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Abstract 

The Vietnamese Mekong Delta (VMD) is one of the largest rice-growing areas 

in Vietnam, and exports a huge amount of rice products to destinations around 

the world. Rice is grown under the irrigated triple and double-rice cropping 

systems, and also under the rain-fed single-rice cropping system in the 

Vietnamese Mekong Delta (VMD). These rice cropping systems are adopted 

according to the geographical location and water infrastructure in place. Dike-

protection systems have been built to prevent flooding in order to support 

agricultural intensification since the early 1990s. Thus, double and triple-rice 

cropping systems have been dependent on the semi- and full-dike systems. 

However, only a small number of studies have been conducted to evaluate the 

effects of rice cropping system on water quality in the context of dike 

development. This study aimed to value the impact of dike system on spatio-

temporal variation of surface and ground water quality. We used multivariate 

statistical analyses and groundwater quality index based on Fuzzy-AHP with the 

Triangular Fuzzy Number method. The LULC was generated using Support 

Vector Machine (SVM) classification of Sentinel-1A data. We conducted 

fieldwork in An Giang province of the VMD, from March 2017 to March 2018. 

The overall accuracy of the classification was 80.7% with 0.78 Kappa coefficient. 

Therefore, Sentinel-1A can be used to understand rice phenological changes as 

well as rice cropping system distribution using radar backscattering. The 

assessment of surface water quality results show the mean concentrations of 

COD, NH4+, NO3-, PO43-, EC, and turbidity in surface water inside full-dike as 

compared to outside full-dike and inside semi-dike in both seasons. Moreover, 
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surface water located in secondary canal inside full-dike system was considered 

as ‚hotspot‛ surface water quality with low GQWI unit. Besides, the high 

concentrations of PO43- were detected in most of the primary canals where 

residential areas and local markets settled leading to increase PO43- 

concentration; However, NO3- was mainly found to be higher in secondary canals 

where chemical fertilizers used for rice intensification inside dike-system were 

increased. The effect of dike system on groundwater quality was not very clear in 

this study since groundwater quality depends on characteristics of aquifers and 

unused well management. Dike infrastructures are useful for preventing 

flooding; however, changes in cropping system have resulted which adversely 

affect maintenance and surface water quality and challenging task for the 

protection of groundwater quality in the long-term in the study area. 

Keywords: Water quality parameters, multivariate analysis, rice phenology; 

water infrastructure; rice cropping pattern mapping; SAR backscattering 
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Chapter 1. General Introduction 

1.1 Back ground 

The Mekong Delta in Vietnam is known as the largest agriculture producer 

which is one of the largest exporters of rice in the world. Most rice production in 

Vietnam takes place in the Vietnamese Mekong Delta (VMD), feeds a population 

of nearly 95 million, and provides food security in Southeast Asia [1–3]. 

Agricultural intensification has been applied for nearly 40 years to adapt to the 

food security situation and for economic development in Vietnam. Rice is grown 

under irrigated and non-irrigated systems in which triple and double-rice crops 

come under dike-system protection, while rain-fed single rice is a traditional rice 

cropping system often found outside the dike system.  

Mekong Delta was vulnerable to water regime changes and seawater 

intrusion [4,5]. In the past, flooding was a common phenomenon in the upper 

Vietnamese Mekong Delta (VMD) where 22 flood events with high frequency 

occurred during 1926-2006 [6], in which about 65% of the high floods occurred 

from August to October [7]. At that time, the single-rice crop such as floating rice 

and landrace rice was dominant. However, its rice production could not ensure 

food-security for the whole country and for economic development. Besides, the 

rice cropping system heavily depended on geographical location, freshwater 

availability, and sediment supplied from the Bassac and Mekong Rivers [3]. 

Moreover, in 1986, the Renovation policies 1  were issued by the Vietnamese 

government resulting in the VMD becoming one of the largest rice exporting 

regions in the world since the 2010s [8–12] and in Vietnam becoming the second-

                                                 
1 A set of economic reforms aim at moving the Vietnamese economy towards the socialist-oriented 

market economy, and transitioning to a more industrial and market-based economy.  
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largest rice exporting country in the world in 2012 [13]. To this end, the 

Vietnamese government and local communities in the flood-prone areas of the 

VMD also decided to construct hydraulic infrastructure to support rice 

intensification and cope with the natural disasters. Vietnam expanded dike and 

irrigation systems to control annual short-term flooding [14–16]. The rapid 

intensification of agriculture mainly in irrigated areas has been explained by the 

renovation policy, which turned the delta into a rice bowl of Vietnam by the mid-

1990s [9,11,17,18].  

The dike-protection systems have been built to prevent flooding and to 

support agricultural intensification since the early 1990s. Thus, double and triple-

rice cropping systems have appeared due to the semi and full-dike systems. The 

development of sluice-gate and canal systems together to manage water 

irrigation by water infrastructure turn the Mekong Delta in Vietnam under 

hydraulics landscape. A prominent area in the VMD with a long inundation 

period exists and sufficient impact of farming and renovation policy in An Giang 

province. 

Typically, rice irrigation often takes place within a rectangular dike-protection 

system [19–21]. An Giang province has been well-known for having the largest 

dike system area in the VMD since 1996 [22]. The traditional-rice crop has been 

replaced by a double-rice crop. Since 2009, the double-rice crop has gradually 

been replaced by the triple-rice crop to increase rice production for food security 

and economic development [23]. However, the impact of rice intensification on 

the triple-rice crop has increased heavily on soil and water quality in the last 10 

years [24–26]. Thus, An Giang government has recommended adopting the 

three-three-two cropping cycle to restore soil quality in recent years. Adequate 
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research on water quality at canals near the rice fields in An Giang is still lacking. 

There are signs that declining water quality and water regimes are threatening 

the sustainability of the agriculture system. Surface water quality in An Giang 

province in Vietnam is based on the hydrological regime and existing pollution 

sources. Moreover, it also varies between different rivers and canals. Besides the 

changes in land cover/land use, there are also changes in dams and hydraulic 

infrastructure protecting from flooding that are causing the water regime [27].  

Along with rapid population growth in Vietnam, there is an increasing 

dependency on groundwater for various activities. Besides the source of 

rainwater, groundwater is an important source of water to supply mainly for 

rural and mountainous areas mainly allocation along main rivers. The 

exploitation of groundwater is 45.93% potential groundwater resources in 2013. 

Although surface water provides 97% and 98% for domestic supply and 

irrigation while groundwater resources provides 3% and 2% for domestic usage 

and irrigation [28]. However, the groundwater in An Giang is not a high amount 

of resources but infected with arsenic especially. The clear understanding of 

groundwater quality pattern can help policymakers to protect and effectively 

manage limited water resource for the long-term.  

1.2 Study area 

An Giang, a province located in the Mekong Delta in Vietnam (Figure 1.1) 

where the water source is mainly taken from the Mekong and Bassac River. The 

VMD is belongs to the Lower Mekong river basin, where the wet season occurs 

from May to November, and the dry season occurs from December to April. 

April and May are usually hotter months, while December and January are 
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cooler (Figure 1.2). The mean annual rainfall is about 1,400 mm accounting for 

90% of the total annual rainfall. Water is mostly transported from the upstream 

of the Mekong river, whereas rainfall runoff in An Giang has minimal effect on 

river flow [28]. However, the two main rivers of the Mekong River system, i.e., 

the Mekong and Bassac rivers, along with 280 primary rivers and dense main 

canals are responsible for flood flow released in An Giang. And now An Giang is 

facing water pollution due to agricultural activities mainly. 

 

Figure 1.1 Location of the Mekong River Basin and the Mekong Delta in Viet Nam 
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Figure 1.2 Average monthly rainfall, daily mean temperature (Tave), daily maximum 

temperature (Tmax), and daily minimum temperature (Tmin) during the period 1978-

2016, collected from Southern Regional Hydro-meteorology Center in Vietnam.  

1.3 Objectives 

 To understand the behaviors of crop phenology based on the radar 

backscattering of Sentinel-1A data;  

 To assess rice cropping system distribution under dike development in 

An Giang province; 

 To evaluate the changes in surface and ground water quality inside and 

outside dike system links the changes to LULC. 
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Chapter 2. Monitoring and mapping Rice Cropping Pattern in 

An Giang Province Using Sentinel-1 Data under the Water 

Infrastructure 

2.1 Introduction 

Rice (Oryza. sativa L.) is one of the major crops and the primary daily grain 

consumption in Asia countries [29–31]. The increasing population in this region 

leads to an increased demand for rice production [31,32]. Previous studies 

revealed that rice demand is rising by about 1.8% per year [31,33]. It is 

challenging to increase rice production with limited land and water resources 

[33,34], specifically, under the extreme floods and weather driven by climate 

change [35–38]. Mekong Delta was vulnerable to water regime changes and 

seawater intrusion [4,5]. Most rice production in Vietnam takes place in the 

Vietnamese Mekong Delta (VMD), and feeds a population of nearly 95 million 

and provides food security in Southeast Asia [1–3]. Rice is grown under the 

irrigated triple and double-rice cropping systems, and rain-fed single rice, a 

traditional rice cropping system. In the VMD, these rice cropping systems have 

adopted according to the geographical location and water infrastructure [39]. 

Typically, irrigated rice often takes place within a rectangular dike-protection 

system [19–21]. The rapid intensification of agriculture mainly in irrigated areas 

has been explained by the renovation policy, which turned the delta into a rice 

bowl of Vietnam by the mid-1990s [9,11,17,18]. Since then, Vietnam has increased 

rice production continually and became the second-largest rice exporting country 

in the world in 2012 [13]. Vietnam expanded dike and irrigation systems to 

control annual short-term flooding [14–16]. An Giang province has been well 

known as having the largest dike system area in the VMD since 1996 [22]. The 



7 

traditional-rice crop has been replaced by a double-rice crop. Since 2009, the 

double-rice crop has gradually been replaced by the triple-rice crop to increase 

rice production for food security and economic development [23]. 

Understanding the dynamics of the rice crop is critical for stabilizing and 

sustaining rice production. Location and phenological stages of rice crops are 

utility for policymakers to protect crops and minimize productivity loss. The 

strategy for sustainable cropping systems is key for long-term development in 

the region. For example, An Giang has been facing dike-break several times. In 

October 2011, about 4,000 hectares of rice were lost in Chau Phu district and 

Chau Doc city. On August 29, 2018, dike-break resulted in submerging of 700 

hectares of ready-for-harvest rice in Tri Ton district. Also, rice prices have 

recently declined due to sustained oversupply of rice. Typically, the local farmers 

have been gradually shifting from rice to non-rice crops based on market prices. 

Therefore, systematic rice crop mapping and monitoring in the VMD could play 

an essential role in economic planning. Remote sensing data might provide a 

quick, high-quality, consistent, and timely information about spatial and 

temporal changes in the rice cropping area in different seasons on regional and 

global scales [40–42]. 

Previous studies have used optical imageries such as Moderate Resolution 

Imaging Spectroradiometer (MODIS) and Landsat to monitor rice paddy growth 

[23,43–46]. However, it is difficult to achieve high accuracy due to moderate 

spatial resolution of images produced by MODIS and Landsat satellites. The low 

resolution leads to the inability to detect small rice fields [23,43]. The optical 

sensors have a high temporal resolution but, as passive sensors, they are 

frequently contaminated by clouds in the monsoon region [23,44,47]. Besides, 
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crop distribution has been mapped by just using time series of vegetation and 

water indices (e.g., normalized difference vegetation index, enhanced vegetation 

index and normalized difference water index) [43,48,49]. Thus, these studies 

showed relatively high errors in detection of rice patterns because the flood 

patterns disturbed the rice detection and led to confusion with other vegetation 

types. Advancements in the Synthetic Aperture Radar (SAR) (Figure 2.1) system 

have increased the ability to penetrate clouds and create own energy, leading to 

its radar signal being independent of the illumination condition. Moreover, SAR 

antenna can record elapsed time, receive energy of return pulse, and provides 

high-resolution. Thus, SAR is a better choice for timely mapping of crops, 

plantation, water bodies, and flooding by specific backscattering properties 

[33,41,42,50].  

 

Figure 2.1 Sentinel-1 Radar modes (source: European space agency website 

https://www.esa.int/ESA) 

 

 

https://www.esa.int/ESA
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Figure 2.2 Synthetics Aperture Radar (SAR) 

Recently, SAR data was utilized to map the rice crop [51,52]. Choudhury et al. 

[52] revealed the potential of RADARSAT-1 data for rice monitoring since 

RADARSAT-1 carries a SAR sensor. Its radar signal is independent of solar 

illumination and cloud condition producing high-quality satellite images (Figure 

2.2). Nelson et al. [53] used a TerraSAR-X band to detect the rice map in Southern 

Asia, and achieved a relative accuracy of 85%. However, the shorter wavelength 

microwave radiation of X-band detects only the canopy. Also, the longer 

wavelength microwave radiation of L-band can penetrate targets like leaves and 

canopy and only return energy from the stem of the plant. Thus, the use of only 

X-band or L-band is hard to separate plant and other objects [54,55]. Also, studies 

found that the C-band was able to distinguish rice from non-rice, particularly in 

Japan, China, India, and Vietnam [50,56–60]. The SAR data availability has 

increased with the launch of Sentinel-1A C-band SAR on April 3, 2014, under the 

European Commission’s Copernicus program [61,62]. Continuous, near-real-time 

land monitoring, providing dual-polarized, i.e., Vertical-Vertical (VV) and 

Vertical-Horizontal (VH) SAR images are contributed by Sentinel-1A. Depending 

on the geographic location revisit cycles are up to 6 days due to the Sentinel-1B. 

Even though Sentinel-1A has a moderate time series (12 days revisit cycle), it is 

still suitable for monitoring rice stages and the seasonal calendar. Each rice stage 

 

 

Synthetics length of SAR Satellite flight 

path 
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takes at least 30 days, and sowing time also varies at least a month in the VMD. 

Sentinel-1A with single SAR C-band at a high spatial resolution (10 m pixel) is 

sensitive to water and crop geometry [50,61]. Thus, Sentinel-1A is particularly 

valuable for monitoring rice cropping patterns and can improve rice mapping 

accuracy. 

In Vietnam, Sentinel-1 data has been successfully applied in various fields 

such as estimation of rice production and area, aquaculture production, and rice 

cropping pattern based on Earth observation. Clauss, K. et al. [63] has conducted 

the estimation of rice production and rice area in Viet Nam for the whole the Me 

Kong Delta in 2015 and revealed that Sentinel-1 could be used for estimation of 

rice production and area at regional and global scales. Ottinger, M. [64] has 

observed aquaculture ponds by using more than 500 Sentinel-1 scenes and the 

object-based analysis method, and has revealed that Sentinel-1 SAR with high 

spatial resolution can be used for monitoring aquaculture ponds in some regions 

such as Viet Nam and China. The author showed that this approach has great 

potential for global production projections. Interesting, Arai et al. [65] predicted 

methane emissions based on remote sensing data and found that PALSAR-2 

could distinguish inundation-rice fields and non-inundation rice fields in Viet 

Nam. Also, studies of Bouvet et al. [40], Nguyen et al. [50], and Phan et al. [54] 

used SAR sensor from COSMO-SkyMed X-band, Sentinel-1A, and 

ENVISAT/ASAR satellite images, respectively, for monitoring rice in the VMD 

and An Giang. However, those studies were focused on specific seasons such as: 

Nguyen [50] paid attention to winter-spring season in 2017 and Phan et al. [54] 

concentrated on summer-autumn in 2018. Also, Bouvet et al. [40] focused on 

main seasons (winter-spring and autumn-winter). Little work has been done on 

analyzing the temporal pattern of three rice cropping patterns using the response 
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of the radar signal of Sentinel-1A. The study aimed to understand the behaviors 

of crop phenology based on the radar backscattering of Sentinel-1A data at 

different rice growth stages and at different rice cropping system. Also, we 

assessed the rice cropping system distribution under water infrastructure in this 

study.  To address this, we analyzed temporal variation in backscattering and 

rice growth with dual-polarization and classified the rice extents at three 

cropping patterns by using Sentinel-1A data. The three cropping patterns 

throughout the entire rice growth stages by time-series backscatter data of VV 

and VH polarizations were considered. This study concentrated on rice mapping 

and monitoring in An Giang from March 2017 to March 2018.  

 
Figure 2.3 Location of An Giang province in the Vietnamese Mekong Delta. The display 

of An Giang province in composite image R:G:B by bands (VV:VH:VV/VH) (date: 

2017.10.15). 
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2.2 Materials and Methods  

2.2.1 Study area 

The study site is located in An Giang province which belongs to the upstream 

of the Lower Mekong river basin in Vietnam (Figure 2.3). Flooding is a common 

phenomenon in this area, and has been controlled by hydraulic infrastructures. 

Also, farmers construct minor-canals and dikes to manage water for their small 

rice fields [6]. Most rice production produced by An Giang which accounts for 

about 80% of the total rice production in the VMD. The rice production depends 

heavily on the freshwater availability and sediment supplied from the Bassac 

and Mekong Rivers [3]. An Giang has an area of 3,406 km2 and borders with 

Cambodia in the Northwest. The province falls within tropical climate and 

within dry and monsoon seasons annually with the average temperature at 

27.6oC, maximum temperature at 32.4oC, and minimum temperature at 24.6oC. 

For the last 40 years, the annual mean rainfall is about 1,400mm, in which the 

highest rainfall occurs in October (270mm). Around 90% of the rainfall occurred 

during the monsoon season, between May and October. An Giang receives 

slightly lower average annual rainfall compared to the VMD in 2,000mm per 

year because the province is located in the inland delta with minimal effect of the 

southwest monsoon.  

The flooding season often starts a month after the start of the rainy season and 

ends at the same time as rainy season (Figure 2.4). Daily average discharge 

shows a decrease in the discharge pattern from 2000 to 2014 due to partial effect 

of the hydropower plants in the upstream of the Mekong river basin. The partial 

impact of the hydropower plants on changing the natural flow regimes of the 
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Mekong River in the VMD has been noticed before [66]. Also, the peaks of 

discharge move slightly from September to October and have been decreasing. 

 
Figure 2.4 Average monthly discharge at Chau Doc station in Bassac River, during 2000-

2014, and average monthly rainfall, and crop calendar. Discharge and rainfall data were 

obtained from Southern Regional Hydro-meteorological Center (SRHMC), Vietnam. 

Rice is grown in three distinct cropping seasons such as winter-spring from 

December to March, summer-autumn from mid-April to mid-August. In the 

autumn-winter, either irrigated or non-irrigated field is usually sowed from the 

mid-July to the end of August in Figure 2.4 [50]. In An Giang, rice crop is 

cultivated in single, double and triple-rice-cropping systems. The double-rice 

crop is often found within the semi-dike system with an elevation lower than 3-

m above sea level. In such dike systems, flooding can take place because water 

overflows into the fields. It causes sediment deposition during the monsoon 

season [15]. Traditionally, farmers employed the double-rice crop, and seeking 

extra income fishing or small-scale livestock husbandry practices are also 

common in the fallow rice field. The triple-rice crop is found within the full-dike 
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system (above 3-m above sea level) with operational sluice gates, which can 

bring less sediment during flooding. Farmers adopted triple-rice cropping by 

upgrading from semi-dike system to full-dike system to fulfill the government 

targets.  

2.2.2 Sentinel-1A data and preprocessing 

Sentinel-1A data with C-band (5.4 GHz) SAR were acquired from March 2017 

to March 2018. Sentinel-1A data supports operation in dual polarization 

(HH+HV, VV+VH) implemented through one transmit chain (switchable to H or 

V) and two parallel receive chains for H and V polarization [61]. The four 

acquisition modes are Interferometric Wide swath (IW), Stripmap (SM), Extra-

Wide swath (EW), and Wave Mode (WV). These products are available in single 

(HH or VV) or dual polarization (HH+HV or VV+VH) [62,67]. The main 

operational mode features are Interferometric Wide Swath mode (IW) with 10m 

x 10-m pixel size and a swath width of about 250m. We used the IW model dual-

polarization data acquired in Ground Range Detected (GRD) Level-1. The repeat 

cycle of Sentinel-1A data is 12 days with dual-polarization (VV+VH) [68]. To 

cover the whole An Giang, satellite track in ascending pass was used. Thirty-two 

images are available from March 2017 to March 2018 (Figure A1). Table 2.1 

shows the specification of Sentinel-1A data with the dates of acquisition. 

Figure 2.5 shows the general flowchart of the methodology. Sentinel-1A data 

were processed using the free and open source Sentinel-1 toolbox in the Sentinel 

Application Platform (SNAP) software. The GRD images were processed 

including restituted orbit files. Radiometric calibration was performed to output 

σ° bands. Orthorectification and terrain correction were done using SRTM 30m 

DEM data. The biggest speckle noise was often found in SAR data  [69,70]. We 
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used Enhance Lee filter to reduce SAR speckle noise since Enhance Lee has more 

advantages compared to Lee filter, median filter, Kuan filter, Frost filters, and 

mean filter. Because they degraded the spatial resolution of images and smooth 

details, while also decreasing the speckle noise level due to without considering 

the pixels homogeneity level [71,72]. We used the Enhance Lee filter to reduce 

SAR speckle noise since Enhance Lee has more advantages compared to other 

filters. The Enhance Lee filter might keep edges and present the details preserved 

while filtering images in both homogeneous and heterogeneous regions [71,72]. 

The backscattering coefficient in decibel (dB) was acquired for analysis and 

classification according to the equation              
  . Plant phenological 

characteristics were identified following Jonsson et al. [73]. The mapping 

algorithm was used which introduced by Nguyen et al. [50,74]. Later, 

backscattering information was used to identify single, double and triple-rice 

crops and other land covers were classed. 

Table 2.1 Multi-temporal Sentinel-1A data with specification and date of acquisition. 

Sensor SAR C – band 

Product level Level 1 Ground Range Detected (GRD) 

Date acquisition 

(YYYY.MM.DD) 

2017.03.13; 2017.03.25; 2017.04.06; 2017.04.18; 2017.04.30; 2017.05.12; 

2017.05.24; 2017.06.05; 2017.06.17; 2017.06.29; 2017.07.11; 2017.07.23; 

2017.08.04; 2017.08.16; 2017.08.28; 2017.09.09; 2017.09.21; 2017.10.03; 

2017.10.15; 2017.10.27; 2017.11.08; 2017.11.20; 2017.12.02; 2017.12.14; 

2017.12.26; 2018.01.07; 2018.01.19; 2018.01.31; 2018.02.12; 2018.02.24; 

2018.03.08; 2018.03.20 

Frequency (GHz) 5.405 

Image mode Interferometric Wide swath (IW) 

Swath with 250km 

Look direction right 

Incidence angle range 29.10 – 460 

Antenna size 12.3m x 0.721m 

Sub-swaths 3 
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Polarization Dual VV + VH 
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Figure 2.5 Flowchart of Sentinel-1A processing and rice cropping classification. 

2.2.3 Field survey and secondary data collection 

We conducted fieldwork throughout the study area between March 2017 and 

March 2018. The data included surveys on the crop practices calendar and field 

condition. We collected Geotagged photos about rice growing stages in different 

locations. The locations of single, double and triple-rice crops were marked in the 

Global Positioning System (GPS) (using Garmin 60x device). These locations 

were used as a training and validation of the Sentinel-1A processing. Figure 2.6 

shows the multi-temporal composite of SAR data overlaid with the field data. 



17 

We divided the data into training and test datasets. For the time series 

observation, we selected 34 ground-truth points randomly distributed in single, 

double and triple-rice cropping areas for classification. The fieldwork was 

carried out on the dates close to Sentinel-1A acquisition in An Giang. Besides, we 

also measured rice height at three distinct rice cropping patterns during rice 

growth stages (Figure 2.7). The fieldwork was carried out on the dates close to 

Sentinel-1A acquisition in An Giang. The rice height was only conducted in 

summer-autumn for double and triple-rice crops, and in autumn-winter for 

single-rice crop. The average rice height is 104cm, 102cm, and 87cm in triple, 

double, and single-rice crops, respectively. There was no significance difference 

in the management practices of water and fertilizer usage in triple and double-

rice crops. The single-rice crop was grown naturally without fertilizer and 

pesticides usages. 

Land use/land cover mapping was validated by 140 ground-truth points. 

Photos of rice growth stages showed various growing stages of different crops 

and were found in Figure 2.8, Figure 2.9, and Figure 2.10. The rice growth stages 

at triple and double-rice crops located inside full and semi-dike protection, 

respectively in Figure 2.8 and Figure 2.8. Also, these photos of rice growth stages 

at single-rice crop located outside of dike system. Single-rice cropping area has 

also been used to produce vegetables during the non-rice season by local farmers 

were found in Figure 2.10.  
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Figure 2.6 Multitemporal Sentinel-1A data color composite with training polygons 

overlaid. R:G:B = HV2017.03.13: HV2017.03.25: HV 2017.04.06. 
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                                                                     (c)                                                      

Figure 2.7 Temporal changes in rice height at 43 locations for different growth stages: 

(a) triple-rice crop, (b) double-rice crop, (c) single-rice crop.  

The daily mean temperature (Tave), daily maximum temperature (Tmax), 

daily minimum temperature (Tmin), and daily rainfall at Chau Doc station were 

collected from Southern Regional Hydro-meteorology Center in Vietnam, during 

1978-2016. Rice yield and rice production data at the district level in An Giang 

were obtained from IRRI and the yearly statistical book of An Giang, 1975-2016. 

The areas of full- and semi-dike were collected from DARD and Construction 

department of An Giang, 1995-2017. 

Rice development can be defined in three main growth stages such as 

vegetative stage, reproductive stage and maturity stage [75]. Vegetative stage 

usually takes from sowing to 35-55 days depending on rice varieties while 

reproductive and maturity stages take about 30 days for each phase of all rice 

varieties [75]. Rice growth can be affected by various natural factors (e.g., rainfall, 

irrigation water supply, and air temperature) and artificial factors (e.g., fertilizers 

and pesticides) [76–78]. 
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          (1) July 19 (2) July 30 (3) Aug. 15 (4) Aug. 30 (5) Sep 30 

     
(10) Nov. 30 (9) Nov. 15 (8) Nov. 1 (7) Oct. 15 (6) Oct. 1 

     

Figure 2.8 Rice growth stages for triple-rice crop, (b) double-rice crop, (c) single-rice 

crop. Notes: (1) harvesting time, (2) soil reparation; from (3) to (10): summer-autumn 

season in triple-rice system and fallow period in double–rice system; in single-rice crop: 

(1) to (4) is vegetable season; from (5) to (10): autumn-winter season.   

(1) July 19 (2) July 30 (3) Aug. 15 (4) Aug. 30 (5) Sep 30 

     
(10) Nov. 30 (9) Nov. 15 (8) Nov. 1 (7) Oct. 15 (6) Oct. 1 

     
     

Figure 2.9 Rice growth stages for double-rice crop. Notes: (1) harvesting time, (2) soil 

reparation; from (3) to (10): fallow period in double–rice system  

 
(1) July 19 (2) July 30 (3) Aug. 15 (4) Aug. 30 (5) Sep 30 

     
(10) Nov. 30 (9) Nov. 15 (8) Nov. 1 (7) Oct. 15 (6) Oct. 1 

     
     

Figure 2.10 Rice growth stages for single-rice crop. Notes: single-rice crop: (1) to (4) is 

vegetable season; from (5) to (10): autumn-winter season.   
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The majority of rice varieties in the study area are short duration varieties 

(average 85-95 days), and a few rice varieties are grown with a duration of 95-105 

days. The various growth stages of rice in different cropping pattern from the 

summer-autumn season to autumn-winter season, in the study sites and vacant 

time in the double-rice crop and vegetable-crop in the single-rice crop Figure 2.10. 

2.2.4 Data analysis and accuracy assessment 

Training polygons were digitized over the triple-rice, double-rice, and single-

rice cropping areas using field-based GPS location and fine-resolution Google 

Earth imagery. Backscattering information of multi-temporal Sentinel-1A data at 

σoVH and σoVV polarization has been analyzed to investigate backscattering 

characteristics of triple, double and single-rice crops. Also, dual-polarization 

Sentinel-1A data were analyzed to detect rice phenological changes in the rice 

cultivation from sowing to harvesting and finally to delineate rice cultivation 

area and different land use/land cover. Besides, the local maxima and minima of 

VH backscattering and crop duration were utilized to consider cropping 

intensity and cropping season. 

The scattering mechanism depends on various properties of objects such as 

dielectric properties, surface roughness, soil moisture, plant growth, orientation, 

etc. [79]. The σoVV and σoVH polarization can detect variation in scattering 

behaviors of targets such as volume scattering, and double-bounce scattering in 

the agricultural area. Previous studies noted that the σoVV polarization is more 

sensitive to water bodies while the σoVH polarization is able to delineate various 

rice growth stages [33,50,54]. The observed σoVV is generally higher than σoVH 

polarization because of the higher double-bounce. Support Vector Machine 

(SVM) with Kernel function [80–82] was used to LULC mapping. The RBF 
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parameters were optimal based on classification results by polarimetric SAR data 

[81–86].  The optimal parameters were grid-search along with cross-validation, 

which was introduced by previous studies [87,88]. The supervised classification 

proves highly solving regression and classification tasks [89,90]. Confusion 

matrix and Kappa coefficient were used to assess the accuracy of classification in 

this study. Although the kappa coefficient was used in many studies’ fields, 

kappa has been noted to be have weaknesses as an accuracy metric [75–80] . For 

example, the kappa coefficient is dependent on the proportion of objects in each 

category and number of categories [96], and the kappa fails in case 

measurements  have  been  made  in ordered [97]. Thus, in this study, we 

presented all object proportion features and number of categories via confusion 

matrix which provides clear information for the users. Moreover, since land use 

categories were unordered in this study so that the kappa coefficient can be used 

[97]. We performed accuracy assessments of the resulting rice maps by selecting 

the remaining sampling points.  

2.3 Results 

2.3.1 Rice cultivation systems in An Giang province 

The impact of rice intensification on the triple-rice crop has been 

increasingly felt on soil and water quality in the last ten years [24–26]. Thus, An 

Giang government has recommended adopting the three-three-two cropping 

cycle2 to restore soil quality in recent years. Figure 2.11 shows ternary plots of 

triple, double, and single-rice cropping areas. A strong non-linear regression (R-

squared of 0.9) was noted between rice production and full-dike area during 

                                                 
2 Three-three-two cropping cycle refers to a three-year crop rotation that triple rice cropping is cultivated in the first 

two-year and a double-rice cropping system in which the paddy field is left fallow during a full flooding season in 

the third year.  
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1975-2017 (Figure 2.12). Besides, the major modern high-yielding varieties such 

as IR 50404, Sticky rice, OM 6979, OM 4218, and Jasmine were applied [98]. We 

have noticed that the full-dike area has increased from 1995-2017, and has mostly 

shifted from the semi-dike area. For example, during 1995-2010, the semi-dike 

areas had been upgraded to the full-dike area while outside-dike area did not 

change (Figure 2.11). In the short period from 2011 to 2013, the outside-dike area 

was replaced by full-dike area. From 2015-2017, the semi-dike area was 

continuously replaced by full-dike area (Figure 2.11). 

 

Figure 2.11 Ternary plots the increasing trend of full-dike area, and decrease trend area 

of semi-dike and outside of dike system, 1995-2017; dike system area data were 

collected from DARD and the Construction Department of An Giang, 1995-2017. 
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Figure 2.12 Non-linear regression between rice production and full-dike area, 1995-

2016. Rice production data was obtained from IRRI;  

Figure 2.13 shows principal component analysis (PCA) for variation of rice 

yield in three rice seasons. F1 explained 82.87% and F2 performed 11.06% of the 

total variance of rice yield. PCA shows less variation of rice yields in winter-

spring compared to both summer-autumn and autumn-winter seasons at district 

level. Also, the highest rice yield was detected in winter-spring season (Figure 

2.14 

In winter-spring, the weather is optimum for planting and water carries 

abundant sediments and nutrients from upstream during the monsoon season to 

enhance productivity (Figure 2.14). Besides, the sudden changes in water 

discharge from the upper Mekong river basin damage the productivity in 

summer-autumn and autumn-winter [66]. An incident of dam-break occurred at 

the Xepian-Xe Nam Noy hydropower dam in Laos on July 23, 2018, as an 

evidence of productivity losses in An Giang. The lowest rice yield and the 

highest variation in the yield were found in the autumn-winter season (Figure 

2.13). The lost rice production in early rice stage due to early flood damages was 
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found in some rice plots in autumn-winter season. Moreover, early harvested 

rice to avoid pest attacks also caused low rice yield (Figure 2.13). 

In the summer-autumn season, (hot summer months) the high air 

temperature led to the growth of insects that affect rice productivity. In three 

crop seasons, the district of Tan Chau and Phu Tan have high rice yield, which is 

located in alluvial soil whereas Tri Ton and Tinh Bien have the lower yields 

because of acid sulphate soil and limited irrigation water supply (Figure 2.13). 

Differences in rice yields between Long Xuyen with other districts were found in 

Figure 2.14. Long Xuyen has the highest rice yield in summer-autumn season, 

followed by winter-spring, and the least in autumn-winter season.  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.13 Principal component analysis for variation of rice yield in three rice seasons 

at the district level in An Giang. Rice yield data was obtained from IRRI, 1975-2016. 
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Figure 2.14 Rice yield at district level in winter-spring, summer-autumn and autumn-

winter seasons in 2005 and 2010-2016. Rice yield data was obtained from IRRI. Note: LX 

– Long Xuyen, PT – Phu Tan, TT – Tri Ton, TC – Tan Chau and TB – Tinh Bien. 

2.3.2 Polarization analysis of triple, double and single-rice crops 

Figure 2.15 shows the rice growth stages in the summer-autumn season for 

double-rice cropping area. Low backscattering was noticed in the VV and VH 

polarizations at the vegetative stage in April 2017. It can be explained that the 

rice seedling is small, short and sparse. Thus, only surface scattering is dominant. 

During the vegetative phase, σoVH gradually increased with the rice growth 

stage. From vegetative to maturity stage, σoVV and σoVH reached maximum 

value at rice maturity stage in July 2017. In the reproductive period, σoVH and 

σoVV increased with the growth of rice height and canopy (Figure 5). The σoVV 

and σoVH values had a strong correlation with rice development during the 

reproductive phase. In the maturity stage, σoVV and σoVH continued to increase 

until they reached a maximal value on July 11, 2017. A decrease in backscattering 

was noticed near harvesting period because plants started drying up. Also, water 

in the agricultural field was drained out causing a soil moisture reduction in 

August 2017. Moreover, we can see the maximal values of σoVV and σoVH 

appearing at maturity stage after the maximum of greenness index are consistent 
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with the study of He et al.  [99]. Previous studies showed that σoVH correlated 

with rice development stage [33,50,54]. Thus, we used local maxima of σoVH to 

consider rice cropping intensity and cropping season. 

 

 
Figure 2.15 Growth cycle of rice in summer-autumn in double-rice crop. The primary 

vertical axis is σoVV and the secondary vertical axis is σoVH. Growth cycle of a rice 

plant was collected from International Rice Research Institute (IRRI) (source: 

http://knowledgebank.irri.org). 

Figure 2.16 shows σoVV and σoVH during the entire period of the triple-rice 

crop. Low backscatters were noticed in the σoVV and σoVH due to the sowing of 

rice time at the early stage in April 2017, September 2017 and January 2018. 

During the vegetative phase, σoVH increased gradually whereas the σoVV 

increased rapidly because of high soil moisture or high water level in the fields. 

In the reproductive phase, the moderate backscatters of σoVV and σoVH were 

found and gradually increase with the growth of rice plants. In the maturity 

stage, σoVV and σoVH continued to rise until they reached a maximal value 

before having a sharp fall during harvesting time in August, December 2017 and 

March 2018, respectively. 
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Figure 2.16 Graph represents the multitemporal Sentinel-1A backscattering in triple 

rice cropping area. The first vertical axis is σoVV and the second vertical axis is σoVH. 

 

Figure 2.17 illustrates the behavior of σoVV and σoVH during the entire 

period of the double-rice crop. The observed σoVH and σoVV showed an increase 

after sowing because of the increase in volume and double-bounce scattering 

with the plant growth (Figure 2.17). Before sowing rice, the field soil was bare 

and thus lower values of σoVH and σoVV were obtained in April 2017. A gradual 

increase in the σoVH was observed when rice grew from vegetative stage to 

maturity stage. The highest values of σoVH and σoVV were noticed in July 2017 

during the second cropping season of the double-rice crop. There is a fallow 

period in the double-rice crop from August to November. During the fallow 

period, the rice cropping area can accumulate nutrients, enhance productivity 

and remove toxic substances from pesticides and pathogens during the monsoon 

season [100]. We also found the lowest value of σoVV and σoVH during August-

November, which shows the fellow period to prepare the soil for next planting of 
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rice. The next sowing period starts at the end of December 2017 when low 

backscattering has been noticed in the σoVV and σoVH polarization (Figure 2.17). 

The σoVV and σoVH gradually increase with the growth stage from vegetative to 

the maturity stage and reached to a maximum value near harvesting time in 

March 2018. When the winter-spring season is considered, the σoVH clearly had 

two peaks in July 2017 and March 2018. The peaks matched well with the crop 

calendar (Figure 2.4). Thus, multi-temporal Sentinel-1A data is a promising 

approach to identify the double-rice crop, rice growth stages, and standing water 

during fallow period were indicated at -23 dB of σoVH. 

 
Figure 2.17 Graph represents the multitemporal Sentinel-1 A backscattering in double 

rice cropping area. The first vertical axis is σoVV and the second vertical axis is σoVH. 

The minima and maxima of VH backscatter for each rice crop were also 

identified. The minima average of VH polarizations were -22dB in triple and 

double-rice crops, and -18dB for the single-rice crop. These values were 

consistent with previous studies [50,101]. Oyoshi et al. [101] also found -20.5dB 

(±3dB) of minima VH polarizations. The mean of VH backscatter thresholds 
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varied from -13 to -15dB in triple-rice crop, from -13 to -14dB in the double-rice 

crop, and -15dB for the single-rice crop. The mean maximal values of σoVH in 

three cropping patterns were not much different from each other. In this study, 

we also compared the maxima of σoVH among rice cropping seasons in double 

and triple-rice crops. The results showed that the mean values of σoVH in the 

winter-spring season were usually higher than in summer-autumn and autumn-

winter seasons; In triple-rice crop, the mean values of σoVH -15dB and -15.2dB 

were found in winter-spring and autumn-winter, respectively. In double-rice 

crop, the mean values of σoVH were -12.5dB and -14dB, found in winter-spring 

and autumn-winter, respectively. Moreover, the σoVH was often higher in the 

double-rice crop than in triple-rice crop [102]. 

Figure 2.18 shows the increase in the observed σoVH and σoVV after sowing 

of rice in September 2017 because of the increase in volume and double-bounce 

scattering with the plant growth. Before sowing rice, vegetable was planted 

between March and July 2017. There was a gradual increase in the σoVH with the 

growth of the rice plant during the vegetative-reproductive stages. The highest 

value of σoVH was noticed in December 2017. There was a fallow period after 

December 2017, thus, farmers started growing vegetables for extra income. The 

σoVH and σoVV showed the changes in the backscattering properties with the 

difference in the objects in the agriculture field. The changes in σoVH and σoVV 

matched well with the crop calendar shown in Figure 2.4. Single-rice cropping 

system includes rice-vegetable-vegetable and rice-fallow period models. In the 

rice-fallow model, farmers can grow traditional rice crop (landrace rice and 

floating rice) almost anytime during July and December. Floating rice is often 

cultivated in Luong An Tra Commune, Tri Ton district during August-
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September and harvested in December or January. The single-rice crop is mostly 

grown in Tinh Bien and Tri Ton districts with low annual yield. 

 

 
Figure 2.18 Graph represents the multitemporal Sentinel-1 A backscattering in single 

rice cropping area. The first vertical axis is σo VV and the second vertical axis is σo VH. 

2.3.3 Delineation of rice cropping area 

The study area of LULC was classified into eight categories, i.e. single-rice 

crop, double-rice crop, triple-rice crop, forest, plantation, mountains, built-up, 

and water bodies. Figure 2.19 shows the results of the classification that rice 

crops at all seasons were distinguished and represents the statistical distribution 

of various LULC classes in An Giang. The estimated LULC for An Giang was as 

following: (46.6%) in triple-rice cropping area, 870.4 sq.km (24.7%) for double-

cropping area, 258.5 sq.km (7.3%) for single-cropping area, and 21.4% for others. 

The total rice planted area from March 2017 to March 2018 was 2770.8 km2. Table 

2.2 shows the distribution of various LULC classes at the district level. The three 
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largest triple-rice cropping areas are Thoai Son, followed by Chau Thanh and 

Chau Phu. The three largest double-rice cropping areas are Tri Ton, Chau Phu, 

and Tinh Bien.  

The most common method to assess the accuracy of classification is the 

confusion matrix [64-65]. We used SVM classification with radial basis function 

kernel to classify Sentinel-1A data and Kappa coefficient for accuracy assessment 

of rice cropping patterns in the study area. Table 2.3 illustrates the confusion 

matrix of the SVM classification.  The producer’s accuracy is derived by dividing 

the number of correct pixels in one class divided by the total number of pixels as 

derived from reference data. It measures how well a certain area is classified. The 

user’s accuracy is a measure of reliability of the map [103]. In this study there is 

no significant difference in the user’s and producer’s accuracy. Therefore, we 

focused on overall accuracy and Kappa coefficient. The overall accuracy of the 

classification was 80.7% with 0.78 Kappa coefficient. Triple-rice crop, water, and 

mountain area showed some misclassification. Figure 2.20 shows the dike system 

overlaid on the classified map. Most of the triple-rice cropping area comes under 

the full-dike system whereas, double-rice cropping area comes under the semi-

dike system. 
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(a) (b) 
Figure 2.19 (a) Sentinel-1A based land cover classification of An Giang province and (b) 

Distribution of land use/land cover classes in An Giang. 

Table 2.2 District level distribution of various land use/land cover classes. 

District Single-rice 

cropping 

area   

(sq km) 

Double-rice 

cropping area  

(sq km) 

Triple-rice 

cropping area (sq 

km) 

Plantation 

area (sq km) 

Others area  

(sq km) 

An Phu 11.1  88.3  72.1  34.0  14.4  

Chau Phu 28.2  119.3  235.5  48.0  20.4  

Chau Thanh 5.9  38.1  266.1  34.7  9.9  

Cho Moi 17.0  46.2  118.0  150.4  38.1  

Chau Doc 4.0  14.9  63.0  13.7  7.0  

Long Xuyen 3.0  48.2  14.6  31.3  17.1  

Phu Tan 20.3  88.2  159.0  37.6  21.5  

Tan Chau 9.4  51.0  61.6  31.2 16.7  

Tinh Bien 74.1  114.0  70.9  51.9  40.9  

Thoai Son 5.0  23.6  392.9 39.1  7.5  

Tri Ton 80.5  238.7  188.1  45.4  45.6  

Total 258.5  870.4  1641.9  517.2  239.1  

2% 
0.30% 3% 
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Figure 2.20  Distribution of various land cover classes and dike system. 

Table 2.3 Confusion matrix for accuracy assessment. 

Classified 

Ground survey 

 

Mountain 
Built-

up 
Water 

Single-

rice crop 

Double-rice 

crop 

Triple-

rice 

crop 

Forest 
Plant

ation 
Total 

User's 

accuracy 

(%) 

Mountain 11 0 0 0 0 0 1 1 13 84.6 

Built-up 0 9 0 2 0 0 0 0 11 81.8 

Water 0 0 18 0 0 2 0 0 20 90.0 

Single-rice crop 0 2 0 12 1 0 0 0 15 80.0 

Double-rice crop 0 0 1 0 18 3 0 0 22 81.8 

Triple-rice crop 0 0 2 0 3 20 0 1 26 76.9 

Forest 2 0 0 0 0 0 15 2 19 78.9 

Plantation 1 0 0 1 0 0 2 10 14 71.4 

Total 14 11 21 15 22 25 18 14 140  

 

Producer’s accuracy (%) 

 

78.6 81.8 85.7 80.0 81.8 80.0 83.3 71.4  
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Figure 2.21 Yearly change area of rice cropping pattern. 

2.4 Discussion 

We presented a study of rice cropping pattern monitoring and mapping in An 

Giang based on Sentinel-1A SAR data, during March 2017 and March 2018. The 

backscattering behavior of Sentinel-1A SAR shows a good relationship with rice 

phenological changes at three rice cropping patterns. The σoVH polarization 

showed better information about rice growth than σoVV.  

The Sentinel-1A data showed the trajectory of rice growth stages, and the 

trajectory also matched well with the crop calendar in the area (Figure 2.4). For 

example, the behavior of σoVH and σoVV during the entire period of triple, 

double, and single –rice crops were greatly correlated with rice growth stages 

especially in mature stages due to less effect of standing water in rice fields. The 

σoVV had two peaks in each growing season except the vegetable crop in single-

rice crop. The result has agreed with Nguyen et al. [50] that σoVV got maximal 

values 30 days after sowing. In this study, we found that the first peak appeared 

30 days after the sowing date and the second occurred about 12 days after the 

0

500

1000

1500

2000

2500

3000

1995 2000 2005 2010 2015 2020

ar
ea

 (
sq

.k
m

) 

Time (year) 

Single-rice crop

Double-rice crop

Triple-rice crop



36 

reproductive stage. These two peaks were approximately equal to each other. 

The first peak in the σoVV polarization is probably related to the appearance of 

water level in the agriculture fields, which causes double-bounce scattering right 

after the sowing. Although Sentinel-1A data with σoVH and σoVV polarization 

can be used to identify various growth stages of the rice crop, the responses of 

σoVH polarization were more consistent with rice growth stages than the σoVV 

polarization responses. Moreover, both σoVH and σoVV is not sufficient to 

distinguish backscattering from surface, steam, and canopy; however, use of full 

polarimetric data can be useful to distinguish surface, stem and canopy 

scattering. σoVV polarization also holds signals from volume or double-bounce 

(e.g., water-stem, and water-canopy). The σoVH backscatter is less affected from 

standing water conditions [50] and is thus expected to better represent the actual 

rice growth cycle.  

 Regarding rice phenology, the low values of backscattering of σoVV and 

σoVH were found in the early stages such as sowing days and soil preparation, 

and the fallow periods in the semi-dike area. Lasko et al., Torbick et al., and 

Bayro-Corrochano [51,57,90] also agreed that there was low backscattering 

during sowing dates . Moreover, Oyoshi et al. [101] noticed that there low 

backscattering occurred during the sowing stage and high backscattering 

occurred during the maturity stage based on the unique phenological changes of 

rice crop using SAR data. Thus, this feature of SAR data can be utilized for 

discriminating between the rice crop and other objects. Interestingly, the mean of 

maximal values of σoVH were found to be higher in the winter-spring season 

than in other seasons.  
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Based on the mapping of LULC, we detected that most of the triple-rice crop 

was distributed close to the main rivers (Bassac and Mekong rivers) as compared 

to double-rice crop. However, we also noticed some double-rice cropping close 

to the main river during the study period as farmers had applied the three-three-

two cropping cycle model. The single rice cropping pattern was dominant in 

Tinh Bien and Tri Ton districts that are far away from Bassac River since most of 

the single-rice cropping is near mountains and usually faces a shortage of water 

supply. Nguyen et al. [50] also detected that rain-fed single rice has less optimum 

growing conditions in the VMD. We have noticed a decreasing trend of triple 

rice cultivation area after 2013 (Figure 2.21). This change has been detected in 

recent years; however, we expect that An Giang will be able to retrieve single-

rice crop to enhance water and soil quality and to keep traditional rice culture in 

the future. 

The accuracy assessment was applied to quantify how good the LULC 

mapping was. Overall accuracy and kappa coefficient were popularly used to 

assess the accuracy of rice mapping in many studies [50,83,105]. In this study, the 

confusion matrix showed a classification error in triple-rice cropping which was 

affected mainly by double-rice crop and water bodies. In the scatter double-rice 

plots in inside the semi-dike, farmers increased one more rice crop in autumn-

winter. The farmers temporarily upgraded to full-dike from semi-dike to boost 

rice production; however, the risk of dike-break would increase. Also, in some 

triple-rice plots in full-dike area was commission by double-rice crop. Some local 

farmers have converted the third rice crop to vegetable or to the fallow period 

since farmers need to diversify crops. Land degradation was also one of the 

factors that led to conversion of rice crop to other uses. The water bodies had 

little effect on misclassification in triple and double-rice classes. The standing 
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water often appeared in rice fields leading to inundated areas, especially during 

August and November in the semi-dike area. Some single-rice plots were 

misclassified by built-up or double-rice due to some of them not yet having any 

cultivation or vegetable-rice model application, respectively. Thus, the use of 

PALSAR-2 data can improve the accuracy as introduced by Arai et al. [65] to 

distinguish between the inundated-rice fields and non-inundated-rice fields.  
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Chapter 3. Effect of dike-protection systems on surface water 

quality in the Vietnamese Mekong Delta  

3.1 Introduction 

Water quality has become a major concern in environmental debates [106–

109] with about 80% of the world population in facing the threat of water scarcity 

[2]. The complex and diffuse contaminated pollutants get transferred from 

multiple land use to surface water, thus making the maintenance of water quality 

a challenge [110–117]. Discharge from agricultural catchments were found to 

have higher amounts of nutrients than forested ones, and agricultural activities 

have been identified as major contributors to water pollution [115,118]. 

Agriculture is considered a primary source of livelihood for 40% of the 

population and feeds for more than seven billion people in the world [119]. The 

intensification of agriculture has been practiced to meet the rising food demand 

in the limited amount of land under the context of urban development [116,120]. 

Therefore, fertilizers and pesticides have been utilized to increase productivity; 

however, they heavily impact the environment [25,121,122]. In addition, most 

governments in developing countries are often forced to focus on economic 

development rather than environmental protection [27]. For example, some 

developing countries in Africa, the Middle East, and Asia have been identified as 

hot-spots of water pollution with an average monthly concentration of 

Biochemical Oxygen Demand (BOD) above 8 mgL-1 in surface water [123]. 

In Southeast Asia, the irrigated rice system area accounts for more than 50% 

of the total agricultural area in Indonesia, the Philippines, and Vietnam [124]. 

Intensification of rice often comes with more than one crop per year and 

accounts for 79.4% of the total area under rice cultivation [124]. Also, the increase 
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in fertilizer use in irrigated rice fields compared to rain-fed rice crop was found 

[125]. In the Vietnamese Mekong Delta (VMD), agricultural intensification has 

been applied for nearly 40 years to adapt to economic development and 

population growth. In 1986, the Renovation policies 3  were issued by the 

Vietnamese government which has led the VMD to become one of the largest rice 

exporting country in the world since the 2010s [8–12]. To this end, many dike-

protection systems, canals, and sluice-gates were built in parts of the upper VMD 

such as An Giang, Dong Thap, and Long An provinces to prevent flooding and 

to provide irrigation and drainage. Therefore, the VMD had been transformed 

into a hydraulic landscape under human control since the 1990s [19–21]. The use 

of pesticide and herbicide chemicals has swelled to wasteful levels in many parts 

of the region, where the local government is now seeking to reduce the use of the 

chemicals to improve water quality, especially in areas inside the dike systems. A 

prominent area in the VMD with sufficient impact of farming and renovation 

policy is An Giang province in the upper VMD.  

An Giang province, where periods of long inundation exist, was selected to 

assess surface water quality under flood-protection-dike development (Figure 

3.1). The province is located inland in the VMD where the wet season occurs 

during the period May-November, and the dry season occurs from December to 

April. The mean annual rainfall is about 1,400 m accounting for 90% of the total 

annual rainfall. Water volume is mostly transported from the upstream of 

Mekong river, whereas rainfall runoff in An Giang has minimal effect on river 

flow [28]. However, the two main rivers of the Mekong River system, i.e., the 

Mekong and Bassac Rivers, along with 280 primary rivers and dense main canals 

                                                 
3 A set of economic reforms aim at moving the Vietnam economy towards the socialist-oriented market 

economy, and transitioning to a more industrial and market-based economy.  
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are responsible for flood flow release in the An Giang. The province is a flood-

prone area where 22 flood events with high frequency occurred during 1926-2006 

[6] in which about 65% of the high floods occurred from August to October [7].  

 

Figure 3.1 Map of the study area and surface water quality monitoring sites in An 

Giang province, Viet Nam. These photos were taken by the authors during field work in 

the Mekong Delta in 2017. Note: R: Main river, c: primary canal, f: secondary canal 

(field canal).  

In response to these natural disasters, the Vietnamese government and local 

communities in the flood-prone areas of the VMD decided to construct dike 

systems to cope with the flooding situation and also to support agricultural 

intensification. An Giang covers an area of 3,406km2 in which the rice land area 

accounts for 75% of the total area [126]. The dike protection area accounted for 
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over 80% of the total area of An Giang in 2017 (Table 3.2). These farmers might 

practice triple-rice intensification in full-dike-protection systems even during 

flooding season. The full-dike system protected triple-rice crops with an 

elevation variation from 4 to 6m above sea level [127,128]. Meanwhile, the 

double-rice crops often come under the semi-dike-protection system with 

elevation ranging from 2 to 3m above sea level. In this dike system, water flow 

enters the fallow field periodically in monsoon season, during August and 

November. Table 3.2 also shows the increased and decreased trend of full-dike 

and semi-dike areas, respectively, during 1995 to 2017. The local farmers have 

shifted to triple-rice crop from double-rice crop along with an increase in area 

covered with full-dike system since 1995. Triple-rice crops were dominant since 

the 2000s and rice production had a strong positive correlation with the full-dike 

area during 1995-2017 [43,127]. This rice intensification puts pressure on soil and 

water quality [78]. Previous studies found that intensive rice cultivation caused 

changing ecosystem, rising pest infestation, decreasing water quality and 

potential toxicity, especially for the area inside the dike system [18,23–25,129]. In 

recent years, groundwater is the main resource supplied for domestic use, while 

surface water resources mainly contribute to raising fish and irrigation. Surface 

water quality indices often exceed permission of the Vietnamese standards for 

domestic water supply [130]. For example, in October 2016, the concentrations of 

dissolved oxygen (DO), total suspended solids (TSS), Chemical Oxygen Demand 

(COD), BOD5 and Total coliforms (TC) exceeded permitted values by 1.5 to 5 

times, 1.5 to 10 times in the main river and canal compared to the Vietnamese 

standard [130,131]. Moreover, surface water was recommended not to be used 

for drinking and cooking without treatment techniques in An Giang [130].  
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Figure 3.2 Rice area and production graph in dike protection system. Rice production 

was increased by double from 2 million tons to 4 million tons, 1997-2017. Rice area and 

production data were collected from IRRI, during 1975 to 2017; dike area data were 

collected from DARD and Construction department of An Giang, during 1995 to 2016. 

Recently, [132] found that the concentrations of nutrients (P and N) often 

exceeded guideline standards in the border dike. Dike systems supported 

intensive pastoral agriculture in southern New Zealand. In Viet Nam, however, 

[133] revealed that the dike system caused changes in water regime in the VMD. 

However, they did not examine the effects of dike systems on water quality. 

Recently, Chea et al. [2] revealed that surface water quality in the main branches 

of the Mekong river was poor compared to the water quality in the Mekong river. 

The authors focused mainly on primary canals and also did not link with dike 

system protection. To the best of our knowledge, a short study focused on water 

quality inside the dike system in flood-prone areas in the VMD such as An Giang 

province. Due to water variation in quality depending on its location, time, 

season and existing pollution sources, this study aims to analyze surface water 

pollution levels in both spatial and temporal canals inside the dike system, and 

compare to the water quality outside the dike system area to identify the impact 
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of land use change on hotspots of water quality. In this study, we applied 

multivariate statistical analysis to assess the changes in surface water quality to 

find out the level of discriminant water quality parameters to distinguish 

between the inside and outside of dikes as well as between two seasons. This 

information might provide a picture about the water quality situation in An 

Giang which will be useful information for the AG government and for further 

researches.    

3.2 Materials and Methods  

3.2.1 Water quality sampling and analysis 

Water quality samples were taken during the dry season (April 22-28, 2017) 

for the first time and the wet season (October 6-13, 2017) in the second time. A 

total of 35 surface water samples per season were measured at different rivers 

and canals inside and outside of the dike system in An Giang. We also conducted 

geotagged photos of site water samples which were marked in Global 

Positioning System (GPS) (Table 3.1). Stratified random sampling was used to 

select sampling sites in which the 6, 15, and 14 sites were selected in Bassac River 

(a branch of the Mekong River), primary canals, and secondary canals, 

respectively (Figure 3.1). Physical parameters were measured in-situ using a 

HORIBA multi-parameter meter (Kyoto, Japan) and a handheld meter (Oaklom; 

Tokyo, Japan). Chemical parameters such as phosphorus, nitrate, nitrite, 

ammonium, and chemical oxygen demand (COD) were measured by using the 

pack test listed in Table 3.2.  
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The secondary data of rice production, rice yield, and dike system area in An 

Giang were collected from the Department of Agriculture and Rural 

development (DARD) and the Construction Department of An Giang, 1995-2017. 

Table 3.1 Location of 35 water-sampling sites in the dry and wet seasons in An Giang. 

 

No. 

 

Sites 

 

Log. 

 

Lat. 

 

No. 

 

Sites 

 

Log. 

 

Lat. 

 

1 c1 105°12'25.20"  10°46'7.78"N 18 f3 105°16'9.83"E 10°36'44.98"N 

2 c2 105°15'56.86"E  10°38'38.50"N 19 f4 105°17'55.17"E  10°36'46.66"N 

3 c3 105°14'28.43"E  10°46'32.38"N 20 f5 105° 4'5.78"E  10°40'17.92"N 

4 c4 105°16'2.69"E  10°45'53.35"N 21 f6 105° 5'30.06"E  10°38'30.42"N 

5 c5 105°13'19.60"E  10°44'24.37"N 22 f7 105° 1'0.07"E  10°37'44.03"N 

6 c6 105°25'56.10"E  10°29'15.79"N 23 f8 105° 2'5.19"E  10°36'29.09"N 

7 c7 105°28'43.62"E  10°26'47.58"N 24 f9 105°30'23.99"E  10°25'22.07"N 

8 c8 105°30'15.60"E  10°28'1.67"N 25 f10 105° 7'40.93"E  10°22'11.83"N 

9 c9 105°30'23.99"E  10°25'22.07"N 26 f11 105°22'37.45"E  10°21'30.16"N 

10 c10 105°10'16.02"E  10°34'10.30"N 27 f12 105°21'44.71"E  10°17'29.98"N 

11 c11 105° 7'17.33"E  10°33'6.65"N 28 f13 105°29'39.51"E  10°23'18.24"N 

12 c12 105°12'42.17"E  10°32'8.37"N 29 f14 105°31'52.81"E 10°25'16.97"N 

13 c13 105°17'34.29"E  10°27'19.16"N 30 R1 105° 7'35.16"E  10°42'41.14"N 

14 c14 105° 9'44.70"E  10°24'17.39"N 31 R2 105°12'43.56"E 10°39'53.83"N 

15 c15 105° 3'16.39"E 10°25'56.12"N 32 R3 105°12'41.23"E  10°36'58.64"N 

16 f1 105°13'15.39"E  10°42'27.56"N 33 R4 105°19'33.59"E  10°31'52.72"N 

17 f2 105°15'19.71"E  10°42'36.67"N 34 R5 105°24'34.59"E  10°26'21.35"N 

    35 R6 105°26'58.50"E  10°22'56.02"N 
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Table 3.2 Water quality parameters, units, and methods of analysis. 

 

Parameters 

 

 

Abbreviations 

 

Units 

 

Method of analysis/Equipment 

pH pH  In situ, Handheld pH meter I-1000  

Electrical 

Conductivity 

EC S.cm-1 In situ, Handheld conductivity meter 

I-1200  

Total coliforms TC MPN/100mL Shibata science (Tokyo, Japan) 

Dissolved Oxygen DO mgL-1 In situ, HORIBA Multi-parameter 

Meter 

Turbidity Turb NTU In situ, Turbidity Meter Lutron TU-

2016 

Orthophosphate  PO4(3-) mgL-1 In situ, Pack test Kyoritsu Chemical-

Check Lab., Corp; Tokyo, Japan 

Nitrite NO2(-) mgL-1 In situ, Pack test Kyoritsu Chemical-

Check Lab., Corp; Tokyo, Japan 

Nitrate  NO3(-) mgL-1 In situ, Pack test Kyoritsu Chemical-

Check Lab., Corp; Tokyo, Japan 

Ammonium  NH4(+) mgL-1 In situ, Pack test Kyoritsu Chemical-

Check Lab., Corp; Tokyo, Japan 

Chemical Oxygen 

Demand 

COD mgL-1 In situ, Pack test Kyoritsu Chemical-

Check Lab., Corp; Tokyo, Japan 

The multivariate approaches for the matrix for water quality parameters offer 

a better understanding of the characteristics of water quality, which was found in 

previous studies [134–137]. First, we assessed temporal variation of water quality 

between the dry and wet season by using the Spearman correlation coefficient 

(Spearman R) and discriminant analysis (DA) technique. Second, cluster analysis 

(CA) and principal component analysis (PCA) were then applied for spatial 

pattern assessment parameters for each season to detect the differences in water 

quality between inside and outside the dike. Finally, we calculated the water 

quality index based cluster obtained in the CA step. The statistical software and 

data analysis add-on for Excel (XLSTAT) version 2018, a statistical program and 

Inverse Distance Weighting (IDW) interpolation were chosen for display results. 



47 

The DA technique was used to perform characteristics changes in water 

quality linked seasons. It can also determine the most significant parameters and 

separate two or three clusters in terms of data sets [138–141]. In this study, we 

conducted three different modes approaches, i.e. standard, forward stepwise and 

backward stepwise that was applied successfully in previous studies [142,143]. In 

forward stepwise mode, variables are included step-by-step beginning with the 

most significant until no change is obtained. In backward stepwise mode, 

variables are removed step-by-step beginning with the least significant until 

significant changes, as expressed in equation 1 [138,144]. 

 

         ∑       
 
      (1) 

 

F test of Wilks’ lambda where i is a number of clusters (G), ki is the constant 

inherent to each cluster, n is the number of parameters, and wj is the weight 

coefficient assigned by DA to a given selected parameter (pj). Wilks' lambda 

determines the difference of the mean of identified clusters, i.e., a small value 

near 0 implies that clusters differ, and 1 means that all clusters are equal of mean 

values. The F test of Wilks' lambda identifies significantly contributed 

parameters, i.e., a decrease in the independent variable’s lambda value means 

the increase of variable contribution. From there, significant contributor variables 

will be identified [144]. 
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3.2.2 Spatial pattern water quality analysis 

(i) Cluster analysis (CA) was applied to examine the data for spatial and 

temporal differences which previous researches have applied for water 

quality assessment [140,141,145–147]. In this study, CA, an unsupervised 

model, was chosen to divide the data set into clusters within 35 water 

sampling sites. The most common approach starts with each site being 

similar to others in the cluster according Dlink/Dmax ratio to a 

predetermined selection criterion. Then, in a separate cluster, the sites join 

together step by step until one cluster remains [139–141,148–151]. An 

example of CA, agglomerative hierarchical clustering (AHC) with bottom-

up approach was applied, wherein each site starts in its own cluster, then 

pairs of clusters are merged as one moved up the hierarchy. Ward's 

method measures the distance-linked clusters, in which Dlink/Dmax 

represents linkage distances of ratio-identified cluster to maximal linkage 

distance [138,141,150,152,153].  

 

(ii) Principal component analysis (PCA) was used to transform the original 

variables into new principal components performed along directions of 

maximum variance. Also, reducing the contribution of less significant 

variables with minimal information loss was identified. In this study, the 

principal component was applied to identify which factors will be the most 

important parameters of water quality, as expressed by the equation 2 

[147,154–161]. 

 

                             (2) 
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Where Z is the component score, a is component loading, x is component 

number, j is sample number, and m is a total number of variables. 

(iii) Factor analysis (FA): was used to reduce the contribution of less 

significant variables to simplify further the data structure produced from 

PCA. Factor analysis is expressed by equation 3. 

 

                                 (3) 

 

Where Z is the measured variable, a is the factor loading, f is the factor 

score, e is the residual term accounting for errors or other sources of 

variation, i is the sample number, and m is the total of factor. 

3.2.3 Water quality assessment 

The water quality index (WQI) has been applied in many countries and in the 

Mekong River basin; with WQI being one of the pronounced methods to 

represent the level of water quality by using several physico-chemical and 

biological parameters into a single number [2,162–166]. An Giang belongs to the 

Mekong Delta basin, standard of water quality which applied for whole Mekong 

River basin was conducted. However, there is no specific water quality standard 

or guideline used as criteria in the Lower Mekong Delta basin [2,162,163]. Thus, 

we used a standard which was introduced by the Mekong River Commission 

(MRC) in 2012 [164]. These six indicators of water quality concerning aquatic life 

(pH, EC, ammonia (NH3+), nitrite and nitrate-nitrogen (NO2,3_N), total 

phosphorus (T-P), and DO were conducted [163]. Thus, we used the water 



50 

quality index for aquatic life protection (WQIal) to evaluate surface water quality 

in An Giang, as expressed in equation 4 [164].  

 

      
∑   

 
   

 
        (4) 

 

Where pi represents the points scored on the sample (when each of the 

parameters meets its target value, its corresponding weighting factor is scored; 

otherwise, the score is zero); n is the number of samples; M is the maximum 

possible score for the measured parameters. Table 3.3 shows the grade scale; i.e., 

10-9 for high quality, 9.5-9 for good quality, 9-7 for moderate quality, and < 7 for 

poor quality [162,163]. 

Table 3.3 Water quality parameters used for calculating the rating score of the water 

quality Index for the protection of aquatic life. 

 

Parameters 

 

 

Target value 

pH 6 - 9 

EC (S.cm-1) < 150 

NH3(+) (mgL-1) 0.1 

NO2,3_N (mgL-1) 5 

T_P (mgL-1) 0.13 

DO (mgL-1) > 5 
Note: Total-PO4 (mgL-1 as PO43-) = PO43-x0.3262, and NH3+ = NH4+x0.944,  

and NO2_N = NO2-/3.28442, NO3_N = NO3-/4.42664 [167,168] 
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3.3 Results 

3.3.1 Temporal variation of water quality parameters 

Table 3.4 Correlation matrices in the dry season using Spearman rank-order. 

 

Variables 

 

DO pH EC Turb COD NH4(+) NO2(-) NO3(-) PO4(3-) TC 

DO 1          

pH -0.001 1 

 

       

EC -0.108 -0.664* 1        

Turb -0.276 -0.463* 0.657* 1       

COD 0.076 -0.068 0.310 0.394 1 

 

    

NH4(+) -0.234 -0.275 0.572* 0.495* 0.224 1     

NO2(-) 0.227 0.273 0.133 0.082 0.108 0.208 1    

NO3(-) 0.139 0.505* -0.106 -0.115 0.101 0.095 0.795* 1   

PO4(3-) -0.082 -0.454* 0.504* 0.662* 0.396 0.298 0.054 -0.030 1 

 TC -0.004 0.112 0.177 0.013 0.123 0.101 0.109 -0.012 -0.225 1 

Note: * value is different from 0 at a significant level of 0.05. 

 

Table 3.5 Correlation matrices in the wet season using Spearman rank-order. 

 

Variables 

 

DO 

 

pH 

 

EC 

 

Turb 

 

COD 

 

NH4(+) 

 

NO2(-) 

 

NO3(-) 

 

PO4(3-) 

 

TC 

 

DO 1          

pH 0.059 1 

 

       

EC -0.016 -0.532* 1        

Turb -0.193 0.261 -0.174 1       

COD 0.055 -0.387 0.486* -0.098 1 

 

    

NH4(+) -0.132 -0.229 0.508* -0.176 0.380 1     

NO2(-) -0.145 -0.139 0.223 0.168 0.237 0.371 1    

NO3(-) -0.100 -0.336 0.149 0.001 0.202 0.016 0.506* 1   

PO4(3-) 0.039 -0.162 0.484* 0.021 0.284 0.382 -0.013 -0.244 1 

 TC -0.122 -0.117 0.045 -0.473 0.073 0.111 0.262 0.182 0.011 1 

Note: * value is different from 0 at a significant level of 0.05.  

 

Table 3.4 and Table 3.5 show the correlations among ten water quality 

parameters in dry and wet seasons, respectively. The results indicated that water 

quality in the dry season was significantly different from its quality in the wet 

season. There were higher correlations among parameters in the dry season 

compared to those in the wet season. For example, in the dry season, turbidity 
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had a statistically positive correlation with EC and PO4(3-) concentrations (p < 

0.05), but there was no statistically significant correlation with other parameters 

in the wet season. 

The pH value was significantly correlated with four-parameters (i.e., EC, Turb, 

NO3- and PO43-) in the dry season, whereas it was significantly correlated only 

with EC in the wet season. Only EC had a significant correlation with more than 

one variable, i.e., COD, NH4+, and PO43- in the wet season. In contrast, we found 

that in the dry season, EC and pH were significantly correlated with three and 

four water quality parameters, respectively. Therefore, it can be expected that the 

water quality parameters varied widely in the two seasons (Table B1 for 

descriptive statistics of collected data). 

Table 3.6 Unidimensional lamda test of equality of water quality parameters. 

Variable Standard mode 

 

 Backward stepwise 

  

Forward stepwise 

 

DO 0.808***  0.808***  0.808*** 

pH 0.992  

 

  

EC 0.812***  0.812***  0.812*** 

Turb 0.790***  0.790***  0.790*** 

COD 0.755***  0.755***  0.755*** 

NH4(+) 0.896**  0.896**  0.896** 

NO2(-) 1.000     

NO3(-) 0.874**  0.874**  0.874** 

PO4(3-) 0.975     

TC 0.961     

Percent correct 95.54%  92.68%  92.68% 

Note: Seasonal variation in water quality was evaluated by discriminant analysis (DA). It was 

performed on raw data with p<0.05 to further explore temporal variation of water quality. A 

Lamda value of 1 indicates that the means of water quality parameters in dry season are not 

different from those in wet season.  A Lamda value of 0 indicates that the means of water 

quality parameters in dry season are totally different from those in wet season. Significance is 

denoted as follows:  *p < 0.05 **p < 0.01 ***p < 0.001.  
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Table 3.6 shows the discriminant factions (DFS) on the three modes used in 

DA (Table B2 for the classification matrices (CMs)). In the standard mode, there 

was an obtained DFS with six discriminant variables (COD, turbidity, EC, DO, 

NO3-, and NH4+) producing CMs with 95.54% correct. Similarly, both backward 

stepwise and forward stepwise modes gave 92.68% correct. Also, the test of 

Wilks Lambda in the standard mode provided a value of 0.301 (P<0.0001). The 

null hypothesis stated the means of vectors of the two groups (the dry and wet 

seasons) are equal. The alternative hypothesis, on the other hand, at least one of 

means of the vector is different from another. In this case, the computed P-value 

is lower than 0.01; the null hypothesis was rejected. Moreover, p-value being 

lower than 0.0001 indicates that the means of two groups were strongly different. 

Therefore, the results of DA showed the concentrations of DO, EC, turbidity, 

COD, NH4+, and NO3- were the most significant parameters to discriminate 

between these seasons in the study area.  

Figure 3.3 shows the concentrations of 6 parameters in the dry and wet 

seasons. In general, these concentrations in both seasons did not meet the 

Vietnamese water quality standard for domestic water supply found in [131], 

and they are consistent with the findings of  [2,78,102,130]. The concentrations of 

COD, and NH4+ in the wet season were higher in values and wider in ranges in 

comparison with those in the dry season. Also, some high outliers values of EC, 

COD, and NH4+ were found in the wet season; and most of the outliers were 

from sites located inside full-dike such as c7, f1, f3, f6, f9, and f14. The 

concentration of the water quality parameters inside the full-dike was higher 

than that in the semi-dike and outside the dike. 
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Figure 3.3 Box and whisker plot in discriminant parameters in dry and wet seasons: (a) 

COD, (b) turbidity, (c) DO, (d) EC, (e) NO3-, and (f) NH4+ in surface water quality. The 

outliers of NH4+ and EC in wet season were found inside full-dike (c7, f1, f3, f6, f9, and 

f14). Note: (R: river, c: primary canal, f: field canal; 1: inside full dike, 2: inside semi 

dike, 3: outside of dike). 

3.3.2 Spatial variation of water quality parameters 

Figure 3.4 and Figure 3.5 show dendrogram clusters in the dry and wet 

seasons in which three statistically significant clusters with linkage distance 

represented at (Dlink/Dmax)x100<60 (cluster 1, 2 and 3) and at (Dlink/Dmax)x 

100<35 for sub-clusters (3a and 3b). The clusters still had a similar characteristic 

of water quality due to natural background source types. This finding agreed 

with findings from previous studies in Asia [142,143]. Figure 3.6 shows a large 
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discriminant between cluster 1 and the other clusters. The number of clusters 

was also decided by the practicality of the results such as an abundance of 

information main river (R), primary canal (c), secondary canal (f), and full-dike 

(1), semi-dike (2), outside dike (3)). The majority sites of cluster 1 were located 

inside the full-dike system in both the seasons (Table 3.5). Cluster 2, obtained 

from four out of nine sites inside the full-dike in the dry season and seven out of 

nine sites inside the full-dike during the wet season. Cluster 3a and 3b obtained 

mixing types such as inside the full-, semi-, and outside of dike systems except 

for cluster 3a in the dry season included most sites which were located inside the 

full-dike. We presented the water quality characteristic by clusters in Figure C1. 

The cluster 1 was obtained in secondary canals which were close to rice fields 

(eight sites in the dry season: f1, f4, f7, f8, f9, f14, c1, and c11; and six sites in the 

wet season: f1, f3, f6, f9, f14, and c1). Cluster 2, in the dry season, included a 

majority of samples sites located in the main river, primary, and secondary rivers. 

However, in the wet season, most samples’ sites (six out of nine) were located in 

the primary canals. Cluster 3a included sample sites located in secondary canals 

(five out of ten) such as f3, f5, f6, f10, f13, c4, c9, c10, R3, and R4; primary canals 

inside semi-dike (f5, f8, f13, c6, c10, c12, c13, and c14) in the dry season were also 

included in Cluster 3a. Cluster 3b included sites inside the full-dike in the dry 

season and mixing type of sample sites in the wet season. 
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Figure 3.4 Dendrogam of clusters of sampling sites according to surface water qualities 

at (Dlink/Dmax)x100<60 and (Dlink/Dmax)x100<35 for sub-clusters (3a and 3b) in both 

the seasons. In dry season (cluster 1 obtained f1, f4, f7, f8, f9, f14, c1, and c11; cluster 2: 

f1, f12, c8, c12, c14, c15, R2, R5, and R6; cluster 3a: f3, f5, f6, f10, f13, c4, c9, c10, R3, and 

R4; cluster 3b: f2, c2, c3, c5, c6, c7, c13, and R1). Note: (R: river, c: primary canal, f: field 

canal; 1: inside full dike, 2: inside semi dike, 3: outside of dike). 

 
Figure 3.5 Dendrogam of clusters of sampling sites according to surface water qualities 

at (Dlink/Dmax)x100<60 and (Dlink/Dmax)x100<35 for sub-clusters (3a and 3b) in both 
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two seasons. In the wet season (cluster1:f1, f3, f6, f9, f14, and c1; cluster 2: f4, f10, f11, c2, 

c7, c8, c9, c11, and c15; cluster 3a: f5, f8, f13, c6, c10, c12, c13, c14, R1, and R5; cluster 3b: 

f2, f7, f12, c1, c4, c5, R2, R3, R4, and R6). 

  
Figure 3.6 Results from DA among 4 groups in each season (1, 2, 3a, 3b): (a) dry season, 

(b) wet season. In both the dry and wet seasons, a large discriminant exists between 

cluster 1 and the other clusters while clusters 3a and 3b have less discriminant features. 

In the dry season, F1 and F2 explained 74.99% and 17.87% of total variation, 

respectively. In the wet season, F1 and F2 explained 72% and 18.35%, respectively. 

3.3.3 Data structure determination and sources identification 

In PCA, eigenvalues were used to identify principal components (PCs) which 

can be retained. An eigenvalue measured the significance of the factors. Screen 

plots were obtained from the pronounced change of slope after the third 

eigenvalue (Figure D1), in which eigenvalues greater than or equal to 1, were 

considered [147,169,170]. The first four eigenvalues in two seasons were used for 

further analysis. These PCs were selected with eigenvalues greater than 1 and 

explained 78.36 % and 70.70 % of total variances in the dry and wet seasons, 

respectively (Table D1).  

Figure 3.7 shows that the PC1 explained 33.91% of the total variance in the 

dry season. This component was positively and largely contributed by 

mineral/physical parameters (EC and turbidity) and inorganic parameters (NO2- 
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and NO3-); but was negatively contributed by pH concentration. The 21.16% 

performed in PC2 was contributed by inorganic nutrient-related water quality 

parameters (NO2-, NO3-), and pH. The concentrations of DO and TC were 

considered as less important since the loading coefficients (eigenvector) were low 

in these two parameters in two seasons. These components revealed the 

importance of the effect of EC, Turb, PO43- in the dry season. The high NO2- and 

NO3- indicated that high amounts of fertilizers had been used releasing toxins 

which harm aquatic life and human health. Wilbers et al. [171] mentioned the 

NO3- concentrations were still slightly higher after treatment while other 

parameters were reducing such as EC, NH4+, NO2- in surface water in the VMD. 

It was also found that most of these components appeared in cluster 1 in which 

most of the sampling sites were located in secondary canals inside the full-dike 

protection system. 

 

 
 

 

 

 

Figure 3.7 PC1 and PC2 loading of water parameters (a) in dry season and (b) in wet 

season. (a) shows a new coordinate axis in which F1 and explained 33.91% and 21.16%, 

respectively. The high variation of EC, Turb, PO43-  were found. Cluster 1 obtained high 

EC, Turb, COD, and NH4+. (b) shows a new coordinate axis in which F1 and explained 

28.62% and 16.71%, respectively. The concentrations of EC, NH4+, COD, NO2-, and NO3(-)  
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were high variation in the wet. Cluster 1 has also high EC, NH4+, and COD in the wet 

season. DO and TC were low variation in two seasons. 

In the wet season, PC1 explained 28.62% of the total variance and was mostly 

positively contributed by mineral (EC) and inorganic matters (COD, and NH4+), 

but negatively contributed by pH. This component revealed the importance of 

inorganic components over the physical-related water qualities except for pH. 

The PC2 in the wet season was explained by 16.71% of total variance and was 

highly positively contributed by inorganic nutrient-related water quality 

parameters (NO2-, and NO3-) and highly negatively contributed by PO43-. These 

components demonstrated that DO, turbidity, and TC were less important in 

accounting for water quality variance. Also, these components showed the 

higher EC and inorganic components (COD, NH4+, NO2-, and NO3-) which were 

found in clusters 1 where most of the sampling sites were located in the 

secondary canal inside full-dike.  

As shown in Figure 3.7, the first component (PC1) and the second component 

(PC2) were highly influenced by most of the variables in both seasons. However, 

this result explains the difficulty in identifying which parameters are more 

important than the others in influencing water quality variations in this study. 

Therefore, we conducted principal factor analysis (PFA) to circumvent the 

ambiguity in the data. Table D1 showed the correlations between variables and 

factors for each season. In this study area, we applied the 85% correlation 

coefficient value that indicates the importance of water quality parameters for 

seasonal variations. Thus, EC, turbidity, NO2-, and NO3- were identified as the 

most important parameters that positively contributed to water quality 

variations in the dry season. In the wet season, only EC was identified as the 

most important parameter to water quality variations. Therefore, this further 
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reveals that EC is always an important factor for water quality variations in the 

study area for both seasons. It should be noted that EC values in water inside 

full-dike were different compared to inside semi-dike and outside dike. Mean EC 

values were often extremely high compared to other sites. For example, Mean EC 

values inside full-dike were 480 S/cm and 330 S/cm in the dry and wet seasons, 

respectively, which highly exceed those of inside semi-dike and outside of dike 

(Table E1,E2).  

3.3.4 Water quality assessment 

Table 3.1, Figure 3.8, and Figure 3.8 show the water quality index for the 

protection of aquatic life, WQIal. In the dry season, most clusters were identified 

as ‚poor‛ water quality level; an especially low-grade in cluster 1 was detected 

(WQIal = 3.5 and 5.7-grades, respectively). Moreover, cluster 1 was identified as 

‚poor‛ water quality with a very low-grade in both dry and wet seasons. 

Although cluster 2 was found to have slightly low values of NO3- and PO43- in the 

wet season, cluster 2 was considered as a ‚poor‛ water quality level in two 

seasons. The WQIal in cluster 3b was also considered as a ‚poor‛ level of water 

quality in dry and wet seasons even though the QWIal was close to ‚moderate‛ 

threshold in the wet season. Only WQIal in clusters 3a was approximately 7-

grade in the wet season and was identified as a ‚moderate‛ water quality. The 

water quality of most sites in cluster 3a in the main river and the main canal and 

inside semi-dike was found to be of better quality compared to cluster 3b. In 

cluster 3b, high turbidity concentration in the wet season was found in most sites 

in primary canals. The poor water quality level is due to the increased use of 

chemical fertilizers and pesticides, as well as the discharge controlled by the 

sluice-gates operations calendar [133,172]. 
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Table 3.7 Water Quality Index for aquatic life (WQIal) in An Giang. 

 

Clusters 

 

 

Cluster 1 

 

Cluster 2 

 

Cluster 3a 

 

Cluster 3b 

 

Dry season 

 

 

3.7 

 

4.2 

 

5.4 

 

4.8 

 

Wet season 

 

 

4.7 

 

6.2 

 

7.1 

 

6.4 

Note: 10 – 9 for high quality, 9.5 – 9 for good quality, 9 – 7 for moderate quality, and < 

7 for poor quality 

Cluster 1 is the most significant discriminant among clusters (Figure 3.8 and 

Figure 3.9) and was considered as a water quality hotspot for the protection of 

aquatic life. Majority of sampling sites in cluster 1 lie in the secondary canal (field 

canal) and inside the full-dike system. The poor water quality in this cluster is 

due to the increasing use of chemical fertilizers and pesticides in the area.  
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Figure 3.8 Distribution of surface water quality in dry season obtained by cluster.  

 
Figure 3.9 Distribution of surface water quality in wet season obtained by cluster  
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3.4 Discussion 

Knowledge on water quality change inside dike protected area is important 

for further sustainable development in this study area. We used multivariate 

statistics on ten water quality parameters to examine their spatio-temporal 

variation in the study area during the dry and wet seasons in 2017. Overall, it 

was detected that water quality parameters varied widely between the wet and 

dry seasons. Also, the protected area inside the full-dike systemwas 

characterized with higher pollution load than that in semi- and outside dike 

systems, which is discussed in detail below. 

The study area belongs to the Mekong River basin, and thus this study was 

affected by characteristics of water inflow and its quantity from the upper basin 

of the trans-boundary river system [165,173]. In this study, the concentrations of 

COD, NO3-, and NH4+ in the wet season are higher than in the dry season (Figure 

8). It is possible due to the potential influence from inflow water quality in the 

upper Mekong river basin. Chea et al [2] revealed that in the upper part of the 

Lower Mekong Delta basin, the higher T-P and lower DO concentrations were 

found in the wet season compared to the dry season and the author explained 

that the low DO concentration in Cambodia was affected by agricultural, 

domestic, and industrial zones in Cambodia, during 1985-2010. Low DO, and 

high concentrations of T-P, NO3-, and NH4+ might affect aquatic life and human 

health, respectively [174]. Besides, the NH4+ concentration was quite similar in 

two seasons which was found for the whole Mekong river basin [2].  

The PCA found that the EC seems more likely to be positively correlated with 

diversified water parameters in both the seasons compared to others. Thus, it 

might be the crucial parameter in both the wet season and dry season. This result 
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agreed with the result of Al-Mukhtar et al. [175]. They showed that EC and total 

dissolved solids (TDS) were important parameters. Moreover, [176] also detected 

that EC and TDS essentially influenced concentrations of DO and BOD. However, 

DO concentration was not found to have a significant correlation with any other 

water quality parameters in both seasons. It is possible that some other factors 

may have had effects on DO concentration such as water temperature, 

photosynthesis from aquatic plants, TSS, BOD, and river discharge although 

water level and river discharge may control the majority of water quality by the 

dilution of nutrient concentrations at a seasonal scale [177–179]. Also, Evtimova 

et al. [177] found that increased water level has a positive effect on the water 

quality in Lake Poyang, China. For example, water quality was best in summer, 

second best in autumn, and then in winter. However, in this study, the mean 

concentrations and standard deviations of COD and NH4+ were higher in the wet 

season compared to those in the dry season. The mean concentrations of COD 

and NH4+ in the wet season were higher than that in the dry season. It might be 

partly affected by other sources of pollution by the upstream of the Mekong 

River basin. For example, the mean of COD concentrations in cluster 1 were 18 

mgL-1 (SD = 5.25 mgL-1) and 39.67 mgL-1 (SD = 13.37 mgL-1) in the dry and wet 

seasons, respectively (Table E1,E2). The NH4+ concentrations were 1.23 mgL-1 (SD 

= 0.5 mgL-1) and 0.43 mgL-1 (SD = 0.18 mgL-1) in the dry and wet seasons, 

respectively. Similar to cluster 1, high concentrations of COD and NH4+ were 

found in the wet season in clusters 2 and 3 (a, b). Moreover, rainfall runoff 

dissolves and washes downstream toxic wastes and pollutants from various 

sources in the rainy season, for example, agricultural fields. These wastes, in turn, 

affect the water quality and cause variation in water quality parameters between 

the wet and dry seasons. Chea et al. [2] also found that the concentration of T-P 
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slightly increased during the rainy season in the Lower Mekong river basin due 

to the combination effect from upstream flow and inside study area. 

Based on the WQIal result, the ‚poor‛ surface water quality level was detected 

inside the full-dike system in An Giang province. Cluster 1 was identified as a 

hot-spot region with sites located inside the full-dike area. Cluster 1 had high 

nutrient (N and P) in the dry season and NH4+, COD in the wet season. 

Furthermore, cluster 1 was identified as the most significant discriminant among 

clusters. The high nutrient in the dry season may be explained by wastewater 

discharged directly into the canal system from fishponds in the secondary canals, 

and households and markets in the primary canals. People often live along 

riverbanks of primary canals for their water livelihoods. And, farmers often 

construct minor canals (or ditches) for irrigation and drainage from their rice 

fields [6]. Thus, fresh water resources inside the dike system were not very 

suitable for aquatic life during the study period. Moreover, the water quality in 

the main rivers may have affected the spatial variations although other regions 

were considered as having ‚moderate‛ water quality level such as cluster 2 in 

the wet season. The impact of water quality could be associated with water level 

stability, and its discharge operation is often based on the sluice-gates operations 

calendar [133,172]. The minimum WQIal value was found at cluster 1 with 

sampling sites in the secondary canals and inside the full-dike system protection 

area. These sites received large amounts of nutrients and chemical pollution from 

chemical fertilizers or pesticides from rice fields. The dike systems can protect 

productivity and provide support for rice intensification; however, they 

adversely affect the maintenance of water quality within the region. 
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(a) (b) 

Figure 3.10 Concentrations of COD were displayed by IDW: (a) in the dry, (b) and in 

wet seasons, An Giang province, 2017. 

  
(a) (b) 

Figure 3.11 Concentrations of NH4+ were displayed by IDW: (a) in the dry, (b) and in 

wet seasons, An Giang province, 2017. 
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(a) (b) 

Figure 3.12 Concentrations of NO3- were displayed by IDW: (a) in the dry, (b) and in wet 

seasons, An Giang province, 2017. 

 

  
(a) (b) 

Figure 3.13 Concentrations of PO43- were displayed by IDW: (a) in the dry, (b) and in 

wet seasons, An Giang province, 2017. 
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 (a)  (b) 

Figure 3.14 Concentration of EC were displayed by IDW: (a) in the dry, (b) and in wet 

seasons, An Giang province, 2017. 
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Chapter 4.  Groundwater quality assessment using Fuzzy-AHP 

in An Giang province of Vietnam  

4.1 Introduction 

Multiple criteria decision-making (MCDM) is a selective model used for 

evaluation of many complex decisions [180,181]. The Fuzzy Analytic Hierarchy 

Process (Fuzzy-AHP), based on AHP under fuzzy environment, is one of the 

most robust and flexible MCDM tools in the evaluation procedure [181,182]. In 

1980, a simple AHP method was introduced based on a ratio scale [181,183,184]. 

The method was commonly applied in previous studies with advantages such as 

the simple and flexible model with a wide range of usage [185,186]. The 

disadvantages of the AHP method include the uncertainty and ambiguity in 

expressing opinions as the method depends on the decision maker’s knowledge 

and experiences during the decision-making process. Moreover, among other 

factors, the AHP method does not contain feedback loops [187]. 

The fuzzy set was first developed by Zadeh in 1965 [184] and combined with 

Saaty’s priority theory to reduce human ambiguity [188,189]. Later, the Fuzzy-

AHP was developed in order to overcome the uncertainty and ambiguity of 

criteria weights in deterministic and inflexible classifications [190]. Using the 

Fuzzy-AHP can provide fuzzy number, interval judgment values rather than 

fixed or exactly values [181]. This approach reduces uncertainty in assigned 

relative weight and therefore, the Fuzzy-AHP was then successfully used in 

many actual decision situation sections such as energy alternatives selection 

[191,192], supplier selection [193], environmental sustainability evaluation [186], 

and water quality assessment [194–197]. Baghapour et al. [194] conducted the 

Fuzzy-AHP with Fuzzy ordered weighted averaging (FOWA) for developing of 
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the groundwater quality index (GWQI). They further revealed that it can be able 

to effectively calculate weights of groundwater quality parameters. Deng et al. 

[198] used Fuzzy number scales with pair-wise comparisons for solving decision 

problems involving qualitative data very effectively in Australia. Two of the 

fuzzy pair-wise comparison and FOWA were used for different water resource 

assessments such as prioritizing the restoration strategies for Lake Urmia, Iran to 

avoid shrinkage [197], evaporation estimation [199,200], water consumption 

prediction [176], rainfall-runoff forecasting and modelling [201–203], and 

evaluation of groundwater pollution using GWQI [204].  

To assess water quality various multi-variate statistical analyses were 

successfully applied in many previous studies such as groundwater modelling 

using the principal component analysis (PCA) technique [205]. However, PCA 

can only reduce the dimensionality of large data sets based on the variation of 

variables in the new coordinate axis [135,206]. Whereas, the powerful WQI tool 

can be used to reduce a huge number of parameters into a single number [207]. 

The WQI method was first developed by Horton in 1965 [208] by using ten 

parameters of water quality. It has then been widely applied in Asian countries 

[209]. In 1970, Brown et al. [210] introduced a new WQI which is similar to the 

index of Horton. Later, many modifications were made for WQI such as the 

Weight Arithmetic Water Quality Index (WAWQI), National Sanitation 

Foundation Water Quality Index (NSFWQI), Oregon Water Quality Index 

(GWQI), and WQIal for aquatic life recommended by Mekong River Commission 

(MRC) [164,209,211].  

In the Vietnamese Mekong Delta (VMD), people rely both on surface and 

groundwater resources not only for irrigation and aquaculture but also for daily 
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domestic usage. However, the poor surface water quality (high concentrations of 

nutrients and metals) in primary and secondary canals due to the release of 

untreated agricultural runoff, domestic wastewater, and other sources from the 

upper stream of Mekong river basin [206]; which can pose serious health risks 

[78,212]. Therefore, groundwater sources serve as one of the main supply for 

domestic water use and partly for irrigation due to surface water quality often 

exceeding the permission of the Vietnamese standards for domestic water supply 

in An Giang in recent years [130]. Very few studies on groundwater quality 

assessment were conducted, which evaluate the impact of water quality on the 

health risks of children and adults in An Giang province, especially with regard 

to As concentration [213]. Furthermore, Thu et al. [214] investigated sources of 

As contamination in the groundwater in An Phu district of An Giang province. 

To the best of our knowledge, there are only few holistic studies that evaluate 

groundwater quality and its evolution process using the GWQI using fuzzy 

number.  

Many studies used the top-down approach in which the fixed weight of 

groundwater quality is used to calculate the GWQI. For example, Asadi et al. 

[215] and Maheswaran et al. [216] used the weight of groundwater quality of 

WHO to calculate the GWQI in Hyderabad and Salem district of India. In this 

study, we used the bottom-up approach at the local level in terms of weighted 

values of water quality parameter to find out the locally important groundwater 

parameters in An Giang. Considering the above gaps, this study focuses on 

estimating the groundwater WQI (GWQI) by using Fuzzy-AHP to assess 

groundwater quality in An Giang. Fuzzy-AHP approach is used due to its 

computational effectiveness in weighted values of water quality selection and its 

ability to reduce uncertainty from experts’ opinions [217,218]. The pair-wise 
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comparison with triangular fuzzy numbers, along with the weighted arithmetic 

index methods were used to calculate the GWQI. Inverse distance weighted 

(IDW) interpolation was used to display variation in spatial and temporal 

parameters. The findings of this study can provide the status of groundwater 

quality at a spatiotemporal scale, which would be useful for decision-makers to 

design timely management plans for water resources and thus minimize any 

further adverse effect on people’s health.  

4.2 Study area  

An Giang province encompasses an area of about 3,406 sq.km with a total 

population of about 2 million people in 2017. The province is located at the upper 

region of VMD, which is comprised of the dense river network system (Figure 

4.1). The wet season starts from May to November, and the dry season occurs 

during December and April. An Giang province is part of agricultural 

intensification region of VMD, where the water regime is mainly under human 

control through sluice gates, canals, and dike systems [6,38,66]. The LULC map 

of An Giang shows the percentage of various LULC classes in 2018 with triple, 

double, and single-rice crop and other classes cover 46.6%, 24.7%, 7.3%, and 

21.4%, respectively [219]. The high irrigated triple and double rice crops occur 

inside the dike system using surface water, which has negative impacts on 

surface and groundwater quality especially in full-dike system [206,213,219]. 

Consequently, the health of two million people in An Giang may be at risk 

[213,214]. Moreover, the single rice cropping was dominant in the region that is 

far away from the main river with less river network system. The single-rice 

cropping area also includes cultivation of rainfed rice in wet season and 

vegetables in the dry season using groundwater. River discharge data shows a 
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decreasing trend in the wet season and a slightly increasing trend in the dry 

season from 2009 to 2017 (Figure 4.1). 

 

 

 
 

Figure 4.1 Study arae map with location of monitoring wells used in this study. Land 

cover map collected from Diva-GIS sources. 

An Giang province belongs to the Southern part of Vietnam with five main 

aquifers, namely, the Upper Pleistocene aquifer (qp3), Middle-upper Pleistocene 

aquifer (qp2-3), lower Pleistocene aquifer (qp1), Medium Pliocene aquifer (n22), 

and lower Pliocene aquifer (n21) [220]. The groundwater was mostly extracted 
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water from the Pleistocene and Holocene aquifers supply to domestic and 

irrigation purposes. In 2014, the total number of existing groundwater wells was 

4,746 which include 233 unused/discontinued wells. Out of 4,513 wells, there 

were 553 wells used for irrigation and 3,960 wells for the domestic water supply 

[28,221,222]. 

4.3 Data and Methodology  

Groundwater quality data of eight wells were collected from 2009 to 2018 in 

the wet and dry season from the Department of Natural Resources and 

Environment of An Giang (DONRE) (Figure 4.1). The depth of G6 and G8 wells 

(deep well) ranges from 80-300m below ground level lies in the Pleistocene 

aquifer. Whereas, depth of G1, G2, G3, G4, G5, and G7 wells (shallow wells) are 

exploited at the average depth of 50m lies in Holocene aquifer. Furthermore, 

wells G5 and G6 were exploited mainly for industrial zones, while the other six 

wells supply was used for domestic uses and irrigation. Six groundwater quality 

parameters were collected viz. As, NO3, NH4, CaCO3, total Fe and pH in March 

and September each year.  

Figure 4.2 shows the process to determine the relative weight for each 

groundwater quality parameter in order to calculate the GWQI. We conducted 

Fuzzy-AHP, which was developed to weight criteria in decision-making by 

using the output of the experts’ opinions. The weighted value was assigned by 

pair-wise comparison for each of the six-groundwater quality parameters, 

including As, NO3, pH, NH4, CaCO3, and total Fe. Twenty experts were clustered 

in 4 groups and the experts in each group compared the parameters by pair-wise 

variables comparison using fuzzy triangular number scales and four scenarios of 

pair-wise were obtained. The Fuzzy-AHP process weighting was accomplished 



75 

in four steps and groundwater quality index (GWQI) was then calculated [195]. 

We used inverse distance weighting (IDW) interpolation to display the results of 

the GWQI.  
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Figure 4.2 Flowchart of study progress of weighted groundwater quality indices by 

using Fuzyy-AHP. 

4.3.1 The Fuzzy- AHP with pair-wise comparison approach  

To achieve relative weights of groundwater quality parameters, in the Fuzzy-

AHP process was divided into four steps (hierarchy construction development, 

pair-wise comparisons represented by fuzzy numbers, the fuzzy triangular 

number calculation, and normalized weights of parameters establishment). 

Step1- Hierarchy construction development  

We conducted the hierarchy structure composed of three levels as seen in 

Figure 4.3. The first level is the overall objective to determine the quantification 

the potential of groundwater resources; the second level is to comparison of 
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water quality parameters. We used fuzzy triangular number scale which was 

transferred from linguistic terms scale’s Saaty (1980) in Table 4.1 through pair-

wise comparisons matrices [183,223]; and finally, the groundwater quality 

classification is compared based on five-class classes of GQWI. 

Table 4.1 Linguistic terms and the corresponding triangular fuzzy scale. 

Saaty’s 

scale  

Linguistic terms Fuzzy Triangular Scale 

(TFN) 

1 Equal importance (1,1,1) 

3 Moderate importance of one over another (2,3,4) 

5 Essential or strong importance (4,5,6) 

7 Demonstrated importance (6,7,8) 

9 Extreme importance (9,9,9) 

2, 4, 6, 9 Intermediate values between two adjacent 

judgments 

(1,2,3), (3,4,5), (5,6,7) and 

(7,8,9) 

 

 
 

Figure 4.3 The proposed hierarchy structure for performance evaluation process of the 

groundwater quality assessment 

Step 2 - The pair-wise comparisons represented by fuzzy numbers  

The Decision Making, comparison of parameters based on the opinions of 

four experts groups (Professors in Universities, government experts, non-

government experts, and water supply companies) [196]. The fuzzy triangular 

number scales were used to compare between two parameters and find out the 

more important parameter than another parameter. The parameters are 
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compared by transfer from linguistic terms to fuzzy number as shown in Table 

4.1. The pair-wise contribution matrix is expressed in eq.1. The sensitivity 

assessment was conducted to reduce the uncertainty of expert’s opinions by 

comparison of parameters' weights in four scenarios based on mean values and 

standard deviation (SD) and the least SD in the weight change was selected as 

the optimal relative weight. 

   

 ̃  

[
 
 
 
 ̃  

 

 ̃  
 

 
 ̃  

 

 ̃  
 

 ̃  
 

 
 ̃  

 

 ̃  
 

 ̃  
 

 
 ̃  

 

 ̃  
 

 ̃  
 

 
 ̃  

 ]
 
 
 

                                             (1) 

 

Where, Tilde (  : the triangular number;  ̃  
  presents the kth decision maker’s 

preference of ith criterion over jth criterion; 

 ̃   
∑  ̃  

  
   

 
  is average decision maker. 

Step 3: The fuzzy triangular number determine 

The geometric mean technique for computing the weights (Wi) is extended to 

the fuzzy positive reciprocal matrices [224] and comparison values of each 

parameter was calculated as shown in eq. 2. 

  ̃  (∏  ̃  
 
   )

 
 ⁄
                                                                 (2) 

 

Where, 

i = 1, 2,< n;  ̃ : triangular values;  

Later, replace the fuzzy triangular number by (-1) power of summation 

vector and finally making it in an increasing order. 

Step 4: The normalized weights of criteria 

The normalized weight (Ni) was estimated by the corresponding normalized 

row mean as shown in eq.3. 
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∑   
 
   

                                                                       (3) 

Where,  

   
           

 
;   in which    ̃   ̃      ̃   ̃   ̃  ;  

  : non-fuzzy number i,  ̃ : the fuzzy weight of criterion i;  ̃ : reverse vector. 

  

4.3.2Groundwater quality index (GWQI)  

The estimation of GWQI was based on parameter weighting. A weighted 

value was used by using pair-wise comparison to each other and this assigned 

weighted value plays a major role in the calculation of the index value (Table 4.2). 

The limited threshold of quality values was based on the National technical 

regulation on groundwater quality of Vietnam (standard number 09-

MT:2015/BTNMT) [225]. Due to the considered parameters have different units 

and ranges of values, all parameters must be turned into sub-indices expressed 

on a single scale. Thus, we calculated based on the following: relative weight 

(Wrj), quality rating scale (qi), and GWQI. 

Table 4.2 Groundwater quality parameters, units and limited threshold values 

[225]   

Parameters Units Limited threshold values  

As mg/L 0.05 

NO3  mg/L 15 

pH - 5.5 - 8.5 

NH4 mg/L 1 

CaCO3 mg/L 500 

Total Fe  mg/L 5 
 

Relative weight calculation - It was calculated using eq. 4. 

     
  

∑   
 
   

                                                                                                          (4) 
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Where, Wi: the relative weight for the nth parameters and ∑    ; wi: the 

weight of each parameter, a number between 0 to 1; n: number of parameters.  

The quality rating scale calculation- It was calculated using eq. 5. 

 

   
   

   
                                                                                                  (5) 

 

Where, qi: the quality rating scale for the nth variable ; cm: the concentration of 

each parameter in each sample (mg/L), a groundwater threshold values specified 

by [225] for each parameter (mg/L).  

4.3.3 Groundwater quality index calculation 

In this study, we calculated GWQI based on the weighted arithmetic index 

method using eq. 6, which was applied in many previous studies [195,226,227] 

and classified groundwater quality based on rating values of GWQI in Table 4.3. 

         ∑           
 
                                                    (6)  

Where, GWQI: Groundwater quality index, a number between 0 to 300 units. 

Table 4.3 Water quality classification based on GWQI for human consumption. 

GWQI < 50 50-100 100-200 200-300 > 300 

Quality 

classification 

Excellent Good Bad Very bad Unsuitable for drinking 

4.4 Results 

4.4.1 The Fuzzy- AHP with pair-wise comparison 

To determine the weighted parameters, 20 experts in four groups were asked to enter 

into the pair-wise comparison matrix of AHP defined weighting parameters in four 

scenarios and Table 4.4 shows pair-wise comparison in scenario 3 in which As, CaCO3, 

and Fe were of ‚Equal importance‛ while As was with ‚Moderate importance‛ of NH4 

and NO3, and ‚Strong importance‛ with pH. Then four scenarios were defined to 
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estimate absolute group weights of different parameters obtained from pair-wise 

comparison as shown in  

Table 4.5. Following it, optimal status of decision-making' powers were 

determined by sensitivity analysis. To reduce the uncertainty of expert’s opinion, 

we have compared all the possible scenarios and calculated sensitivity values for 

all 6 paired scenarios. Table 4.6 shows the sensitivity comparison among six 

paired scenarios. It is clearly visible that scenario 3 performed best with the 

lowest SD (SD=0.007) in sensitivity analysis. Table 4.7 shows Relative weight 

factors of different water quality parameters. As together with Fe concentrations 

and pH values were the most and least important parameters, respectively. 

Table 4.4 Pair-wise comparison in scenarios 3. 

Criteria As NO3 pH NH4 CaCO3 Fe 

As (1,1,1) (2,3,4) (4,5,6) (2,3,4) (1,1,1) (1,1,1) 

NO3 (1/4,1/3,1/2) (1,1,1) (4,5,6) (1,1,1) (1/4,1/3,1/2) (1/4,1/3,1/2) 

pH (1/6,1/5,1/4) (1/6,1/5,1/4) (1,1,1) (1/6,1/5,1/4) (1/6,1/5,1/4) (1/6,1/5,1/4) 

NH4 (1/4,1/3,1/2) (1,1,1) (4,5,6) (1,1,1) (1,1,1) (1/4,1/3,1/2) 

CaCO3 (1,1,1) (2,3,4) (4,5,6) (1,1,1) (1,1,1) (1,1,1) 

Fe (1,1,1) (2,3,4) (4,5,6) (2,3,4) (1,1,1) (1,1,1) 

 

Table 4.5 Absolute group weights of parameters obtained from pair-wise comparison. 

Parameters 
wj 

S1 S2 S3 S4 

As 0.396 0.431 0.265 0.253 

NO3- 0.075 0.095 0.111 0.136 

pH 0.024 0.030 0.038 0.048 

NH4+ 0.068 0.106 0.131 0.125 

CaCO3 0.163 0.166 0.219 0.190 

Total Fe  0.319 0.241 0.265 0.275 

Sum 1.046 1.069 1.028 1.026 

Mean 0.174 0.178 0.171 0.171 

SD 0.151  0.143  0.093  0.085 
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Table 4.6 Scenarios sensitivity analyses results. Table 4.7 Relative weight factors of 

different water quality 

parameters. 

Analysis 

Compared 

scenarios Mean SD 

1 S1 to S2 0.0037 0.008 

2 S1 to S3 0.0031 0.058 

3 S1 to S4 0.0034 0.065 

4 S2 to S3 0.0068 0.050 

5 S2 to S4 0.0071 0.058 

6 S3 to S4 0.0003 0.007 

   

Min 0.0003 0.007 
 

Parameters wj 

As 0.258 

NO3- 0.107 

pH 0.037 

NH4+ 0.127 

CaCO3 0.214 

Total Fe  0.258 
 

 

4.4.2 Groundwater quality index (GWQI) 

The temporal WQI values and percentage of the groundwater samples for 

different categories for the period of 2009-2018 were presented in Figure F1, 2 

and Figure F6, 7. Figure 4.4 and Figure 4.5, respectively. Observed groundwater 

quality was better in the dry season as compared to the wet season except for 

NH4 (Table F3, F4). Minh et al [206] also found NH4 concentration in surface 

water in the wet season was higher than in the dry season in An Giang. However, 

we found that the improvement in water quality took place since the year 2009. 

The wide range of the GWQI values from 2009 to 2018 shows the best and the 

worst water quality observed at G6 and G4 in two seasons, respectively. In 2018, 

the GWQI values at G6 were found to be 47 and 41 units in the dry and wet 

seasons respectively, while the GWQI at G4 was detected to be 132 and 76 units 

in the dry season and the wet season, respectively. Net groundwater quality 

improvement occurred in most wells during the years 2009-2018 except G1, G3 

and G4 in the dry season. For example in the dry season, the ‚Very bad water‛ 

group of G1, G3, G4 experienced 202, 176, 885 units, respectively in 2009, which 

more improved to be ‚Good‛ quality level in 2014 at G1 (GWQI = 67 units) 
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compared to G3 and G4, with WQI values of 102 and 161 units to be ‚Bad water‛ 

quality, respectively (Figure 4.4). However, G3, G4 became ‚Bad water‛ in 2016 

and 2018 while G1 became ‚Unsuitable water for drinking‛ in 2018. Water 

quality was a better improvement in the wet season as compared to the dry 

season at G1, G3, G7, and G8 from ‚Very bad water‛ quality level have improved 

significantly to the ‚Good water‛ and ‚Excellent water‛ quality level in 2016 and 

2018. The water quality of G4 had not been improved during 2009-2018 in both 

the seasons. However, G4 in the wet season has less improved during 2015 and 

2018. The water quality in well G5 in the wet season first declined from 2009 to 

2012 but it has not recovered to achieve ‚Good water‛ level in 2014 and in 2018. 

The well G7 and G8 improved significantly in quality during 2009 and 2018 in 

both the seasons (Table F3, F4). Figure 4.5 and Figure 4.6 show the percentage of 

wells with groundwater quality based on GWQI in the dry and wet seasons 

respectively. It is found that the percentage of wells in the ‚Unsuitable water for 

drinking‛ to ‚Very bad‛ groups was extremely high from 2009 to 2012, with 

about 39% of wells in the ‚Bad water‛ group. The only 25% of wells was 

considered as ‚Bad water‛ level in dry season in 2018.  
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Figure 4.4 Percentage of groundwater quality at eight wells based on GWQI in the dry 

season during 2009-2018. 
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Figure 4.5 Percentage of groundwater quality at eight wells based on GWQI in the wet 

season, during 2009-2018. 

4.4.3 Groundwater quality assessment 

GWQI spatial distribution maps were prepared for the years of 2009, 2010 and 

2016, and classified in accordance with GWQI rating system shown in Figure 4.6. 

The spatial distribution maps for As were displayed in Figure F7. It is found that 

the shallow wells (G1, G3, and G4) had the lowest water quality in different years. 

However, the water quality of G1 well has improved in the two seasons since 

2014 and has decreased again in the dry season of 2018. The shallow wells G1 and 

G3 are located at the Northeastern part of An Giang, while G4 is located in the 

Southeastern part of An Giang. The well G1, G3, and G4 located between and 
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close to the Mekong and Bassac Rivers. It is well-reported that mobilization is 

prominent in the river flood plain [228]. Therefore, As concentration is the 

highest for well number G1 and G4, as they are located in the vicinity of river 

plain. Also, As has the highest weightage among all water quality parameters. 

High As concentration led to poor water quality.       

In general, As values decreased during the period of 2009-2018. The extremely 

high As concentrations were detected during 2009 and 2010 in both seasons. The 

highest concentration of As was found in G4 in 2009 at Cho Moi district located 

in the Southeast region. The second highest concentration levels of As were 

identified at well G1 at An Phu district in the Northeast region. Recent studies by 

Thu et al. [214], [229] and Anh et al. [213] also showed a high concentration of As 

in the VMD such as An Giang, following Long An, and Dong Thap provinces. 

Arsenic above 0.01mg/L was typically found in wells with aquifer of Holocene 

rather than Pleistocene aquifer.  
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Figure 4.6 The groundwater quality index (GWQI) in An Giang. Notes: <50 (Excellent 

water), 50-100 (Good water), 100-200 (Bad water), 200-300 (Very bad water), and >300 

(Unsuitable for drinking). 

4.5 Discussion 

The groundwater sources serve as the main supply for domestic use, and 

partially for irrigation purposes in areas with less river network. Understanding 

groundwater quality can help policymakers to protect and effectively manage 

the limited water resources available in the region. There are many water quality 
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parameters that contribute to groundwater pollution in the study area, each with 

its own important value. The Fuzzy-AHP technique, a systematic method is an 

effective tool to weigh multiple parameters in classifying the clear groundwater 

quality based on GWQI.  

For this study, the Fuzzy-AHP considered As and total iron as the most 

important factors that affect the GWQI, with a weighted parameter of 

approximately wi = 0.258. Temporal variation of GWQI suggests that the trend of 

groundwater quality at eight wells improved from 2009 to 2018 due to less 

sediment deposition and effective environmental management policies in An 

Giang. The construction of hydropower plants in the upper Mekong River basin 

caused a decrease in river discharge and sediment deposition in the study area 

[66,230]. Ngoc et al. [230] predicted the reduction of sediment at Tan Chau 

station in future due to the expansion of hydropower plant. Arsenic contaminant 

is often found in natural condition and human activities in Asia countries [231]. 

In a natural way, As concentration in groundwater resources is found in young 

Quaternary deltaic and alluvial sediments and As concentration also related to 

sediment concentration [231,232]. Moreover, Chuan et al. [232] also found the 

high relationship between sediment concentration and As in China. Figure 7 

shows the decreasing trend of suspended solids in surface water from 2005 to 

2017 at Long Xuyen station in An Giang which was consistent with the reduction 

of As concentration in the wet season. Besides the water resources law, decisions 

related to water and environmental protection was effectively implemented in 

An Giang. In decision 1566/QĐ-UBND of ‚Environmental protection planning of 

An Giang province up to 2020‛ was issued 2011, limitation of the usage of 

chemical fertilizers in agricultural activities and raising livestock and poultry 
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and aquatic products must have waste treatment systems up to standards and 

environmental sanitation‛.   

 

 
 

Figure 4.7 Box plot shows temporal changes in suspended solids in 2005, 2010, 2015, 

and 2017 at Long Xuyen station, An Giang. Data of suspended solids was obtained from 

the southern regional hydrometeorological center in Hochiminh city, Vietnam. 

It should be noted that the quality of groundwater greatly improved from 

2014 to 2018 as compared to 2009 to 2013. In 2009, four out of eight wells were 

identified as ‚Bad water‛ quality to ‚Unsuitable water for drinking‛ wet season. 

In 2013, 75% and 50% of wells achieved ‚Good water‛ to ‚Excellent water‛ levels 

in the dry season and wet season, respectively. In 2018, water quality of six wells 

in the dry season and seven wells in the wet season achieved ‚Good water‛ to 

‚Excellent water‛ quality (accounts for 66% in the dry season and 100% in the 

wet season). However, groundwater quality at well G4 at Cho Moi district was 

considered mostly ‚Unsuitable water for drinking‛ from 2009 to 2014 and 

became ‚Good water‛ in the wet season in 2018. The shallow wells such as G1, G2, 

G3, and G4 achieved a ‚Bad water‛ quality with high As concentration lies 

between Mekong and Bassac Rivers that have huge amounts of sediment 

deposition in monsoon season. This result agrees with other studies by Hoang et 
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al. [229] and Vongphuthone et al. [229,231]. Arsenic deposition might be caused 

by huge amounts of sediment deposition during the monsoon season 

[229,231,232]. The An Giang government recommends treating As in 

groundwater at the Holocene and the Upper Pleistocene aquifers before usage in 

the An Phu, Phu Tan, and Cho Moi districts.  

The relationship between GWQI and agricultural intensification was not very 

clear. For example, high GWQI together with high As concentration was found 

in the Northeast and Southeast regions of An Giang province. However, the 

Southwestern side of An Giang province, which includes the Thoai Son, and 

Chau Phu districts located on the left bank of the Bassac River, has slightly 

higher GWQI but lower As concentration. These regions mentioned above are 

not using groundwater for irrigation while triple-rice cropping model is mostly 

applied. On the other hand, only the regions near mountainous areas such as Tri 

Ton and Tinh Bien districts, where single-rice was often applied extracted 

groundwater for irrigation. Furthermore, we detected the high values of GWQI 

links with high As concentration, where single- and double-rice crop were 

cultivated. In a nutshell, high As contamination in groundwater was found in 

agricultural land which used groundwater for irrigation. Findings from Thu et al. 

supported high As concentration in wells in the Northeast and Southeast regions 

of An Giang province that are mainly concentrated in the riverside areas with 

depths of 15 to 36m [214]. 

The groundwater quality improved in An Giang from 2009 to 2018 mainly 

due to the effective management of water resources by the An Giang 

government. Because of high groundwater pollution observed during the mid-

2000s, policymakers ordered preventing the use of 1,460 wells during 2005-2009. 
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The effective implementation of decisions which were issued by An Giang 

government, such as 69/2010/QD-UBND (in article 8 of chapter 3) and an 

updated decision version 38/2015/QD-UBND that specified protection of the 

quality of groundwater by filling unused wells. The government has decided to 

fill the unused wells to prevent mixing of the pollutants from agricultural 

activities and human waste with the groundwater. Based on the preliminary data 

in An Giang, in 2017, less than 300 unused wells needed to be continuously filled.  

The use of fuzzy logic seems to be the clearest innovation in the last decade, 

and its use is appropriate for an accurate GWQI. This approach allows 

evaluating the impact of each variable on the final index of the quality of the 

water. However, it remains to establish weighting factors for specific water use. 

These weighting factors must be locally determined. Also, the weighting partly 

affects the final index obtained and can change significantly when changing the 

expert’s awareness and perspective. Therefore, the sensitivity assessment was 

conducted to reduce the uncertainty by comparison of parameters' weights in 

four scenarios based on mean values and SD. The least SD in the weight change 

was selected as the optimal relative weight. However, the disadvantage of pair-

wise comparison is the need to repeat calculations as it follows the same step as 

the pair-wise comparison of each water quality parameters. 

 Although As concentration was under the permissible limits of the National 

technical regulation on groundwater quality (0.05mg/L). However, it still exceeds 

the World Health Organization (WHO) permissible limit i.e. 0.01 mg/L [233]. 

There is insufficient evidence to conclude whether agricultural activity affects the 

aquifer. However, we detected a high level of As in regions practicing 

agricultural production with the extraction of groundwater for irrigation. Many 
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types of setup time reduction problems can be solved by using Multiple Criteria 

Decision Making (MCDM) techniques such as Fuzzy-AHP, but they must be 

utilized according to the suitability of the problem in order to develop the best 

decision.  
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Chapter 5. Conclusions 

We conducted the study to examine the effect of the dike system on rice 

cropping patterns and on surface and groundwater quality during 2017-2018. We 

successfully applied Sentinel-1A for monitoring rice phenology and mapping for 

rice cropping systems under water-control infrastructure by using radar 

backscattering. To examine the surface water quality parameters in terms of 

spatio-temporal variation, multivariate statistical analyses were used. Also, the 

Fuzzy-AHP and GWQI methods were conducted to an assessment of 

groundwater quality links to rice cropping system distribution. 

Regarding rice phenology, the behavior of backscattering of Sentinel-1A SAR 

data showed a good relationship with rice phenology change in the three rice 

cropping systems. Sentinel-1A can detect rice growth stages and patterns which 

matched well with the crop calendar. Although the σoVH strongly correlated 

with the three rice growth stages compared σoVV, both of them are also 

strongly correlated in the reproductive stage because of the reduction in soil 

moisture and water drainage in the rice fields. Since we considered all the 

general rice patterns throughout the study, we found that the average maxima 

of VH polarization are higher than other crops in the winter-spring season. The 

mean of maximal values of VH polarization is also higher in the double-rice 

copping system than in other cropping patterns. We detected that the Sentinel-

1A with dual polarization (VV and VH) is useful to distinguish various growth 

stages of rice cultivation and rice cropping patterns.  

The above finding is associated with rice cropping pattern distribution 

under water infrastructure of An Giang province. Triple-rice crop is present in 
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the full-dike system and is close to the Bassac and Mekong Rivers with an 

abundant supply of irrigation water. Double-rice crop areas are located in semi 

dike, which is away from the main river compared to the triple-rice cropping 

system. However, the cultivation model of two rice crops per year was found 

next to the main rivers inside full-dike due to the three-three-two cropping 

cycle application in full-dike. The reason is the last year of three-three-two 

cropping cycle model; the double-rice pattern was applied in during study 

period. 

The classification approach yielded an overall accuracy of 80.7% with 0.78 

Kappa coefficient. The misclassification was mainly found in the triple-rice 

cropping system. The further work is needed regarding the use of TanDEM-X, 

RADARSAT-2, and PALSAR-2 which can be incorporated to improve 

identification of various growth stages and enhance accuracy for detection of 

rice cropping patterns. Polarimetric decomposition algorithm can also be used 

to detect various objects more accurately in the future.  

The HCA and WQI al method was used to divide the sample sites into 4 

clusters and cluster 1 showed ‚poor‛ water quality levels with reference to 

WQIal grades in both the dry and wet seasons. The most sample sites in the 

cluster 1 water samples inside the full-dike system and located in the secondary 

canal where triple-rice cropping system was dominant. Cluster 3a in wet season 

includes 7 out of 10 sites located in semi- and an outside dike was considered as 

‚moderate‛ water quality level. Although water quality depends on other 

pollution sources besides rice cultivation, this study showed that the water 

quality in the full- dike area was more polluted than the semi-dike and outside of 

the dike system. 
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The concentrations of water quality parameters were generally lower in the 

wet season than during the dry season because of high runoff causing the 

dilution of water quality parameters. An extremely high concentration of PO43− 

occurred during the dry season in the Northwest of An Giang, which is a tourist 

area with mainly lots of human waste since that time of rice sowing with less 

fertilizer usage. Moreover, the double-rice cropping system was applied in many 

rice plots in the Northwest while triple-rice cropping system was dominant at 

that time in the Southwest of An Giang. A high concentration of NO3− was found 

inside the full-dike area located in the Thoai Son district, in the Southwest region 

of the province, during the dry season. This district contains the largest triple-

rice crop area in An Giang. However, the concentrations of COD and NH4+ in the 

wet season were higher in value when compared with those in the dry season. 

The reason behind that might be partly affected by other sources of pollution 

upstream of the Mekong River basin, due to the trans-boundary nature of the 

river systems. 

The limitation of the study was that the survey was done with 35 water 

sampling site for each season. Therefore, we only concluded surface water 

quality during the study as the first step of surface water quality assessment 

situation in An Giang. For the next step, we suggest that water quality in areas 

inside full dike-protected systems should be continuously monitored in both 

seasons especially PO43- in Northeast An Giang and NO3− in Southwest An Giang 

during the dry season. With regard to the findings of high concentrations of 

NH4+ and COD in the Bassac River area during the wet season, we suggest 

monitoring water quality in the upper Mekong River basin. There is also a need 

to monitor water quality in the region using a real-time remote data acquisition 

system that is able to provide data in a timely fashion at a large scale.  
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The most important reasons for the poor groundwater quality were the 

combined effect of both natural and human activities. The lithological structure 

(sediment deposition) and leaching of chemicals from agricultural runoff might 

go to groundwater aquifers. The As contaminant from sediment concentration 

was often found in the shallow aquifer. In the recent year, less sediment 

deposition causing less As concentration. Besides, the An Giang government 

implemented the effective management of unused water wells by placing 

restrictions on filling the unused wells in these agricultural areas. Although 

enhancing the management of unused wells did not eliminate the contamination, 

but it can improve aquifer water quality. The effective management of no-longer-

exploited wells is one of the factors that An Giang government can do to 

improve groundwater quality in the periods of 2009 to 2018. However, 

considering the shortcoming of this management plan, this study will be able to 

help policymakers to make some future plans such as conducting suitability 

analyses of all groundwater quality in different sectors. Another possible area of 

research is to look for the willingness of farmers to switch to different cropping 

patterns by growing crops with less water demand as mitigation measures in 

regions where groundwater has high As concentration.   

The GWQI based on the Fuzzy-AHP was successfully applied to assess 

groundwater quality in An Giang, a province belonging to the VMD. The 

weighted parameters via a bottom-up approach provided a better understanding 

of water quality issues at the local level. Including more monitoring wells should 

be encouraged for diligent and regular monitoring. This will help in developing 

a more reliable GWQI in the future. Regarding the method of Fuzzy-AHP, to 

reduce uncertainty at the first stage in terms of pair-wise comparison, it should 

be noted that it is necessary to consider more scenarios. Furthermore, we need to 
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consider degrees of confidence and attitudes of experts. Also, we should 

compare the weighted arithmetic index method to other methods in terms of the 

weighted parameter values.  

Dike protection systems have been useful in reducing flood hazards and 

supporting the intensification of rice cropping; however, they have adversely 

affected the maintenance of surface water quality within the region. We do not 

have enough evidence to show whether the dike system and the rice cropping 

system effect on groundwater quality because it depends on the characteristics of 

the aquifer. However, we found that the areas with underground waterfalls for 

irrigation, the groundwater quality was worse than other areas during the study 

period. In recent years, the area of triple-rice crops in full-dike in An Giang has 

reduced, which might help to restore surface water and soil quality. Interestingly, 

we noticed an increasing trend of traditional rice crop cultivation after 2013. This 

change has been detected in recent years; however, we expect that An Giang will 

be able to retrieve the single-rice crop to enhance the environment of water 

resources and keep traditional rice culture in the future. 
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Annexures  

Annexure A1: Multi-temporal Sentinel-1A data - The display of An Giang province in 

composite image R:G:B by bands (VV:VH:VV/VH) - scale: 1/3.000.000. 
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Annexure B 

 

Table B1. Min, Max, Standard Deviation of water quality parameters at dry and wet 

season 2017. 

 

Variables 

dry season  

 

wet season 

 

 

Min 

 

Max 

 

Mean 

 

SD 

 

Min 

 

Max 

 

Mean 

 

SD 

 

DO 4.98 8.24 6.39 1.07 6.59 9 7.22 0.55 

pH 6.8 9.4 7.72 0.62 7 8.7 7.79 0.41 

EC 190 810 287 166.8 70 430 166 89.32 

Turbidity 3.34 56 19.43 14.2 4.34 80 34.59 16.46 

COD 4.5 30 14.04 5.61 9 55 24.53 11.97 

NH4+ 0.05 0.8 0.25 0.15 0.08 2 0.52 0.52 

NO2- 0.01 0.4 0.08 0.09 0.001 0.75 0.09 0.2 

NO3- 0.001 6 1.48 1.82 0.01 3 0.55 0.65 

PO43- 0.01 1.8 0.25 0.35 0.02 1 0.16 0.22 

TC 144 1200 558 217 150 850 479 197 

Table B2. Classification matrix for DA of seasonal change. 

 

From\to 

 

 

Dry season 

 

Wet season 

 

Total 

 

% correct 

 

Standard mode 

 

Dry season 33 1 34 97.14% 

Wet season 2 32 34 93.94% 

Total 35 33 68 95.54% 

 

Backward stepwise mode 

 

Dry season 31 3 34 91.43% 

Wet season 2 32 34 93.94% 

Total 33 35 68 92.68% 

 

Forward stepwise mode 

 

Dry season 31 3 34 91.43% 

Wet season 2 32 34 93.94% 

Total 33 35 68 92.68% 
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Figure B1. Box and whisker plot in 10 discriminant parameters in dry season. 

 
 

Figure B2. Box and whisker plot in 10 discriminant parameters in wet season.  
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Annexure C. Different spatial distribution of water quality between dry and wet 

seasons. 

Figure C1. Different spatial distribution of water quality between dry and wet seasons. 
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Annexure D 

Figure D1. Scree plot of the eigenvalues of principal components in Dry (a) and Wet (b) 

seasons. 

 
 

 

 

 

Table D1. Correlations between variables and factors for each season. 

 

 

Parameters 

 

dry season 

 

wet season 

 

F1 F2 F1 F2 

DO -0.191 0.184 -0.097 -0.336 

pH -0.746 0.415 -0.670 -0.046 

EC 0.907* 0.164 0.907* -0.278 

Turb 0.870* 0.091 -0.293 0.086 

COD 0.534 0.339 0.691 -0.119 

NH4(+) 0.642 0.290 0.695 -0.182 

NO2(-) -0.105 0.915* 0.499 0.582 

NO3(-) -0.287 0.884* 0.378 0.741 

PO4(3-) 0.705 0.145 0.460 -0.635 

TC 0.025 0.190 0.321 0.364 

Note: * value is different from 0 at a significant level of 0.05. 
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Annexure E 

Table E1. Min, Max, Mean and Standard Deviation of water quality parameters at three 

clusters in the dry season.  

Variables 

 

Cluster 1 

 

Cluster 2 

 

Cluster 3a 

 

Cluster 3b 

 

 

Min 

 

Max 

 

Mean 

 

SD 

 

Min 

 

Max 

 

Mean 

 

SD 

 

Min 

 

Max 

 

Mean 

 

SD 

 

Min 

 

Max 

 

Mean 

 

SD 

 

DO 4.98 7.83 5.93 0.93 5.11 7.96 6.67 1.06 4.98 7.55 5.66 0.78 5.66 8.24 7.38 0.78 

pH 6.8 8 7.21 0.43 7.8 8.5 8.17 0.25 7.30 8.60 7.69 0.39 7.20 9.4 7.84 0.89 

EC 220 810 486 270 190 250 224 18.10 200 330 228 37.06 200 320 245 48.70 

Turbidity 30 56 40 9 3.75 30 14 9.63 3.64 46.72 14.38 12.13 3.34 28.31 13 8.66 

COD 12 30 18 5.25 9 20 12.56 3.84 4.50 18 10.35 4.67 13 28 17.5 4.72 

NH4
(+) 0.2 0.8 0.43 0.18 0.1 0.5 0.22 0.11 0.05 0.30 0.17 0.09 0.1 0.3 0.2 0.07 

NO2
(-) 0.01 0.2 0.07 0.06 0.05 0.4 0.18 0.11 0.01 0.10 0.02 0.03 0.01 0.1 0.03 0.03 

NO3
(-) 0.01 1.5 0.58 0.65 1.5 6 4.17 1.41 0.01 1.5 0.36 0.53 0.00 2.00 0.66 0.75 

PO4
(3-) 0.2 1.8 0.7 0.51 0.02 0.4 0.13 0.13 0.01 0.80 0.14 0.24 0.02 0.30 0.13 0.10 

TC 170 856 490 218 200 1040 573 233 144 856 587 195 300 1200 634 257 

Table E2. Min, Max, Mean and Standard Deviation of water quality parameters at three 

clusters in the wet season.  

Variables 

 

Cluster 1 

 

Cluster 2 

 

Cluster 3a 

 

Cluster 3b 

 

 

Min 

 

Max 

 

Mean 

 

SD 

 

Min 

 

Max 

 

Mean 

 

SD 

 

Min 

 

Max 

 

Mean 

 

SD 

 

Min 

 

Max 

 

Mean 

 

SD 

 

DO 6.59 7.25 6.92 0.25 6.60 7.42 7.04 0.25 6.85 9.00 7.75 0.78 6.85 7.24 7.04 0.14 

pH 7 7.60 7.37 0.22 7.50 8.70 7.94 0.38 7.20 8.00 7.60 0.27 7.60 8.60 8.06 0.28 

EC 280 430 329 52.35 70 160 116.6 30 110 350 158 71.15 100 140 117.7 13.94 

Turbidity 13.5 80 38.8 23.80 4.34 45.38 21.14 14.26 22.40 48.20 33.47 9.31 33.8 68 45.89 11.44 

COD 20 55 39.67 13.37 9 40 22.11 11.91 13 35 26.20 7.51 11 20 15.17 3.28 

NH4
(+) 0.50 2 1.23 0.5 0.1 1.3 0.41 0.35 0.10 0.40 0.26 0.10 0.08 1.5 0.34 0.46 

NO2
(-) 0.01 0.75 0.32 0.31 0.00 0.05 0.02 0.02 0.01 0.05 0.02 0.01 0.01 0.70 0.09 0.23 

NO3
(-) 0.02 3 1.45 1.13 0.01 1 0.31 0.31 0.10 0.80 0.44 0.24 0.02 1 0.32 0.32 

PO4
(3-) 0.07 0.80 0.35 0.26 0.02 0.50 0.10 0.15 0.03 0.40 0.10 0.11 0.02 1 0.18 0.31 

TC 320 740 567 173 430 850 702 143 250 520 391 76 150 480 319 116 
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Annexure F 

Table F1. Statistical summary of physico-chemical parameters for groundwater 

samples in the dry season in An Giang, during 2009-2018.  

Well 
As NO3

- pH NH4+ CaCO3 Fe 

Ave ± SD  Range Ave ± SD Range Ave ± SD Range Ave ± SD Range Ave ± SD Range Ave ± SD Range 

G1 0.06±0.09 0-0.25 0.43±1.01 0-3.3 7±0.51 6.6-8.4 2.01±2.63 0-8.37 671±316 83-975 1.53±3.04 0-9.73 

G2 0.01±0.02 0-0.05 0.1±0.11 0-0.25 6.9±0.5 6.3-8.3 2.09±1.96 0-4.80 279±352 132-1,265 0.34±0.44 0-1.42 

G3 0.02±0.02 0-0.05 0.38±0.52 0-1.45 7.1±0.54 6.4-8.2 3.17±2.7 0-6.28 958±823 15-1788 0.19±0.31 0-0.91 

G4 0.01±0.02 0-0.05 0.45±0.79 0-2.5 6.7±0.28 6.3-7.1 2.65±2.53 0-7 851±460 173-1,485 0.55±0.49 0-1.24 

G5 0.01±0.01 0-0.03 0.09±0.19 0-0.62 7±0.47 6.3-7.8 0.86±0.67 0-2.13 648±309 166-1,063 0.28±0.50 0-1.58 

G6 0.01±0.01 0-0.02 0.08±0.17 0-0.56 7.1±0.34 6.5-7.6 0.75±0.63 0-1.8 284±277 14-820 1.37±2.62 0-8.31 

G7 0.02±0.01 0-0.03 3.96±5.44 0-14.1 7.2±0.25 6.5-7.5 0.43±0.57 0-1.5 424±201 172-722 0.09±0.14 0-0.44 

G8 0.01±0.01 0-0.02 0.67±1.17 0-3.47 7±0.32 6.4-7.3 1.72±1.67 0-4.43 234±66 146-320 0.31±0.38 0-0.94 

 

Table F2. Statistical summary of physico-chemical parameters for groundwater 

samples in the wet season in An Giang, during 2009-2018.  

 

Well 

As NO3
- pH NH4+ CaCO3 Fe 

Ave ± SD Range Ave ± SD Range Ave ± SD Range Ave ± SD Range Ave ± SD Range Ave ± SD Range 

G1 0.26±0.82 0-2.6 0.3±0.38 0-1.08 6.9±0.2 6.5-7.2 0.70±0.88 0-2.86 788±216 426-1,056 0.22±0.41 0-1.4 

G2 0.54±1.67 0-5.29 0.16±0.31 0-1.06 6.9±0.3 6.1-7.3 2.39±2.66 0-7.08 365±417 152-1,504 0.14±0.14 0-0.4 

G3 0.01±0.01 0-0.02 0.19±0.26 0-0.81 6.6±0.2 6.2-6.9 1.71±2.22 0-5.25 1,763±1,116 171-3,966 0.16±0.13 0-0.34 

G4 0.84±2.6 0-8.35 0.28±0.43 0-1.29 6.5±0.3 6.1-6.9 2.83±3.01 0-10 1,496±1,685 129-5,996 0.52±0.58 0-1.48 

G5 0.55±1.72 0-5.44 0.03±0.04 0-0.11 6.7±0.4 6.1-7.3 0.64±0.95 0-2.7 651±308 83-918 0.62±0.94 0-2.41 

G6 0.002±0.003 0-0.01 0.08±0.14 0-0.46 6.79±0.3 6.2-7.2 0.23±0.24 0-0.7 366±280 66-808 1.17±2.26 0-7.31 

G7 0.006±0.008 0-0.02 10±14.78 0-38.5 6.9±0.2 6.6-7.4 1.15±1.93 0-4.7 521±294 208-1,228 0.42±0.995 0-3.23 

G8 0.005±0.005 0-0.01 1.04±2.14 0-6.26 6.8±0.3 6.5-7.2 0.66±0.88 0-2.32 270±193 116-730 2.28±4.99 0-14.6 

Table F3. Annual Groundwater classification based on WQI in the dry season. 

 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 

G1 

 

Very bad  

 

Very bad 

 

Unsuitable 

for drinking 
Good  Good  Good  Good Excellent Excellent 

Very 

bad  

 

G2 Good  Excellent Very bad Good Good Good Excellent Excellent Good Good 

G3 Bad Excellent Excellent Bad  Bad  Bad  Excellent Bad N/A N/A 

G4 

Unsuitable 

for 

drinking 

Bad  

 

Excellent 

 

Unsuitable 

for drinking 

Unsuitable 

for drinking 

Bad 

 

Excellent 

 

Bad 

 

Good 

 

Bad 

 

G5 Good  Excellent Good  Excellent Good  Good  Excellent Excellent Good Good 

G6 Excellent  Excellent Excellent Good  Excellent Excellent Excellent Excellent Good Excellent 

G7 Good  Excellent Bad  Very bad Excellent Excellent Excellent Excellent Excellent Excellent 

G8 Excellent  Excellent Good  Good  Excellent Excellent Good Excellent N/A N/A 
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TableF4. Annual Groundwater classification based on WQI in the wet season. 

 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 

G1 
Excellent  

 

Unsuitable  

for drinking 
Good  Good  Good  Good Good Excellent Excellent Good 

G2 
Good 

 

Good  

 

Bad  

 

Good  

 

Bad  

 

Excellent 

 

 

Excellent 

Unsuitable 

for 

drinking 

 

Good 

 

 

Good 

G3 Bad  Good Very bad Bad  Bad  Good  Excellent Excellent N/A N/A 

G4 

Unsuitable 

 for 

drinking 

Bad  

 

Unsuitable 

 for 

drinking 

Unsuitable  

for 

drinking 

Unsuitable 

 for 

drinking 

Very bad 

 
Good Excellent Good Good 

G5 
Excellent  

 

Good  

 

Unsuitable 

for drinking 

Very bad 

 

Excellent 

 

Excellent 

 
Excellent 

Unsuitable 

for 

drinking 

Excellent Excellent 

G6 Excellent  Excellent Excellent Good  Excellent Excellent Excellent Excellent Excellent Excellent 

G7 Very bad  Good  Bad Good  Bad  Excellent Excellent Excellent Excellent Excellent 

G8 Bad  Excellent Excellent Good  Excellent Excellent Excellent Excellent N/A N/A 

 

 

Figure F5. Annual Groundwater quality index (WQI) in the wet season in An 

Giang. 

 

Figure F6. Annual Groundwater quality index (WQI) in the wet season in An 

Giang. 
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Figure F7. Concentrations of As (mg/L) were displayed by IDW in An Giang province. 
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