OOAA T ATACAT AT O j!'1 AAOh themmmg Q8

impact of climate change induced saltwater intrusion on agriculture in estuaries

thecaseof VUuGia4 EO "1 16 DOI DI OAO OEA OANOEOAA i EI

for mitigation of saltwater intrusion and it states that further research is required
to investigate the overall influences of the proposed measure to natural and human
environment of the region (Viet, 2014). In addition, worldwide delta zones like the
VGTB river basin are facing a potential threat from saltwater intrusion combined

with low river discharge.

Even though a number of methodologies have been developed to assess minimum
flow requirement in rivers, Tharme and Smakhtin (2003) observed that regardless
of type of method used, all of them have been designed and/or applied in a
developed country context. Therefore, there are clear gaps in minimum flow

knowledge and practice in mostof the developing countries, which lack both

3
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technical and institutional capacity (Gopal, 2013). In addition, Adams (2014)
believed that the minimum flow requirements have typically been ignored, owing
primarily to the lack of long-term monitoring data or incomplete understanding of
responses to changes in freshwater inflowTo sum up, little attentionhasbeengiven
to minimum flow requirement in the context of developing counties where are

seriously impacted by rapid soab-economic transformation.

The delta of a river basin is more complexhan other environments. In the delta
zone, freshwater from rivers and saltwater from the sea interact. So farno
systematic model has been developed in order to fully anatg and assess minimum
flow requirements in the delta zone under multisectorial water management
conditions, especially in developing countries, which are seri@ly impacted by
rapid development and anthropogenic factors. Hence, the proposed research is

needed to fill this gap.

~

1.4 2A0AAO0OAE NOAOOEITO
In this context, the following research questions are raised:

f Can the VGIB river basinand its currentirrigation system meet the

agricultural water demand during low flow conditions?

f How much water is needed during low flow season to meet the

demands ofthe different water userswith in the VGTBriver basin?

f What is an appropriate approach to determine theminimum flow
requirement during the low flow season for an anthropogenically

impacted river basin such as the V@B river basin?

In order to address these questions, the following objectives are defined in the

subsequent section.
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The main objective of this research is to develop an applicable methodology to
assess the minimum flow requirements in theVGTB river basin. The following

specific objectives are to be achieved in fulfilment of the main objective:

f Todescribe andunderstand the low flow phenomenon and minimum

flow requirements in the VG TBriver basin.

f To quantify the potential water demand from the different activities
in the delta of the VG TBriver basin.

f To assess the performance dhe irrigation systemin the delta of the
VGTB river basin regarding irrigation water supply availability and

water demand.

f To determine the required minimum flow in the Vu Gia and Thu Bon
Rivers needed to mitigate and push back the salt intrusion and satisfy
the water demands from different activities and sectors during low

flow period.

f To derive a generally applicable methodology to assess the minimum

flow requirements in multi -sectorial water management scenarios.

~ . ~

1.6 / OAOAT 1T 1T AOETAIITTCU

Figure 1.1 presents the flow chart of the applied methodology The details of

individual applied methods will be discussed in the following Chapters.
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Figure 1.1 Flow chart of theapplied research methodology

A set of methods and techniques arapplied to achieve the research objective®A

general description of applied methods is presented asllows:

f To understand the low flow phenomenon and minimum flow requirement in
the VGTBriver basin

The background knowledge of low flow phenomenon and minimum flow
requirement in the VGTB river basin was revealed by undertaking a in-depth

literature review on low flow phenomenon and minimum flow definition.

f To quantify the potential water demand frorthe different activities in thedelta
of theVGTB River Basin
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The potential water demand from different activities in thelowland of the VGTB
river basinis quantified for paddy rice and annual crops for the two annual growing
seasons winterz spring and summerz autumn. The Penmarg Monteith equation is
applied to calculate the potential evapotranspirationusing data fromthe dry year
2005. Crop coefficiats (Kc) which are suggested by FAO 24 with climatic correction
for the region are applied in this study(Doorenbos, J& Pruitt, W. O, 1977). Due to
the limits of data in this region, he domestic and service water requirementas well
as industrial water requirementare calculated with per capita demand. In this study,
the capita demand (nd/person/day) for domestic, and (m3/ha/day) for industrial
usesrefer to the Vietnamese standards o code of basic requirements for water

supply, drainage and sanitatiorwhich wasissued bythe Ministry of Construction.

f To assess the performance of irrigation system regarding water supply

availability and demand

The study considers twoindicators, namely (i) Relative Water Supply and(ii)
Relative Irrigation Supply to assess the performance of irrigation system regarding

water supply availability and water demand.

f To determine the minimum flow in the Vu Gia and the Thu Bon Rivers requir

to mitigate salt intrusion and satisfy the water demand from different activities

The minimum flow requirements in this study are assessd under different
scenarios using the hydrodynamic model MIKE 11. The MIKE 11 model include®
main modules.While the hydraulic module isapplied to simulate the flows in the
rivers, the advection - dispersion module is applied to simulate the salt
concentration in the rivers. The minimum flow is determined firstly to control the
salt concentration underthe threshold at different control points and then satisfy

the water demand of different activities in the delta otthe basin.

f Derive a generally applicable methodology to assess minimum flow

requirements in multisectorial water management scenarios

The applied techniques to fullfill the above specific objectives are framed to derive
agenerally applicable methodology to assess minimum flow requirements in muki
sectorial water management scearios in the VGz TB river basin.

7
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1.7 3000A000RE 0GR WEA®ET 1

This dissertation is framed around the need to provide comprehensive and
meaningful policy-relevant information on minimum flow requirements.
Furthermore, the dissertation is an effort to better describe the methodology and
decision support systemsapplicable for the given watersheds and data availability
to determine of required minimum flow. The dissertation is structured into eight
chapters. Eachchapter discusses a specific objective as outlined abov€ogether

these chapters form a coherent dissertation.

Chapter 1 introduces the scope of the research andhe topic. The problem
statement and research demand are presented to explain the gap of determining the
required minimum flow in the region. The objectives and applied overall
methodology to achieve the research objectives are also addressed. At the end ef th
chapter is the structure of the dissertation section which briefly describes the aims

of eachchapter.

TheVGTBriver basin is selected to demonstrate the robustness of the methodology
for defining the minimum flow requirements. Chapter 2 presents the description of
the study area and its hydrological and meteorological characteristics. As a
background for the research adtities, the suitable features of the research site are
investigated and analged. Thechapter provides the necessary information for the
following investigations. In addition, the available data for the study analysis is also

addressed.

Chapter 3 placesemphass on the observed low flow phenomenon in thevGTB
river basin. The first section reviews the general knowledge of low flow
phenomenon regarding the overview and definition and the minimum flow
requirement. The second part provide the background to understand the low flow
phenomenon in the study region by analyzinghe flow and precipitation data for the
period 1976 z 2014. The flow duration curve and SPEI index are calculated to
examine exceedance probabilit of flow magnitudes and the drought situationn the

region.
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Chapter 4 focuses on the quantification of potential water demand in thelelta of
the VG TBriver basin. Details ofapproaches to quantify potential water demand are
also addressed in thishapter. The quantification considers the water demands for
the agricultural sector, domestic, and industrial supply. The gryear of 2005 is
selected to calculate the potential wate demand to better understand the water
demand when water demand increases, while there is a high probability of supply
reductions. The results are analged to map the water utilization pattern and
support wider water planning in the region. The quantificaion of potential water
demand also sets the foundation for future analysis of the irrigation system
performance and the determination of minimum flow requirements in thelowland
of the VG TB river basin.

Chapter 5 focuses on assessing the performance of the traditional irrigation
practice in the low land of the VGTB river basin. In this chapter, a review of
assessing the performance ofhe irrigation system is provided. This was done in
order to select an approprate set of indicators. These indicator values are anagd
to understand the relation between the water demand and the water supply,
currently under the stress of scarcity and conflictin the VGTB river basin.

Recommendations for improved water resource ranagementare also given

Chapter 6 concentrates onmodelling the minimum flow requirements in the VGTB
river basin. Thechapter begins with an overview of general methodology to assess
the minimum flow requirement. The method to determine theminimum flow
requirement in this research is also preserdd in detail. The chapter applies the

results from chapter 4 asan input for the model simulation.

Chapter 7 describes the scenario development to assess minimum flow
requirements under different boundary conditions. The chapter begins withan
overview as well as general guidelines for scenario development. Then the key
driving factors are identified and discusgd to determine the spatial and temporal
scales of the scenarios. Finally, a setsfenarios are constructegand the results are
presented. The goal of this chapter is to predict potential changes of minimum flow
requirement under current and future condtions based on climate and

development scenarios until 2050and 2100.
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Summaryand conclusiors of the current research are provided inChapter 8. The
advances and remaining shortcomings of the research are also addressed. The
chapter frames the research with combined conclusions as well as suggestions for

further research directions in the future.

10
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This chapter introduces the study area of theVGTB river basin. Detailed
descriptions of the area in regard to its hydrological and meteorological
characteristics, as well as important features such as hydropower development,
agricultural practices and industrial services are presented. Furthermore, the

collected data used for the analysis in this studyra also addressed in this chapter.

21 /| OAOOGEAx 1T £ OEA OOOAU AOAA
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Figure 2.1 (a) The VGTB River Basin; (b) Location of the V@B River Basin in Viet NamSource
data: MONRE; IMHEN

The VGTB river basin is a coastal area inCentral Viet Nam(Figure 2.1). It is
influenced by many natural and social factors, creating a diverse soesezonomic

region including agriculture, forestry, small industry and tourist services. It is the
11
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fifth largest river basin in Viet Nam (MARD, 2010)The river basin consists of two
main rivers, the Vu Gia and the Thu Bomivers. Both rivers originate in the high
mountains on the east side of the Truong Son Mountain Range and end at East Sea

through the Han (Vu Gia River) and Dai (Thu Bon River) rivenouths.

The total catchment area of the river basin is about 10,33m2, extending from the

Truong Son Mountain Ranges to the coast, precisely atobdt 6 @Picdpd AOCEOOAA
North and 107°p ¢ 6 @t t & migi T CE O UG riveer A&3i0 Bhaindy Edlers

Quang Nam Province, Da Nang City, and a very small piece of Quang Ngai and Kon

Tum Provinces. The natural topography can belassified into three landscapes

namely highland, midland and lowland. The highland area characteristically shows

steep sloping topography with an elevation reaching up to 2600m, while the

midland displays lower hills with elevation ranging from 150m to 1000m. The

lowland is the coastalarea with the elevation mostly under 25m above mean sea

level (AMSL).

The highland part of the river system covers part of Quang Nam Province including
Tay Giang, Nam Giang, Phuoc Son and Nam Tra My Distfsete location ofthe
districts in map Cz 8 Appendix C). In this part of the catchment, with steep
topography and narrow riverbeds, streams and rivers exhibit short flow and
retention times. The highest vegetation coverage is found in this arghowever,
agricultural cultivation is rare due to the characteristics of topography (DONRE,
2012).

The midland extends over major parts of Quang Nam Province including the Dong
Giang, Nam Giang, a part of Dai Loc, Nong Son, Hiep Duc and Bac Tra My D(st&t
location of the districts in map Cz 8 Appendix C). This area is characterzed by a
large amount ofhydropower plants, reservoirs and dams since the riverbed isteep
and the topography is quite accommodating for the operation of these activities.
Rice along with production forests, mainly Acacia mangiumand Acacia
auriculiformis, are representative of for the agricultural cultivation undertaken of
this area (DONRE, 2012).

The lowland area of the basin stretches down to the coast of Da Nang City, as well

as, some districts of Quang Nam Province includirigien Ban, Hoi An, Duy Xuyen,

12
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Dai Loc, Thang Binh, Phu Ninh, and Tam Ksee location ofthe districts in map Cz

8 Appendix C). The riverbeds are shallow in this area causing a relatively slower
flow time and a higher retention time in comparison tathe highland section. In thg
area, paddy rice is the dominant crop grown, utifiing traditional irrigation practices
and a complex canal network. Maize and peanut are also widely cultivated. The
lowland segment displays the highest population densities of thedsin, with most
people concentrated in the urban cenes of Da Nang City, Hoi An and Tam Ky. The

coastline consists of sandy beachdbat are used for tourist services (DONRE, 2012).

In general, theVGTB river basin displays a tropical monsoon climate. Despite the
high total annual rainfall in the region, it is notevenly distributed temporally and
spatially. While the northern part of the river basin hasanaverage annual rainfall of
less than 2000mm, the southwestparts, where the upper reach of the Thu Bon River
is located, receives relatively high rainfall amounts of up to 4006hm annually. The

overall features of the basimre summarized inTable 2.1 below:

Table 2.1 Overview of the mainfeatures of theVGTB River Basin. Source data: Quang Nam
Statistical yearbook;IMHEN

Location Central Viet Nam (Quang Nam, Da Nang, and part of Quang Ngai and Ko
Tum)
Catchment 10,350 k¥

Coordination 1400 T G16°0 G 0 .

107°p ¢ 6108°T T 6 %

Main river Thu Bon (205 km) and Vu Gia (145 km)
Source Ngoc Linh mount (for Thu Bon); Mang mount (for Vu Gia)
Outlet East Sea (through the river mouths of Han for Vu Gia River and Dai for Tt

Bon River)

Highest point

Mount Ngoc Linh (2598 m)

Lowest point

Dai River mouth 0.7 m)

Geology Granite, Conglomerate, Limestone, Sandstone
Soil types Ferrosol, Fluvisol, Acrenosol
Population Approximately 3 million inhabitants (2019)

Urban ceners

DaNang, Hoi An, Tam Ky

Cultivated area

Total 82,000 ha (2006)

Land uses

47% forest land,20% grassland,26% cropland, 4.5% settlement lands
(2010), 2.5% water.

13



2 Study Area

22 AEA 6Q4EGBASAIN OA

The VG TB Delta spans the lowland section of the basin from Ai Nghia and Giao Thuy
to the Han and Dai river mouthgFigure 2 .2). This delta area of the basin covers an
area of about 1000 km. Here also an exchange of flows between the two rivers
occurs. Right beyondAi Nghia and Giao Thuy reaches, the Quang Hue River diverts
part of the flow from the Vu Gia into the Thu Bon via the Quang Hue cress
connection. Further downstream, the Vinh Dien River returns part of the water from
the Thu Bonbackto the Vu GigViet, 2014). Even though the delta accounts for less
than 10% ofthe total area of the basin, 75% of the total overall basin population

residesin this area (Firozet al., 2018).

Industries and services have developed rapidly in recent years. However,
agriculture still plays an important role in sociceconomic welfare of the region
(Pedroso et al,, 2017). Half of the delta continues to be used for cultivation with
traditional irrig ation practices (Viet, 2014). There are about 120 pumping stations
installed along the rivers to extract water to meet irrigation needs. The cultivated
area can be categored into 13Irrigation ManagementSchemes (IMS) according to
administrative management such aspumping station and irrigation canal sections,
but not limited to their physical properties. Each IMS includes pumping stations,

irrigation canal networks, drainage canals, and regulatory structures.

Paddy rice is the regions dominant crop acamting for 70% of the total cultivated
area with two harvests per year, followed by maize and peanut. The firstiltivation
seasonwinter z spring starts from the middle of December tahe middle of April.
The secondseasonsummer z autumn extendsfrom the middle of May to the middle
of September. In fact, theplanting date can differ by a few days from scheme to
scheme. During the period OctobeNovember, the peak of the rainy season, no or
very limited cultivation takes place. For annual crops, the growing season
sometimes starts one or two week earlier than paddy rice in the first crop season

winter - spring. Arenosol and Fluvisol are the main soil types found in the delta.
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Figure 2.2 (a) TheVGTB Delta; (b) Wider location of theVGTB Delta. Source data: MONRE;
IMHEN; IMC
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2.3.1 Hydro -meteorological characteristics
a. Meteorological features

The VGTB river basin is a coastal area in Central Viet Nam formed by two main
rivers the Vu Gia River and the Thu Bon River. The mean annual discharge of the
Thu Bon River is 320 rd/s (at Nong Son stationin upstream ofthe Thu Bon River,
see location atFigure 2.1), however it has strong seasonal variabilityFigure 2.3).
The average discharge is about 613/ s during the rainy seasons (Septembezg
December) but decreasessignificantly to an average of99 m3/s during the dry
seasons (January August). Furthermore, the Vu Gia River has a lower annual
discharge than the Thu Bon River with 149 #is (recorded at Thanh My stationin
upstream of the Vu Gia River, see location &igure 2.1). Its average discharges

during the rainy season and dry season of Vu Gia River are also lower than the Thu
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Bon Rver with 270 m3/s and 55 m3/s respectively. The peak flow occurs in
November with 1013 m?/s at Nong Son and 385 Ris at Thanh My gauging station.
The Vu Gia has the specific disarge 0.069 n3/s/km 2 versus the 0.089 m/s/km 2
observed at the Thu BonMore detailed of hydro-meteorological analysiscan be

found in the following chapter.
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Figure 2.3 The monthly meanflow and at the gaugingstations Thanh My (Vu Gia River) and Nong
Son (Thu Bon River) for the period of 196-2014. Source dataobserved data provided byIMHEN

Due to orographic effects, precipitation varies significantly with topographylt is
characterized by high totalannual precipitation with an average of 2400 mmThe
coastal plains receivdess than 2000 mmwhereas the mountainous areas geaip to
4000 mm per year.The precipitation is notevenly distributed temporally. The rainy
season only lasts 34 months (Septembe z December)providing 70 z 80% of the
total annual precipitation, while the dry season lasts 8 months (Januaryz August)
but receives only 20z 30% of the total annual averageprecipitation. The extended
dry season of 8 months per year is usually accqmanied by severe drought, whereas

flooding is always experienced during the rainy season (Nauditt & Ribbe., 2017).

Additionally, the low flow occurring during the dry season frequently causes
saltwater intrusion, increasing water demand and tidal penetrabn. A secondary
rainfall peak occurs in May or Juaduring the dry seasondue to theInter-Tropical

Convergence ZoneThisis characterized by heavy rain or secalled Tieu Man flood.

It usually occurs in the northwestern part of the region (seeFigure 2.4 z at Tra My
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station). The annual precipitation data of different stations in the delta region is

presented inFigure 2.5.

1000
EDaNang ®Tam Ky B Tra My
800 |

600 |

400

Precipitation (mm)

200

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 2.4 Monthly mean precipitation period 1979 z 2014 at three hydro-meteorological stations
Tam Ky (South), Da Nang (North) are located at the coast and Tra My (South) in the highlands.
Locations of these hydrometeorological stations can be found in Figure 2.5ource dataobserved
data provided by IMHEN
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Figure 2.5 Annual precipitation for the period 1979z 2014 at three hydro-meteorological stations
Tam Ky (South), Da Nang (North) are located at the coast and Tra My (South) in the highlands.
Locations of these hydremeteorological stations can be found in Figure 2.Source databbserved
data provided by IMHEN

Analyzing data from the 3 hydremeteorological stations Da Nang, Tam Ky, and Tra

My revealed that annual precipitation is higher than annualpotential pan
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evaporation (Class A)rates generating a wet and humidclimate in the region
(Figure 2.6, Figure 2.7 and Figure 2.8). However, thepotential evaporation rate is
usually higher than precipitation during the dry season which was found at Da Nang

Tam Kyand Tra My, resulting in deficits in the water supply and decreased inflow.
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Figure 2.6 Mean monthly precipitation and evaporation (199-2010) in the VGTB River Basin.
Notice that the mean evaporation rate is higher than the mean precipitation during the period
between Januaryand August in Da Nang hydremeteorological stations.Source dataobserved data
provided by IMHEN
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Figure 2.7 Mean monthly precipitation and evaporation (199-2010) in the VGTB River Basin.
Notice that the mean evaporation rate is higher than the mean precipitation during the period
between January and August in Tam Ky hydfmeteorological stations.Source data:observed data
provided by IMHEN
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Figure 2.8 Mean monthly precipitation and evaporation (199-2010) in the VGTB River Basinat

Tra My hydro-meteorological stations. Source dataobserved data provided bylMHEN

Other meteorological features of the region including temperature, humidity,
sunshine, windspeed and evaporation rate ar@resentedin Figure 2.9 to Figure
2.13.
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Figure 2.9 Mean monthly temperaturein the VGTB River Basin from 19D z 2010 at Da Nang, Tam
Ky and Tra My.The Da Nangand Tam KyMeteorological stations are presented for coastal plainat
North and South respectivelywhile Tra My Meteorological station is presented for mountainous
area.Locations of these hydremeteorological stations can be found in Figure 2.5ource data:
observed data provided bylMHEN
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Figure 2.10 Mean monthly humidity in the VGTB River Basin from 198 7 2010 at Da Nang, Tam
Ky and Tra My.The Da Nangnd Tam KyMeteorological stations are presented for coastal plainat
North and South respectivelywhile Tra My Meteorological station is presentedor mountainous
area.Locations of these hydremeteorological stations can be found in Figure 2.Bource data:
observed data provided bylMHEN
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Figure 2.11 Mean monthly sunshinein the VGTB River Basin from 198 7 2010 at Da Nang, Tam
Ky and Tra My.The Da Nangand Tam KyMeteorological stations are presented for coastal plainat
North and South respectivelywhile Tra My Meteorological station is presented for mountainous
area.Locations of these hydremeteorological stations can be found in Figure 2.1Source data:
observed data provided bylMHEN
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Figure 2.12 Mean monthly windspeedin the VGTB River Basin from 19B z 2010 at Da Nang, Tam
Ky and Tra My.The Da Nangnd Tam KyMeteorological staions are presented for coastal plainat
North and South respectivelywhile Tra My Meteorological station is presented for mountainous
area.Locations of these hydremeteorological stations can be found in Figure 2.Bource data:
observed data provided byflMHEN
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Figure 2.13 Mean monthlyevaporationin the VGTB Rver Basinfrom 1979 z 2010 at Da Nang,
Tam Ky andTra My. The Da Nangand Tam KyMeteorological statiors are presented for coastal
plain at North and South respectivelywhile Tra My Meteorological station is presented for
mountainous area.Locations of these hydremeteorological stations can bdound in Figure 2.1
Source dataobserved data provided byiIMHEN
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b. River network and flow distribution

As mentioned earlier, he two primary rivers in the basin are the Vu Gia River and
the Thu Bon River which originate from Mang and Ngoc Linh and flow to the East
Sea throughthe Han River mouth and Dai River mouth respectively. While the length
of Vu Gia River is 145 km, the ThBon River is longer ad reaches around205 km.
The two rivers are connected when entering the delta at Ai Nghia and Giao Thuy via
Quang Hue River. At this point, Vu Gia River divertbaut 34% amount of water to
Thu Bon River and the rest continues downstream. The diversion rate is
approximately 40% of thetotal Vu Gia flow during the dry period. The lower the
upstream flow in the Vu Gia, the higher the diversion rate of the Quang Hue flow.
Further downstream, Thu Bon River diverts part of water back to the Vu Gia via the
Vinh Dien River.

c. Tide

Tide impacts on the delta of the/GTB river basin which spans the lowland area of
the basin from the Ai Nghia and Giao Thuy reachéBigure 2. 2) to the Han and Dai
river mouths. The river mouths are connected at the western side of the East Sea
(South China Sea) where the hydrological regime is significantly impacted liye
mixed semtdiurnal tide (Figure 2.14). In theVGTB Delta, the tidal rangeincreases
up to Cam Le statior(see location inFigure 2.2) on the Vu Gia River and up to Cau
Lau station on the Thu Bon River (see locatiom Figure 2.2). Analyzing the tidal
chart reveals that it takes on average 16 hours and 10 minutes for the water to rise
from the wave trough to the wave crest, while it requiresonly 8 hours and 21
minutes for the water to drop from the wave crest to the wave trough. Thus, the tidal
cycle in this regionis about 24 hours 31 minutes. Understandinghe time for water
rise from wave trough to wave crest and water drop from wave crest to wave trough
is essential for managing the irrigation system, as well as proper operating tife

barrage system in the regbn.
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Figure 2.14 The tidal chart at Son Tra oceanographic station during January 20QSee locationof

the stationin Figure 2.1). Source dataobserved data provided bylMHEN

2.3.2 Hydraulic works
a. Hydropower dams

Hydropower plants have been rapidly developed in upstream areas of tiéGTB
river basin in recent years. The river basirranks fourth in Viet Nam as potential
generation capacity of hydrepower plant with 8 large hydropower plants currently
under operation and 36 small and medium hydropower plants either under
operation or under construction (see location in Figure 2.1). The geneation
capacity of these hydrepower plants ranges from 0.6 MW to 210 MW. The total
installed capacity in 2013 was 1026 MW and was expected to expand up to 5724 in
the next few years (MOIT, 2014). These hydropower plants obviously contribute
many benefits n socioeconomic terms as they provide a significant amount of
electric energy demanded by a growing economy not only in the basin but also

exported to other areas of Viet Nam.

Although hydroelectric production does notconsume water, theoperation of these
hydro-power plants in upstream of the basin has strong impacts on the hydrological
regime downstream. Despite these issues, the reservoirs of these hydymower
plants are able to contribute to maintaining the minimum flow in rivers during low
flow periods (Viet, 2014). Table 2.2 presents the details of eight large hydrepower
plants in the region. Large hydrepower plants are defined as ones installed witla
capacityl 30 MW.
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Table 2.2 Large hydro-power plants in upstream of theVGTB Rver Basin. Source dataMOIT

Location Hydropower Installed Reservoir Annual Year in
plant capacity storage potential operation
(MW) (million m3)  energy
(GWh)
Vu Gia River Song Bung 2 100 230 426 2016
Song Bung4 156 510 618 2015
Song Bung5 57 20.3 220 2014
Song Bung 6 30 3.3 151 2014
A Vuong 210 343.6 825 2008
Song Con 2 46 1.2 168 2009
Thu Bon River Dakmi 4 141 310 582 2011
Song Tranh 2 162 733.4 621 2011

While seven of large hydrepower plants have been constructed to return water to
the original rivers, Dakmi 4 (Figure 2.1) draws water from the Vu Gia River to
operate and releases water to Thu Bon River, which helps to increase its efficiency.
Since 2012 when the Dakmi 4 officially begaim operation, the Vu Gia sulcatchment
area was significantly decreased from 5,453 k#to 4,197 kn? as the result of water
diversion (Figure 2.15). This diversion has led to the change of downstream flows
giving the Thu Bon downstream more water, while reducing the downstream water
in the Vu Gia. The result is that the Vu Gia River has a geyapotential of water
shortage and salt intrusion than in previous dry seasons. One of the consequences
is that the Cau Do water treatment plant has been seriously affected by increasing
salt levels. The impacts of these hydrpower plants on the hydrologcal drought
and flows in the region were fully assessed in the study of Firoet al. (2018).
Alternatively, a coordinated operation procedure of hydrepower plants in the VG
TBriver basin for both dry season and rainy season issued by the Viet Navhinistry

of Natural Resources and Environment has been applied since 2015 in order to

minimi ze the impacts on the hydrological regime in the region.
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Figure 2.15 Changes in Vu Gia and Thu Bon catchments after the constructmiiDakmi 4 hydrag
power plant (Viet, 2014).1t can be seen that the whole Dakmi 4 catchment released to the Thu Bon

catchment.

b. Barrages

A river barrage is astructure that is built to control the amount of water that flows
through it. By properly operating, barrages help to regulate water for different
purposes such as irrigation, domestic uses or salinity control. In theéGTB river
basin, five barrage systems have been constructed the delta (Figure 2.2). Three
barrages An Trach, Bau Nit, and Thanh Quyt are in the Vu Gia and its tributaries, and
two other barrages Duy Thanh and Binh Long are in the Thu Bon and its tributaries.
While the main purposes of these barrages in Vu Gia Rivare to elevate the water
level and divert water for irrigation and domestic supply, the Duy Thanh barrage is

used to control the saltwater intrusion for the pumping stations in Thu Bon River.

2.3.3 Irrigation features
a. lrrigation management schemes

While the VG TB river basin has about a total of 82,000 hectares under cultivation,
only about 16,000 hectaresare under irrigation (2005). This irrigated area is
concentrated in the delta of the basin where large scale of paddy rice cultivation
takes place. The irrigated area was divided into 1&rigation Management Scheme
(IMS) namely Xuyen Dong, La Tho, Tu Phu, Vinh Dien, Tu Cau, Dong Ho, Bich Bac, An
Trach, Dong Quan, Chau Son, Ai Nghia, Cam Van, Calffri§are 2.2). Each IMS

includes pumping statiors, irrigation canal networks, drainage canals, and
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regulatory structures. The area of IM§addy rice and annual crops are presented

in Figure 2.16. Although the area of the schemesaries, paddy rice is still the
dominant crop in most ofthe schemes except Tu Phu. Thaultivation area ofpaddy

rice of each scheme isimilar in every year,whereas thecultivation area of annual

crops fluctuates depending on weather conditions and market deamds (Viet,
2014). Eight ofthe IMS receive water from Vu Gia Riverso supply for its fields
including An Trach, Chau Son, Bich Bac, Dong Quan, Cam Van, Ai Nghia, Dong Ho, La
Tho. On the other hand, Tu Cau, Cam Sa, Vinh Dien receive water from Vinh Dien

River, while Tu Phu and Xuyen Dong get water from Thu Bon River.
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Figure 2.16 Total Irrigation Management Scheme areas, annual crop area and paddy rice area for

each Irrigation Management Schemin 2005. Source data: IMCDARD

b. Pumping stations

Pumping stations are an important part ofan irrigation system and necessary
element for agricultural production in the region. About 120 pumping stations were
installed along the rivers to extract water to irrigate the cultivated aea in the delta
(Figure 2.2). However, most of them have small operational capacities witbout
95 stations arebelow 0.5 n#/s. In total 13 large pumping stations with a capacity up
to 1000 m3/h are operating as primary pumps. Each large pumpingtation is
responsible for one IMS. These pumping stationswhich are managed by the
Irrigation Management Company take water directly from the rivers and convesit
to the main and first z order canals of the irrigation schemes. The rest of the

pumping stations are medium and small which are managed by the Water User
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Association. These medium and small pumping stations are responsible for
receiving water at the main and firstz order canals and then delivering it to the
fields.

2.3.4 Agricultural practices

The VGTB river basin is one of the most important foodproducing regions in
central Viet Nam (Pedroscet al., 2017). In 2013, half of the population in the region
relied on agricultural production. Although there is a diversified crop pattern, pddy

rice is still the dominant crop as it accounts for approximately 70% of the area of
irrigated agriculture in the delta (Viet, 2014), followed by maize and peanufFigure
2.17). Other crops are sweet potato, cassava, bean, tobacco, and vegetables.
However, these annual crops do not require as much water as paddy rice. For that
reason, alllMSin the region were mainly designed to irrigate paddy fields rather

than annual crops (Viet, 2014).

108°4'0"E 108°8'0"E 108°12'0"E 108°16'0"E 108°20'0"E 108°24'0"E 108°28'0"E

¢ . Large pumping station

N

z
- o
5 Temporary sandy barrage =+
v o
© e Barrage
East Sea -
River
(a) D Irrigation Management Scheme =
i > 5
<3 AT, ! 4 :] KESB o
o ich Ba &
o c g

A City
Settlement
Annual crops

Paddy rice

15°56'0"N
15°56'0"N

15°52'0"N

15°52'0"N

01225 5 75 10\
o e s Kilometers

15°48'0'N

108°4'0"E 108°8'0"E 108°12'0"E 108°16'0"E 108”2’0'0"E 108°§4'0"E 108°28'0"E

Figure 2.17 (a) The paddy rice and annual cropgmaize and peanut)in the VGTB Delta in 2005.
(b) Location of theVGTB Delta. Source data: DARD; IMC
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Two crops are planted per year. The first crop winteg spring is from the middle of
December tothe middle of April whereas the second crop summeg autumn is from
the middle of May tothe end of August(Figure 2.18). During SeptembesfNovember,
the peak of the rainy season, no or very limited cultivation takes place. The winter
spring crops start at the end of the high rain period andre harvested in the middle
of April before Tieu Man flood which may occur in Mayhe summerz autumn crops
will be harvested before the rainy season starts which is normally followed by
typhoons and extreme weather events. By harvesting two crops per year, crop
damage from floods and typhoos during the rainy season can be better avded.

However, the crops still suffer from droughts and saltwater intrusion during the dry

season.

Month Dec | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug
Crop season Winter - Spring Summer - Autumn

Paddy rice = B
Maize ' ' ' '
Peanut

Figure 2.18 Crop calendar in theVGTB Delta. Source data: DARD

In general, the agricultural area in theVGTB river basin has been significantly
decreased since 1995 due to egoing urbanization, particularly the cultivated area
in Da Nang. The data fronthe statistical office shows that the total cultivated area
in the region reduced from more than 106,000 hectass in 1995 to 80,000 hectares

in 2013. This is expected to be the continued trend in the region.

Beside the cultivated activities, livestock and aquaculture also play an important
role in the food supply of the region. The main livestock are buffaloes, tat pigs,
poultry and goats. However, these livestock activities in the region are taken as small

scales home farming.

2.3.5 Industrial services

Table 2.3 presents the information of industrial zones in the region up to 2016.

28



2 Study Area

Table 2.3 Industrial zones in theVGTBriver basin (2016). Source data: Vietham General Statistic

Office 2016
Industrial zone Location Established Area Major industry
(ha)
Lien Chieu Da Nang 1998 289.4 Mechanical assembly,
construction material
Hoa Khanh DaNang 1996 394.0 electronic, food processing,
plastics, construction materials
Extended Hoa Da Nang 2004 132.6 electronic, food processing,
Khanh plastics, construction materials
Thuan Phuoc DaNang 2001 50.6 Foodprocessing
An Don Da Nang 1993 50.1 Textile, garment, food
processing
Hoa Cam Da Nang 2003 149.8 Construction materials, food
processing
Dien Nam Dien Quang 1996 418.0 Footwear, garment, electrics
Ngoc Nam
Dong Que Son Quang 2009 237.6 Garment
Nam
Thuan Yen Quang 2009 141.0 Garments, footwear
Nam
Truong Xuan Quang 2015 478.0 Garments, footwear
Nam
Tam Thang Quang 2014 85.0 Garments, textiles
Nam
Phu Xuan Quang 2013 550.0 Food processing, textile
Nam
Viet Han Quang 2015 2000 Automobile assembly &
Nam production
Bac Chu Lai Quang 2003 357.0 Automobile assembly &
Nam production
Tam Hiep Quang 2003 718.0 Chemical products
Nam
Chu Lai Truong Quang 2003 451.0 Automobile assembly &
Hai Nam production
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Even though agriculture still plays an important role in socieeconomic welfare of
the region, industries and services have developed rapidly in recent years. Da Nang
was the biggest industrial center in the region before 2000. However, the industries
of Quang Nam province have expanded significantly since 200@jth many new
industrial zones with a growth rate on average of 18.7% per year in the last 10 years.
The total area currently used for industrial purposes is about 6500 hectares
concentrated in Da Nang City and the south of the region. The main industrial
products are footwear, textile and garments, processed food and automobile
assembly. The industrial sector in the region is believed to grow at a high rate in the

future thanks to high investments from local and foreign investors.

2.3.6 Domestic water supply service

Water treatment plants in the basin are responsible for the domestic water supply
in Da NangGty and Quang Nam Province. However, these water treatment plants
only serve the urban area. There ino access to water supply services for people in
the rural areas, where groundwater exploitation, as well as surface water from

streams are the main water sources supplying their demands.

In Da Nang, Cau D@/TPserves the area of Da Nang City where abd@8% of people
have a connection to the public water supply system, while the Hoi ANTP mainly
serves the city of Hoi An. Moreover, the Phu Ninh water treatment plant is available
for the center of Tam Ky City.Table 2.4 presents the information on capacity,
serving area and water source of the main water treatment plants in thRéGTBriver

basin.

Table 2.4 Main water treatment plants in theVGTBriver basin. Source data: Da Nang Water

Supply CompanyQuang Nam Water Drainage and Supply Joint Stock Company.

Province Water treatment Capacity Serving area Water source
plant (103 m3/day)

Da Nang Cau Do 50 Da Nang City Vu Gia River
Extended Cau Do 120 Da Nang City Vu Gia River

Quang Nam Hoi An 21 Hoi An City Vinh Dien River
Phu Ninh 100 Tam Ky City Phu Ninh Reservoir
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A wide range of data habeen employed and processed in this study. This section
provides an overview of these data, includingmeteorological and hydrological,
topographical and bathymetric, land use, soil types, agricultural production, socio
economic, satellite, field measurement, and inputs from local experts. Further

details of utilized data will be presented in each relevanthapter.

2.4.1 Meteorological and hydrological data

The meteorological and hydrological data wre collected from the monitoring
network within the VGTB river basin. Due to historical events, the recorded data
only became available after the country reunificabn in 1976. Within the analysis
and process of this study, most of the data was acquired until 2014. However, there
are gaps in certain years at some stations. In general, the monitoring stations are not
evenly distributed in the river basin, with most lccated in the downstream and

eastern part.

There are only 3 stations which monitor daily meteorological data including
temperature, sunshine hours, evaporation, humidity, and wind speed in the entire
basin namely Da Nang, Tam Ky and Tra My. Both the Da §jamd Tam Ky stations
are situated in the lowland, Tra My station on the other hand is in the mountainous
area. While Da Nang station represents the northern coastal plains, the Tam Ky
represents the southern coastal plains, and th€ra My represents the nountainous

area. The coordination and elevation of these stations are shownTrable 2. 5.

Table 2.5 Hydro-meteorological stations in theVGTB River Basin. Source data: National Centre for

Hydro - Meteorological Forecasting

Location Coordination
Station Latitude Longitude Elevation (m) Reference
Da Nang 16.03 108.18 4.75 WGS 84
Tam Ky 15.57 108.44 20.89 WGS 84
Tra My 15.34 108.22 123.11 WGS 84

There are a total of 24 rain gauges (includg hydro-meteorological stations, water

level stations and discharge stations which record rainfall data) that were installed
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in the basin providing recorded rainfall data since 1976. The prprocessng by

screeningand plotting data revealed that themeasured data atsome rain gauges are
not consistent. This could affect the usability of the data. Tensure the data
consistency in time only 20 rain gauges were consideredfter further analysis. The

location of theserain gauges is shown irFigure 2.1.

There are only 2 discharge stations located upstream of the rivers monitoring the
discharge in the basin regularly. They are Thanh My and Nong Son, which measure
the Vu Gia and Thu Bomivers respectively (Figure 2.1). Daily discharge has been
recorded since 1976, however 6 hours discharge is available only from 1998008

at both stations. Moreover, discharge was monitored unevenly during dry periods
at the Ai Nghia, Giao Thuy, Huong An, Tuy Loan, and Hoi Khach fams certain

years.

There are 8 water level stations situated along the rivers to measure the water level.
They are Ai Nghia, Giao Thuy, Cam Le, Cau Lau, Son Tra, Hoi An, Vinh Dien and Hoi
Khach. While Son Tra and Hoi An stations monitor hourly tidal lev&l other stations

observe only daily water levels.

Salinity also has been monitored at the Cau DW/TP. Additionally, salinity is

measured at the pumping stations during crop seasons for operation.

2.4.2 Topographical and bathymetric data

The study utilizes the topographical and bathymetric data to set up the
hydrodynamic model MIKE 11. The river and canal networks were derived from
ASTER updated high resolution satellite imagery with a resolution of 10 x 10 m
(2010), within the framework of the Project Land Useand Climate Change
Interactions in Central Vietham (LUCCI). The bathymetry data of the Vu Gia, the Thu
Bon and their tributaries were provided by Viet Nam Institute of Meteorology,
Hydrology and Climate Change (IMHENThe surveys forbathymetry data of the Vu
Gia, Thu Bon and their tributaries werecarried out in dry season 2010 andater
updated in 2012
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2.4.3 Land use, soil types and agricultural production

The data on agricultural production was collected from the Departments of
Agriculture and Rural Development (DARD) of Quang Nam and Da Nang. This

included crop calendars, cultivation techniques, and irrigation practices.

About 120 primary and secondary pumping stations were visited during field trips
to understand the operations as well asnvestigate the existing situations. The
pumping data of the primary stations, as well as the operation of irrigation
structures such as barrages and temporal closure was provided by the Irrigation
Management Company (IMC) whereas the operation pumping data of secamy

stations were collected from the local Water User Association.

Land use maps in 2010 for both Da Nang and Quang Nam Province and the FAO
classification soil map (scale 1:200,000) were obtained from the Ministry of Natural

Resources and Environment (MNRE).

2.4.4 Social economic data

The study utilized statistical data for the quantification of water demand ané€urther
analysis in theVGTB river basin. The statistical data for Quang Nam Province and
Da Nang City were collected separately frorprovincial scale to commune scale.
Information such as population, industries, etc. wsextracted for the calculation. In
addition, various types of master plans were also obtained for the scenario

development and analying of future changes.

2.4.5 Additional measurement

Some field measurements were implemented within the framework of th& UUCi
Project carried out by the Cologne University of Applied Science to validate the river

and canal network which was derived from ASTER high resolution sateliimagery.

2.4.6 Input from stakeholders and experts

The study also acquired dad from consultations with local stakeholders, as well as
experts in Da NangCity and Quang Nam Province. Tise information from

stakeholders and experts were obtained through meetigsas well asthe workshops
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within the scope of LUCCI ProjecThe details can be found in minute of meetings
and workshop reports in the database of LUCCi Projecth{tp://www.lucci -
vietnam.info/). These consultations helped to gairan understanding about the
challenges, as well as the impacts that the river basin is facing. The list of

stakeholders and experts involved in the study is outlined iM\ppendix B .
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The Vu Gia Thu Bon is the fifth largest river basin in Viet Nam and one of the most
important food-producing regions, (Pedrosoet al, 2017), the agriculture accounts
for 70% of the total water consumption of the basin, relies mainly oirigation (Viet,
2014). The water demand has increased in recent years due to so@geonomic
development, and a rapid increase in population (Nauditt & Ribbe., 2017). The
population is projected to increase up to 4.1 million by 2030HPI, 2012. According

to the MARD (2010), the water demand in 2010 was 1,450 million & and is
expected to soar to 3,915 million & by 2020. The region is now facing many
challenges. In recent years hydropower plants have been rapidly developed in
upstream sections of the rive basin with 8 large hydropower plants currently under
operation and 30 small and medium hydropower plants planned in the next few
years. These hydropower plants obviously contribute many benefits in socio
economic terms as they provide a significant amourof electric energy demanded
by a growing economy in Vietham (as elsewhere in developing regions). However,
due to the operation of these hydropower plants, there is also a significant impact
on the hydrological and flow regime downstream. The difference water levels at
Giao Thuy and Ai Nghia gauging stations for two periods: before (199999) and
after (2009-2013) construction of upstream reservoirs has increased about 30 cm.
This is a result of water transfer from the Vu Gia River to the Thu Bon Riveia
Dakmi 4 hydropower plant and has seriously affected water utilization in Vu Gia
River, especially in the dry season. The diversion of water by hydqwower plant
Dakmi 4 giving the Thu Bon downstream more water while reducing the
downstream water in the Vu Gia. The result is that the Vu Gia River has a greater

potential of water shortage and salt intrusion than previously during dry seasons.
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Another challenge in the region is uneven distribution of rainfall temporally.
(Nauditt. & Ribbe., 2017). The rmy season only lasts 3 months (Sepgember 7
Deember) while the dry season lasts & months (Jamary z August) and receives
only 20 z 30% of total rainfall. For the dry weather flow, the minimum occurs in
April and accounts for only 1%- 3% of total water capacity of the year (MARD,
2010). Thus, saltwater intrusion occurs due to low flow, increased water demand
and tide penetration. Saltwater intrusion may occur as early as February (Viet,
2014), and have serious impacts on the agricultural productio in the estuary
(Zeidler, 1998; Hoanget al., 2009; Bhuiyaret al., 2011). Furthermore, it significantly
reduces the availability of freshwater and deteriorates the water quality, generating
an insufficiency of irrigation water and domestic supply (Chowdhry et al., 1990;
Jianget al., 2009). Water scarcity has recently become critical. Accordingly, the
competition between different water users in the region has rapidly accelerated and
increased the inequality in water distribution. This in turn, has cause serious water

shortages for various purposes during the dry season.

26 &1 O1 AAOEI T x1 OEO

Previous work provides the background and foundation for this research. Th¥G
TB River Basinhas been studied intensively over the past years by a joint research
project LUCCi of Institute for Technology and Resources Management in the Tropics
and Subtropics (ITT) together with the Vietham Academy of Water Resources
(VAWR)and other partners. Thus a source of data is available on &study region
regarding hydrology, water use, land use and agriculture either collected from local
authorities or self-observation. As a constituent of the LUCCi project, the author has
been given access tthese datafor this study. Moreover, the region was thoroughly
investigated and analyed during the project implementation phase providing the
background of challenges as well as research gaps for this studi§ore details can
be found in the publicationof Nauditt. & Ribbe, (2017).
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An overview of the VG TB river basin was presented. The details on hydrological
and meteorological characters as well as, different features such as hydropower

development, agricultural practices and industrial services were also described.

As can be seen,he strong seasonal distribution ofrainfall in the region causes
frequent low flow and drought in the dry seasonThe hydrological regime of the
estuary is determined by the upstream inflow, tide, and human interventions.
Furthermore, anthropogenic impacts from dams, barrage construction, and
hydropower plants have already altered the river flows.This can accelerate the
saltwater intrusion induced water shortages during drought periodswhich are the

main constraints hindering agricultural production.

Paddy rice is the dominant crop and required water extraction from the rivers for
irrigation , therefore the demand for irrigation supply is large.When the water
resources become more vulnerable, the agricultural productiorbecomes more
vulnerable due to interrupted irrigation . Since agriculture plays an important role
in the economic sectoy the damage in agricultural production will cause the main

damage in economy of the region

The analysis of the study area provides essential information and se$ the
foundation for further steps ofstudying on low flow and minimum flow requirement
in the VGTB River Basin
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This chapter firstly presents the background knowledge of the low flow
phenomenon It additionally provides a theoretical basis for better understanding
the investigated flow regme of the river systemin the VGTB river basin, where a
long period of low flow occurs annually and competition between water users is
critical. Furthermore, the low flow season in theVGTB river basin is addressed in
AAOAEI 8 4EA OA@fuiredéndl EEIOOIOABEAx AA OI
this research context.Finally, the previous studies and relevant findings in the

region are discussed.

31 , 1 x AT x PEATTITATTI

3.1.1 Definition of low flow

O, 1 x  fefels xtd low river discharge (Smakhtin, 2001b). The World
Meteorological Organization (WMO) defines low flow as the flow ofvater in a
stream during prolonged dry weather(WMO,2008). Based onthe above definition,
the concept of low flow in the rivers is often associated withthe concept of
hydrological drought (Mijuskovic-Svetinovic & Maricic, 2008) Tallaksen and Van
Lanen (2004) defines drought as a sustained period of belowormal water
availability, which spatial and temporal characteristics that vary significantly from
one region to another. Typically, drought is a natural event in which lessdh normal
rainfall and a prolonged period of dry weather conditions causes significantly lower
flow volumes in rivers. Drought can becategorized into four different types namely
meteorological drought, agriculture (soil moisture) drought, hydrological drought
and socioeconomic drought (Van Loon, 2015Hydrological drought refers to the

phenomenon thatgroundwater or surface water levelsare below normal level, and
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3 Low flow phenomenon and required minimum flow

it also implies a decrease imriver discharge. In short, a low flow is a seasonal
phenomenm (typically during the dry season) and is considered as a critical
component of the flow regime in any river or stream while a drought is an event that
results from an extended period of belowaverage precipitation andis often
associated witha decreas in river discharge. A drought includes low flows, but a
seasonal low flow is not necessarily a drought (Zelenhasic and Salvai 1987; Clausen
and Pearson 1995).

Generally, the lowest annual flow occurs in the same season each year. Howether,
magnitude ard duration of low flows can differ significantly from year to year
(Smakhtin, 2001b). One of the main issues of w flow is that only a little quantity
of water is available in therivers during the low flow period (Mijuskovic-Svetinovic
& Maricic, 2008). Regarding water management aspects, it the worst situation
when a drought happens during a low flow season since #xacerbateswater
scarcity (Van Loon, 2015). Ths, theunderstanding of low flow characteristics and
regimes is crucial for the optimalintegrated management which usually involves
water-supply planning, water system and structure operatingwater quantity and
maintaining goodquality for different activities regarding irrigation, recreation, and

wildlife conservation.

3.1.2 Low flow and minimum flow requirement in the VG  -TB river basin

Improving the ability to predict the occurrence of low flow and drought is necessary
for integrated water resource management, especially where the operation of
reservoirs and conflicts between different water users exist (Ceylan and Lall, 2017).
Due to the fact that the region experiences summer low flow during the dry season
typically from January to August, there is the need to analyze hydrological and
meteorological features in the V& Briver basin in order to understand the low flow
and drought characeristics.

During the low flow period, small amounts of water are available in the
rivers (Mijuskovic-Svetinovic & Maricic, 2008) It creates a serious challenge for
securing enough water supply for different sectors. To harmonize themulti-
sectorial water managementin a region such as the V@B river basin that is
characterized by multiple and usually competing needs for water, the question

raised is "How much water is needed tosatisfy the different demand targets and
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functions of the rivers?". It leads to the requirement of determining the sustainable
minimum flow in the rivers to manage the riskassociated with alterations to the
flow regime and satisfy the water demand for those depending on it. Therefore,
defining the minimum flow requirement during the low flow period has receivedan
increasingattention in the region.

Based on the above definition and the characteristics of the VIB river basin, the
minimum flow needed to be available in the rivers during the low flow season is

calculated for:

f Controlling salt below the threshold of 1 g/L (equal with 1 practical salinity
unit) which is required for irrigation water and therefore it is a keythreshold
for the operation of the pumping stationsand controlling salt below the
threshold of 0.25 g/L which is neededfor the operation of water treatment

plants in the delta of the basin.

f Supplying sufficient water for irrigated cultivation areas in the delta of the

basin.

f Supplying sufficient water to satisfy the domestic water demand for the

number of inhabitants in the delta of the basin.

f Supplying sufficient water for industrial water demand for the industrial

zones in the delta of the basin.

f Maintaining essential functionsof the estuarine ecosystem which is defined
by 10% of annual mean discharge according to the recommendation by the
Viet Nam MONRE.

The threshold of 1 g/L refers to the irrigation supply requirements for the
development of paddy rice. The threshold of 0.25 g/L complies with the standard
for the drinking water supply in Viet Nam National Technical Regulation on
Domestic Water Quality QCVN 61:2018/BYT.
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3.1.3 Low flow and minimum flow requirement in the Vu Gia - Thu Bon river

basin: previous studies

Even though the development ofow flow assessment began ithe late 1940s inthe
western part of the United States of America (Tharme, 2003), it ia relatively new
subjectin many developing countries (Karimiet al., 2012). In Viet Nam, this issue
has beena topic of concern since 2003 with some studies and simple applied
methods. Despitethe seriousness of this phenomena in the VBB river basin, little
attention has been paid to it in this basinrHowever, the subject hagecently received
some concern regardinglow flow and minimum requirement only with very few

studies dealing with the challenge

The study of Viet (2014),which has assesgd the situation of saltwater intrusion
during low flow seasonin the VGTB river basin, implied a further concern for the
required minimum flow in the region. The minimum flow requirement has been
estimated at certain points in the lowland of the VGTB river basin. This study
defined the salinity thresholds under differentscenarios of sea level rise considering
implementing adaptation measures or without measures.However, this study
considered water quantity at certain points only,and temporal and spatial flow are
not taken into accountAnother study, entitedO$ AOAOI ET ET ¢ OEA OARNOEOA
flow in main streams of Vu Giaz Thu Bon rivers, ensuring the sustainable
AAOGAT T DI AT O 1 £ A édafriedio@t by MONREG2014%H The ditimum
flow for the two main streams of VuGia River and Thu Bon River were assessed
using the Tennant method. The studwtilized hydrological data for its calculation.
Actual data of water use in theregion was considered. The minimum flow was
calculated for the upstreamparts that extendfrom Thanh My hydrological station

to Ai Nghia hydrological station in the Vu Gia Riveand from Nong Son hydrological
station to Giao Thuy hydrological station in theThu Bon River In this study,the
impacts of hydropower plantsand the minimum flow in the delta were not assessed

The Vietnam Academyfor Water Resource (2015) implemented astudy to

O

investigate loading capacity and minimum flow in Vu Giig 4 EO "1 16 OOET C
Tennant method andmathematical models. It investigatedthe required minimum

flows from Thanh Myhydrological station to Ai Nghia hydrological station in the Vu

Gia River, and fronNong Son hydrological station to Giao Thuy hydrological station
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in the Thu Bon River. This study included the impacts of hydropower plants.
However, the minimum flow in the delta was not the focus of assessment in this

study.

Snce 2015, there has beeninsignificant studies in the VGTB river basin which
focused on drought and low flow. Nevertheless, an extensive assessment of
minimum flow for the basin, especially minimum flow requirements in the delta, is

still left unaddressed.

~ s~
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3.2.1 River flow analysis

In order to study the low flow phenomena, it is crucial to conduct a conmphensive
analysis of the river flow. To carry out the river flow analysis, different approaches
and tools were employed in the present studyFigure 3.1 presents the general
methodology adopted in this analysis. The dataset used in this assessment cotssis
of discharge dateof the Vu Gia and Thu Bon rivers from two gauging stations Thanh
My and Nong Son respectively. For the precipitation, the data from the
meteorological station Da Nang which is the most representative station for the
study area is utiized. Besides, the temperature data from the meteorological station
Da Nang was also used. Firstly, the discharge and precipitation were analyzed using
descriptive statistics. Moreover, this analysis involved understanding the trends of
hydrological features in the region. After that, the flow of the Vu Gia and Thu Bon
rivers were examined to detect any statistically significant changes in the flow
regimes and estimate the exceedance probability of various flow magnitudes.
Drought frequency, duration, and mtensity were also investigated using the
Standardized Precipitation Evapotranspiration Index (SPEI). The period time of this
analysis is 39 years from 19762014 for discharge at Nong Son gauging station and
precipitation at Da Nang meteorological stationwhile the time series for discharge

data from Thanh My gauging station is 38 years from 1978013.
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Figure 3.1 Flowchart of the general methodology

3.2.2 Trend analysis

The non-parametric test Mann Kendall(Mann, 1945; Kendall, 1975; Kaniji, 1993)

was employed to test and observe any possible trend in precipitation and flows in

the Vu Gia and the Thu Bon rivers. As hydrological data records are not normally

distributed and usually containing outliers and nonlinear trends, thus the Mann

Kendall test ischosenover other teststo analyzetrends in this analysisbecause it

makes noassumption about the distribution of data(Helsel and Hirsch 1992; Birsan

et al. 2005). The null hypothesis (Hb) indicates that there is no significant trend.

Alternatively, there is a monotonic trend either upward or downward in the time

series data. Twetailed confidence levels p = 5%) are used for the ManrKendall

OOAT A OAOO8 4EAT 3AT60 Ol i blagntudedThibRDIT EAA Ol
is applied with the trend is assumed to be linear. The result presents the change per

unittimej 3AT pwowdgs8 ! Di OEOEOA OAI OA I &£ 3A160 ¢
whereas a negative value indicates a decreasing trend. The free arsoftware

XLSTAT (Addinsoft, 2020) was used to run this test.
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3.2.3 Regime shift assessment

The month-per-month regime shift assessment was implemented for the flow
records of Thanh My and Nong Son gauging stations to detect any changes in river
flow regimes in the Vu Gia and Thu Bon rivers respectively. The sequential algorithm
which tests the shifts in the mean was applied in this assessment since this approach
allows to detect multiple changepoints and estimate the probability of a regime shift
with a minimum delay. Moreover, this algorithm overcomes the weakness of other
approaches which usually consist a priori hypotheses of the shift timing and the
cause of the threshold event (Rodionov, 2004)in the sequential analysis the
number of observed values is not fixed. It detects the regime shift by statistically
testing the means of the previous subsets and subsequent datasets. The Regime Shift
Index (RSI) is calculated to compare whether the following values are significantl
different from the mean of the previous regime. A positive RSI indicates the value is
significantly different, the regime shift point is identified, and this point is
considered to be the starting point of the new regime. A negative RSI indicates that
the regime shift at the given year failed and is assigned zero, then recalculate the
mean value for the next data range. In this study, the flow was tested with the
significance level = 0.1 and the cubff length = 2years. The Regime Shift Detector

(RSD) sdtware (Rodionov, 2004) was utilized to perform this assessment.

3.2.4 Low flow analysis

To understand the pattern of flows in Vu Gia and Thanh My rivers, the flow duration
curve was generated to examine the exceedance probability of various flow
magnitudes. The flow duration curve utilizes the time series of discharge
measurement takerfor the same period at Thanh My and Nong Son gauging stations.
To investigate the characteristics of drought, a multi-scalar drought index
Standardized PrecipitationEvapotranspiration Index (SPEI) proposed by Vicente
Serranoet al., (2010) was utilized in this study. SinceSPEI uses both precipitation
and evapotranspiration to quantify drought frequency, duration, andntensity, it
candescribe water deficit effectivdy with multiple time scalesas well asreflect the
lag relation between different water resources, precipitation, and

evapotranspiration. The calculation of this index idased on a normalization of the
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water balance developed by Thornthwaite (1948)which integrates precipitation

and temperature datafollowing these steps:
Climatic water balance:

The difference between the precipitation (P) andPETfor the monthi is calculated
&L 25F 2"
[1]
where Ris precipitation and PETis evapotranspiration of month i. PET is calculated

as
a

Sré
2'6L sxi—p [2]

In which T is the mean monthly temperature (°C); I is the annual heat indexwhich

. X [A 5Q58 . . . .
is calculated as +L AE-@GB (%OA ; m is a coefficient depending onl, | L

x&WHsr’ ' FygsHsr’2: S Esy{Hsr’® E v{t

Standardization of the variable :
The probability distribution function of D according to the Loglogistic distribution

is then given by

o ° 3]

(& L HEl——p | [
xEAOA 1 h 1t AT A r AOParaddiefs| rdspectiCely Add B valids A
ET OEA OAT CWithjF(D) tt& SBEI dan bd@btained as the standardized
values of FD) following the classical approximation of Abramowitz and Stegu,
(1965):
%E %9 E %9 °

- 4
P2t P E@I E@IcE@Y’ .

where 9 L ¥FtZ«2;/&l O 0andPis th&probability of exceeding a determined
Dvalue, P = 1- F(D). If P > 0.5 then P is replaced by-P and the sign of the resultant
SPEI is reversed. Theconstants are (b=2.515517, ¢:=0.802853, ;=0.010328,
d1=1.432788,d2=0.189269, andds=0.001308.

SPEI can be obtainedt various time scales (one month, two months, three months,

etc.). To obtain then-month SPEI, a time series is constructed by the sum of D values
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from (n-1) months before to the curent month. In this study, the cumulative
drought of 3 months (SPEIO3) is used to identify seasonal drought events and the 6
month SPEI (SPEIO6) indicates mediusterm drought events. The SPEI was
computed using precipitation and temperature time series fom 1976 to 2014 at Da
Nang meteorological station applying RStudio tool (RStudio Team, 2020). The

results were then analyzed following the classifications iffable 3.1.

Table 3.1 Classification of StandardizedPrecipitation Evapotranspiration Index (SPEI)

Class Range
Extremely wet Il ¢8mm
Severely wet 1.5t01.99
Moderately wet 1.00to 1.49
Normal 0.99t0-0.99
Moderately drought -1.00 to-1.49
Severely drought -1.50t0-1.99
Extremely drought S-2.00
33 30A0OEOOEAAI AEAOAAOREDO yERO | £
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The mean annual discharges at Thanh My (1978013) and Nong Son (19762014)
are presented in Boxwhisker plot, offering a pictorial summary of important
datasetcharacteristics (Figure 3.2). Moreover, themonthly data of discharges from

these stations are also plotted irFigure 3.3.

In general, the discharges at Nong Son are higher with the mean values at 2833&m
compared to 126.0 nd/s at Thanh My. Thedata exhibits small dispersion with
interquartile range at 101.3 n#/s and 50.2 n¥/s for Nong Son and Thanh My,
respectively. It can be seen that the distributions of these discharges are asymmetric
when the mean values are higher than the median at bothagtons, displaying a
positive skewness. On annual time step, the statistical data reveals that the year
1982 experienced the lowest mean annual discharges at Nong Son which was 119.1
m3/s. At Thanh My station, the lowest mean annual discharge was noticed iwo
different years 1982 and 2012, which was about 59.0 #s. On the other hand, the
highest mean annual discharge was found at 237.5%s for Thanh My, whereas this

value was 494.7 /s for Nong Son in the year 1996. A similar pattern of higher
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discharge at Nong Son compared to Thanh My is also noticeable on a monthly time
scale Figure 3.3), with the period between October and December exhibit the

highest discharge levels.

600 @ Discharge Nong Son @ Discharge Thanh My
500 »
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300

Discharge m3/s

200

100

0

Figure 3.2 Mean annual discharge at Nong Sdi976-2014) and Thanh My(1976-2013) gauging
stations. The inner line (of the box) denotes the median value (50th percentile), whiléhe box

contains the 25th to 75th percentiles of dataset. The whiskers mark the 5th and 95th percentiles,
and value beyondthese upper boundis considered outlier, marked with dot. The x presents the

mean value of the datasetSource data: IMHEN
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Figure 3.3 Mean monthly discharge at Thanh My and Nong Son gauging stations (197@13).
Source datalMHEN
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3 Low flow phenomenon and required minimum flow
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The trend analysiswas carried outon an annual time step as well ason monthly
time scalefor all the investigation years during the period 1976-2014. The result
revealed a statistically increasing trend ofnnual precipitation and discharge which
was observed at bothgauging stations Thanh My and Nong SoriFigure 3.4 and
Figure 3.5).
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Figure 3.4 Time series and linear trend analyses of precipitation at Da Nang station for the period
1976-2014. Source data: IMHEN
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Figure 3.5 Time series and linear trend analyses of mean annual dischargetddor the period
1976-2014 at Nong Son gauging station and for the period 1978013 at Thanh My gauging station.
Source data: IMHEN
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3 Low flow phenomenon and required minimum flow

Apparently, there is astrong increasing linear trend by 17.03 mm/year in annual

precipitation for the period 1976 to 2014 (Figure 3.4). However, the month per

month analysis founda significant increasing trend of precipitation mostly in the

rainy season(Table 3.2). December exhibits a strongincreasing and significant

trend by 5.167 mm/year. On the other hand, aremarkable decreasing trend in

precipitation can be seerin June with a magnitude of-2.457mm/year. Moreover,

the Kendall's Tau is -0.212 indicates a moderate relationship with a negative

correlation and significant probability (p-value=0.059). Nonetheless,an increasing

trend is noticeable at the end ofthe dry season especially astrong increase in

August by 3.540 mm/yearwith a moderaterelationship and a positive correlation

(Kendall's Tau=0.287, p-value=0.010. This might be due to an earlier onset of the

rainy season.The high values of coefficient of variation in dry season display the

disparity in the precipitation distribution. It is likely that the precipitation increases

due to a few heavy rainfall events.

Table 3.2 Mann-Kendall trendOA OO AT A 3AT 80 Oi i1 PA

I £/ POAAEDPEOAOEIT I

station
p-value
Month Ke_rllgill's tg\illv; d Sls(')epl Mean Std Ccv Conclusion
test)
January 0.107 0.345 0.529 74.372 58.855 0.791 No trend
February 0.166 0.140 0.492 34.000 42.896 1.262 No trend
March 0.242 0.031  0.653 37.036 47.225 1.275 Increasing trend
April 0.147 0.191 1.348 94.382 78.556 0.832 No trend
May -0.015 0.904 -0.162 217.944 100.250 0.460 No trend
June -0.212 0.059 -2.457 192.282 93.454 0.486 No trend
July 0.120 0.287 1.156 161.854 90.558 0.560 No trend
August 0.287 0.010 3,540 200.482 115.048 0.574 Increasing trend
September 0.120 0.287 2.814 356.026 200.679 0.564 No trend
October 0.001 1.000 0.010 691.197 361.189 0.523 No trend
November -0.036 0.753 -1.413 582.395 314.849 0.541 No trend
December 0.239 0.033 5.167 273.492 186.932 0.684 Increasing trend

Std = Standard Deviation, CV = Coefficient of Variation

Table 3.3 and Table 3.4 summarizes statistics obtained from the ManfKendall

test, includingp-OAT OAO AT A 3A1T80 O11PA AO

of variation derived for each month at Thanh My{Vu Gia River)and Nong Sor(Thu

Bon River)gauging stations.
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3 Low flow phenomenon and required minimum flow

Table3.3Mann+ AT AAT 1T OOAT A OAOO AT A 3AT80 OITPA
p-value
Month Keggﬁll's tg\illve?d Sﬁ)%l Mean Std cv Conclusion
test)
January 0.378 0.001 1.630 113.011 42.905 0.380 Increasing trend
February 0.308 0.009 0.945 70.366 23.634 0.336 Increasing trend
March 0.390 0.001 0.858 51.605 17.050 0.330 Increasing trend
April 0.429 0.000 0.860 44.995 19.170 0.426 Increasing trend
May 0.298 0.011 0.923 57.833 27.969 0.484 Increasing trend
June 0.114 0.334 0.299 59.219 33.662 0.568 No trend
July 0.232 0.048 0524 46,935 16.721 0.356 Increasing trend
August 0.327 0.005 0.793 57.317 29.693 0.518 Increasing trend
September 0.337 0.004 1.799 109.693 85.719 0.781 Increasing trend
October 0.203 0.084  4.332 287.279 157.326 0.548 No trend
November 0.187 0.111  5.126 395.463 223.871 0.566 No trend
December 0.311 0.008  4.388 247.171 129.424 0.524 Increasing trend
Std = Standard Deviation, CV = Coefficient of Variation
Table 3.4Mann+ AT AAT 1T OOAT A OAOGO AT A 3A1 80 gationdA
p-value o
Month Ke_r|1_gﬁll's tg\illvg d glo}i\o; ¢ Mean Std CVv Conclusion
test)

January 0.199 0.077 1.800 248.497 105451 0.424 No trend
February 0.244 0.029 1.124 140.740 46893 0.333 Increasing trend
March 0.333 0.003 1.368 100.971 41.111 0.407 Increasing trend
April 0.331 0.003 1.214 81.069 42.644 0.526 Increasing trend
May 0.185 0.100 1.194 111.271 58.415 0.525 No trend
June 0.077 0.498 0.595 102.636 53.848 0.525 No trend
July 0.142 0.208 0.591 74.162  28.475 0.384 No trend
August 0.209 0.062 1.167 84.084 45945 0.546 No trend
September 0.244 0.029 2.963 189.956 163.868 0.863 Increasing trend
October 0.112 0.321 4.798 657.050 333.389 0.507 No trend
November 0.093 0.411 6.839 1011.307 530.775 0.525 No trend
December 0.134 0.236 6.003 589.516 321.245 0.545 No trend

Std = Standard Deviation, CV = Coefficient of Variation

I £ AEO

I £ AEO

As it can be observedthe discharges at Vu Gia and Thu Bon rivers exhibit similar

increasing trends with the mostimportant ones are found aseasoral than to annual

scale. For the annual statistical analysis, the discharge at Vu Gia increases

approximately 1.617 m3/ s peryear while discharge at Thu Bon River has a higher

rate at 2.725m3/s per year. Although both stations reveal increasing trends in all

months, the rainy season experiences strongemagnitudesthan the dry season. At
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3 Low flow phenomenon and required minimum flow

both stations, the most remarkable magnitudes are identified within the months of
October, Novemberand December ranging from 4.332- 5.126 m3/s per year at
Thanh My and 4.798 6.839 m3/ s per year at Nong Son, whereas the insignificant

ones are found in June and July.

35 2ACEI A OEEAO A1 Al UOEO

The flow statistics with the regime shift of Thanh Mygauging station obtained
during 197672013 as well as the flow statisticsvith the regime shift of Nong Son
gauging station obtained during 1972014 are given inFigure 3.6 and Figure 3.7,

respectively.
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Figure 3.6 Regime shift ofmonthly discharge at Thanh My gauging statiofor the period 1976-
2013 with significance level = 0.1 and cubff length = 2. The blue line presents the mean monthly

discharge whereas orange line presents mean regime and its changing points.
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Figure 3.7 Regime shift ofmonthly discharge at Nong Sogauging stationfor the period 1976-2014
with significance level = 0.1 and cubff length = 2. The blue line presents the mean monthly

discharge whereas orange line presents mean regime and its changing poit@ontinuted).

It is apparent that no statisically significant change can be detected on the flow
regime in the rainy season at both stationduring the investigated period. However,
the prominent changes are detected in the year 1999 for some months in the dry
season. The Vu Gia River experienced changes in February, April, May and July at
Thanh My station while the Thu Bon River identified ort one change in February at
Nong Son station. Generally, a shift in the flow regime of a river can happbn
natural factors or human activity (Wrzesinski & Sobkowiak, 2020) An investgation

on construction of hydraulic structures in the V& TBriver basin revealed that there
have been no structurs constructed upstream of Thanh My and Nong Son gauging
stations, until the first hydro power plant AVuong came into operation in 2008. In
fact, the year 1999 which showed a significant shift in the average flow has received
the highest rainfall during the period 19762014. (data shown inAppendix C). This
may cause high flow discharges in the rivers, leading to the significant changes in

flow regimes.
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3 Low flow phenomenon and required minimum flow

The period 20082013 was noticed the development of large hydropower plants in
the region. Another remarkable anthropogenic impact on flow regime occurred
when the hydropower plant Dakmi 4 went into operation in the beginning of 2012.
The hydropower plant takes water from the Vu Gia River to operate but releases
water to the Thu Bon River. Accordingly, this diversiordramatically reduced the
flow in Vu Gia River which is recorded at Thanh My station. Despite the fact that
mean daily discharge Bows a noticeabledrop in 2012 and 2013 at Thanh My station
during the monthsin dry season the regime shift detector was unable to recognize
it. This can be regarded mainhdue to the unavailability of long time series for the
years after 2012 (data available until 2013 for this station) The regime shift test
requires a minimum lengthfor which the magnitude of the shifts remains intacof

2 years (cutoff length = 2). Future research with longer river discharge record

might be able to detect this anthropogenic change in the river discharge.

36 , 1 x El 1 x EIZ4BGA"BD 2EAAO " AOEI
The flow duration curve of discharge at Thanh My and Nong Son gauging stations
has been drawn using mean daily discharge to provide the flow characteristics of Vu
Gia and Thu Bon riversigure 3.8). The various magnitudes of flow corresponding

to exceedance probability are shown iTable 3.5.
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Figure 3.8 Flow duration curve of flows at Thanh My and Nong Son gauging stations
54



3 Low flow phenomenon and required minimum flow

Table 3.5 Discharge values at Thanh My and Nong gauging stations which correspondttze

exceedance probability and recurrence intervals

No Exceedance Q Thanh My  Q Nong Son  Recurrence intervals
probability (%) (m3/s) (m3/s) (years)

1 1 846 2290 100
2 2 623 1710 50

3 5 387 936 20

4 10 251 573 10

5 20 147 311 5

6 30 101 207 3.33
7 40 76.1 152 2.50
8 50 60.2 118 2

9 60 50 93.9 1.67
10 70 42,5 75 1.43
11 80 36.2 60.2 1.25
12 90 28.3 45.5 1.11
13 95 22.9 35.8 1.05
14 100 10.9 15.8 1

The shape of flonduration curves at Thanh My and Nong Son present a similar curve
with a high variation of river flows. A steep slope at the first part of the curves
indicates astrong increase of discharge withtdecreasing recurrence rate. The graph
indicates that daily discharge amounts over 387 mPs for Thanh My and 936 m#fs
for Nong Son occur in 5% or less caseBhe shape of the curve reveals the ability of
the basin to sustain low flows during dry seasons. In academic works and public
studies in different regions of tre world, Q95 and Q90 flows are usually considered
as low flow indicators (Karakoyun et al., 2018). Accordingly,for annual percentile,
the flow rates at 28.3m3/s and 22.9 n#®/s are found at Q90 and Q95, respectively for
Vu Gia River (Thanh My station), whereas thigow rate 45.5 n#/s and 35.8 n¥/s are
considered at Q90 and Q95, respectively for Thu Bon River (Nong Son station).

3-month and 6-month SPEIs were calculated as the drought indexom 1976 to
2014, and the results are shown irFigure 3.9, while the duration of drought events
are summarized inFigure 3.10. Obviously, the region experienced more frequent
drought during the years pre2000 compared to that post2000. There was total25
seasonal and 13nedium-term drought eventsoccurred during the years pre2000
whereasonly 6 seasonal and 4 mediunterm eventsin the post-2000. Analyzing the

drought events identified by SPEIO3 andSPEIO6 showed that theduration of
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3 Low flow phenomenon and required minimum flow

seasonal drought eventss longer than medium-term drought events with total 78
and 70months, respectively. This could be seen in the years 1985, 1995, 1996, 2006,
2012, 2013 and 2014 while seasonal drought events were recognized in SPEIO3, the
values of SPEIO6 indicate that there were no mediunaterm drought events.
Regardingthe duration of seasonal droughtevents, the year 1979stand outwith 8
months suffering by drought On the other handtotal 10 months duration of
medium - term drought events are bund in 1983 and the maximum duration
extended for 13 continuous months from October 1982 to October 1983. Concerning
the intensity, 4months of extreme mediumterm drought are noticed in 1979, 1982,
1983 and 1998, while 7months of seasonal are identifiedn 1977, 1979, 1982, 1988
and 1991. As mentioned in Section 3.1, there will be an additional suffering from
water scarcity if drought happens during a low flow seasorObviously, they were
such cases in the region during the years pr2000. However, during the years post
2000, drought during low flow season occurred only in 2005. Analyzinghe results

of the SPEIs in this study reflestmajor drought eventsfrom 1976 to 2014. It also
reveals in general that the region exhibits decreaseof droughts temporally during

this investigated period in term offrequency, duration and intensity.
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Figure 3.9 The standardized precipitation evapotranspiration index (SPEI) 3month and 6-month

timescales during the period 197&2014. The data used in this calculation is from Da Nang station
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Figure 3.10 Duration of drought events(number of months per year) includingmoderate, severe
and extreme droughtswhich occurring at 3-month and 6-month timescalesfor the period 1976-

2014. The data used in this calculation is from Da Nang station.
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In this chapter, the low flow phenomenon in the Vu Gig Thu Bonriver basin was
assessed through the analysis of discharge data at two gauging stations Nong Son
and Thanh My as well as precipitation data at Da Nang station for the period 1976
2014. As recognized by statistical analysjsincreasing trends of therunoff and
precipitation has beenidentified in the region during the investigated period.This
increase is particularly significantin the rainy season. Thdlow duration curve has
been drawn presenting the flow pattern of the Vu Gia andhe Thu Bon rivers.
Moreover, the analysis of droughtsshowed a decrease infrequency, duration and

intensity drought eventsfor the period post 2000

In conclusion, he use of hypothetical testcombined with sequential algorithmand
Standardized Precipitation Evapotranspiration Indexs an effective way to gairthe
understanding of the low flow and drought trends in the region. The noticeable
increasing trend in rainfall and itsdisparity distribution at the end of dry season are
helpful information for the management of agricultual cultivation. Based on that
information, anadjustment in crop and irrigation should beconsideredto effectively

use the rainfall.
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This analysis provided the background of the flow regime and hydrological features
that help to understand the low flow phenomenon in le region, which is crucial for

further calculation of minimum flow requirement.
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In this chapter, the potential water demand in theVGTB Delta is quantified. The
quantification considers the water demands for the agricultural sector, domestic
supply, and the industrial supply. For these activities, the main source of water
supply is reshwater extracted from rivers. Quantifying the potential water demand
helps to map the water utilization pattern andto support wider water planning in
the region. The quantification of potential water demand also sets the foundation
for future analysis of the irrigation system performance and the determination of

minimum flow requirements in the VGTB Delta.

41 | OAOOEA x

4.1.1 Paddy rice cultivation in the VG -TB Delta

The most important crop used as a staple food in the VIB is rice. It is also the
dominant crop among others such as maize angeanut. The cultivation system of
rice here is paddy rice. The V@B Delta is characterized by a warm and humid
monsoon climateduring cultivation periods. The type of soil in this region is mainly
Fluvisol soil (Figure 4.1) with soil textures ranging from coarsesand to loamy soil.
The planting practice of the rice in this region is by direct seeding. The cultivation
period of the paddy rice from sowing to harvesting is about 110 days (16 weeks).
The average time for land preparation is approximately two weeksDuring this

preparation period, a standing water layer of 100mm is kept in the field

In order to quantify how much water is needed to supply the paddy rice, it is first
important to know how the paddy rice is cultivated. For rice cultivation in wetland
systems,the soil of paddy fieldsrequires to be saturated which is achiewethrough
land preparation or so-called puddling.Soil saturation is donefor 2 to 4 weeks prior

to seed planting(Chapagain & Hoekstra, 201Q)After that, rice will be planted. From
59



4 Quantification of potential water demand

the beginning of the crop establishment until about 2 weeks before harvesting, a
standing water layer is kepton the rice field.The standing water results ina constant
percolation and seepage loss throughout the periofChapagain & Hoekstra, 2010)
Four different stages of crop growth are considered fothe growing season of paddy
rice in the VGTB Delta.i) Initial stage: from planting through germination and plant
emergence until about 10% ground is covered (about 2 weeks). In this stage, water
loss is mostly evapration. ii) Development stage: from 10% of ground cover to
about 70% of ground cover (about 3 weeksjii ) Mid-season stage: from 70% ground
cover to the start of maturity (about 8 weeks).iv) Late season stage: from the
beginning of senescence until therop is ready to harvest (about 3 weeks)The
general scheme ofvater requirement for different stages of paddy rice is presented

in Figures 4.2.
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Figure 4.1 The soil classification of the V& B Delta This classification is based on the soil type
group of FAO Chesworth W. et al.2008). Source data MONRE
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Figure 4.2 The general scheme presenting the water requirement for different stages of paddy rice
( Chapagain and Hoekstra, 2010)

4.1.2 Potential water demand in the VG -TB Delta

The potential water demand in the VGIB Delta is the total water demand for
agricultural sector, domestic supply and industrial supply. The statistical datkkom
Da Nang and Quang Na@tatistical yearboolks as well asfield research reveal that
there was noaquacultural activities in the study region. Furthermore, thestatistical
data also shows thatwater demand for livestockis negligible as the livestock is
raised in the small scale to partly serve individual household demarsdTherefore, it
is assumed that agricultural water demand only comes from crop demands. The
potential water demand for agricultural sector is the sum of the water requirements
for paddy rice and the water requirements for other annual crops from both crop

seasons winter- spring and sammer - autumn.
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4.2.1 Ground- observed data utilized in this calculation

The Da Nang station is the most representative for the study area as it is the only
station situated in a lowland ofthe basin, with the same elevation and approximate
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4 Quantification of potential water demand

distances (<15km) to the IMSs. Tam Ky station is situated to the south of the basin
and very close to the sea, while the Tra My station is located in the mountain part of
the basin. Therefore, the meteorological data of Da Nang station was used in this
calculation. Daily meteorological parameters to compute Reference
Evapotranspiration (ETo) applying thePenmargMonteith method are maximum and
minimum temperature (°C), relative humidity (%), wind speed (m/) and sunshine

hours.

Socioeconomic statistical data were collected from the official statistical yearbook
of the provinces, municipalities and prefectures in the study regionsA soil type
map, landuse data, crop yield data and cultivated areas with crop calendars were

obtained from the DARD in both Quang Nam Province and Da Nang City.

4.2.2 Quantification of potential water require ment for paddy rice

The water requirement for paddy rice includes the water applied during the pre
saturation period and the required water supply during the crop growing periods to
compensate for the water loss through evapotranspiration percolation or

infiltration.

a. Potential w ater requirement for pre -saturation period

The pre-saturation duration for paddy rice in theVG-TB Delta is 2 weeks. The water
requirement during pre-saturation period is calculatedfrom equation [2] (Zawawi
et al., 2010)

eL EE E 4F guu 2]
Where:

WR; is potential water requirement during pre-saturation period (mm), SAT is
saturation water (mm), WD is initial depth of water layer (mm), E is evaporation

rate (mm), SP is percolation loss (mm) anddris effective rainfall (mm).
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4 Quantification of potential water demand

f Saturation of water

The amount of water at sturation of paddy soil which depends on the porosity of

the soil and depth of the top soil can be calculated as beld@awawi et al., 2010):

L +H

3
Where: 3l

SAT is saturation of water (mm), n is porosity of the plow layer soil (%) and D is

depth of the plow layer (mm).

The puddling processdevelopsa plow layer with very low hydraulic conductivity
and large resistance to water movement which is essential to control the infiltration
rate (Chen & Liu, 2002)In the central Viet Nam, he depth of the plow layer isabout
80mm according to the Department of Agculture and Rural Development (DARD,
2020), and the solil porosity at plow layer is 515 % which has been determinedoy
The Soils and Fertilizers Research Institute of Viet Nafor Fluvial soil in the delta
regions in central Viet Nam(Thuan, 2017). Therebre, the saturation of water is 41
mm. This is the total water thatis required for the saturation process.It should be

noted that the soil isassumed to bedully dry in this estimation.

f Seepage andpercolation (S and P)

Seepage angercolation rates depend on the different factors such as setlydraulic
properties, ground water table depth, ponded water depth, field location, and
condition of the bunds (Boumanet al, 1994). Due to the lack of in situ experiment
at the study site, he seepage and percolation value iadopted from Tuong et al.
(1994) as2,1mm/day. This recommended value is based on the experimeatawell
puddled field during dry seasonfor the ponding water depths of 200 mm andgimilar
soil characteristic in this region(Tuong et al.,1994). It is assumed to be constant

during the growing periods.

f Initial depth of water layer

For the cultivation practice in theVGTB Delta, an average of 100mm is applied as

the initial depth of water layer.
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4 Quantification of potential water demand

f Effective rainfall

Effective rainfall is the portion of rainfall whichis stored in the root zone and usable
for plants. The effective ramnfall is affected by different factors such as rainfall
intensity, climatic parameters, crop characteristics and soil infiltration

characteristics.

The crop seasons in the \GB Delta arecultivated during dry season under low
rainfall pattern with mean monthly rainfall ranges from 34z 217 mm. The USDA Soil
Conservation Service methodwas employed the water balance calculations for
monthly timescales and based on data representing a wide range ofitiatic and soil
conditions. It has provento be suitable for the areas with low intensity of rainfall
(Dastane, 1974). Therefore, the USDA Soil Conservation Service method is selected

over other methods to calculate effective rainfall in this study (Smith.992).

56P4BT¢; Aom
cdd rmrHTH rmO TWree [4]
cdd- StWETr&H T P twree [5]

Where;

Pettis the effective rainfall; Rot is the measured total monthly rainfall.

b. Potential w ater requirement during the crop growing period

A study by Leeet al. (2005) (as cited in Zawawi, Mustapha and Puasa, 2010)

suggested that the water required during the crop growing period is calculated as

[6].
oL aE E F oF guu [6]
Where:

WRis the potential water requirement during the crop growing period (mm), Ekis
the potential crop evapotranspiration (mm), RP is the required ponding depth
(mm), SP is the seepage and percolation (mm), WD is the water depth in the field

(mm), Pettis the effective rainfall (mm).
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4 Quantification of potential water demand

The RP and Wbvalues are equal for this calculation. Therefore, the water required

during the crop growing period can be written as below:

ol aE F guu

[7]

f Potential crop evapotranspiration of paddy rice

aL aH o [8]
Where:

ETcis the potential crop evapotranspiration of paddy rice, Kis the crop coefficient

of paddy rice, ET is the reference evapotranspiration

The PenmaigMonteith method recommended by FAO 56 is applied in this study for

estimating reference ET(Allen et al., 1998)
i) s s : =44 _
‘ I_ravrz¢,.  F ,E%7T.%Fi_, (9]
¢ E @sErav,

Where:

ETo is reference evapotranspiration [mm day], R, is net radiation at the crop

surface [MJ n? day?], G is soil heat flux density [MJ rhadayl], T is mean daily air
temperature at 2 m height [°C], wis wind speed at 2 m height [m ], esis saturation

vapour pressure [kPa], eis actual vapour pressure [kPa], € eais saturation vapour
DOAOOOOA AAEEAEO r EOAYh Y E®@hOFT BED O6ADREOI
constant [kPa °QA].

Due to the limited number of field experiments and irsitu data, the crop coefficient

in this study is adopted from FAO 24 studies for the humid and tropic Asian region

(Figure 4.3). The midseason crop coefficient Kvalue was then adjustedfor the

local region using the climatic correction method(Doorenbos & Pruitt, 1977). The

climatic correction equation for mid -season Kc values is as follows:
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s . 4d
oe [10]

pauxl magEXaViFt;, Frarv: spsFvw?l

Where:

Kemid IS midseason climatecorrected Kc value, K-ref is reference k value for mid-
season stage defined by FAOz is wind speed measured at 2m height [m/s], Rhin

is minimum relative humidity [%], hmaxis maximum plant height [m].

Maximum height of the paddy rice is 1.4m within the V@B Delta accordingd DARD

of Quang Nam.
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Figure 4.3 The Crop Coefficient (K) of Paddy Rice during crop growing stages in VE&TB Delta

The software CROPWAT was applied to calculate the reference evapotranspiration

in this study using the data ofthe year 2005.

4.2.3 Quantification of potential water requirement for annual crops

The main annual crops in the/GTB Delta are maize and peanut. These crops do not
require land preparation like paddy rice. The length of the growing seasos about
70 days for peanuts and 80 days for maize. In this region, annual crops are often
cultivated 2 weeks earlier than paddy rice in bothwinter z spring and summer z

autumn crops, at the same time of land preparation for paddy rice.

For the annual crops, thegotential water requirement is defined as the water supply
necessary during the crop growing periods to compensate for water loss of disease

free crop, growing in large fields under norrestricted soil conditions and given
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4 Quantification of potential water demand

growing environment to achieve full potential production through the loss through
the evapotranspiration and percolation or infiltration process(Pereira and Alves,

2013). Thepotential water requirement is calculatedaccording toequation [11]:

ool  a_F guu [11]

Where:

WRkais the potential water requirement during the annual crop growing period, ETa
is the potential evapotranspiration of annual crop (mmpPet is the effective rainfall

(mm).

The potential evapotranspiration of annual crop is calculated using the equation [8].
The crop coefficient k of annual crop was adopted from FAO 24 with climatic

correction for the region.

4.2.4 Potential i rrigation water requirement for agricultur  al sector
a. Net potential irrigation water requirement  (NIWR)

The potential net irrigation water requirement in the VGTB Delta is calculated as

follow:
0+94L 944 H5 [12]
Where:

NIWR is thepotential net irrigation water requirement (m3), WRc is thepotential
crop water requirements (mm 10-3), and S is the cultivated area of the crofm?).
The cultivated area of the crop is given in subsection 2.3.3, chapter 2.

b. Grosspotential irrigation water requirement  (GIWR)

The potential gross irrigation water requirement for agriculture is calculated
considering the irrigation efficiency of the system at about 60%, defined by the IMC.

This value is also verified within the research of Pedroset al. (2017).

The potential gross irrigation water requirement in the VGTB Delta is then defined:
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0+94

)+94L [13]

Where: GIWR is the gross irrigation water requirement, E is the irrigation efficiency
of the system.

4.2.5 Water demand for domestic supply

The basic demand for human needs such as drinking and household usage is
estimated about average 50 litres of water per dayGleick, 1996) However, this
value varies significantly by country and region. In the V@B Delta, the water
demand for domestic supply was quantified consideringopulation number and the

per capita demand (I/person/day).

The total demand per person ialculated following the Vietnamese standards on
the code of basic requirements for water supply, drainage and sanitation which was
issued by Ministry of Construction TCXDVN 33:2006 Water SupptyDistribution
System and Facilitiesz Design Standards (MOQ006). The category of rural and
urban area follows the Decree No 72/2001/NDBCP of Viet Nam Governmer{fTable
4.1). The suggested per capita demand either for domestic use or industrial use in

this document was based on the studies for national scale.

Table 4.1 The capita demand of and total demand of domestic uses in Viet NaBource data: MOC,

2006
Domestic water demand
No Category Capita demand (a) Total demand per person
(I/person/day) (I/person/day)
1 Rural Area 60 60+b+d
2 City (class IV, V) 60 60+b+d
3 City (class I, 111) 120 120+b+c+d
4 City (class 1) 165 165+b+c+d

Where:(a) The capita demand: I/person/day; (b) Water use for public services: 10%
of the per capita demand This rate is based on the average estimation foclass |
citiesin Viet Namby MOGC (c) Water use for industrial services in urban area: 10%

of the capital demand; (d) Water loss.
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4 Quantification of potential water demand

For the VGTB Delta, the water loss rate is defined as 20% of the capital demand (a)
which is mainly due to conveyance and treatment processeshis rate is based on

the data of the water treatment plants in the region.

Finally, the total water demand for domestic supply in the V@B Delta is quantified
as total demand per person multiply vith the population (see the cities and districts

as well as population in the V&B Delta inAppendix A).

4.2.6 Water demand for industrial supply

In the VGTB Delta, the water demand for industrial supply was quantified
considering the area of industrial zones and the types of industries with per capita
demand. The capita demand (m/person/day) for domestic and (m3/ha/day) for
industrial refers to the Viethamesestandards on code of basic requirements for
water supply, drainage and sanitation GTCXDVN 33:2006 Water Supplyz
Distribution System and Facilitesz $ AOECT 3 OAT AAOAOG j -1/ #h
statistical data from Da Nang City and Quang NaRrovince was utilized in this

calculation.

Table 4.2 presents the capita demand of industrial water use in VieNam as

suggested by the NDC

Table 4.2 The capita demand of water uses for different types of industry in Viet NarSource data:

MOC, 2006
Category Per capita demand (r/hectare/day)
Dairy products 45
Food processing 45
Beverage 45
Paper 45
Textile, garment 45
Footwears 45
Others 22

There is a total of 7 industrial zones in th&/GTB Deltawith several different types
of industries. Until 2005, light industry focussing on food processing, plastics, textile,

footwear and garment was the main class of industry in the regiont is assumed
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4 Quantification of potential water demand

that the industrial structure in the region remain unchanged Table 4.3 presents

industrial zone information for the VGTB Delta regarding area and types of

industrial zones in the region.

Table 4.3 Area and types of industrial zones in the Vu G@Thu Bon Delta (until 2005). Source

data: Statistical Yearbook of Da Nang, 2005; Statistical Yearbook of Quang Nam, 2005

Industrial zone Area Major industry
(hectare)
Lien Chieu 289.4 Mechanical assembly, construction material
Hoa Khanh 394.0 Electronic, foodprocessing, plastics, construction materials
Extended Hoa Khanh 132.6 Electronic, plastics, construction materials
Thuan Phuoc 50.6 Food processing
An Don 50.1 Textile, garment, food processing
Hoa Cam 149.8 Construction materials, food processing

Dien Nam Dien Ngoc 418.0

Footwears, garment

7 P P

43 2A001 OO0 AT A AEOAOOOEII

4.3.1 Potential water requirement for agricuture

Table 4.4 summarizes the results okffective rainfall, potential water requirement,

net potential irrigation water requirement (NIWR) and potential gross irrigation

water requirement (GIWR) for paddy rice and annual crops in the WEB Delta

during the cultivated period 2005. Their variations with respect to the change in

crop coefficient by £10%are also presented in this table.
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Table 4.4 Summaryof effective rainfall, potential water requirement, net potential irrigation water
requirement (NIWR) and potential gross irrigation water requirement (GIWR)for paddy rice and
annual crops in the VGTB Delta during the cultivated period 2005 as well astheir variations with

respect to the change in crop coefficient by +10%.

Effective Potential water NIWR Total Total
rainfall requirement NIWR GIWR
(mm/day) - 3 (million (million
Month (mm/day) (million m3) m?) m?)
Rice Annual Rice Annual
crops crops
December 3.87 13.25 13.25 22.08
2.19 0.00 0.00
+0.00 +0.00 +0.00 +0.00
January 109 4.30 1.87 14.74 2.91 17.65 29.42
' +0.34 +0.30 +1.17 +0.47 +1.63 +2.72
February 0.21 6.48 3.76 20.06 5.29 25.35 42.25
' +046 |[+040 |+142 |[2056 |+1.99 +3.31
March 111 5.65 1.00 19.36 1.56 20.92 34.87
' +048 |+0.11 [=+1.65 +0.17 +1.82 +3.03
April 6.00 19.91 19.91 33.18
0.39 0.00 0.00
+0.45 +1.49 +1.49 +2.49
May 0.63 9.72 1.55 33.33 2.41 35.74 59.57
' +0.20 +0.21 +0.69 +0.33 +1.01 +1.69
June 071 9.02 5.88 29.91 8.85 38.76 64.60
' +077 |+066 |[+255 +1.00 +3.55 +5.92
July 344 4.64 1.578 15.92 2.46 18.38 30.63
' +0.68 +058 |+2.33 +0.90 +3.23 +5.39
August 4.50 3.36 1.19 11.50 1.86 13.36 22.27
' + 0.66 +0.17 +2.26 +0.26 +2.53 +4.21
177.98 25.34 203.32 338.87
Total +13.56 | +3.69 +17.25 +28.76

For paddy rice, the lowest water requirements fall in December and August with
3.87 mm/day and in 3.36 mm/day, respectively. Typically, the presaturation
process in paddy rice fields for the winterz spring season started at the middle of
December and finished by the end of the month. Therefore, the water requirement
in December for paddy rice comes from q@-saturation process only. Furthermore,
the low water requirement in August could be explained by compensation of rainfall.

The month of August was recorded with the highest rainfall in the region with
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4 Quantification of potential water demand

calculated rainfall as4.50 mm/day. The highest water requirements for paddy rice
are in May and June with 9.72mm/day and 9.02 mm/day, respectively. During May,
the pre-saturation for the fields was carrying out and then following by the planting
of paddy rice. Besides, the higheseference ET was found in these months with 5.95
mm/day in May and 6.48 mm/day in JungSeeAppendix A), while it was less of
rainfall in the region for this period with only 0.65 mm/day and 0.73 mm/day in
May and June, respectively. For annual crops, tlelis no water requirement in
December and April. This implies that the effective rainfall in December was able to
compensate for the loss of water due to evapotranspiration processes. During the
April, there is no water requirement since no annual crops wa cultivated in this

period of time.

There are about 110.560.000 rhof paddy rice and 50.280.000 rhof annual crop in
the VGTB delta.The total NIWR is 203.32 million i and GIWR is 338.87 million r
for two crop seasons winterz spring and summerz autumn. In which 88% are
applied for paddy rice and 22% for annual crops with 177.98 million rhand 25.34
million m3, respectively. Thelowest NIWR fall in December with 13.25 million m
and in August with 13.36 million n® while the highest are in May with 3574 million
m3 and in June with 38.76 million n3. It could be seen that the second crop summer
Z autumn (from May to August)requires more irrigation supply with 106.24 million
m3 compared tothe first crop winter z spring (from December to April) with 97.08

million m3.

Furthermore, an error assessment was carried out to examine the change of
potential water requirement as well as potentialirrigation water requirement for
crops corresponding to change in crop coefficient by10%. The month of June
displays the most sensitive with the change in crop coefficient with changing
magnitudes in potential water requirement are +0.77 mm/day and +0.66 mm/day
for paddy rice and annual crops, respectively. The change in potential water
requirement in June leads tdhe most change in total net irrigation with magnitude
+3.55 million m3. In general, the change in crop coefficient of rice and annual crops
by £10% will lead to change in totaINIWR about +8.3%, which is approximately
+17.25 million m3. TheNIWR for rice and annual crops will vary +13%6 million m3

and =3.8 million m3 respectvely. Since the water requirement for paddy rice in
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December comes from presaturation process, there is no change in water

requirement when crop coefficient is changed.

4.3.2 Total potential water demand of the Vu Gia z Thu Bon Delta

The yearlypotential demand of theVG TB Delta was calculated as 309 million ¥ of
which 203 million m3is for agriculture, 89 million m3is for domestic use, and only

17 million m3is for industry.

Figure 4.4 presents the temporal distribution of water demand in a monthly basis.
The highest demands were found in May and June with 45 million3and 47 million
m3 respectively, while the lowest demand was found in September, October é&n

November at about 9 million n¥ per month when there were no active cultivation

activities.
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Figure 4.4 The monthly water demand for agricultural sector, domestic supply and industrial
supply (2005)

In the VGTB Delta, part of water withdraw for domestic and industrial sectors is
treated and released to rivers. In this study, the recycling rate for these categories is
defined using the recorded data from wastewater treatment plants in the region.
The calculation showsthat 36.27% of extracted water for domestic and industrial
sector will be released to the rivers.Figure 4.5 presents the surface water
withdrawal in the VG-TB Delta. It considers gross irrigation water requirement for
crops, domestic andndustrial uses with recycling rate is taken into account. Finally,
the water extraction for irrigation, domestic and industry account for 83%, 14% and
3%, respectively.
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M Agriculture & Domestic HIndustry

Figure 4.5 Water extraction in the VG TB Delta (2005)

An error assessment was implemented to examine changen domestic and
industrial water use corresponding to changegin per capita demand by+10%. The
changes in per capita demand by+10% will lead to £9.62 million m3 difference in
the domestic water demandand +1.75 million m3in the industrial water demand.
Therefore,total yearly potential demand ofdomestic and industrialsectors will vary

+11.37 million m3.

~ -
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The annual potential water demand for the/GTB Delta was quantified considering
the agricultural sector, domestic and industrialdemand. This total water demand
covers all activities in the downstream of the basin which required freshwater
extraction from the rivers. Water demand for agriculture accounts for 83% of water
extraction in the region, follows by domestic and industry. The higkst potential
water demand is found inMay and June due to high water requirement for irrigation
supply, the lowest potential water demand is inSeptember, October and November

as there is no cultivation activities in the region during this time.

It can be seen that agricultural activitiesconsume the largest water amount in the
region through irrigation supply which directly extract water from the rivers.
Therefore, this activity is sensitive to hydrological change, particularlywhen

drought happens during low flow period. An assessment of irrigation system
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performance is necessary to investigatevether the water availability is able to meet

the irrigation supply in the region.

Finally, the water demand pattern was set for the further analysis and study of

minimum flow requirements as well as water management in the region.
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In the context of water scarcity and conflictthe question raised is@Canthe VGTB
river basin and its current irrigation system meet theagricultural water demand
during low flow conditionse .6To answer that question, his chapter focuses on
assessing the current irrigation practices of theVGTB Delta in order to better
understand the relationship between water availability and water supply Review
and assessment of the current irrigation system performance is undertaken to select

an appropriate set of indicators. Indicator values are anaged to understand the

relation between the water demand and the water supply. The assessment has the

potential benefit of improving irrigation efficiency and strategic water resource

planning for the region.

51 / OAOOEAX

Irrigation has played an important role in growing agricultural production and
enhancing food security over the past decade@~AO, 2018) Globally, irrigated
agriculture is the major user of freshwater, accounting for 70% of total freshwater
consumption (Fischeret al., 2006).The increase of population has made it crucial to
use the limited available water resources efficiently This is particularly true in
developing countries, where economies mainly rely and are dependent upon
agriculture (Beshir & Bekele, 2008) To meet the food demands of increasing
population, safeguarding of water supply for agriculre has been set as a priority
(Geleto et al., 2019)However, irrigated agriculture efficiency needs to be improved
due to limited freshwater resources and increasing competition between different
water users,(Molden et al, 1998). Therefore, assessment of irrigation performance
plays a major role in improving irrigation water management, reducing competition

for scarce water resources and enhancing food sedaty (Abuzar et al., 2017)
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5 Assessing irrigation system performance

As the existing traditional irrigation practice is the largest water consumer in the
VGTBriver basin, it is critical to assess the relation between water supply and water
demand in the irrigation system (Nauditt & Ribbe, 2017). The operation of the
irrigation system in the region has mainly depended on local experience in
accordance with the existing conditions, hereby including water level in the rivers
and saltwater intrusion situation at the time of pumping. This has often led to a
mismatch between water supply and crop water needs in regard to both timing and
discharge. Additionally, assessing the irrigation system helps to improve equity in
water distribution and reduce the gap between potential crop water requirements

and actual water use. It acts as precondition to the effectiveness of water use, as
we can use less amount of water or lower input investment but gain higher
production and save more water in the freshwatersources thus helping maintain

the ecological cycle and environment of the river basi(Bareng et al., 2015)

Ve ~
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In the VGz TB river basin, he actual area irrigated by pumping stations in the region
is only about 70% of the designed irrigated area. The performance of the current
irrigation system is impacted by various factors. However,according to DONRE,
(2012) main factors that cause signitant impacts on the overall irrigation system
performance are i) the shortage of irrigation water due to freshwater availability,

i) a high rate of conveyance water loss

The low flow period in the region occurs at the same time the crops are growing,
typically from February to August each year. During the low flowperiod, water
availability in the rivers is significantly reduced, resulting inan upstream movement
of saltwater intrusion further. When the salt concentration at the pumping intakes
exceedsthe practical salinity threshold, the pumping station® operations are
stopped. Therefore, excess salt concentration will interrupt the operation of
pumping stations and cause a distinct shortage of irrigation water supply during the
growing season. The operation of pumping stations in the region is usuallyfected

in the following cases:
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f The salt concentration which appears at the inlets dhe pumping station is
over the threshold 1.0 g/L.

f The duration of salt concentration under-threshold is too short for the
operation of pumping stations. When the duraton of salt concentration
under-threshold is less than three hours, it is not possible for the operation
of pumping worksto respond sufficiently (Viet, 2014).

f The duration of excessive salt is retained between two consecutive of
pumping events. The timebetween two consecutive pumping events in the

region is typically from 4z 10 days.

In addition, a dense canal system is used to convey water from riveis supply the
fields. Water loss in the canal system used for conveyance occurs due to evaporation,
seepage, percolation, cracking, and damaging of the earth ca¥li, 2011). Here, the
seepage in an irrigation water conveyance system &bout 40%and it is considered
as a major part of the water loss in the irrigation systenfSen, Fahmida and Akter,
2018). The loss in conveyance through the seepage process is unpreventabléess
the canal is concretedAli, 2011). In the VG TB Delta, only 23% of the main canals
in the system are concreted, the remaining parts, as well as diditting canals are
earthen. As a consequence, the poor structure thfe canal system causes significant
loss of irrigation water, lowering the overall efficiency of water use. Suggested
measures to improve this loss are concreting, proper inlet structuresral regular

periodical cleaning of the canal system.

In recent years, pumping stations have faced many challenges to reach their
designed operating capacity. Accelerated sedimentation and erosion of the
riverbeds cause reduced water levels at the pumping laels. This also causes a
significant increase of sediment and sand at the suction tanks and pumps, thus

reducing equipment life and increasing maintenance costs.

53 2A1 AOGAT O ET AEAAOQOT 00
Given the greater concern for water scarcity and water shortage issues in the case
study region, factors which focus on the efficiency of water use by the irrigation

system regarding the availability of water supply and water demand are considered
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5 Assessing irrigation system performance

for the assessmentRelative Water Supply RWS and Relative Irrigation Supply
(RIS are used to assessan irrigation system as they llustrate the relationship
between supply and demand (Al Zayeét al., 2015).RWS is defined as the ratio of
the total water supply to the total water demand and RIS is defined as the ratio of
irrigation supply to irrigation demand (Levine, 1982). Furthermore, the
performance of an irrigation system can be analed and interpreted at different
time intervals such as annual, seasonamonthly or special periods, as well as to
compare the performance of different systems within a region (Sakthivadivedt al.,
1993). While RWS represents the condition of water abundance or scarcity, RIS
represents how irrigation water demandis met(Levine, 1982).Therefore, RWS and

RISwere chosen to assess the irrigation system in this study.
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As mentioned aboveRWSis defined as the ratio of the total water supply to the total
water demand as originally defined by Levine (1982)Values of RWS=xceeding 1
indicate that there is excess water for supplying.
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The total water supply is the actual amounbf irrigation water supply by pumping

system via irrigation canak plus the total rainfall.

RIS is defined as the ratio of irrigation supply to irrigation requirement (total

demand less effective rainfa)l and it is the inverse of irrigation efficiency.
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Irrigation supply is actual irrigation water abstracted and supplied by pumping
systems via irrigation canals. The actual irrigation water supply is calculated using
the daily operational data obtained for these pumimg stations.

By definition, effective rainfall in some periods can be equal to or exceed the crop
water requirement. In cases where effective rainfall equals or exceeds crop water
requirement, there is noneed forirrigation and the RIS value is zero anthe higher

RIS, the lower irrigation efficiency of system.
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5 Assessing irrigation system performance

When the irrigation water supply equals the crop water demand, both RWS and RIS
have a value of 1.00. This implies 100% irrigation efficiency, which is not possible
under field conditions (Salvada et al., 2011).However, in the real condition at the
VGTB Delta,the irrigation efficiency is at about 60% which is translated to RIS
1.67. This value wasdefined by the IMCand verified within the research of
Pedrosoet al. (2017). Therefore, an RWS or RIS value below 1.67 implies under
irrigation, whereas a value above 1.67 implies oveirrigation for the surface

irrigation systems.

- - -
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5.5.1 Potential irrigation r equirement vs actual water supply
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Figure 5.1 Monthly actual pumping supply and potential irrigation requirementas well as Leaf
Area Index(LAl) of paddy rice (for two crop seasons Winterz Spring and Summer Autumn) and
effective rainfall in the VGTB Deltain 2005. The pumping data and potential Irrigation

Requirementdatacan be found in AppendiA.

Figure 5.1 presents the comparison between monthly potential irrigation
requirement and actual pumping supply of water in the VGIB Delta. LAl values
were employed from the Huyen and Minh(2014) which were calculated for the

paddy ricein Soc Trang ProvinceViet Namwhere the dry season and type of paddy
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5 Assessing irrigation system performance

rice are similar to the study region.n general, he situation ofshortage inirrigation
supply occurred in both winter z spring and summerz autumn growing seasons.
During the months of February, April, May and June, the potential irrigation
requirements were not met by actual pumping supply. The monthffom April to
Junewere seen to be the most seriouperiod affected by a distinct shortage of
irrigation supply when the actual pumping supply was lower than the potential
irrigation requirement. While the potential irrigation requirement was satisfied by
the irrigation supply in DecemberJanuary and March, the region was over irrigated
in July and AugustRecorded data revealghat the high rainfall in July and August
was contributed mainly by a few big eventsat the end of the months (Figure 5.2),
while the consecutivepumping events in the regionwas scheduledtypically from 4
Z 10 days It could be the reason whyin these morths, the field still get irrigation

supply whenrainfall is sufficient.
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Figure 5.2 Rainfall events in the VGI'B Delta during July and August in 2008t Da Nang station.
Data source: IMHEN

5.5.2 RWS and RIS ofrrigation management schemes

Figure 5.3 presents the monthly RWS and RIS for the 13 IMSs sorthd its location
from downstream to upstream The results can be seen to differ from scheme to
scheme. To understand the performance of each irrigation system, the results were

analyzed individually.
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Figure 5.3 Relative water supply and relative irrigation supply at the 13 different irrigation

management schemes in the MGB Delta in 2005.The graphs are sortedoy its location from

downstream to upstream. Theinput data to calculate these indicatorss presented in Appendix A.
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Figure 5.4 Relative water supply and relative irrigation supply at the 13 different irrigation
management schemes in the \GB Delta in 2005. The graphs are sortebly its locationfrom
downstream to upstream. The input data to calculate these indicators is presenteith Appendix A
(Continued).

The values ofRWS and RIS plotted ifrigure 5.3 indicates a wide variation in the
RWS and RIS values among the studied systems. Values for RWS vary betwéds#h 0.
and 2.63, whereas values for RIS ranges from 0 to(®. The values O fall in June, July,
August at Tu Cau IMS and in July, August at An Trach IMS when these pumping
stations were not operated due to high salinity concentration at the pump heads.
Where the indicator values show a lowemagnitude, it indicates amore constrained
water supply and irrigation supply situation.
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5 Assessing irrigation system performance

Basically, most of IMSs suffered from a deficient water supply in the months of
February, April, May and June. While in the winteg spring season, the irrigation
management schemes suffered &m under-irrigation and water supply during the
land preparation period in December andat end of the season in beginning of April,
the summerz autumn season incurred a longer suffering period starts from end of
April, May and June.The low rainfall during low flow which accelerated salt

intrusion was the main problem for irrigation supply in this period.

The An Trach, Bich Bac pumping stations are located in very downstream of Vu Gia
River, while Tu Cau, Cam Sa are at downstream of Vinh Dien River and Xuyen Dong
at downstream of Thu Bon River(see location inFigure 2.1). Analyzing the RWS
and RISvaluesat An Trach,Bich Bac, Tu Cau and Cam Sa IMSs revealed that these
IMSs suffered from underirrigation most of the time during growing seasonslit is
likely that the topographical dependence ione of factor that contribute to the
shortage of irrigation supply. The IMSswhich are located in downstreamget less
water than the ones at upstream. Besides, the lowéMSshave longer duration of
over salinity threshold that interrupt the operation of the pumping stations.The
salinity data recorded at the Tu Cau pumping ation displays that salt-water
intrusion occurred early in February and heavily in April, May, and June. Therefore,
the Tu Cau pumping station could not operate during this timeSimilarly, the
recorded data at An Trach also presents the interrupted operain in July and
August. This could explain forthe RIS values at Tu Cau at 0 in May, June, July and
August As the scheme did not receive irrigation supply from May whethe summer

Z autumn seasonstarts, the crops were abandoned in this schem#&vestigation on
Xuyen Dong pumping record data revealed that it was also under salt intrusion
during the months February to June. However, duringhis time, the IMScould
receive supplementwater for irrigation supply from Vinh Trinh reservoir which is
stored water from Vinh Trinh tributary. A suggested mitigation measure was using
the water from Dong Xanhz Dong Nghe reservoir which is located 15 km from the
An Trach pumping station instead of water from river. This would require new
investment in pipelines and increase the electric consumption, but it would address
the problems of under water supply at An Trach and Bich Bac IMSs. Nevertheless,

Cam Sa IMS would still suffer from an inadequate irrigation supply.
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5 Assessing irrigation system performance

~ -

56 #1 1 Al OOET 1

The two indicators namely RWS and RIS were calculated for two crops for the year
2004 z 2005 in the VG TB Delta. Due to the constraint and intermittent gaps of data
collected from pumping stations, the assessment in this study was carried out in
light of a critical yearwhich is under dry condition. The results were analyed for a
better understanding of the irrigation system performance. An intermittent
shortage of water and an inefficient irrigation system were revealed after anafyng
the two indicators RWSand RIS This helps to answer the question whether the
irrigation system could provide sufficiently water for agriculture during low flow
situation. It also provides necessary information to develop scenario to assess the

minimum flow requirement in the context of irrigation efficiency.

In conclusion, the irrigation system faces the constrainto meet the water supply
demand due to under water availabilityand salt intrusion, especially during the
period of February to JuneBesides, the topographical dependence clearly affects
the performance of irrigation system in the regionThus, a better strategy to manage
the operation such as optimizing the irrigation efficiency, rrigation schedule
adjusting and efficiently using rairfall could be considered to enhance the irrigation

systemperformance.

Despite large improvements could be made through these management measures,
a significant improvement is always hard to achieve without major investment.
When the management capacity labeen reinforced and stabilized, it is worthwhile

to increase theinfrastructure investments.

The indicators and results caralsobe applied by the local stakeholders to improve
the irrigation water management over schemes, as well as enabling water plagrs

and policy makers to better rely on in their integrated water resource planning.
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This chapter presents the calculation of the required minimum flow in the V&B
river basin. To answer the question low much water is needed during low flow
season to meet thedemands of thedifferent water users within the VGTB river
basin, an1D Hydrodynamic model Mike 11 was setip to simulate theflow and the
distribution of salinity in the rivers. The calibration and validation process were
O1 AAOOAEAT OEOI OCE - AlntAd oBtairOthe bésCroniparidod O
between observed and simulated parameters for the hydrodynamic model and
through the dispersion coefficient for the advection dispersion module. Finallyghe
flow at the upstream section of the Vu Gia and Thu Bornvers was gradually
increased in 3 n¥/s increments until the salt concentration satisfied the threshold

at different control points in the downstream section

6.1 /| OAOOEAX

The use of models to investigate complex hydrodynamic problems has been widely
increased in the recent decadeswith advances in computer technologyapplied
models in water resource have become more detailed for the processes they
represent or approach(Loucks and Beek, 2017)Besides, the expansion in computer
science has made thse models to become easilgiccessible Different studies were
found applying hydrodynamic models to simulate the flow and salinity
concentration in the estuaries and river systemsuch asthe Mekong (Nguyeretal.,
2008), the Kapuas (Deynoot, 2011)and the Brahmaputra (Bhuiyan & Dutta, 2012)
They are proven to be an efficient, comprehensive tool to examinethe tidal
influenced water dynamics as they are able to be applied for the simulation of
currents, water levels, sediment transport and salinityTherefore, hydrodynamic
modeling is an advanced approach for estimating the required minimum flow within

a changing system caused by different influential factors.
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6 Modelling the minimum flow requirement

After analysing the system, reviewing the literature as well as justifying the
objectives of this research, a full onglimensional hydrodynamic model (MIKE 11)
with two modules (hydraulic (HD) and advectiondispersion (AD)) waschosen to
simulate the minimum flow requirement in the VGTB River Basin.MIKE 11 is
known as top quality river modelling and currently the most widely used (DHI,
2104). This model provided necessary information to understand the dynamic
changes of water in the rivers along with saltwater intrusion in order to calculate
the required minimum flow in the study area.Due to the constraint of data for the
model input, the simulation of thismodel is carried out using data for one year 2005.
However, a simulation of typical dy year 2005 serves the purpose to assess the

minimum flow requirement during low flow period in the study region.

-~ re
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6.2.1 Model schematization

Based on a field investigation, the available data, and the objectives of the research,
the computational network to simulate the required minimum flows in the VGTB
river basin was defined from Nong Son and Thanh My stations to the estuary
mouths, covering all of the rivers, streams, and canals in the estuaiyo establish
the Mike 11 model, it is critical to analyze the river system in order to generate its
scheme. The estuaryof the VGTB River Basinis featured by connected rivers,
pumping stations, water treatment plants and hydraulic structures. The schematic
presents the connections between the water works, water sharing, water extraction

and hydraulic links.
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Figure 6.1 Hydraulic scheme of the V& B River Basin (2005)

The main source of fresh water for the estuary comes from the two main riverthe

Vu Gia and the Thu Bon. In order to engage most of the upstream flows from the Vu
Gia and the Thu Bon into the model, the upstream boundaries are selectgustream

of the confluences of Quang Hue River. With this selection, the catchment area taken
into account up to the Quang Hue River is 5,453 Rrfor the Vu Gia and 3,532 ki

for the Thu Bon. Overall, the catchment area from selected upstream boundaries of
the hydraulic model to the Quang Hue River accounts for 86% area of the whole

basin. The selead boundaries allow modelingof the role of Quang Hue confluence

on the water diversion from the Vu Gia River to the Thu Bon River as this affects the
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6 Modelling the minimum flow requirement

saltwater intrusion and thus, affects the minimum flow requirements in

downstream.

Beyond the Quang Hueanfluence, the Thu Bon River receives water from three
different tributaries: the Vinh Trinh, Tra Kieu and Ly Ly Even though the Ly Ly
catchment is about 298 km, the river is not able to provide water for irrigation or
any other purposes, as the flow islismissed during dry period due to high water
demand in the upstream section of the river. Water from two other tributaries,
namely Vinh Trinh and Tra Kieu is stored in the Vinh Trinh and Thach Ban reservoir
and then used for irrigation purposes, thus thegupply insignificant lateral flows for
the estuary. On the other hand, the Vu Gia River receives water from two different
tributaries: the Bau La and Tuy Loan. The flow from Bau La is negligible due to its
insignificant catchment area of only 60 kra. Thefield measurement during the dry
season in 2013 which has been done in the framework of LUCCi in Central Viet Nam
project specified that the flow from Tuy Loan River contributed only 6% of the low
flow in the Vu Gia River at Ai Nghia. This analysis implidbat the hydrological
regimes of the delta are defined by the upstream flows of the Vu Gia and Thu Bon

Rivers combined with the tide regimes at the river mouths.

Figure 6.1 presents the computational network, covering from upstream at Nong
Sonz Thanh Myto the estuary at river mouths. The model network presents the
actual river network of the VGTBriver basin, hydrological and hydraulic regimes in
the estuary and natural boundaries. The scheme begins at Thanh My and Nong Son
hydrological stations which define the upstream boundaries in the hydraulic
scheme while the downstream boundaries are at the Han River mouth and the Dai
River mouth for Vu GiaRiver and Thu BonRiver respectively. After Thanh My, the
Vu Gia receives the amount of watecontribution from Bung River. The network
includes all of the rivers, streams, canals and hydraulic structures. There are 13
large pumping stations included in the computational network to simulate the
freshwater extraction for irrigation. Additionally, two water treatment plants Cau
DoWTPat Cam Le River and Hoi AWTPat Vinh Dien River are also considered as
they represent the water withdrawal for domestic and industrial purposes. Two
wastewater treatment plants Hoa Cuon§VWTPand Ngu Hanh SolMVWTPare taken
into account as they release part of treated grey water to rivers. Hydraulic structures
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6 Modelling the minimum flow requirement

in the network include five concrete barrages. While An Trach, Bau Nit, Thanh Quyt
are in the Vu Gia and its tributaries, two other barrages Duy Thanh and Bilong

are in the Thu Bon and its tributaries.

6.2.2 Model Equations

After analyzing the system, the model scheme was drawn to set up a full ope
dimensional hydrodynamic model MIKE 11. The model includes two modules:

hydrodynamic module (HD) and advectiory dispersion module (AD).

a. Hydrodynamic module HD

The hydrodynamic module applies the Sain¥/enantequations to solve the issues of

conservation of continuity and momentum with the assumptions:

f Flow is mainly onedimensional and subcritical (dominated by
gravitational forces and behaves in a stable way)

f The water is incompressible anchomogeneous

f The bottom-slope is small

f The wavelengths are large compared to the water depth to assure that

the flow is parallel to the bottom.

Physical laws applied are expressed as follows:

sE _ si

Conservation of mass: e E?g LM
£ _sih, 0_UEE
. S - T2
Conservation of momentum: S El T ECEE— LTt
S¢ sé sé Yok

Where:

Qis discharge at location x and at time t [#/s] ; Ais cross-sectional flow area [n?];
g is lateral inflow per unit length into the segment [n¥/s]; h is stage above datum
[m]; Cis Chezy resistance coefficient [#2/s] ; R is hydraulic or resistance radius

[m]; &is momentum distribution coefficient; g is acceleration due to gravity
b. Advection z dispersion module AD

The advectionz dispersion module (AD)is used to simulate the advection and
dispersion of dissolved and fine suspended matter. In this research, the advectipn
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6 Modelling the minimum flow requirement

dispersion module is setup tosimulate the salinity distribution in the river. The

module is based upon the onglimensional equation of the conservation of mass.
Therefore, it requires the results file from the hydrodynamic module for the flows,
water levels and channel geometry. Thedwection z dispersion module employs the

Fick's diffusion law applies with the assumptions:

f The substance is mixed over the crossections
f The substance is conservative or subject to a first order reaction (linear
decay)

f The dispersive transport is propational to the concentration gradient

The physical law applied is expressed as follows

S# % 33%F > I#&S—% L F#-%E %M
sP sT sT sTp =8

Where:
Cis concentration [g/m3]; C is the source/sink concentration [g/m3]; q is lateral
flow [m3/s] ; Ais cross-sectional area [n#]; Dis dispersion coefficient [m?/s] ; Kis the

linear decay coefficienf x is space coordinate [m]t is time coordinate [s].

6.2.3 Input data

The quality of the model simulation is related to the quality and quantity of data
used. The hydrological input data for the MIKE 11 model includes river discharges
at the inlet and water levels at the outlet, precipitation, water demand for
agriculture, industry and domestic sectors. The measured precipitation from the

stations which covers the computation area of the \WBEB river basin are used.

Geometric data of the river and hydraulic structures are required to build the river
network within the model. The rivers and canal network of the model were derived
from high-resolution (10x10m) ASTER satellite imagerylhe imagery was projected
to WGSUTM-1984-48N applying ArcGISbefore utilizing. Bathymetric data was
provided by the Vietnam Institute of Meteorology, Hydrology and Climate Change
(IMHEN). This bathymetric data of the Vu Gia, Thu Bon and their tributaries as
surveyed in dry season 2010under the scope of LUCCi Project.
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6 Modelling the minimum flow requirement

Finally, to setup the model, the required data is summarized as follows:
(1) Model setup

f The topographical and bathymetric data including channel crossections

and hydraulic structures(data surveyedby IMHENIn 2010, updated in 2012)

f Thedaily rainfall data from rain gauges within the computational network

(2) Boundary conditions

f Observed daily discharge upstream boundaries at Thanh My station (Vu Gia

River), Nong Son station (Thu Bon River), and Tuy Loan stati (Tuy Loan
River).

f Observed hourly water level downstream boundaries at Son Tra station for

Han mouth (Vu Gia River) and Hoi An station for Dai mouth (Thu Bon River)
f Daily inflow flows of small streams entering the estuary

f Water withdrawal for irriga tion (pumping records from 13 large pumping
stations) and the water withdrawal for domestic and industrial usefrom Da

Nang and Hoi An water supply plants

f Salt concentration data at downstream boundaries at Son Tra station for Han

mouth (Vu Gia River) andHoi An station for Dai mouth (Thu Bon River)

(3) Calibration data

f Observed water level from the same period December 2004 to August 2005

was used to calibrate the hydrodynamic module

f Observed salt concentration from February July 2005 was used taalibrate

the advection-dispersion module.

(4) Validation data

[ Observed data of water level from December 2009 to August 2010 was used
to validate the hydrodynamic moduledue to the availability

f Observed salt concentration data from March- July 2010 was usedto

validate the advectiondispersion module.
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6.2.4 Model setup

The computational network expands from Nong Son and Thanh My stations to the
estuary mouths, covering all of the rivers, streams, and canals in the estuary. The

hydrodynamic model wasconstructed ensuring the following requirements:

f The network includes all the diverted water structures and hydraulic works
in the computational area to make sure that any changes in the system will

induce the corresponding changes in the others

f The comptational network represents the actual river network and the
controlled natural boundaries of the hydrological and hydraulic regimes in

the Vu Giaz Thu Bon river basin

The model is expanded with the Advectiorg dispersion parameters editor to
simulate the distribution of salinity in the river network . Finally, the computational

area of hydraulic area for simulating saltwater intrusion in theestuary consists of:

15 river branches and tributaries

301 channel crosssections

2 downstream water levelboundaries
2 upstream discharge boundaries

5 concreted barrages

13 large pump stations

2 water supply plants

T Th TTh TTHh TR TR TR TR

2 wastewater treatment plants

The simulation results can be extracted for certain points within the computational
network. The water level wassimulated at 259 points while the discharge was
simulated at 221 points along the rivers. The salinity distribution can be extracted

at 480 points within the network.

6.2.5 Model performance

The performance of the model was evaluated using three goodnessfit criteria
recommended by the ASCE Task Committee (ASCE, 1993). These were the root
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means squared error (RMSE), the Nash Sutcliffe model Efficiency coefficient (NSE)

and the correlation coefficient (R).

While NSE is used to assess the predictive power of oels and RMSE is a measure
of how well the model predicts the responseiR? is a statistical measure of how well
the regression line approximates the real data pointsThe value NSE or Rof 1.0
indicates a perfect fit whereas a value RMSE of 0 indicates a perfect fit to the data.
For the calculation of R, it is required to calculate Pearson correlation (R) and

then square it. The equations to calculate these indicators ages following: 2]
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where:
*ao@=J @ Loy are observed and simulated values at thetime step |

Msand 4 ;are average of observed and simulated water level values.

Table 6.1 presents the reference of performance criteria for the hydrodynamic

model evaluation.

Table 6.1 Performance criteria for model evaluation (Moriasiet al., 2007)

Performance indicator Very good Good Satisfactory  Unsatisfactory
R2 >0.90 0.72-0.90 0.56-0.72 <0.56
NSE >0.75 0.65-0.75 0.5-0.65 <0.5
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The model was setp to simulate the minimum flow requirement for the dry season

of 2005 using the timeseries from Deember 2004 to August 2005. The simulation

includes the processes of calibration and validation of the modelhere are several

elements that impact on the model accuracyHowever, bed roughness is grimary

calibration variable for all coastal and estuarine moA1 Oh BDHDOAOAT OET ¢ EI
coefficient (Williams & Esteves, 2017).Thus, he calibration and validation

DOl AAOOAO xAOA O1 AAOOAEAT OEOI OCE - AT TETCS
best comparison between observed and simulated parameters for the
hydrodynamic module. Based on therelevant literature and previous research

within the VG-TB river basin, the values of roughnesare available. Therefore, trial

and error is a suitable and simplest method in this casé’lhe model firstly was

calibrated to ensure that the simulated valuesaand the observed data(in 2005)

match well. After that,the calibrated hydrodynamic model was then run using an
independent dataset(in 2010) for the validation process, and the simulated and

observed values vere compared. It was necessary to use two independent datasets

for the calibration and validation processes. For thadvection-dispersion module,

the dispersion coefficient was utilized for the calibration procesdn both processes,

the higher the agreemat values are, the better the model is.

6.4 #A1 AOI AOGETT 1T &£ OEA OANOEOAA 1 ETEI
After the model was set up, he minimum flows were calculated by simulating
increased discharge at the upstream boundary until the salt concentration was

under the threshold at the defined control points. The control pointsare the end-

water supply points at the downstream to ensurethe water supply function of

irrigation pumping stations and water treatment plants are satisfied.

The control points were defined at the end points of water users in Vu Gia, Thu Bon
and Vinh Dien Rivers. They were Cau Do (where is Cau Do WTP), Cau Lau
hydrological station (where is Xuyen Dong pumping station) and Tu Cau (where is

Tu Cau pumping station), respectivelyFigure 6.1). At Cau Do where there is a
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6 Modelling the minimum flow requirement

water treatment plant, the salt concentration is controlled under the threshold of
0.25 PSUPradical Salinity Unit equal with 0.25 g/L) according to the standard of

drinking water supply Viet Nam. At Cau Lau and Tu Cau where there are pumping

stations, the salt concentration is controlled under the threshold of 1 PSBractical

Salinity Unit equal with 1 g/L) as this is the standard for paddy rice irrigation.

To test the response of salt intrusion in the downstream and define the required

minimum flows, the flow at the upstream sections of Vu Gia and Thu Bon were

gradually increased in 3n¥/s increments until the salt concentration satisfied the

threshold.

65 2A001 OO0

6.5.1 Calibration
a. The Hydrodynamic module

IntheVG4" 2EOAO " AOET h OEA
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upstream than downstream which is ranged from 0.04G 0.060 atupstream and

0.020 7 0.035 at the estuary(Table 6.2).

Table 6.2 Range of roughness in the V@TB river basin

River Reach kilometer(km) Range of roughness
Vu Gia 0-41 0.0407 0.052
41764 0.03570.042
64779 0.0207 0.035
Thu Bon 0-28 0.04270.060
28747 0.03070.042
47 -62 0.0207 0.030
Vinh Dien 0-23 0.03070.045
Quang Hue 0-6 0.02570.030

Figure 6.2 presentsthe comparison of daily observed and simulated water levels at

the 4 different gauging stations Ai Nghia, Giao Thuy, Cam Le and Cau Lau in the

calibration process.
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Figure 6.2 Comparison of temporal variationbetween daily observed and simulated water leveh
2005 as well as performance criteria at 4 calibrated points Ai Nghia, Giao Thuy, Cam Le and Cau Lau
gauging stations in the calibration procesdt should be noted that the water level is negative due to

the low absolute altitude at the measured point.
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6 Modelling the minimum flow requirement

It can be seen that the daily simulated water level is well captured with the observed
water level at all examined gauging stations. The performance criteria R2 are 0.853,
0.851, 0.895 and 0.885 at Ai NghjaGiao Thuy, Cam Le and Cau Lau respectively.
Similarly, NSE values range from 0.793 at Cau Lau station to 0.805 at Cam Le station.
Moreover, RMSE values vary from 0.112 to 0.270. These values prove that the
calibration of the model shows the good fit betwen the simulatedand observed

data.

b. The Advection z dispersion module

Figure 6.3 presents the comparison between observed and simulated salinity
values as well as performance criteria at Cau Do and Cau Lau stations in the

calibration process.

8
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NSE =0.868 NSE =0.739
*

Observed salinity (PSU)
-
{4,

Observed salinity (PSU)
[~y

L5 2.0 25 0 1 2 3 4 5 6 7 8
Simulated salinity (PSU) Simulated salinity (PSU)

0.0 0.5 1.0

Figure 6.3 Comparison between observed and simulated salinity as well as performance criteria at
Cau Do andCau Lau station in the calibration process Februaryz July 2005 The observed salinity
data was taken at Cau Do WTrovided by Cau Do WTPand at Cau Lau guging station(provided
by IMC). Please noted that the samples of salinity were collected at different depths and the results

are on mixing samples.

The performance criteria R are 0.810 and 0.806 at Cau Do and Chau respectively.
Similarly, NSE values range from 0.739 at Cau Lau station t8&B8 at Cau Do station.
Moreover, RMSE values vary from 0.230 to 0.242.

The values of R RMSE and NSE present the good agreement between the simulated

and observed data in tle calibration process.
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6 Modelling the minimum flow requirement

6.5.2 Validation
a. The Hydrodynamic module

Figure 6.4 presents the comparison of daily observed and simulated water levels as
well as performance criteria R, RMSE and NSE at the 4 different gauging stations of

Ai Nghia, Giao Thuy, Cam Le and Cau Lau in the validation process.
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Figure 6.4 Comparison of temporal variation between daily observed and simulated water levéi
2009 as well as performance criteria at 4 validated points Ai Nghia, Giao Thuy, Cam Le and Cau Lau
gauging stations in the validation procesdt should be noted that the water level is negative due to

the low absolute altitude at the measured point.
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Figure 6.4 Comparison of temporal variation between daily observed and simulated water levéi
2009 as well as performance criteria at 4 validated points Ai Nghia, Giao Thuy, Cam Le and Cau Lau
gauging stations in the validation procesdt should be noted that the water level is negative due to

the low absolute altitude at the measured poinfcontinued).

The performance criteria R are 0.792, 0.890, 0.785 and 0.870 and NSE values were
0.721, 0.807, 0.740 and 0.736 at Ai Nghia, Giao Thuy, Cam Le &al Lau
respectively. Moreover, RMSE values vary from 0.206 to 0.227. These values show
that the validation of the model demonstrated a good fit between the simulated and
observed data. However, the values of performance criteria of the calibration
process display the better fit between simulated and observed data than the

validation process.

b. The Advection z dispersion module

Figure 6.5 presents the comparison between observed and simulated salinity

values at Cau Do and Cau Lau stations in the validation process.
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Figure 6.5 Comparison between observed and simulated salinity &au Do andCaulLau station in
the validation process in Marchz July 2010 The observed salinity data was taken at Cau Do WTP
(provided by Cau Do WTP) and at Cau Lau gauging station (provided by IMBlease noted that he

samples of salinity were collected at differentlepths and the results are on mixing samples.

The values of R, RMSE and NSE present good agreement between the simulated and

observed data in the validation process.

Both calibration and validation processes showed good agreement between the
simulated and observed data. The model setup was assessed to have performed well
based on the values of RRMSE and NSE. It can be concluded that the hydrodynamic
module is accepted to simulate and compute the hydraulic processes and interest
hydraulic features forthe river network in the VG TBriver basin, and the Advection

Z dispersion module is suitable to simulate the salinity distribution is in the rivers.
Therefore, the setup model is satisfactory to calculate the required minimum flow
in the VGTBriver basin.

The setup model was thempplied to calculate the minimum flow requirements with
increasing upstream discharge in 3m3/s increments. For the cohererce of the
presentation, theresults of the minimum flow requirements are introduced in the

subsequentchapter.
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6 Modelling the minimum flow requirement

6.6 #1 1 Al OOET 1

The hydrodynamic model Mike 11has been set up to determine the minimum flow
requirement for the VGTB river system. After comparing the simulated and
observed data, the simulated water levels and salinity at the chosen points agree
with the observed data in terms of their values, fluctuation amplitudes, and phase
changes.The calibration and validation processes preserthe good performance of

the model.

Based on the good agreement between the observed and simulated results, the
applied model has prove that it is suitable for simulating the flow dynamic and
salinity distribution in the VGTB river basin. The model wasthen applied to

simulate the minimum flow requirements under different scenarios.
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In the previous chapter, the model MIKE 11 was set up to simulate tminimum
flow requirement. Subsequently, his chapter focuses on the development of
scenarios used to assess changes in required minimum flow in the MBriver basin
under different conditions. Besides, aroverview of scenario development provides
the definition of scenarios, describes the purpose of scenario development and the
basic principles of scenario approaches. The driving factors that significantly impact
minimum flow changes are also identified and discussed in order to definieir
spatial and tamporal scalesof changes Finally, the results of developed scenario are

introduced.

71 /| OAOOEA x

Scenarios have been widely applied and proven to be a helpful tool to aid the
understanding of the development possibilities for an area where uncertainties or

future trends need to be addressedKosow & G#ner, 2008). The Intergovernment

OAT AT 11 #1EIi AOA #EATCA j)yo##q AAEET AO OAZ
the future may develop based on a coherent and internally consistent set of
assumptionsd T OO EAU AOEOET ¢ Ai(Nakicdnbvicét bl.A2000A 1T AOET
Scenarios provide a rough illustration of future change by examining the diing

factors (Viet, 2014). In general, scenarios focus on what might happen, and the
responses toward the development of both complexity and uncertainty for an area

in a future context.

There are many different scenario approaches currently used, ranging frote
highly exploratory to the decisionoriented, and intuitive to analytical. For different
contexts, different scenario approaches are required whicheflects the level of
complexity (Doll et al, 2008). However, Kosow and Gal3ner, (2008)suggested a
general guideline to develop scenariogFigure 7.1) that is widely applied such as

Grecksch(2019), Marthaler et al.,(2020), Terrapon-Pfaffet al.,(2021), This process
103



7 Scenario development

includes five consecutive steps. The first step of the scenario process is identification
of the scenario field. In this step, the precise questions will lestablished to address
the scenario field within the scope of the study. It leads to the selection and framing
of the addressed issue. The second step is to identify the key driving factors that
might have significant influence on how changes occur in tHeture. The third step

is determination of spatial and temporal scales for these driving factors. This step
examines how the key driving factors will change and what range of these changes
could be. This is then followed by a fourth step termed scenario @gics. This step
focuses onthe central factors or various key factor values together that produce a
short list of meaningfully distinguishable scenarios. The fifth step is the selection of
a scenario type such as qualitative or quantitative, or eombination of the two. The
final step is a practical process of applying tools and instruments to finalize the
scenarios.In the subsequentsection, the key driving factors whichpossibly induce
the changes in minimum flow requirementsin the VGTB river basin are identified

as well as their spatial and time scales are determined.

Step 1 Step 2
Identification of the [dentification of the key
scenario field driving factors
v
Step 4 Step 3
Scenario logics Determination of spatial

and time scale

Step 5 Step 6

Selection of scenario type Application of tools and
instruments

Figure 7.1 The general guideline of scenario development suggested figosow & G&ner, 2008)
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72 4EA KABOEI ¢ Z£EAAOI OO

The low flow occurs during the dry period in the VGIB river basin from January to
August, resulting in tidal inundation and serious saltwater intrusion that affects
water supply for different water users. Since the required minimum flow irthe VG
TB river system is determined to push back the saltwater intrusion and to satisfy
and meet the demand of different human activities in the downstream, the research
focuses on developing a set of future scenarios to examine the changes in salt
intru sion situation and water supply which cause changes in minimum flow
requirements. There are different factors that possibly induce the changes in
minimum flow requirements in the rivers. These factors can eitheraffect the
upstream, lateral or downstream wundaries of the river system. In the context of
this research, the scenarios will be constructed around three different key driving
factors that are influenced by both anthropogenic and natural variables and with
regard to future changes under multisectaial water management. Thae are
changes in water use for domestic and industrial sectors, changes in water use for

irrigation, and change in the sea level rise.

f Changes in water use for domestiand industrial sector

The VGTB Delta has experienced high population growth and urbanization in
recent years. Furthermore, the industries in the region have expanded significantly
with many new industrial zones constructed in the last 10 years. The population
growth and industrial expansion are two main reasons of increased water supply
for domestic and industry in the VGTB Delta. This increasing demand will lead to
increasing water extraction from rivers. Consequently, iinduces changes in the

minimum flow requirements to meet the growing demands

According to the data of the Vietnamese General Statistical Office, the population of
the Da Nang City increased from 0.85 million inhabitants in 2005 to 1.1 million
inhabitants in 2020. It is expected that the population of Da NanCity will reach 2.5
million inhabitants by the year 2050(MOC, 2015) For the industrial sector, Da Nang
City has planned to expand the industrial area by up to 5000 hectares by 2050
compared to only 1000 hectares in 2005 (MOC, 2015). Likewise, the samgansion

is projected in Quang Nam Province where a change only 500 hectares to 2600
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7 Scenario development

hectares during the same period is planned (MOC, 2015j.is assumed that the
categories of industry will not changeTo cope with this change in domestic supply,
the required water supply demand will increase from 2.7 r&/s in 2005 to 8.1 md/s
in 2050. Similarly, the required water supply demand for industry will increase from
0.6 m?/s to 3 m3/s.

f Changes in water use for irrigation

There are two main factors thatcause changes in water use for irrigation in the \\G
TB Delta. In recent years, the cultivated area has been reduced due to urbanization
in the region. The decrease of agricultural land has resulted in the reduction of water
use for irrigation. On the otherhand, the improvement of irrigation system will
improve the efficiency of water use for irrigation. Since the improvement of
irrigation system helps to reduce the water loss of conveyance, the gross water use
for irrigation will be reduced. Any change inwater extraction will cause change in
minimum flow requirements in the rivers. In the analysis of the local irrigation
system based on soil types as well as canal lengthnd the optimal irrigation
efficiency of FAO(Brouwer et al., 1989), the value 75%was selected as a realistic

improved irrigation efficiency for this scenario.

f Change in sea level

The main contributors to the sea level rise in Viet Nam are the thermal expansion of
the oceans, ice sheet dynamic and ice melting (MONRE, 2016). Sea lesel will
increase the saltwater intrusion further upstream (Viet, 2014). Therefore, it
increases the required minimum flow to control salt concentration under current
thresholds for the operation of irrigation pumping stations and water supply plants
in the delta. Analyzing recorded data in the period 1984 2005 at Son Tra
oceanographic station §eelocation in Figure 2.1) indicated the increasing trend in
sea level at a rate 0.8cm/year (Figure 7.2). This rate is fairly high compared to the
global rate of 0.17 cm/year over the last century (Bindoffet al., 2007). The
projections of sea level rise for the study region by MONRE is presentedTiable
7.1 (MONRE, 2016). It was assumed that the tidal ranges would not be affected by

sea level rise and thathose values remain unchanged.
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Figure 7.2 Average monthly water level at Son Tra oceanographic station during period 1984
2005

Table 7.1 The mean sea level (cm) rise projections for the studyegion compare to the period 1986
- 2005. Source: MONRE, 2016

Year 2030 2040 2050 2060 2070 2080 2090 2100

Sea level rise (cm)  +13 +17 +23 +28 34 +40 +47 +57

To sum up,Figure 7.3 presents the visualization of the elements in the system of

the VGz TB river basin under the existing condition and under the changes of key
driving factors.
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Figure 7.3 Visualizing the elementsin the systemof the VGz TB River Basin undefexisting

condition and underchanges of key driving factors
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Scenario development assists the assessment of potential future change by
considering different driving factors that influence the changes. This research
concerns the required minimum flow to meet the potential water demand in the
region; the required minimum flow when changes in water uses; the required
minimum flow in the context of sea level rise in the future; and the required
minimum flow when the water use efficiency for agricultural sector is improved. Six

different scenarios were developed to evalui@ these changes in the region.
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f4EA AAOAT ET A OAAT AOET -asQ@QAIPOAOCAA OO8 OFE/
data in 2005 were used to develop this scenario.

f The scenario (S1) assesses the required minimum flow to satisfy the
calculated potential water cemand for all human activities. The potential
water demand for each sector including agriculture, domestic and industry

were calculated (Chapter 4). The results were used to simulate in this

scenario.

f The scenario (S2) assesses the required minimum flowotsatisfy the
calculated potential water demand for all human activities with the change
in water use due to the population growth and industrial expansion in 2050.
As a result of urbanization in the region, the domestic and industrial water
use increase ¢ meet the growing demand. The projected number of
populations by the General Statistical Office is used to construct this scenario.
The expanded areas of industry are extracted from the master plans of Da

Nang City and Quang Nam Province.

f The scenario (S3 assesses the required minimum flow to satisfy the
calculated potential water demand for all human activities under the
improvement of water efficiency management context. In this scenario, the
water resource management in the region will be improved focsi on the
upgrading of the irrigation system. It helps to optimize the irrigation
efficiency by reducing the loss of water during the conveyance and recycling

return flow.

[ The scenario (S4) assesses the required minimum flow to satisfy the
calculated potertial water demand for all human activities in the sea level
rise context. The sea level projection in 2050 was used to develop this

scenario.

f The scenario (S5) assesses the required minimum flow to satisfy the
calculated potential water demand for all hunan activities in the sea level
rise context. The sea level projection in 2100 was used to develop this

scenario.
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Table 7.2 presents the summary of developed scenarios with the changes in

boundary conditions.

Table 7.2 The overview of the developed scenarios

) Upstream Downstream Water use in the low land
Scenario ] ]
boundaries  boundaries  Irrigation Domestic Industry
Qrhu Bon 2005
SO H2o05 Q irrigation 2005 Q pomestic2005 Q Industry 2005
Q vu Gia2005
Potential Qirrigation
QThu Bon 2005 X . -
S1 Hzo00s (Irrigation efficiency  Qopomestic 2005  Q industry 2005
Qvu Gia2005
60%)
Potential errigation
Qrhu Bon 2005 Qoomestic 2005 Q Industry 2005
S2 H2005 (Irrigation efficiency
Qvu Gia2005 + 5.4 m3/s +2.4 md/s
60%)
Potential errigation
QThu Bon 2005 . .
S3 Hzo00s (Improved Irrigation  Qopomestic 2005 Q Industry 2005
Quu Gia2005 o
efficiency 75%)
Potential errigation
Qrhu Bon 2005 o o
S4 H2o0s + 23cm  (Irrigation efficiency Qpomestic 2005 Q industry 2005
Qvu Gia2005
60%)
Potential errigation
Qrhu Bon 2005 o o
S5 Hz00s + 57cm  (Irrigation efficiency  Qpomestic 2005 ~ Q industry 2005

Qvu Gia2005
u Gia 60%)

7.4 2A001 60 AT A AEOAOOOEIT 1T £ AAOGAI
The obtained minimum flow requirement of the VGIB river system by the
simulation of Mike 11 model is presented for different scenarios below. The
required minimum flow for the VG- TBriver system is defined at the flow rate where
salinity values at the three control points are under their thresholds. The simulation
processes revealed that the Cau Do control poigee location inFigure 6.1) is the

first to reach the flow rate that control salinity under the threshold (See the
summary in Table 7.3). Thereafter, the flow rate is onlyincreasedat the upstream
section of Thu Bon until the salinity at Tu Cau and Cau Lé&ee location inFigure

6.1) are under thresholds. The result shows that Tu Cau is the next control point to

reach the required flow rate, and Cau Lau is the last. It implies that the Cau Lau
110
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7 Scenario development

control point is required highest flow rate at upstream of the Thu Bon River to reach
the required minimum flow compared to Tu Cau control point. The required
minimum flow in the VG TB river system also includes the environmental flow to
maintain the estuarine ecosystemfunctions. The Tennant or Montana method
(Tennant, 1976) defines the valueof environmental flow as percentage of the
average daily discharge or mean annual flow with 10%mean annual flow(Zeiringer
et al.,, 2018) This value is also in line with the recommendation of the Viet Nam
MONRE for the required environmental flow of theiiver system in Viet Nam. For
this purpose, the observed discharge of Thanh My station (Vu Gia River) and Nong
Son station (Thu Bon River) in 31 years from 1994 2014 were used. Finally, the
environmental flows which are required to be available in the wers were defined

as 15 n#/s and 32 n¥/s for the Vu Gia and the Thu Bon River respectively.

7.4.1 Operation of water utilizers in the Vu Gia - Thu Bon Delta

Figures 7.4 to Figure 7.8 present the number of days that salt concentration
exceeds thethreshold (days/year) at control points with respect to the change in
upstream discharge of the Vu Gia and Thu Bon Rivers in scenarios S1 toTahle
7.3 summaries the duration of interrupted operation at control points and

corresponding required additional dischargein order to satisfy the thresholds.
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Figure 7.4 The number of days that control points exceeds salinity threshold corresponding to
changes of flow in upstream of the Vu Gia and the Thu Bon undbke potential water demand
scenarioS1. The upstream discharge is increased an®/s increments to see the response of salt

concentration at 3 control points Cau Do, Tu Cau, Cau Lau
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Figure 7.5 The number of days that contol points exceeds salinity threshold corresponding to

changes of flow in upstream of the Vu Gia and the Thu Bon undke population growth and

industrial expansion in 2050scenario S2.The upstream discharge is increased at ®3/s

increments to see the esponse of salt concentration at 3 control points Cau Do, Tu Cau, Cau.Lau
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Figure 7.6 The number of days that control points exceeds salinity threshold corresponding to

changes of flow in upstream of the Vu Gia and tiéwu Bon underthe improvement of water

efficiency management contexscenarioS3.The upstream discharge is increased at®3/s

increments to see the response of salt concentration at 3 control points Cau Do, Tu Cau, Cau Lau
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Figure 7.7 The number of days that control points exceeds salinity threshold corresponding to
changes of flow in upstream of the Vu Gia and the Thu Bon undke sea level riseprojection in
2050 scenario S4.The upstream discharge is increased at/®3/s increments to see the response of

salt concentration at 3 control points Cau Do, Tu Cau, Cau Lau
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Figure 7.8 The number of days that control points exceeds salinity threshold corresponding to
changes of flow in upstream of the Vu Gia and the Thu Bon undke sea level rise projection in
2100 scenario S5.The upstream discharge is increased at ®3/s increments to see the response of

salt concentration at 3 control points Cau Do, Tu Cau, Cau Lau
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7 Scenario development

Table 7.3 Summary of the duration of interrupted operation at control points and required

additional discharge.

Scenario Duration of interr upted operation Required additional discharge at
(daylyear) upstream for fully operation
(m3/s)
Cau Do Tu Cau Cau Lau Cau Do Tu Cau Cau Lau
S1 53 143 177 30 45 60
S2 90 154 177 33 45 60
S3 50 137 175 27 42 57
S4 80 156 185 33 51 69
S5 99 168 201 39 57 81

During the salt concentrations at Cau Do, Tu Cau and Cau tantrol points are over
threshold, all water treatment plants and pumping stations are interrupted in their
operation. Increasing of flow at upstream sections of the rivers is able to push back
salinity and satisfy the threshold of these control points, sthat these structures can
be in fully operation. Underthe impacts of sea level rise in 2100, scenario S5
experiences the longest duration of salt concentrations over the threshold at Cau Do,
Tu Cau and Cau Lau with 99, 168, 201 days per year, respectwélo control the salt
concentrations under the threshold in this scenario, an additional flow of 39 s is
required at upstream sections of Vu Gia to satisfy the salinity threshold at Cau Do.
Similarly, the increasing of flow at upstream sections of ThBon River by 57 nd/s
will satisfy the threshold at Tu Cau, while an increase of 813s will satisfy both Tu
Cau and Cau Lau. On the other hand, with the improvement in irrigation efficiency,
the scenario S3 undergoes the shortest duration of salt conceations over the
threshold at Cau Do, Tu Cau and Cau Lau with 50, 137, 175 days per year,
respectively. The lowest additional flow at upstream to satisfy the salinity threshold
was found in this scenario with 27 nd/s to control salinity at Cau Do, 42 r#/'s will
satisfy the threshold at Tu Cau, and 57 #s will satisfy both Tu Cau and Cau Lau.

7.4.2 Minimum flow requirement at control points
a. Cau Do control point

Figure 7.9 presents the simulated discharge and water level of baseline scenario SO
and the minimum flow requirements with the corresponding water levels of

scenarios S1 to Sto satisfy the salinity threshold at Cau Do control point. Moreover,
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7 Scenario development

Figure 7.10 and 7.11 present their interrelated discharge at the locatiors before

and after the Quang Hue confluence.
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Figure 7.9 Simulated discharge and water level of baseline scenario SO and the minimum flow
requirements with corresponding water levels of scenarios S1 to 36 satisfy the salinity threshold
at Cau Do control point It should be noted thathe water level is negativedue tothe low absolute

altitude at the measured point

115



7 Scenario development

200

160

120

m3/s

80

40

0

| Vu Gia - Before Quang Hue p \
—_—S0 §1 ====-82 S3 S$4 S5
Dec Jan Feb Mar Apr May Jun Jul Aug

Figure 7.10 Interrelated discharge of scenario SO to S5 at Vu Gia river (before Quang Hue

confluence) to the required minimum flow at Cau Do control point
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Figure 7.11 Interrelated discharge of scaario SO to S5 at Vu Gia rivefafter Quang Hue confluence)

to the required minimum flow at Cau Do control point

The highest discharge and water level were found in December with 16538 and

the lowest discharge, as well as the water level was found fune with 35 n¥/s.

During July and August, a high monthly discharge and water level was found at Cau

Do with 98 m3/s and 100 m3/s respectively. It can be explained by the high

precipitation was recorded at Cam Le gauge station and high discharge at Thanix M

station.
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7 Scenario development

The CauDo control point experiences salt concentration over the operating
threshold from March to June. Therefore, the minimum flow requirement will be
defined for the period of March to June in scenarios S1 to $4 scenario S5, the sea
level rise in 2100causes thesalt concentration excess the threshold from January to
June. It affects the operation of Cau Do water treatment plant during this time. Thus,
the minimum flow requirement will be defined for the period of January to June in
scenario S5. The highs required minimum flow is seen in May and June in all
scenarios. It can be explained by the highest water demand in the region at this time.
While the increasing domestic and industrial demand S2, as well as sea level rise S4,
S5 caused the increase of mmum flow supplement, the improvement of water
resource management by upgrading the irrigation system in order to increase the
irrigation efficiency S3 lead to the reduce in minimum flow requirement in the Vu

Gia River.

b. Cau Lau control point

Figure 7.12 presents the simulated discharge and water level of baseline scenario
SO and the minimum flow requirements with corresponding water levels of

scenarios S1 to S¥o satisfy the salinity threshold at Cau Lau control point.

In general, the baseline SO preses the current averageflow and water the level.
The highest discharge, as well as water level was found in December with 299/sn
whereas the lowest discharge was found in August with 37 #fs. The low discharge
combined with the lowest water level was seen in April, May and June. It could be
seen that the low flow period causing the salinity excesses beyond the threshold
from February to August in S1z S4 affected the operation pumping statin at Cau
Lau. Therefore, the minimum flow requirement will be defined for the period of

February to August in scenarios S1 to S4.

Similar to the Cau Do control point, the sea level rise for the year 2100, not only
increased the peak of salt concentration but also increase the time of salt
concentrations in excess of the threshold. The salt intrusion starts earlier in January
and lasted until August in scenario S5, affects the operation of Xuyen Dong pumping
station. Therefore, the minimum flow requiremen will be defined for the period of

January to August in scenario S5. The increasing domestic and industrial demand S2
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7 Scenario development

only impact the required minimum flow of Vu Gia River as the water withdraw for
domestic and industrial purpose mainly functioned by Calbo WTP. Thus, there was
not much change in the Thu Bon River flow. While the sea level rise cassbe
increase of minimum flow requirement in scenario S4 and S5, the improvement of
water resource management by upgrading the irrigation system in order tocrease
the irrigation efficiency S3 led to a reduction in the minimum flow requirement in
the Thu Bon River.
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Figure 7.12 Simulated discharge and water level of baseline scenario SO and the minimum flow
requirement with corresponding water level of scenarios S1 to S5 at Cau Lau control paitit
should be noted that the water level is negative due to the low absolute altitudsg the measured

point.
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Figure 7.13 and 7.14 present their interrelated discharge at the location before and

after Quang Hue confluence.

200 -
v Thu Bon - Before Quang Hue
160 \
120 |
W
- T
- ~
= - N
. ==
80 | it
40 | \
—S0 $1 ==-=-582 S3 S4 S5
0 1 [ [ [ [ 1 1
Dec Jan Feb Mar Apr May Jun Jul Aug

Figure 7.13 Interrelated discharge of scenario SO to S5 at Thu Bd&iver (before Quang Hue

confluence) to the required minimum flow at Cau Lau control point
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Figure 7.14 Interrelated discharge of scenario SO to S5 at Thu B&iver (after Quang Hue

confluence) to the required minimum flow atCau Lau control point
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c. Tu Cau control point

Figure 7.15 presents the simulated discharge and water level of baseline scenario
SO0 and the minimum flow requirements with corresponding water levels of

scenarios S1 to S¥o satisfy the salinity threshold at the Tu Cau control point.

The highest discharge, as wells water level was found in December with 134 Ats
while the lowest discharge was found in August with-15 m3/s in the baseline
scenario. However, the water level is 0.01 m. This indicates that the Tu Cau control
point is seriously affected by saltwater mtrusion due to water strongly moves

upward.

The low flow period causes the salinity to exceed the threshold from February to
August in scenario S1 to S5 that affect the operation of Tu Cau pumping station.
Therefore, the minimum flow requirement will be defined for the period of February

to August in scenarios S1 to S5. Even August is the month mostly affected by
saltwater intrusion, the lowest minimum flow requirement was found in this month.
There are 3 pumping stations Tu Cau, Cam Sa and La Tho thdtaet water from
Vinh Dien River and the lowest agricultural demand is in August. This could explain
the lowest minimum flow requirement at Tu Cau control point during August. The
increasing domestic and industrial demand S2 only impact on the required
minimum flow of Vu Gia River as the water withdraw for domestic and industrial
purpose is mainly supplied by Cau Do WTP. Even though Vinh Dien River receives
water from Thu Bon River, it is the connection between Vu Gia and Thu Bon Rivers.
Thus, the minimum fow requirement at Tu Cau control point is slightly increased
when there is greater water extraction in Vu Gia River. Similar to Cau Do and Cau
Lau control points, while the sea level rise causes the increase of minimum flow
requirement in scenario S4 andS5, the upgrading of irrigation system in order to
increase the irrigation efficiency in scenario S3 leads to the reduction in minimum

flow requirement in Vinh Dien River.
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Figure 7.15 Simulated discharge and water level of baseline scenario SO and the minimum flow
requirement with corresponding water levels of scenarios S1 to S5 at Tu Cau control paitit
should be noted that the water level is negative due to the low absolute altitude the measured

point.

Figure 7.16 and 7.17 presents their interrelated discharge at the location before

and after the Quang Hue confluence.
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Figure 7.16 Interrelated discharge of scenario SO to S5 at the Thu Bon River bee the Quang Hue

confluence) to the required minimum flow at the Tu Cau control point
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Figure 7.17 Interrelated discharge of scenario SO to S5 at the Thu Bon River (after the Quang Hue

confluence) to the required minimum flow at the Tu Cau control point

7.4.3 Minimum flow requirement in the Vu Gia Z Thu Bon River Basin

To set out the minimum flow requirement for the VGTB river system, the flow rate
that satisfies the threshold at Cau Do control point is defined for Vu Gia River and
the flow rate that satisfies the threshold at Cau Lau control point is defined for Thu
Bon River. During the growing season in the \WEB Delta, June is the month with the
lowest water flow rate in the rivers, but it has also the highest water demand in the

region. Therefore, the minimum flow requirement in this month is the highest one
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7 Scenario development

compared to other months. In this section, the minimum flow requirements in June

are selected as the typical to present and discuss.

a. Scenario SO

Figure 7.18 shows the simulated flow discharge in the V@B river system under
the actual condition. In the actual condition, the flow rate at the upstream of the Vu
Gia and the Thu Bon is 76 Afs and 50 m3/s respectively. Before entering the
estuary, the Vu Gia Rivediverts water at the rate 14 n#/s to Thu Bon River through
the Quang Hue confluence. After that, the Vu Gia splits 44/minto the Yen River
and 18 n#/s into the Lac Thanh River. Further downstream, Thu Bon River returns

water back to the Vu Gia Riveria the Vinh Dien at the rate of 8 dis.

Figure 7.18 Actual flow distribution in the VG-TB River System in June 2005
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