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Abstract

Can Tho City is experiencing water stress driven by rapid global changes. This study assesses the spatiotemporal variation in surface water quality (SWQ)
through a multivariate statistical approach to provide evidence-based scientific information supporting sustainable water resource management and to
contribute to achieving the city’s sustainable development goals (SDGs). The complex SWQ dataset with 14 monthly-measured parameters at 73 sampling
sites throughout the city were collected and analyzed. The obtained results indicated that average concentrations of biochemical oxygen demand (BOD),
chemical oxygen demand (COD), dissolved oxygen (DO), total coliform (TC), turbidity, total suspended solids (TSS), and phosphate (P0,3") exceeded the
permissible national levels. Spatially, cluster analysis (CA) was divided the city’s river basin into three different zones (mixed urban-industrial, agricultural, and
mixed urban-rural zones). The key sources of SWQ pollution in these three zones were individually identified by principal component/factor analysis (PCA/FA),
which were mainly related to domestic wastewater, industrial effluents, farming runoff, soil erosion, upstream sediment flows, and severe droughts.
Discriminant analysis (DA) also explored that COD, DO, turbidity, nitrate (NO3~), and PO,3~ were the key parameters discriminating SWQ in the city among
seasons and land-use zones. The temporally-analyzed results from Weighted Arithmetic Water Quality Index (WAWQI) estimation revealed the deterioration of
SWAQ conditions, whereby, the total polluted monitoring sites of the city, increased from 29% in 2013 to 51% in 2019. The key drivers accused of this
deterioration were the expansion in built-up and industrial land areas, farming runoff, and droughts.

1. Introduction

Water resources have become a focal point for sustainable development of human societies globally (Guppy et al. 2019), particularly in developing regions
that often face a scarcity of clean water (Saraswat et al. 2017; Duc et al. 2021). Thus, implementation of integrated water resource management (IWRM) to
support easy access to safe water for the entire population is recommended in SDG 6 (UN 2015; Benson et al. 2020). However, in many countries of Southeast
Asia (SEA), including Vietnam, this complex task is often affected by various challenges, mainly rapid industrial growth, urbanization (Hoekstra et al. 2018;
Duc et al. 2021), irregular land use (Kumar et al. 2019b), poor governance, and climate change (Wilderer 2007; Colloff et al. 2019; Li et al. 2021).

Vietnam, a rapidly developing country, actively engages in achieving SDGs using 115 national targets (Duc et al. 2021). In 2016, the rate of households
nationwide with access to clean water reached 93.4%, and the target of 100% could be met by 2030. However, the nation’s current wastewater treatment
systems have not kept pace with demand (only 12% of generated wastewater is treated at present) due to rapid development of urban and industrial areas
(MOPI 2018). According to the WB (2019), water stress will be widespread by 2030 (affecting 11 out of 16 national river basins) due to increasing water
demand. Thus, the national targets set for 2030 may require further adoption of IWRM, which significantly supports achieving not only SDG 6 but also SDGs 3,
6,11,12,13, and 14, as shown in Fig. 1 (Nilsson 2016; Guppy et al. 2019; UN 2019; Benson et al. 2020; Fonseca et al. 2020; Stibbe and Prescott 2020; ISC
2021).

In Vietnam, Can Tho City is a major dynamically developing economic center. This city is making great efforts to achieve its SDGs, and the City Resilience
Strategy for 2030 has been planned in 2016 describing these efforts. Based on the city’s SDG targets, this strategy has clearly identified future opportunities
and challenges in the categories of health and well-being, economy and society, infrastructure and environment, and governance. Moreover, specific
immediate and long-term actions have been planned to support the development of Can Tho as a green, sustainable, and proactive river city (CTCPC 2019a).
However, in the recent past, the city has witnessed rapid and unplanned industrial urbanization accompanied by land-use changes, leading to multiple water-
related stresses including recurring seasonal flooding, extreme droughts, and severe water pollution (Duc et al. 2021). The situation has worsened due to the
absence of water governance and infrastructure (Trung et al. 2019; Duc et al. 2021). Untreated wastewater is directly discharged into the city’s river network,
causing contamination with various pollutants and exceeding the desirable Class A1 rating of the National Technical Regulation on Surface Water Quality
(NTRSWQ) (Duc et al. 2021). Despite this critical situation, no comprehensive evaluation of SWQ in the city is yet available. Considering these specific
conditions, a comprehensive analysis and report of spatiotemporal variation in SWQ in Can Tho City is essential for decision-makers developing robust IWRM
plans and will support progress toward achieving several SDGs. Basically, these IWRM approach uses nexus approach (linkage between water-land-climate-
agriculture-industry) in a more coordinated way in order to cater socioeconomic development in more sustainable way (GWP and INBO 2009; Katusiime and
Schiitt 2020). In addition, this also facilitate science-policy integration by translating these scientific results into appropriate policy actions and hence
effectively mitigating water quality degradation in the city (Katyaini and Barua 2016). This interface is a social process linking scientists and other actors in
policy process and allowing for exchanges, co-evolution, and joint construction of knowledge with the aim of enriching decision-making (Wesselink et al. 2013;
Ramachandran et al. 2014; Katyaini and Barua 2016). According to Hecker et al. (2018) and Roque et al. (2022), different transdisciplinary scientific
approaches like citizen science, community-based participatory research, participatory mapping, participatory modeling, and projecting plausible future
scenarios are being used in different combination with aim to empower different beneficiaries/stakeholders, increasing knowledge exchange benefits and
uptake of results, and hence improving decision-making process.

In recent years, sophisticated data-driven analytical approaches, fuzzy theory, and hydrological models have been widely adopted as reliable tools to improve
complex water quality assessments in rapidly developing cities like Can Tho. Selection of the optimal tool for water quality assessment depends on data
availability, calculation time, intended output variables, and typical water quality characteristics in case study areas (Mishra et al. 2017; Duc et al. 2021). Some
tools that are commonly used by surface water researchers around the world include the Fuzzy Analytic Hierarchy Process (Fuzzy-AHP), Storm Water
Management Model (SWMM), System Dynamic Model (VENSIM), River Basin Simulation Model (RIBASIM), Water Evaluation and Planning (WEAP), Water
Balance Model (WBalMo), Soil and Water Assessment Tool (SWAT), Hydrologic Engineering Center River Analysis System (HEC-RAS), and MIKE (Kumar et al.
2017, 2019a; Mishra et al. 2017; Minh et al., 2019a; Angello et al. 2020; Duc et al. 2021). However, most of these tools are data intensive and relatively
complex to operate, which limits their usability for the overall evaluation of SWQ in data-deficient regions (Kumar et al. 2017, 2019a; Duc et al. 2021).

To address these problems, multivariate statistical techniques such as correlation analysis, CA, PCA/FA, DA, regression analysis (RA), and the use of water
quality indexes (WQIs) have been extensively applied in recent years. These tools are useful and reliable for modeling and interpretation of complex datasets
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of water quality to clarify variation and identify hydrological processes responsible for sophisticated water quality changes. For Vietnam, previous studies
(Phung et al. 2015; Ngoc et al. 2017; Minh et al. 2019b, 2020; Duc et al. 2021) have utilized CA, PCA/FA, and DA to evaluate partly variations in water quality in
Can Tho, Vung Tau, and An Giang Cities. For other countries, water quality changes in Khambhat (India), Limpopo (South Africa), and Sylhet Cities
(Bangladesh) have been also assessed respectively by Kumar et al. (2019b), Molekoa et al. (2019), and Kadir et al. (2022) using similar statistical techniques.
However, none of these studies have evaluated jointly variation in water quality over a long period of time, identified the correlated relationships among key
drivers (e.g., land-use and policy changes) and variation in water quality, assessed overall water quality using integrated mathematical tools (e.g., WQls and
integrated pollution indexes), or proposed specific potential solutions for improving water quality in the studied areas.

It is also noteworthy that although the cities included in the above-mentioned studies and Can Tho have common characteristics such as a tropical and
monsoonal climate (characterized in both Can Tho, Vung Tau, An Giang, Khambhat, and Sylhet), abundant water resources (Can Tho, An Giang, and Sylhet),
poor water infrastructures and governance (all cities), and rapid population growth and urbanization (Can Tho, Vung Tau, Khambhat, and Sylhet); these cities
are still distinguished from Can Tho by water quality features. For instance, only agricultural activity is mainly responsible for water quality variations in An
Giang and Khambhat (Kumar et al. 2019b; Minh et al. 2019b, 2020), urbanization is the key driver merely controlling water quality in Sylhet (Kadir et al. 2022),
mining activity is the single factor to water quality degradation in Limpopo (Molekoa et al. 2019), and only industrialization and saline intrusion are
responsible for water pollution in Vung Tau (Ngoc et al. 2017); while a more complicated situation can be found in Can Tho, where water quality is
cumulatively influenced by diverse and complex factors including not only population growth, industrial urbanization, agriculture, climate change, but also
water use-related activities in the upper regions (CTCPC 2019b; DONRE 2020a). A study of Duc et al. (2021) assessing the water quality status of a part of Can
Tho City’s river network (only SWQ variation along the Hau River) has also reflected this complicated situation.

Based on these knowledge gaps as well as the current status of SWQ and progress toward SDGs in Can Tho City, the present study comprehensively evaluates
the spatiotemporal SWQ variation in the data-scarce river network of Can Tho City during rapid land-use changes from 2013 to 2019 using an integrated
approach of multivariate statistical techniques and WAWQI estimation. The specific key objectives of this study are as follows: to evaluate the spatiotemporal
variation and classifications of SWQ in the city’s various zones, to trace the key drivers of such variation, and to propose potential mitigation measures for
sustainable future management of river water in the city. Noticeably, this study provides useful baseline information for local policy planners and technical
staff to enhance their capacity and understanding of applying multivariate analytical techniques for monitoring and evaluating water quality at their
respective watershed levels. Furthermore, the results will also aid policymakers in designing management policies in a timely manner to achieve SDGs,
particularly SDGs 6 (clean water and sanitation), 3 (human well-being), 11 (sustainable cities), 12 (effective natural resource consumption), 13 (climate
change mitigation), and 14 (river ecosystem conservation), allowing those policymakers to be actively involved in helping their regions reach these global
targets.

2. Study Area

Can Tho City (9°55'08"N—-10°19'38"N and 105°13'38"E-105°50'35"E) is the main regional urban center located in the middle of the Vietnamese Mekong Delta
(VMD), Vietnam (CTCPC 2020) (Fig. 2). Comprising five urban and four rural districts, it covers nearly 1,440 km? (around 80% of which for agricultural
production) (CTCSO 2020a). Noticeably, these urban districts (Ninh Kieu, Cai Rang, Binh Thuy, O Mon and Thot Not) are all located along nearly 60 km of the
Hau River, one of main tributaries of the Mekong River and key sources of water supply for the city (Duc et al. 2021). Current being as fourth populous city in
Vietnam, it's population is projected to be 2.1 million by 2030 (UN DESA 2019; Duc et al. 2021). Table B1 of Appendix B shows the area, population, and SWQ
monitoring network of the city.

Can Tho lies in a tropical and monsoonal climate with two distinctive seasons, i.e., wet (May to November) and dry (December to April) (Figure A1 of Appendix
A); causing the seasonal SWQ variation in the city. Its average annual humidity and rainfall are 83% and 1,650 mm (90% of which is being received in the wet
season), respectively. Remarkably, the city has a dense waterways of more than 3,405 km (Konings 2012). Despite its water abundance, the city recently faces
clean water shortages in the dry season (Neumann et al. 2011; Duc et al. 2021). Besides, the growth of point pollution sources has increasingly become a
matter of concern for SWQ management for the city. On the other hand, only four industrial (the total daily treatment capacity: 14,500 m3) and one domestic
WWTPs (30.000 m?®) are currently functional in the city. These five plants are located in the most industrialized (Thot Not, O Mon, and Cai Rang) and populous
districts (Ninh Kieu) (Fig. 2) to mainly treat wastewater discharged from the eight largest industrial parks and nearly 62.800 out of 359.400 households of the
city. However, these WWTPs are able to cater only 20% and 60% of total domestic and industrial wastewater generated in the city (DOC 2019; CTCPC 2019b;
CTCSO 2020a). Noticeably, the local master plans are currently focusing on sustaining rapid industrial urbanization and achieving ambient SWQ of Class A1
(Duc et al. 2021).

3. Methodology
3.1. Monitored Parameters and Analytical Methods

In all, 14 SWQ parameters (Table B2 of Appendix B) were recorded monthly in 2013-2019 at 73 sampling sites. At each sampling site, the collection of water
samples was implemented monthly on the day of the lowest tide. On this day, two samples were respectively collected at the times of the highest and lowest
water levels, then brought to the laboratory in ice chests, stored below 4°C, and analyzed for SWQ parameters (DONRE 2020a). First, to identify key
spatiotemporal characteristics, correlations, similarities, and dissimilarities among these parameters, the Statistical Package for the Social Sciences (SPSS)
was applied for correlation analysis, CA, PCA/FA, and DA. Then, annual WAWQI values were estimated to assess spatiotemporal variation in SWQ in the city.
Finally, the correlations between these WAWQI values and annual land-use changes were analyzed using RA to trace the key drivers responsible for the city’s
SWQ changes. The research methodology is briefly illustrated in Fig. 3.

Page 3/19



3.2. Statistical Analysis
3.2.1. Descriptive Statistics and Correlation Analysis

The descriptive statistics of 14 SWQ parameters were determined to assess the overall SWQ of the city. The mean parameter values for each season and the
whole year (2013-2019) were calculated for comparison with each other and with the permissible limit of Class A1, as well as to identify important pollution
parameters for further analysis. These selected parameters were subjected to correlation analysis using Spearman’s rank coefficient to explore significant
relationships between their concentrations and potential sources.

3.2.2. Cluster Analysis

Can Tho has diverse characteristics of water, land use, and climate. Therefore, CA was utilized to examine the spatial and seasonal variation in the city’s SWQ.
Employing Ward’s method of agglomerative hierarchical clustering and squared Euclidean distance, comparisons among 73 sampling sites and 12 months
were conducted based on the similarity of their SWQ characteristics (Otto 1998; Singh et al. 2004). Each site (for spatial CA) and month (for seasonal CA)
examined is combined to create clusters until only one cluster remains (Shrestha and Kazama 2007; Minh et al. 2019b). Ward’s method identifies clusters by
measuring linkage distances between them, in which Dj;,,/Dyax represents the ratio of the linkage distance of the identified cluster to the maximal linkage
distance (Simeonov et al. 2004; Duan et al. 2016).

3.2.3. Discriminant Analysis

To determine the optimal SWQ parameters for identifying the variation in spatial and seasonal clusters, DA was applied to construct discriminant functions
(DFs) using the stepwise method with Wilks' lambda mode for different clusters (Duan et al. 2016). The F test of Wilks' lambda identifies parameters that
contribute significantly, i.e., increased F and decreased lambda value for a variable indicate an increase in the variable's contribution. In the stepwise forward
mode, variables are input gradually from the most significant to improve fit until no changes occur. In the stepwise reverse mode, variables are removed
beginning with the smallest improvement of fit until significant changes occur (Abdullah 2019; IBM 2020; Minh et al. 2019b, 2020).

3.2.4. Principal Component/Factor Analyses

The PCA/FA technique was separately applied to spatial clusters to investigate their possible pollutant sources. This method transforms the original variables
into new principal components (PCs) (Minh et al. 2019b). PCA begins with a covariance matrix used to extract eigenvectors and eigenvalues (> 1.0), with the
highest values indicating the most significant PCs (Mazlum et al. 1999; Jolliffe 2002; Avtar et al. 2011). PCs, which provide information about the most
meaningful variables, are obtained by multiplying an eigenvector with the original correlated variables. Then, FA reduces the contributions of less-significant
variables, and new groups of variables known as factors (Fs) are generated (Zhang et al. 2011; Duan et al. 2016). The most significant variables in the factors
are represented by high loadings (absolute values > 0.5) and are considered useful for interpretation. Absolute loading values >0.75 and 0.75-0.50 are
designated ‘strong’ and ‘moderate, respectively (Liu et al. 2003; Avtar et al. 2011).

3.3. Weighted Arithmetic Water Quality Index

WAWQI offers a simple and reliable tool for evaluating overall water quality. This tool combines physicochemical and biological parameters into single values
that can be compared to the appropriate regulatory standards (Kizar 2018; Minh et al. 2020). Annual WAWQI values were calculated by aggregating all 14
SWQ parameters. These index values were compared to the allowable standards for drinking water as recommended by the National Guideline for the
Calculation of the Water Quality Index (NGCWQI) (MONRE 2019) and World Health Organization (WHO) (WHO 2017) guidelines to explore spatiotemporal
variation in SWQ in the city. Water quality status was evaluated as summarized in Table B3 of Appendix B. The WAWQI was estimated using the Horton
method (Eqg. (1)) (Horton 1965; Kachroud et al. 2019).

Zin:1 Qi*Wi

WAWQL = —
Zi:lwi

1

where Q; is a quality rating of the n'" parameter, Q; = [(V; - V 4)/(S; - V 4)1*100 in which V; is the estimated value of the n'" parameter, V; is the ideal value
in pure water of the nth parameter (Vg = 0, except pH =7 and DO = 14.6 mg/L), S; is the permissible limit of the n" parameter, and W, is the unit weight of nt"
parameter, defined as W; = K/S; in which K is a proportionality constant, K= 1/, (1/8S;).

To illustrate variation in SWQ, contour maps of WAWQI were generated using the inverse distance-weighted (IDW) interpolation technique. This technique
estimates values at locations other than the measured sampling points characterized by local influences. The strongest influences are always found near
observation points (Kumar et al. 2019b).

3.4. Land-Use Changes

To quantify land-use changes, maps and areas of land-use classes were collected and used as the primary input. In the city, five major land-use classes were
present, namely, water bodies, built-up land, perennial land, paddy fields, and fallow land (DONRE 2020b). The annual areas of each land-use class and
average WAWQI values were analyzed using RA to determine their correlations and identify the key factors responsible for the city’s spatiotemporal variation in
SWQ. The coefficient of determination (R?) and significance test (P-value) were used to verify the applicability of RA (Udovicic et al. 2007; Sarstedt et al. 2017).

4. Results And Discussion
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Overall Assessment of SWQ

A statistical summary of the huge SWQ dataset used in this study is provided in Table B4 of Appendix B. As indicated, compared to the permissible limits of
Class A1, the annual mean levels of BOD, COD, DO, TC, turbidity, TSS, and P043' during the research period were unacceptable for residential use. Thus, these
SWQ factors were considered the primary parameters and used for further analyses. In addition, NO3” was included because it sporadically exceeds the
desirable concentration due to intensive agricultural activities (Minh et al. 2020) in the city (CTCSO 2020a).

The results of correlation analysis are shown in Table 1. They indicate strong and moderate positive correlations among BOD, COD, TC, turbidity, and TSS,
suggesting common sources of point pollution such as poor management of domestic and industrial wastewater, urban drainage, and septic

systems. Moreover, TC in the river can be attributed to farming activities involving the excess application of microbial mineralization and feedlot

runoff (Phung et al. 2015; Duan et al. 2016; CPI 2017). Excess soil erosion and sediment flows are seasonal drivers of high turbidity and TSS in surface
water (Abd Wahab et al. 2018; Leigh et al. 2019; Duc et al. 2021). A moderate positive correlation was observed between NO; and P0O,%, suggesting a
common origin, most likely agricultural runoff polluted with inorganic fertilizers containing nitrogen and phosphorus (Kumar et al. 2010, 2019b; Minh et al.
2020). In addition, heavy rainfall and soil erosion during floods can transport nitrogen and phosphorus from adjacent agricultural lands into water

bodies (WRWC 2018; Alewell et al. 2020; Duc et al. 2021). On the other hand, inverse associations were found for DO with COD, BOD, turbidity, and TSS. High
BOD, COD, turbidity, and TSS are indicators of both organic and inorganic pollutants in the aquatic environment that decompose and deplete DO. A negative
association between TC and NO3” was found. The main driver of this relationship is that during the wet season, when water is turbid and DO is low, coliform

bacteria rely on NO3™ as an oxygen source, leading to an increase in coliform bacteria and a decrease in NO3™ concentration.

Spatial Variation in SWQ
Spatial Distribution of Monitoring Sites

In the spatial CA process, an agglomeration schedule and dendrogram were generated, which are shown in Figures A2a of Appendix A and Figure 4,
respectively. The optimal number of clusters was three, which is consistent with the result obtained from the dendrogram based on (Djjyi/Dmay) *100 < 10. The
SWQ monitoring sites in these three clusters are shown on the 2019 land-use map of the city (Figure 5). Cluster 1 was the largest, comprising 38 sites. Aside
from CD1, all of these sites were located in mixed urban-industrial zones of five urban districts along the Hau River, which are dominated by residential,
commercial, and industrial uses. Cluster 2 included only five sites in agricultural zones of rural districts, including Co Do, Phong Dien, and particularly Vinh
Thanh, where a strong reliance on farming practices was observed. The 30 remaining sites belonged to Cluster 3, representing mixed urban-rural areas in rural
and partly urban districts. Notably, despite being occupied by agricultural land, most of these sites were closely surrounded by rural residential areas and
market areas with relatively high population density.

Spatial Variation in SWQ

To further explore spatial variation in SWQ among clusters, DA was performed. In Appendix B, Table B5 lists the calculated F and Wilks’ lambda values, and
Table B6 shows the final results. DO, NO5’, COD, and P0O,% were the most significant SWQ parameters for discriminating spatially among clusters. Box and
whisker plots indicating the average levels of these parameters are shown in Figure 6. While COD dominated Cluster 1 in both concentration and range, a
contrasting pattern was observed in Clusters 2 and 3, in which DO had its first and second highest levels, respectively. Similarly, Cluster 2 clearly showed the
highest levels of NO5 and PO,%. Remarkably, Cluster 3 showed moderate levels of all parameters. To clarify these patterns, mean levels of BOD, TC, turbidity,
and TSS are also provided in Table B7 (Appendix B). Cluster 1 had the highest levels of these parameters, followed by Clusters 3 and 2, respectively.

Determination of Pollution Sources

The PCA/FA technique was employed to identify potential SWQ pollution sources for each cluster. Figure A3 of Appendix A shows eigenvalues (>1), and Figure
7 and Table B8 of Appendix B provide the loadings of SWQ parameters corresponding to factors in each spatial cluster. Clusters 1, 2, and 3 each had three
PCs, explaining 80.46%, 89.52%, and 70.37%, respectively, of the total variance in the SWQ dataset.

For Cluster 1, factor 1 was the most significant factor, explaining nearly 52% of the dataset variance. This factor showed strong and moderate

loadings for COD, BOD, and DO. As noted above, these parameters indicate the dominance of point pollution sources associated with anthropogenic

activities, such as wastewater discharge from industrial urbanization zones. Two less-significant factors, namely, 2 (15.63%) and 3 (12.95%), exhibited high
and moderate loadings for NOg, PO, TC, turbidity, and TSS. These results demonstrate impacts of both urban drainage and farming runoff on

SWQ. For Cluster 2, the two most significant factors were 1 and 2, with a cumulative variance of 72.89%, which had high loadings for NOg", P0,%, DO, turbidity,
and TSS. These factors are indicative of agricultural practices, such as large inputs of inorganic fertilizers and disturbed soil erosion. Factor 3 (16.63%)
indicated strong loadings for BOD and TC, suggesting influences from urban activities. For Cluster 3, factors 1 (33.65%) and 2 (23.55%)

had high loadings for BOD, COD, DO, TC, turbidity, and NO4, indicating diverse drivers (e.g., residential, industrial, and agricultural sources) of variation in SWQ.

Factor 3 (13.17%) showed moderate loadings for TSS and PO, representing both urban and agricultural activities.

Generally, the PCA/FA findings were consistent with those obtained from spatial CA and DA. The most significant factors strongly indicated that SWQ in the
Thot Not, 0 Mon, Binh Thuy, Ninh Kieu, and Cai Rang districts were strongly influenced by industrial and urban processes, while agricultural practices were
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mainly responsible for the SWQ status of Cluster 2 (Vinh Thanh and parts of Co Do and Phong Dien districts). Notably, both farming and urbanization were
key drivers of SWQ in Cluster 3 (parts of Cai Rang and Thot Not, and most of Phong Dien, Thoi Lai, and Co Do districts).

Seasonal and Temporal Variation in SWQ
Seasonal Distribution of SWQ

In the seasonal CA process, SWQ characteristics during all 12 months were grouped into two clusters (Figure A2b of Appendix A) at (Djini/Dmay) *100 < 5
(Figure 8). Notably, this clustering result is consistent with the city’s tropical monsoonal climate, which shows distinct alternation between the dry and wet
seasons. Cluster 1 included January, February, March, April, and December and corresponded closely to the dry season in the city, characterized by periods

of low flow and drought (Figure A1 of Appendix A). Cluster 2 contained the remaining months, reflecting the wet season with periods of high flow, rain, and
flooding. A statistical summary of seasonal mean concentrations of SWQ parameter is provided in Table B4 of Appendix B. As indicated, the mean levels of
pH, BOD, COD, TC, fluoride (F~), chromium (Crg*), and iron (Fe) were higher in the dry season than the monsoon season, while the opposite trend was observed
for the seven remaining parameters. This variation may have arisen from diverse impacts of the local climatic (dry and wet seasons) and hydrological
conditions (low- and high-flow periods).

Seasonal Variation in SWQ

As analyzed using DA and shown in Tables B5 and B6 of Appendix B, DO, turbidity, PO,%, and COD were the most significant SWQ

parameters for discriminating between the dry (Cluster 1) and wet (Cluster 2) seasons. Their average levels are compared in Figure 9. The average DO level
was much lower in the dry season than during the wet season; the reason underlying this difference is local climatic diversity. DO concentrations

are controlled in part by water temperature (Chen et al. 2015). Thus, the warmer river water present during the city’s dry period (Tam et al.

2022) becomes saturated with oxygen more easily and can hold less DO (Shrestha and Kazama 2007; FED 2014; Duan et al. 2016). This lower DO level was
also driven by the higher levels of COD (Figure 9) and BOD (Table B4 of Appendix B) in the dry season, representing organic and

inorganic matter in the water that requires oxygen for decomposition. Notably, lower water levels combined with direct discharge of domestic, industrial, and
farming wastewater into water bodies may be responsible for the high levels of COD and BOD pollution in the city during the dry season.

During the wet season, high levels of turbidity and PO,% were observed, due in part to the transboundary nature of the river systems (Minh et al. 2019b). As
part of the VMD'’s downstream area, the city receives large amounts of alluvial flows carrying nutrients (phosphorus and nitrogen) due to erosion of disturbed
soil and agricultural activities in the upstream areas (e.g., An Giang, an intensively agricultural province; Figure 2) during the rainy and flooding periods (Minh
et al. 2019b, 2020; Duc et al. 2021). In addition, the high levels of turbidity, PO43', TSS, and NO3™ during the wet season were driven by high local runoff of
inorganic fertilizers, anaerobic wastewaters, and urban activities in the city (Phung et al. 2015; Tam et al. 2022).

Temporal Classification of SWQ

For temporal SWQ classification, annual WAWQI values were calculated and compared (Tables B9 and B10 of Appendix B). Higher levels of SWQ parameters
would cause higher index values. The WAWQI values and their distributions on contour maps in 2013 and 2019 are shown in Figures 10 and 11, respectively.
The estimated mean index values in 2013 and 2019 were 62 and 72, respectively. Most of the indexes were higher in 2019 than in 2013, with 66 indexes
compared to 7 that were higher in 2013. In 2013, SWQ at 26.03% of all sites was bad or very bad for domestic usage. These sites were mainly located in the
most populous and industrialized districts, particularly Ninh Kieu (NK8 and NK9 at Bung Xang and Xang Thoi lakes), Cai Rang (CR1-CR4 in the Hung Phu
industrial zone), 0 Mon (OM1, OM2, and OM4-0M?9 at O Mon market and in the Tra Noc industrial park), and Thot Not (TN5 in the Thot Not industrial zone)
(Figure 10). Only 2.74% of all sites (NK4 and NKS5, along the highly polluted Tham Tuong canal) had intensively polluted and unusable water. Notably, the
remaining sites (over 71%) showed good or moderate SWQ status.

In 2019, the total proportion of sites classified with bad and very bad SWQ conditions was greater than 45%, predominantly located in urban zones along the
Hau River. Notably, the number of sites with unsuitable status was double that in 2013, reaching 5.48%. This shift was mainly due to considerable growth of
industrial parks (five new large parks including O Mon, Northern O Mon, Tra Noc 2, and Hung Phu 2A and 2B) and WWTPs in urban districts along the Hau
River (Figure 11)) during the period of 2014-2018 (MOC 2011; VNGO 2015; CTCPC 2019b; MOPI 2020). Only 49.32% of the total water samples were suitable
for daily consumption, mostly from Thoi Lai, Phong Dien, and Vinh Thanh districts. The unacceptable SWQ at CD1, CD2, CD4, PD2, and PD5 was notable, as
these sites are surrounded by large rural residential areas and local food production facilities.

The results obtained from WAWQI calculation were highly consistent with the classification of spatial SWQ clusters and land-use characteristics (Figure 5) in
the city, as described above. The majority of polluted sites with high WAWQI values (from 75 to over 100) in both 2013 and 2019 belonged to Cluster 1, which
is dominated by residential, commercial, and industrial lands along the Hau River and canals. Moderate SWQ status with tolerable index values ranging from
50 to 75 was recorded at most of the monitoring locations in Cluster 3, while SWQ at all sites of Cluster 2 (mainly large areas of agricultural land in rural
districts) was generally acceptable for human consumption, as demonstrated by low WAWQI values ranging from 35 to 50.

Temporal Variation in SWQ

Overall, compared to 2013, SWQ in 2019 indicated degradation, particularly in urban districts and along major rivers due to intensive industrial

urbanization beginning in 2014. For clarity, the annual levels of the four most spatially discriminant SWQ parameters are analyzed and discussed (Figure
12). A negative correlation was found between COD and DO levels during the study period. Increasing trends occurred in COD levels, particularly from 2015 to
2019, and these trends were attributed to industrial urbanization beginning at the end of 2014. Notably, although a series of canal rehabilitation and industrial
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WWTP projects were conducted from mid-2013 to the end of 2016 in pollution hotspots (i.e., Tham Tuong, Cai Khe, Ngong, Sang Trang, and Cay Me canals),
these projects were efficient only temporarily and locally around selected sites. In addition, 100-year droughts in 2015 and 2016 (Guo et al. 2017) contributed
to increasing COD levels over this 4-year period.

A very slightincrease in 2017 followed by a decrease in 2018 was observed in the COD levels of Clusters 1 and 3. The success of recent projects (i.e., the first
domestic and new industrial WWTPs in urban districts) in early 2018 was considered the key driver of this decline. However, the expansion of human
settlement in rural areas caused the COD loading of Cluster 2 to increase slightly. Since 2018, inadequate wastewater management infrastructure and the
rapid emergence of new trading centers, residential areas, and local markets have occurred (DONRE 2019, 2020a; MONRE 2020), driving increased COD
pollution for all clusters in 2019. NO5” and PO,*" levels showed downward trends during the study period, driven by shrinking of agricultural land area in 2013~
2016 and severe droughts in 2015-2016. The expansion of urbanized and industrialized areas was the main contributor to the reduction in agricultural land,
thereby causing decreases in NOg and PO, levels.

Correlation between SWQ and LULC Variation

Using RA, the correlated linkages between annual changes in WAWQI values and land-use areas were determined (Figure 14) to provide clear quantitative
evidence of the key drivers of SWQ degradation in Can Tho City. The land-use dataset indicated the dominance of agricultural land, followed by built-up, water
bodies, and fallow land (Figure 13). The average annual WAWQI values and areas of various land-use classes are summarized in Table B11 of Appendix

B (CTCSO 2020c; DONRE 2020b).

Upward trends were observed in the annual areas of built-up land and water bodies. Built-up land covered 182.21 km? in 2013, which soared to 217.68 kmZ in
2019, while water bodies experienced an increase from 75.13 to 86.44 kmZ2. While rapid industrialization (during 2014-2016) and urbanization (2018-2019)
led to expansion of the built-up land area, rehabilitation of a series of canals and lakes (2013-2015) resulted in the growth of water bodies (CTCPC 2016;
CTODA 20164, 2016b). The opposite trends were observed for agricultural and fallow land, which decreased from 1,179.66 to 1,134.18 km? and from 1.96 to
0.66 km?, respectively. Notably, paddy field area showed the largest decrease from 2013 to 2019, from 941.54 to 867.72 km?, mainly due to urbanization of
rural areas and severe droughts (2015-2016) (Sebastian et al. 2016; CTCSO 2020b). Mean annual WAWQI values showed an increasing trend from 2013 to
2019, except for a slight drop in 2018, attributable to the introduction of new domestic and industrial WWTPs in early 2018.

As illustrated in Figure 14a, a strong positive correlation (R? = 0.92 and P = 0.001) between WAWQI values and built-up land area was observed, revealing that
as the city became increasingly urbanized and industrialized, its SWQ progressively worsened. By contrast, Figures 14b and d show strong and moderate
negative correlations between WAWQI values and agricultural and fallow land areas. These correlations indicate that as the areas of agricultural and fallow
lands decreased, a corresponding increase in WAWQI was observed, indicating declining SWQ. From 2013 to 2019, large areas of agricultural (45.48 km?) and
fallow (1.3 km?) lands along major rivers and canals were cleared to allow for industrial urbanization processes, which were noted above as key

drivers of increasingly serious pollution and declining SWQ in the city.

The variation in the area of water bodies was positively correlated with changes in WAWQI values (Figure 14c), indicating that SWQ of the city was
increasingly polluted despite an increase in water area between 2013 and 2019. However, the strength of this correlation was only moderate, with RZ = 0.61
and P = 0.04. Although the expansion of water surface area mainly from 2013 (75.13 km?) to 2015 (87.06 km?) due to canal rehabilitation projects was
temporarily and locally effective at improving SWQ in heavily polluted hotspots, particularly in 2017 and 2018, pollution of river water remains a concerning
issue in many zones throughout the study area. These findings and interpretation are consistent with local environmental reports (CTCPC 2016, 2019b;
DONRE 2020a). In general, our findings confirm that SWQ in the city is controlled by multiple driving forces, among which urbanization and industrialization
are the main factors.

5. Proposed Countermeasures
5.1. Specific Measures

The analyzed results indicated the city’s SWQ, especially in urban districts, polluted by diverse pollution sources, was not suitable for human consumption
with upward trends in both annual WAWQIs and concentrations of most SWQ parameters over the research period. These concentrations were constantly
higher than the permissible limits of Class A1 prescribed as a key target in the city’s master plans. Therefore, some specific solutions are proposed as follows.

Firstly, the identification of water resource with poor quality in the city should be entailed with the estimation of specific pollutant loads discharged into the
city’s water bodies from various possible sources. This provides the Can Tho policy-makers guidance to design optimal solutions toward achieving the SWQ
Class A1 in particular and improving IWRM in general. A reliable science-based tool (well adopted in different locations around the world) (Zaidi and
deMonsabert 2015; Vallero 2016; Camacho et al. 2018; Sang-Cheol and Jihyung 2018; MDEP 2022), the total maximum daily load (TMDL) approach is
applied. The TMDL will calculate the highest load of each pollutant (discharged from either point or nonpoint pollution sources in the city) that a water body
can assimilate and still meet the city’'s SWQ of Class A1 (Camacho et al. 2018; Sang-Cheol and Jihyung 2018). Noticeably, seasonal variation in pollutant
loads in the city can be also calculated (AMTC 2017; MDEP 2022). According to Vallero (2016), AMTC (2017), and MDEP (2022), five steps should be
implemented in the TMDL process in the city: (1) selection of pollutants (i.e., eight polluted SWQ parameters (Table B4 of Appendix B)) in need of
consideration, (2) estimation of the water body assimilative capacity (i.e., permissible limits set by Class A1 (Table B4 of Appendix B)), (3) estimation of the
each parameter’s loading from all pollution sources to the water body, (4) analysis of the each parameter’s current load and determination of needed
reductions to meet permissible limits of Class A1, and (5) allocation, including a margin of safety, of the allowable load among the different pollution sources
in a manner that SWQ of Class A1 will be achieved. TMDL estimation’s inputs include land use, SWQ parameters, modeling techniques, calculation methods,
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and other relevant evidence (i.e., outcomes obtained from this study) (AMTC 2017). In the city, five urban districts along the Hau River should be prioritized to
be a pilot for TMDL estimation, since their SWQ recorded at many sampling sites of Cluster 1 has shown the most extreme degradation due to cumulative
effects from more drivers (population growth, industrial urbanization, upstream flows, climate change, and even policy changes) than that in other areas of the
city. Moreover, Can Tho City is characterized by poor stakeholder engagement in its water governance (Trung et al. 2019; Duc et al. 2021), so an active public
involvement is strongly advisable. Locals are typically more aware of their water usage and watershed than state agencies, hence their involvement will be
valuable for the successful TMDL implementation in the city. Specifically, their activities include providing data and information to the state agencies,
checking and giving feedback on the impaired water list, reviewing and giving comments on draft reports, and assisting the general development of TMDL.

Secondly, based on TMDL generated results, advanced hydrological models should be applied to predict fate and transport of different pollutants and identify
technological measures for achieving SWQ of Class A1. Based on the city's SWQ characteristics, the study suggests some advanced models comprising
SWMM (applied for assessing SWQ pollution caused by flood and urban drainage in four urban and flooded districts Ninh Kieu, Cai Rang, Binh Thuy, and O
Mon), VENSIM (for identifying effects of population, water demand, and wastewater growth on SWQ in the whole city), WEAP (for evaluating effectiveness of
the current and planned WWTPs along the Hau River, hence proposing more cutting-edge treatment technology and optimal treatment capacity for these
WWTPs), and an integrated hydrological model SWAT-MODFLOW (for examining agricultural impacts on both groundwater and SWQ in the city’s intensively
agricultural districts Vinh Thanh, Co Do, and Thoi Lai where groundwater overexploitation is very prominent). Moreover, due to the highly accurate capability to
capture the spatiotemporal variations in the hydro-meteorological variables and represent the dynamics of the hydrologic processes in large water bodies like
Can Tho City’s river network (Kumar and Reshmidevi 2013; Garcia et al. 2016; Wang and Xie 2018; GWSP 2019), remote sensing (RS) techniques with the
support of a geographic information system (GIS) are strongly proposed as a practical tool to improve the SWQ in the city. According to Kumar and
Reshmidevi (2013) and INBO and IOwater (2018), these techniques have significantly changed the SWQ assessment and management methodologies by
providing complementary data needed to confront key water-related challenges. Specifically, all eight polluted SWQ parameters in the city can be assessed
and estimated by near real-time monitoring and measuring variations in the optical properties of water caused by the presence of the contaminants (Kumar
and Reshmidevi 2013). Furthermore, the repercussions of management policies, land-use practices, point and non-point source pollution, upstream flow, and
climate change (i.e., flood and drought events) that are characterized as threats to the city’s SWQ can be visualized and assessed by RS and GIS application
(Kumar and Reshmidevi 2013; INBO and IOwater 2018; Wang and Xie 2018; GWSP 2019). Especially, integrated use of these state—of-the—art models,
techniques, and approaches for estimating dynamics of SWQ evolution will be significantly useful in supporting the city to achieve its target SWQ of Class A1.

Thirdly, technocratic approaches are still prominent practice in Can Tho City's SWQ management with an emphasis on structural solutions such as canal/lake
rehabilitation and WWTP application (CTCPC 2019b; Trung et al. 2019; CTCSO 2020a; Duc et al. 2021). These approaches may work in times but expose
unintended consequences in the long run. Thus, these should be combined with socio-hydrology, an integrated approach to managing and allocating water
resources by involving all actors and stakeholders, and considering how water resources link different sectors of society (Di Baldassarre et al. 2015, 2019;
Pande and Savenije 2016; Kumar et al. 2020). It can develop a generalizable understanding of the interaction and feedback between technical, natural, and
social processes (Di Baldassarre et al. 2019; Kumar et al. 2020), which can effectively improve SWQ management practice for the longer term. Therefore, this
combination of an advanced socio-hydrology approach and the implementation of short-term technological solutions (i.e., the application of models,
techniques, approaches, and WWTPs) will not only assist the city to comprehensively address SWQ-related problems in achieving ambient SWQ of Class A1
but also maintain it in the distant future. Additionally, stakeholders should be strongly involved in making and implementing other water policies, strategies,
and master plans in the city thanks to the application of the science-policy interface and participatory approaches mentioned in the previous part.

5.2. General Measures

Industrial urbanization is considered an inevitable environmental change in developing cities such as Can Tho. According to the current and future master
plans, the city’s government is continuously investing in industrial urbanization projects to achieve comprehensive development goals by 2030. These plans
suggest structural measures (particularly building of WWTPs) as high-priority environmental projects to improve future SWQ (CTCPC 2019a; Duc et al. 2021).
However, in accordance with previous research (Duc et al. 2021), the present study indicated that although the development of WWPTs was effective at
mitigating SWQ pollution, it is not feasible as a standalone solution for improving SWQ to reach the desirable Class A1 rating in the future while undergoing
rapid industrial urbanization. Moreover, implementation of structural measures may have negative repercussions such as financial burden, land appropriation
in urbanized centers, and disturbance to local ecosystems. Therefore, a hybrid solution should be considered for management of domestic and industrial
wastewater, wherein WWTP construction is combined other options, particularly green infrastructure or nature-based solutions such as constructed wetlands,
rain gardens, vegetated swales and median strips, bioswales, porous pavement, and enhancement of riparian buffers and floodplains; such a hybrid approach
can be more environmentally sustainable and cost-effective than other methods. Nevertheless, technical, economic, and socio-ecological evaluation of green
infrastructure methods is beyond the scope of this study and is recommended as a subject for future research.

In addition, as industrial urbanization was considered the main driver of future SWQ pollution in the city, strict but technically feasible policies and regulations
should be established to restrict both effluent concentration and the volume of wastewater discharged from households and industrial plants into water
bodies. These policies and regulations should focus on solutions ranging from promotion of decentralized WWTPs, adoption of industrial symbiosis and
sustainability-oriented hybrid solutions, and application of green technologies (e.g., absorbent gardens, green rooftops, roadside plantings, and storm water
tree trenches) for wastewater treatment and sustainable resource management. Furthermore, the concepts of the circular economy, sustainable cleaner
production, and Industry 4.0 standards should be considered by the city’s government in the future. In particular, circular economy practices are considered one
of the most important methods for increasing sustainability performance in manufacturing, followed by the practices of cleaner production and Industry 4.0
standards. Supply chain traceability and information, reuse and recycling infrastructure, and promotion of a natural and clean environment are potential
practices through which manufacturing organizations and cities can enhance their sustainability. However, before prioritizing and practicing these concepts at
the local level, a robust scientific understanding of their economic and environmental benefits must be achieved.
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6. Conclusions And Future Work

Using a multivariate analytical approach, this study successfully obtained an overall picture of spatiotemporal variation in SWQ in Can Tho City during the
period of 2013-2019. In this period, BOD, COD, DO, TC, turbidity, TSS, and P043‘ levels exceeded the permissible values for Class A1 and the water was
unacceptable for residential use. Based on CA, the city’s SWQ and river network can be divided into two seasonal clusters (dry and wet seasons) and three
spatial zones (urban-industrial, agricultural, and mixed urban-rural zones), and PCA successfully identified key SWQ pollution sources for these groups,
including point (industrial and household activities), non-point (surface runoff from agricultural fields), and mixed sources (industrial, household and
agricultural runoff). According to DA, COD, DO, turbidity, PO,%~, and NO5~ were the most important SWQ parameters for discriminating both among spatial
zones and between seasonal clusters. The city’s river water was markedly more polluted during the dry season, with higher concentrations of COD, BOD, and
TC, while the opposite trend was found in the wet season, with higher levels of turbidity, TSS, PO43', and NO3". Spatially, SWQ status was bad or unsuitable for
domestic usage in most urban districts, while rural districts generally showed moderate or good levels, indicating usable water. Temporally, SWQ was clearly
worse in 2019 than in 2013, mainly due to increased built-up land area and severe droughts. The greatest negative changes in SWQ were observed in five
urban districts along the Hau River and its major diversions.

In addition to the construction of WWTPs, application of the robust models, tools, and approaches proposed in this study to assess, analysis, and predict SWQ
can support revision of the city’s policies and master plans toward achieving the target SWQ of Class A1 as well as SDGs. Besides, to develop Can Tho into a
green, sustainable, and proactive river city, as planned in its 2030 resilience strategy, the study also suggests cleaner solutions for the city, comprising
sustainability-oriented hybrid, green infrastructure, clean technological, and nature-based solutions to improve the city’s IWRM in a timely manner. However, to
successfully implement this 2030 strategy, consensus and close collaboration among key stakeholders across all levels is strongly promoted by applying
diverse participatory approaches into the implementation process of water policies, master plans, research, and solutions in the city.
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Figure 4

Dendrogram illustrating the spatial clustering of 73 monitoring sites according to their SWQ characteristics
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3D and 2D scatter plots showing SWQ parameter loadings for the PCs of spatial clusters
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Dendrogram illustrating seasonal clustering of 12 months according to their SWQ characteristics
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Temporal variation and statistical classifications of SWQ in 2013 and 2019
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Spatiotemporal distributions of WAWQI values in 2013 and 2019
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Figure 12

Variation in annual COD, DO, NOg, and PO, levels in each cluster during the study period
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Land-use maps of the study area in 2013 and 2019
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Correlated relationships between average annual WAWQI values and areas of built-up land (a), agricultural land (b), water bodies (c), and fallow land (d)
during the research period
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