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Abstract: Seawater intrusion poses many severe issues in many coastal areas around the 

world, including the Mekong Delta, Vietnam. For sustainable water management in such 

regions requires, it is crucial to understand the characteristics of salinization. This study 

aims to investigate the characteristics of the salinization phenomenon in water systems and 

its controlling factors based on hydrogeochemical analysis, seawater-freshwater mixing 

model and End Members Mixing Analysis. The results revealed that seawater intrusion 

negatively affects strongly on surface water quality with different magnitudes, depending 

on seasonal variation and tidal regime. It was estimated that surface water mixed with 

approximately 29.5% and 4.12% of seawater in the dry season and rainy season, 

respectively. However, it was found that the salinity in groundwater showed less seasonal 

variation and was distributed heterogeneously following the depth of screened wells and 

distance to the sea. The mixing ratio between seawater and groundwater varied widely, 

ranging from less than 10% in deep groundwater up to a maximum of 38% in shallow 

groundwater. Surface water salinization in the study area is controlled by upstream 

discharge, tidal regime, and operation of sluice gates. Meanwhile, groundwater salinization 

might be governed by geological characteristics, original recharge sources, human 

intervention, and natural variation, especially excessive groundwater exploitation in the 

Mekong Delta. Therefore, integrated sustainable groundwater and surface water use and 

management strategies in the Mekong Delta are needed in the context of human-nature 

intervention. 

Keywords: Seawater intrusion; Seawater-Freshwarer Mixing; Soc Trang; Vietnam. 
 

1. Introduction 

Seawater intrusion (SWI) is the movement of salt sources into water system caused by 

natural processes and/or human activities, especially groundwater pumping. It results in high 

salinity concentration in water resources threating to sustainable water use and management 

in many coastal regions around the world [1]. In particular, high salinity concentration in 

water system not only strikes directly to crops and ecosystems [2, 3] but also potentially 

threats to human health [4–6]. It also causes land degradation via interconnection between 

salt water and soil layers, resulting in the difficulty to recovering agricultural lands in affected 

areas [7]. Therefore, understanding characteristics of salinization is key to preventing 

undesirable effects on agricultural activities and freshwater supply systems in many coastal 

regions in the world. Over the last several decades, SWI has been reported in different 

magnitudes from regional to global scales. For example, the earliest report to salinization in 

all coastal aquifers has been conducted by [8], and afterward, this issue has been intensively 

mailto:ngocta@tlu.edu.vn
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reported by [9, 10]. Salinization has been occurring in the United States since 1960s posing 

many challenges for water management. Likewise, many coastal regions in Asia have 

experienced salinization. For instance, coastal areas of China have been facing with 

salinization due to a rapid expanding saline-affected areas since 2000s [11]. A great efforts 

have been made by the Chinese government to mitigate and prevent effects of water 

salinization processes, however, it has still been a severe issue as an increase of groundwater 

extraction along the coast [12]. Similarly, seawater intrusion is a serious water problem in 

coastal regions of India [13, 14]. In Africa, groundwater salinization was also found in many 

coastal regions [15] such as in the Nile Delta [16], in coastal areas of Libya [17], Morocco 

[18, 19], and Tunisia [20–22]. In addition, seawater intrusion has been well documented in 

many coastal regions in Europe [1]. In recently, water salinization is predicted to increase 

risks of water shortage and threat to national and global food security under impacts of 

climate change and sea level rise. Although numerous studies related to SWI have been 

intensively done for several decades [23], most of previous studies targeted to separated water 

resource, either surface water system or aquifer system. Naturally, surface water and 

groundwater are generally interconnected [24], therefore investigation of seawater intrusion 

into both water resources is crucial to sustainable water management along the coast.  

Seawater intrusion has become the widespread environmental problem in Vietnam, 

threating to water resources and ecosystem in coastal regions, especially in the Red River 

Delta and the Vietnamese Mekong Delta [25]. In natural conditions without human 

intervention, saline boundary in the Vietnamese Mekong Delta (VMD) extends to 

approximately 30-40 km inland [26]. However, the salinity boundary in recent years has been 

extremely expanding to inland due to changes of upstream discharge to the VMD [27]. For 

example, extreme drought and salinization have been occurred in the dry season 2016 caused 

huge losses of agricultural productions and resulted in severe freshwater shortage in many 

provinces of the delta including Tien Giang, Ben Tre, Tra Vinh, Soc Trang, Bac Lieu, Ca 

Mau, and Kien Giang. The salinity boundary has extended to 60-90 km inland [28]. As a 

result, large areas of agricultural lands, especially paddy fields and shrimp farming were 

destroyed, causing huge economic losses [29]. Water salinization also puts a high pressure 

on freshwater supply system due to an increase in salinity concentration in both surface water 

and groundwater [30]. Therefore, previous studies have been conducted to understand the 

impacts of seawater intrusion in the Mekong Delta based on different scenarios. For instance, 

most of researcher used hydraulic model to simulate the salt concentration based under 

affected by water practices in the upstream of the Mekong River Basin and socio-economic 

development in the Mekong Delta [26–28] as well as climate change [36–38]. However, the 

understanding of how much percentage of seawater contributing to surface water and 

groundwater along the coastal is still limited. Hence, this study aims to investigate 

characteristics of water salinization for sustainable water resources management in coastal 

area of the VMD. The main objectives are followed: (i) characterizing the tempo-spatial 

variation of salinity concentration in both surface and groundwater; (ii) examining the main 

factors controlling seawater intrusion in water system of the study area. 

2. Materials and Methods 

2.1. Description of study site 

The research is situated in Soc Trang province, within the Mekong Delta of Vietnam, 

covering an approximate area of 2,300 km2 with an average population of 1.32 million people 

(General Statistics Office of Vietnam 2016). The climate in this region is characterized by 

two distinct seasons - the rainy season and the dry season. The rainy season, influenced by 

the Southwest Monsoon, occurs from May to October annually and contributes more than 

85% of the total annual rainfall of 1,875 mm. In contrast, the dry season, dominated by the 
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Northeast Monsoon, lasts from November to April, with a minimal contribution of just 15% 

to the annual rainfall. Despite significant seasonal variations in rainfall, other climate 

parameters such as temperature, humidity, and evaporation exhibit only minor differences. 

For instance, the mean monthly air temperature remains quite consistent between the dry and 

rainy seasons, hovering around 26.7°C, while evaporation averages around 34 mm. Humidity 

is approximately 85% in the dry season and 87% in the rainy season, with occasional 

exceptionally high daily air temperatures exceeding 36°C, particularly in the warmest months 

of April and May. 

The hydrological system in the study area is highly intricate due to the 

interconnectedness of rivers, the sea, and an extensive canal network in relation to upstream 

discharge, tide regime, and local hydraulic construction operations (Figure 1). The region is 

traversed by two major rivers, Hau and My Thanh, which converge with the canal system 

and directly connect to the East Sea (Figure 2). Upstream discharge and interactions between 

river dynamics and marine influences are the primary factors driving seawater intrusion into 

the coastal river and canal system [31–34]. The impacts of salinization have expanded 

recently due to human-induced activities in the Mekong River Basin [35, 36]. Changes in 

upstream discharge and human activities can strongly influence both the hydrological regime 

and water quality, posing threats such as seawater intrusion, surface water contamination, 

and potential risks to groundwater resources in the area [37–39]. 

 

Figure 1. Map of sampling location and the river-canal system in Soc Trang Province, Vietnam. 

Similarly, the hydrogeology of the region is intricate, comprising several multi-layered 

formations. From a management perspective, the aquifer system can be categorized into 

seven subdivision aquifers: Holocene (qh), Upper Pleistocene (qp3), Upper-Middle 

Pleistocene (qp23), Lower Pleistocene (qp1), Middle Pliocene (n22), Lower Pliocene (n21), 

and Upper Miocene (n13) aquifer layers. Generally, each hydrogeological unit consists of 

upper and lower parts with distinct characteristics. The former comprises low-permeability 

silt, clay, or silt clay with very low water yield, while the latter is relatively permeable, 

consisting of fine to coarse sand, gravel, and pebbles [40]. In this study, we group 

groundwater in seven aquifers into four classes following SGW (aquifer qh); DGW1 (aquifer 

qp3; DGW2 (qp23); DGW3 (qp1); DGW4 (n22, n21 and n13). 

2.2. Methodologies  

2.2.1. Hydrogeochemical data analysis 

Between 2013 and 2018, a comprehensive set of geochemical analyses was conducted 

on a total of 278 groundwater samples and 79 surface water samples collected from the study 
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area. These water samples were meticulously gathered in 100 ml plastic bottles and 

meticulously prepared for both chemical and stable isotopes analysis. Additionally, field 

measurements were undertaken to acquire essential physical parameters – namely, 

temperature (T°C), pH, dissolved oxygen (DO), and electrical conductivity (EC) – utilizing 

portable instruments from HANNA. 

2.2.2. Hydro-geochemical Evaluation Methods 

Fresh seawater mixing analysis.  

It was presumed that Cl- serves as a conservative tracer primarily originating from 

seawater. Consequently, the fraction of seawater (fsea) in the water sample can be determined 

based on chloride concentrations in both seawater and freshwater, as outlined in [41]: 

                          fsea =
mCl−,sample−mCl−,fresh

mCl−,sea−mCl−,fresh
                              (2)                         

where 𝑚𝐶𝑙−,𝑠𝑎𝑚𝑝𝑙𝑒, 𝑚𝐶𝑙−,𝑓𝑟𝑒𝑠ℎ and 𝑚𝐶𝑙−,𝑠𝑒𝑎 represent the concentrations of Cl- in the 

water sample, freshwater, and seawater, respectively, all expressed in mmol/L. In coastal 

delta regions, fresh groundwater primarily contains Ca2+ and HCO3
-, resulting from mineral 

dissolution processes. Consequently, the presence of all other ions in water samples may be 

attributed to seawater admixture. Under such circumstances, 𝑚𝑖𝑓𝑟𝑒𝑠ℎ = 0  for all 

components except Ca2+ and HCO3
- [1], and the seawater fraction ratio in Equation 2 is 

modified accordingly: 

                          fsea =
mCl−,sample

mCl−,sea
=

mCl−,sample

566
                           (3) 

The concentration of an ion i (mi) in the blended fresh seawater was determined by 

applying the mass fraction of seawater (fsea), as outlined in Equation 2, as follows: 

                     mimix = f sea × misea + (1 − f sea)mifresh                  (4)                           

where 𝑚𝑖𝑚𝑖𝑥 represents the concentration of ion i in mmol/L in the anticipated mixed 

fresh-seawater. Subscripts mix, sea, and fresh denote the conservative mixture, seawater end 

member, and freshwater end member, respectively. The alteration in concentration, 

𝑚𝑖𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝛥𝑚𝑖), due to reactions without mixing is then expressed as: 

                             Δmi = misample − mimix                             (5)                              

where 𝑚𝑖𝑠𝑎𝑚𝑝𝑙𝑒 is the measured concentration in the sample, expressed in mmol/L. 

Deviation in the chemical composition from a fresh-seawater mixture signifies chemical 

reactions resulting from seawater intrusion. A positive value indicates that the ion has been 

introduced to the water sample, such as through desorption from the exchange complex, 

while a negative value may suggest absorption processes. 

End members mixing analysis (EMMA) 

In this study, the EMMA model was employed to compute the ratio of each water source 

contributing to the surface water and groundwater within the study area. EMMA, a widely 

used hydro-geochemical mixing model in hydrogeological studies, has been applied 

extensively to identify and quantify the contribution ratios of various water sources to both 

surface water and groundwater [42–45]. The model utilizes the dominant chemical 

compositions of potential end members within the watershed to determine the percentages of 

each original parent water contributing to the final mixture [46, 47]. The mixing model relies 

on four assumptions: (i) surface water/groundwater is a final mixture of different water 

sources, (ii) the mixing process follows a linear and hydrodynamic mechanism, (iii) the 

mixed compositions act as conservative tracers, and (iv) the source solutions exhibit 

dominant concentrations [44]. However, hydrological processes within the watershed can 

vary in time and space, emphasizing the importance of careful consideration in the selection 

of end members before applying the EMMA approach [44, 45]. 

In coastal estuarial regions, water sources typically originate from various contributors, 

including rainfall, surface water, seawater, and groundwater from different aquifers. To 
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simplify the complexity of contributors, it was assumed that surface water primarily derived 

from rainfall, upstream surface water, and seawater, while groundwater originated from 

rainfall and seawater. The estimation of the contribution ratio for each end member to surface 

water and groundwater is based on the following equations: 

For surface water: 

                             fR + fUPW + fSW = 1                                 (6)                                                                   

                       fR × δR + fUPW × δUPW + fSW × δSW = δS                 (7)                         

                     fR × ClR + fUPW × ClUPW + fSW × ClSW = ClS               (8)                             

For groundwater:  

                               fR + fSW = 1
                                       (9)                                               

                            fR × ClR + fSW × ClSW = ClG                        (10)                                 
 

Where f represents the contribution ratio of each end member to the final mixtures (fR – 

local ratio of rainfall, fSW – ratio of seawater, and fUPW – ratio of upstream freshwater). The 

notation δ and Cl denote the stable isotope of oxygen-18 (‰) and chloride concentration 

(mg/L), respectively, considered as conservative tracers. 

In this study, the selected end members include R for rainwater (with δ18O = -9.29‰ and 

Cl = 0.99 mg/L), SW for seawater (with δ18O = -0.82‰ and Cl = 16020.59 mg/L), both 

collected during a field survey in 2017, and UPW for average upstream fresh surface water 

(with δ18O = -7.20‰ and Cl = 6.75 mg/L). 

3. Results and discussion  

3.1.  Tempo-spatial variation of salinity 

The statistical analysis of hydro-geochemistry was presented in Table 1. 

Table 1. Statistical summary of hydrochemical parameters of surface water and groundwater in the 

study area. 

Parameters pH EC TDS Na K Ca Mg Cl HCO3 SO4 NO3 

Surface water in dry season (N=38) 

Min. 6.32 133.10 86.52 20.43 1.67 9.36 0.66 26.28 67.10 11.45 0.72 

Averg. 7.49 9669.27 6285.02 1748.51 60.64 56.00 212.48 3015.84 93.14 838.12 67.14 

Max. 8.04 24400.00 15860.00 4877.02 255.06 174.34 625.91 9354.58 186.65 2667.21 234.40 

STD 0.44 6718.23 4366.85 1410.23 56.06 40.61 172.97 2462.84 23.55 705.66 81.56 

Surface water in rainy season (N=41) 

Min. 6.57 13.48 8.76 1.84 1.34 0.68 0.05 0.99 7.32 0.31 0.34 

Averg. 7.34 937.37 609.29 151.10 12.40 17.31 21.49 253.82 76.06 33.61 3.48 

Max. 7.77 13320.00 8658.00 2632.92 98.98 111.39 334.46 4642.72 136.07 536.06 54.13 

STD 0.27 2189.41 1423.12 429.23 20.68 16.87 53.70 758.53 19.22 86.41 8.98 

Groundwater in dry season (N=137) 

Min. 6.27 116.70 75.86 16.88 0.52 1.44 1.28 2.85 14.03 1.83 0.27 

Averg. 7.26 1307.59 849.94 178.27 22.06 35.41 33.08 189.62 318.30 76.03 5.65 

Max. 8.68 11710.00 7611.50 2407.00 149.35 475.29 455.53 3705.75 779.23 474.30 59.48 

STD 0.47 1380.76 897.50 260.64 21.64 43.57 42.66 421.99 156.80 81.96 9.29 

Groundwater in rainy season (N=140) 

Min. 6.12 129.80 84.37 33.10 2.38 0.11 0.03 5.27 16.48 0.02 0.11 

Averg. 7.32 2216.79 1440.91 459.95 15.79 65.91 69.21 741.18 329.98 178.24 15.59 

Max. 8.55 21200.00 13780.00 8535.80 278.81 970.48 1290.06 16970.45 649.25 3239.46 264.18 

STD 0.48 3327.06 2162.59 1164.28 30.14 151.53 157.18 2385.36 148.50 405.71 45.11 

Note: EC is expressed in µS/cm, all chemical compositions were in mg/L 
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In general, hydrogeochemical data reveal distinctive characteristics between surface 

water and groundwater. The pH values for both surface water and groundwater ranged from 

6.12 to 8.68, with an average and standard deviation of 7.32±0.45, indicating primarily 

alkaline nature. Surface water salinity exhibited significant seasonal variation. For example, 

the electrical conductivity (EC) values of surface water varied widely between the dry season 

and the rainy season, with averages and standard deviations of 9,669.27±6718.23 µS/cm and 

937.37±2,189.41 µS/cm, respectively. Similarly, total dissolved solids (TDS) values in 

surface water displayed substantial seasonal and spatial fluctuations (Fig. 2), ranging from 

8.76 to 15,860 mg/l, with mean values and standard deviations of 1,634.78±2,654.10 mg/l 

compared to 609.29±1423.12 mg/l in the dry season (Table 1). Low to slightly saline surface 

water (TDS = 1,000 – 3,000 mg/l) was observed during the rainy season from the coast up to 

60 km inland (Figure 2), possibly due to a high rate of freshwater discharge into the coastal 

estuary. This contrasts with the dry season, where a higher TDS concentration (moderately 

saline > 3,000 mg/l) is noted due to seawater intrusion. 

On the other hand, groundwater exhibited less seasonal variation in hydro-geochemistry 

but displayed spatial heterogeneity in salinity based on distance to the sea and well depth. 

Elevated TDS concentrations (ranging from 3,000 to 14,000 mg/l) were observed not only in 

coastal groundwater wells with depths less than 100m but also in inland areas located more 

than 10 km from the coastline. In contrast, deep groundwater wells (depths exceeding 100m) 

showed relatively lower TDS concentrations. The heightened salinity in coastal groundwater 

may be attributed to the effects of seawater intrusion into the freshwater body through a 

complex mechanism, involving saline water infiltration, modern seawater intrusion, and 

aquifer leaks or upwelling. Furthermore, TDS concentrations in groundwater varied widely 

due to differences in the magnitudes of mineral dissolution and precipitation within 

heterogeneous aquifers. 

3.2. Salinization and freshening processes  

Based on a simple fresh-seawater mixing model, the deviation of Na+ (called Nare-act) for 

all water samples was estimated to investigate the possibility of salinization and freshening 

processes. Most of water samples experienced freshening process which has a decrease of 

the fraction of seawater (fsea) in corresponding to an increase of Nare-act. More noticeably, 

some surface water samples presented higher fraction ratio (fsea> 0.1) and high positive Nare-

act value indicated that they might be strongly affected by freshening process as an increase 

upstream freshwater discharge into the VMD in rainy season. Meanwhile, several 

groundwater samples have significantly experienced freshening process because of fresh 

groundwater submarine flow to the sea. Conversely, groundwater and surface samples had 

high fraction ratio (fsea> 0.1) and more negative value of Nare-act might experience salinization 

processes. 

3.3. Mixing ratios between fresh and seawater 

Mixing fresh and seawater strongly effects on chemical characteristics of coastal water 

resources. The magnitude of mixing between freshwater and seawater depends on local 

rainfall-runoff process, upstream discharge, and tidal regime. In the study area, surface water 

showed a seasonal fresh seawater mixing trend. In dry season, for instance, it was found that 

29.5% of seawater mixing with freshwater surface water in the study area compared with just 

only 4.12% in rainy season (Table 2). The mixing ratios also showed wide spatial-temporal 

variation, depending on the distance to the East Sea and tidal regime. In the high tidal altitude 

period, the mixing ratios ranged from 50% in the coast to 20% in the inland, approximately 

30 km to the sea while in the low tidal peak these ratios were lower than 10% and without 

mixing, respectively (Figure 2). 
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The hydraulic connection between river-canal system and the East Sea plays important 

role in mixing between surface water and seawater. The surface water had high mixing ratios 

and high chloride concentration along approximately 10 km from Hau River and 30 km to 

the East Sea. Although some surface water samples were located along the coast, they had 

very low TDS concentration. It is perhaps due to the operation of sluice gate to prevent 

seawater intrusion into the canal system along the coast.    

Table 2. Ratios (in percentage) of each water sources contribution in surface water samples. 

Water Sources Water sources Min Average Max STD 

Surface Water in Dry Season 

Rainwater 0.00 0.08 0.66 0.18 

Upstream Water 0.14 0.62 0.94 0.23 

Seawater 0.03 0.30 0.64 0.19 

Surface Water in Rainy Season 

Rainwater 0.00 0.28 0.80 0.33 

Upstream Water 0.20 0.68 0.99 0.30 

Seawater 0.00 0.04 0.23 0.06 

SGW 
Rainwater 0.18 0.83 1.00 0.23 

Seawater 0.00 0.17 0.82 0.23 

DGW1 
Rainwater 0.79 0.99 1.00 0.03 

Seawater 0.00 0.01 0.21 0.03 

DGW2 
Rainwater 0.84 0.99 1.00 0.02 

Seawater 0.00 0.01 0.16 0.02 

DGW3 
Rainwater 0.62 0.67 0.72 0.05 

Seawater 0.28 0.33 0.38 0.05 

DGW4 
Rainwater 0.95 0.98 1.00 0.01 

Seawater 0.00 0.02 0.05 0.01 

The mixing processes of freshwater and seawater in coastal water system might be 

explained via four steps based on chloride and stable isotopes signatures combined with 

hydrological system. At the beginning, upstream surface water discharges into the study area 

entering internal river-canal system and discharges directly into the sea in the low peak of 

tide. After that, a part of upstream water escapes out of river mouth while the remaining one 

will return into local canal system in the high tidal peak. The returned water then mixes with 

evaporated water in the large river system as well as local water from semi-isolated canals, 

aquaculture ponds and wastewater from residential areas. 

  

Figure 2. The seawater-mixing ratio with fresh water following distance from the sea and tidal 

regime in the dry season (a) in the rainy season (b). 

Eventually, the mixed water runs into the river mouth and enters the sea afterward before 

returning to the next circulation. These flow processes establish water circulation in coastal-
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estuarial area resulting in complicated mixing processes between upstream water, coastal 

surface water, local rainfall and seawater. The mixing ratio between groundwater from 

shallow (SGW) and deep aquifers (DGW1, DGW2 and DGW3) and seawater showed a large 

variation. For instance, groundwater samples from SGW (qh, qp3) aquifers consist of from 

0% to 82% seawater while DGW3 (n1
2) aquifer contains from 28% to 38% seawater. More 

noticeably, the mixing ratio between shallow groundwater and seawater a heterogeneous 

variety following depth of screened well and distance to the sea (Figure 3). High mixing 

ratios with seawater was observed up to 30 km inland and until 400 m depth of well, 

indicating that salt sources might originate from seawater trapped in Holocene period in 

shallow aquifers and paleo-seawater intrusion in depth aquifers. In contrast, groundwater in 

remaining aquifers were dominated by freshwater type, indicating the main rainfall recharge 

source with contribution ratios from 79% to 100%. However, groundwater in some locations 

contains from 5% to 21% of seawater, reflecting effects of seawater intrusion. 

4. Conclusion  

This research aims to investigate the dynamics of seawater intrusion in both surface 

water and groundwater within a coastal tropical area of the Vietnamese Mekong Delta. The 

inflow of seawater into the coastal surface water system exhibits significant spatial and 

temporal variations, influenced by the interplay of upstream discharge and tidal-driven flow 

into the river system. The mixing proportion of seawater is notably higher at 29.5% in the 

dry season, contrasting with the rainy season's 4.12%. The study highlights the critical role 

of upstream discharge, contributing 62% and 68% to averting seawater intrusion in the dry 

and rainy seasons, respectively. Additionally, local rainfall-runoff in the rainy season 

contributes 28% to coastal surface water. 

In contrast, seawater intrusion into the aquifer system demonstrates less seasonal 

fluctuation but presents a heterogeneous distribution based on well depth and proximity to 

the sea. The mixing ratio between seawater and groundwater varies widely, ranging from less 

than 10% in deep groundwater to a maximum of 38% in shallow groundwater. The intricate 

factors influencing seawater intrusion into the surface water system include upstream 

discharge, tidal patterns, and sluice gate operations. Conversely, seawater intrusion into the 

coastal aquifer system is influenced by geological characteristics, original recharge sources, 

human activities, and natural variations, particularly groundwater pumping and climate 

change. 

While the operation of sluice gates may alleviate the impacts of seawater intrusion, it 

introduces significant water pollution to the area. Due to limited hydro-geochemical data in 

this region, the study emphasizes the necessity for further investigations to comprehend the 

interrelationships between surface and groundwater. Establishing a safe yield for sustainable 

groundwater use and management is crucial, taking into account factors such as the effects 

of seawater intrusion, especially considering the potential impacts of climate change. 
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Abstract: In this study, the objective was to employ experimental design in order to 

optimize the efficiency of diesel oil removal from water using activated carbon sourced 

from rambutan peel. A central composite design was utilized to investigate the impact of 

contact time, adsorbent dosage, initial oil concentration, and pH on both the removal 

efficiency and oil adsorption capacity across 30 different experimental designs. The analysis 

of activated carbon properties derived from rambutan peel revealed a BET surface area of 

786.014 m2/g, a BJH adsorption cumulative pore volume of 0.054 cm3/g, and an average 

BJH adsorption pore diameter of 55.243 nm. The quadratic model was employed to estimate 

the mathematical relationship between the removal efficiency and adsorption capacity of 

diesel oil in relation to the four key independent variables. The ANOVA analysis 

demonstrates F-values of 12.36 and 39.92 for the respective models, both exhibiting ρ-

values < 0.05. The predicted values closely align with experimental results, showcasing R2 

values of 92.02% for removal efficiency and 97.39% for adsorption capacity. The 

investigation anticipates that, based on the analysis of 87 solutions, optimal conditions of 

70.60 minutes of contact time, 0.25 g/g adsorbent dosage, 0.97% v/v initial oil 

concentration, and a pH of 6.20 will yield a maximum removal efficiency of 72.12% and a 

maximum adsorption capacity of 5.3570 g/g. This combination of factors achieves a 

desirability rating of 0.741. 

Keywords: Activated carbon; Diesel oil; Materials science; Modeling; Rambutan peel. 

 

1. Introduction 

Contaminated water containing oil has a worldwide impact on the quality of water and 

underwater ecosystems, resulting in serious health repercussions [1]. Techniques for oil 

elimination in aquatic environments can be sorted into in-situ combustion, chemical 

approaches (solidification and dispersion), biological methodologies, and physical means 

(such as skimming and absorbents) [2]. Within these options, oil adsorbents continue to be 

the favored method for oil cleanup due to their swiftness, simplicity, environmental 

sustainability [3], and cost-effectiveness. The selection of the adsorbent material is 

contingent on factors like availability, cost, and safety considerations [4]. Among these 

categories, adsorbent materials originating from natural organic sources offer notable 

benefits when compared to others, particularly in regard to their environmental compatibility 

in marine settings and their lightweight characteristics, which facilitate effortless retrieval 

and reuse [5]. 

mailto:tv.nam@hutech.edu.vn
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Activated carbon, produced through carbonization, is employed for the adsorption of a 

wide range of substances [6]. Activated carbon derived from plant biomass is especially 

preferred due to its abundant and easily accessible origin, leading to notably reduced 

manufacturing expenses when compared to commercially available activated carbon [7]. 

Consequently, numerous distinct activated carbon materials have been manufactured from 

diverse plant-based sources, including coconut shells [7], coconut coir [8], corn cobs [9], 

safou seeds [10], oil palm endocarp [11] and rambutan peel [12]. Some activated carbon 

materials of natural origin have been recently used for oil absorption, such as carbonized pith 

bagasse [13], carbonized rice husk [14], activated carbon tablets from corncobs [6], mango 

shell activated carbon [15], and corn cobs activated carbon [9]. 

Rambutan peel (RP) is considered an agricultural waste with a substantial cellulose 

content, amounting to 24.28 % [16], rendering it a cost-effective and suitable economical 

material for the adsorption of oil in water. In this study, the rambutan peel will be chosen as 

the primary material to produce low-cost and environmentally friendly oil-absorbent 

substances. The employment of statistical experimental design approaches within the 

adsorption process has been put into practice to reduce process variability and minimize 

resource demands [17]. Response Surface Methodology (RSM) is a mathematical and 

statistical method utilized for experimental design, modeling, assessing the relative 

importance of independent variables, and determining optimal conditions for desired 

outcomes [18]. Grounded in Central Composite Design (CCD), RSM has been broadly 

utilized for determining the best conditions in multivariate systems [19]. More recently, it 

has been effectively used to optimize parameters in various wastewater treatment processes 

[20]. 

Presently, there have been no investigations that have employed Response Surface 

Methodology (RSM) with Central Composite Design (CCD) to optimize parameters for the 

removal of oil from water utilizing chemically activated carbon derived from RP. The use of 

RMS via CCD helps fine-tune the factors influencing the adsorption process to determine 

optimal values for enhancing the oil adsorption and removal capabilities of RPAC under 

realistic environmental conditions. The objective of this study will focus on experiment 

optimization to enhance the efficiency of oil removal from water using carbonized rambutan 

peel through a surface response method based on CCD. 

2. Material and methods 

2.1. Materials 

Rambutan peel was procured from the primary market located in Ho Chi Minh City, 

Vietnam. Diesel oil (DO) 0.05 S was acquired from Petrolimex Aviation in Ho Chi Minh 

City, Vietnam, and it exhibited a specific gravity at 15oC ranging from 820 to 860 kg/m3. 

Potassium hydroxide, n-Hexane, and sodium sulfate anhydrous were obtained from Xilong 

Scientific Co., Ltd. in Shenzhen, China. Hydrochloric acid (c(HCl) = 0.1 mol/l or 0.1 N) was 

supplied by Merck in Germany. 

2.2. Preparation of adsorbent 

Rambutan peel underwent a series of steps, including rinsing with deionized water, 

drying at 105oC for 24 hours, grinding to achieve a particle size of 1-2 mm, and subsequent 

carbonization at 550oC for 2 hours in purified nitrogen (99.99 %). The resultant product was 

subjected to impregnation with KOH pellets at a 1:2 ratio [21]. These KOH pellets were 

dissolved in deionized water to form a 1 N KOH solution, and the mixture was soaked for a 

period of 24 hours. Afterward, it was dried for 24 hours at 105oC to eliminate moisture, 

followed by activation in a muffle furnace at 550oC for 1 hour. The resulting rambutan peel 

activated carbon (RPAC) was subsequently cooled, treated with a 0.1 N HCl solution to 
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eliminate ash content, rinsed with distilled water until achieving a pH range of 6-7, dried at 

105oC for 2 hours, crushed, sieved into various particle sizes, and finally stored in a desiccator 

for future use. 

2.3. Characterization of adsorbent 

Brunauer-Emmett-Teller (BET) theory is used to measure the surface area of RP and 

RPAC. The solid sample is cooled under vacuum to cryogenic temperature using liquid 

nitrogen. Nitrogen gas is incrementally dosed to the sample, allowing equilibration of relative 

pressure (P/P0) after each dose. The BET equation involves a linear plot of 1/((P0/P)-1) vs. 

P/P0, typically within the range of 0.05 to 0.35 for most solids. From this plot, the weight of 

nitrogen for a monolayer (Wm) is determined, enabling calculation of the total surface area 

using the BET equation and the nitrogen molecule’s known cross-sectional area [22]. 
1

W (
P0
P

− 1)
=

1

WmC
+ (

C − 1

WmC
)

P

P0
 (1) 

The weight of gas adsorbed at a relative pressure of P/P0 is represented by W, while Wm 

signifies the weight of the adsorbate forming a monolayer of surface coverage. The term C, 

known as the BET C constant, correlates with the energy of adsorption within the initial 

adsorbed layer. Therefore, its value serves as an indicator of the strength of interactions 

between the adsorbent and adsorbate [22]. 

To ascertain the pore volume and distribution of pore sizes, the gas pressure is gradually 

increased until all pores are saturated with nitrogen molecules. Subsequently, the pressure is 

gradually decreased, causing the condensed nitrogen gas to evaporate from the system. 

Analyzing the adsorption and desorption isotherms provides insights into both pore volume 

and the distribution of pore sizes [22]. The RPAC produced under optimal conditions was 

evaluated for its surface area, pore volume, and average pore diameter using the 

Micromeritics® TriStar II Plus Version 3.03. 

Scanning Electron Microscope (SEM) analysis was conducted using the JSM-IT500 

InTouchScope™ Scanning Electron Microscope. 

2.4. Approach for assessing the effectiveness of oil adsorption 

In each trial, the quantity of oil adsorbed per gram of adsorbent at equilibrium is 

represented as qe (g/g), at a given time t is denoted as qt (g/g), and the adsorption efficiency 

is calculated using the subsequent equation [21]: 

qe =
(Co − Ce) × V

M
 (2) 

qt =
(Co − Ct) × V

M
 (3) 

% Effective removal =
(Co − Ce) × 100

Co
 (4) 

where Co stands for the initial oil concentration (mg/L); Ce is the concentration at 

equilibrium (mg/L); Ct denotes the oil concentration at time t (mg/L); V represents the 

solution volume (ml); and M is the mass of the adsorbent used. 

2.5. Experimental design for optimization 

The CCD encompasses 2n factorial runs, along with 2n axial runs and nc center runs. The 

center points serve to evaluate experimental error and data reproducibility, while the axial 

points ensure rotatability to maintain a constant variance of model predictions equidistant 
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from the design center [23]. Hence, as per [24], the necessary number of experimental runs 

can be determined using equation (5). 

N = 2n + 2n + nc = 24 + 2 × 4 + 6 = 30 (5) 

where N = Total number of experimental runs, n = number of independent variables 

(factors), and nc = number of center points. This study considered four independent variables: 

contact time (A), adsorbent dosage (B), initial oil concentration (C), and pH (D). The 

dependent parameters or responses were removal efficiency (Y1) and adsorption capacity 

(Y2). The RSM model analysis utilized the CCD from Design-Expert 13. The optimal values 

(Center) of the factors influencing the oil adsorption process of RPAC will be selected based 

on the research findings of [12] to incorporate into the optimal experimental design. The 

ranges of the independent variables are presented in Table 1. 

Table 1. Factors and levels tested for experimental design. 

 Symbol Low Center High Unit 

Level  -1 0 1  

Contact time A 50 60 70 min 

Adsorbent dosage B 0.25 0.5 0.75 g 

Initial oil concentration C 0.75 1.0 1.25 % v/v 

pH D 5.0 6.0 7.0  

3. Results and discussion 

3.1. Characteristics of the adsorbent 

The BET surface area of RPAC was 786.014 m2/g. The increased BET surface area in 

RPAC indicated more active sites, enhancing oil uptake [25]. The pore volume is 0.054 

cm3/g, while the pore diameter increased is 55.243 nm. The surface structure of raw RP 

exhibits uniform fiber-like crystal bonds and small pores, indicative of mineral presence 

(Figure 1a). This surface primarily consists of a lignocellulose network and a fiber matrix 

containing lignin, cellulose, volatile organic compounds, and hemicellulose. Following 

carbonization and alkaline treatment, RPAC’s surface displays uneven, rough, and rugged 

structures with larger, deeper existing pores, accompanied by an increase in their number on 

the material’s surface (Figure 1b). The KOH-C reaction enhances pore development during 

activation, thereby increasing surface area and adsorption capacity. A nearly heterogeneous 

pore structure pattern is also observable on the RPAC surface. 

 

Figure 1. SEM images of raw RP (a) and RPAC (b). 

3.2. Experimental design 

Table 2 shows that the oil removal efficiency (Y1) of RPAC ranged from 48.05% to 

86.20%, with the highest and lowest values recorded. Similarly, the oil adsorption capacity 

(Y2) ranged from 1.1679 g/g to 5.9876 g/g. 

(a) (b)
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Table 2. Experimental design matrix of RPAC. 

Run 

Factors Responses 

Contact 

time 

(min) 

Adsorbent 

dosage (g) 

Initial oil 

concentratio

n (% v/v) 

pH Removal efficiency (%) Adsorption capacity (g/g) 

(A) (B) (C) (D) Experimental Predicted Experimental Predicted 

1 60 0.5 1 6 74.52 74.65 3.2296 3.2500 

2 70 0.75 1.25 5 72.40 71.06 2.6236 2.3400 

3 50 0.75 1.25 7 70.20 70.67 2.5372 2.3800 

4 70 0.75 0.75 7 72.21 73.47 1.5692 1.5700 

5 70 0.25 1.25 7 54.83 54.82 5.9756 5.9500 

6 60 0.5 0.5 6 55.21 52.13 1.1926 1.0300 

7 60 0.5 1 6 75.38 74.65 3.2788 3.2500 

8 70 0.75 0.75 5 61.61 64.78 1.3477 1.4100 

9 60 0.5 1 6 73.90 74.65 3.2076 3.2500 

10 70 0.25 1.25 5 54.00 55.35 5.8600 5.7900 

11 50 0.25 0.75 7 55.23 57.86 3.6416 3.8000 

12 50 0.25 1.25 7 55.13 50.63 5.9876 5.6400 

13 60 0.5 1.5 6 48.05 51.18 3.2244 3.7900 

14 50 0.75 1.25 5 74.01 68.82 2.7064 2.3200 

15 70 0.25 0.75 7 65.95 69.81 4.3152 4.4300 

16 60 0.5 1 6 75.61 74.65 3.2988 3.2500 

17 50 0.75 0.75 5 53.48 54.78 1.1679 1.0700 

18 60 0.5 1 4 50.60 52.62 2.2036 2.5000 

19 60 0.5 1 8 62.16 60.18 2.7010 2.8000 

20 70 0.25 0.75 5 63.28 64.10 4.1532 4.1900 

21 40 0.5 1 6 52.15 58.22 2.2680 2.7200 

22 50 0.25 0.75 5 56.97 52.75 3.7220 3.5800 

23 50 0.75 0.75 7 65.55 62.87 1.4343 1.2200 

24 80 0.5 1 6 78.43 72.41 3.4180 3.3700 

25 60 0.5 1 6 78.51 74.65 3.4108 3.2500 

26 70 0.75 1.25 7 70.62 73.51 2.5565 2.4200 

27 60 0.5 1 6 72.95 74.65 3.1728 3.2500 

28 60 0.5 1 6 71.65 74.65 3.1284 3.2500 

29 60 1 1 6 86.20 86.25 1.8775 2.2800 

30 50 0.25 1.25 5 51.72 51.75 5.6204 5.5000 

3.3. Analysis of variance (ANOVA) 

The selected model equations for removal efficiency (response Y1) and adsorption 

capacity (response Y2) underwent ANOVA analysis to assess the significance and adequacy 

of the models. The ANOVA results of the quadratic model, presented in Table 3 and Table 

4, indicate that the model equations effectively describe the oil removal performance of 

RPAC under the experimental conditions. The F-values for the two corresponding models 

are 12.36 and 39.92, and the ρ -values for both models are < 0.05, demonstrating the 

significance of both models. Regarding removal efficiency, factors A (ρ = 0.0007), B (ρ < 

0.0001), D (ρ = 0.0383), BC (ρ = 0.0022, A2 (ρ = 0.0087), C2 (ρ < 0.0001), and D2 (ρ < 

0.0001) significantly influence the response (with p-values less than 0.05 and high F-values) 

(Table 3). Similarly, for adsorption capacity, factors A (ρ = 0.0205), B (ρ < 0.0001), C (ρ < 

0.0001), BC (ρ = 0.043), B2 (ρ < 0.0001), C2 (ρ = 0.0026), and D2 (ρ = 0.022) significantly 

impact the response (with p-values less than 0.05 and high F-values) (Table 4). Factors that 

do not have a significant influence (ρ > 0.05) will be removed from the regression equation, 

as presented in equations (6) and (7). 

Table 3. Analysis of variance of regression model for removal efficiency of RPAC. 

Source Sum of Squares df Mean Square F-value 𝛒 -value 

Model 2877.06 14 205.5 12.36 < 0.0001* 

A 302.25 1 302.25 18.18 0.0007* 

B 459.98 1 459.98 27.67 < 0.0001* 
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Source Sum of Squares df Mean Square F-value 𝛒 -value 

C 1.35 1 1.35 0.0811 0.7797 

D 85.77 1 85.77 5.16 0.0383* 

AB 1.83 1 1.83 0.11 0.7447 

AC 60.18 1 60.18 3.62 0.0765 

AD 0.357 1 0.357 0.0215 0.8854 

BC 225.98 1 225.98 13.59 0.0022* 

BD 8.87 1 8.87 0.5333 0.4765 

CD 38.91 1 38.91 2.34 0.1469 

A2 151.18 1 151.18 9.09 0.0087* 

      

B2 1.57 1 1.57 0.0946 0.7626 

C2 917.56 1 917.56 55.19 < 0.0001* 

D2 577.61 1 577.61 34.74 < 0.0001* 

Residual 249.38 15 16.63   

Lack of Fit 220.56 9 24.51 5.10  

Pure Error 28.82 6 4.80   

Cor Total 3126.44 29    

Note: * = Significant; df = Degree of freedom. 

Table 4. Analysis of variance of regression model for adsorption capacity of RPAC. 

Source Sum of Squares df Mean Square F-value 𝝆 -value 

Model 52.35 14 3.74 39.92 < 0.0001* 

A 0.6284 1 0.6284 6.71 0.0205* 

B 39.01 1 39.01 416.46 < 0.0001* 

C 11.45 1 11.45 122.27 < 0.0001* 

D 0.1366 1 0.1366 1.46 0.2459 

AB 0.0731 1 0.0731 0.78 0.3911 

AC 0.0985 1 0.0985 1.05 0.3214 

AD 0.0001 1 0.0001 0.0015 0.9692 

BC 0.458 1 0.458 4.89 0.043* 

BD 0.0061 1 0.0061 0.0653 0.8018 

CD 0.0065 1 0.0065 0.0696 0.7955 

A2 0.0714 1 0.0714 0.7619 0.3965 

B2 4.3 1 4.3 45.94 < 0.0001* 

C2 1.22 1 1.22 12.99 0.0026* 

D2 0.6113 1 0.6113 6.53 0.022* 

Residual 1.41 15 0.0937   

Lack of Fit 1.35 9 0.1503 17.36  

Pure Error 0.0520 6 0.0087   

Cor Total 53.75 29    

Note: * = Significant; df = Degree of freedom 

For the model presented in equations (6) and (7) of coded factors, the correlation 

coefficients R2 and adjusted R2 exhibit a high degree of correlation, reaching 92.02 % and 

84.58 % for Y1, and 97.39 % and 94.95 % for Y2, respectively. This indicates that the 

regression model closely aligns with the experimental data and effectively reveals the 

relationships between the independent variables and the response. The coefficients associated 

with single factors represent the influence of that specific factor, while the coefficients related 

to two factors depict the interaction between those two factors. The negative coefficients 

preceding the independent and interaction factors in these equations signify that they exert a 

diminishing effect on the responses. For the individual effects, three factors, A, B and D, 

exhibit a positive influence on Y1 in the sequence of B > A > D, while two factors, A and C, 

positively impact Y2 and B adversely affects Y2 with the order of B > C > A. Concerning 

interacting effects, BC positively affects Y1 and adversely affects Y2. In terms of quadratic 

effects, A2, C2, D2 negatively impact Y1 in the order of C2 > D2 > A2. Conversely, B2 has a 

positive effect, while C2 and D2 have negative impacts on Y2 in the order of B2 > C2 > D2. 

Among these factors, C2 (as quadratic effects) significantly influences Y1 (with the highest 



J. Hydro-Meteorol. 2024, 18, 12-23; doi:10.36335/VNJHM.2024(18).12-23 18 

 

F-value of 55.19), while B (as an individual factor) notably affects Y2 (with the highest F-

value of 416.46). 

Y1 (%) = 74.65 + 3.55A + 5.18B + 1.89D + 3.76BC - 2.33A2 - 5.75C2 - 4.56D2 (6) 

Y2 (g/g) =  3.25 + 0.1618A - 1.51B + 0.6908C - 0.1692BC + 0.5124 B2 - 

0.2093C2 - 0.1484D2 

(7) 

The comparison between the predicted removal efficiency and adsorption capacity of 

RPAC and the observed values is illustrated in Figure 2. The model has successfully captured 

the correlation between independent variables and dependent parameters or responses, as the 

results indicate a close match between the predicted values and the actual experimental 

values. 

 
Figure 2. Actual and predicted plot of removal efficiency and adsorption capacity of RPAC. 

3.4. Pareto diagram 

From the Pareto charts for removal efficiency of RPAC (Figure 3a), it is evident that the 

adsorbent dosage, contact time, pH of the solution, and the interaction between adsorbent 

dosage and initial oil concentration are significant and positive standardized effects on 

RPAC’s removal efficiency. Similarly, from the Pareto charts for adsorption capacity of 

RPAC (Figure 3b), the initial oil concentration, contact time, and pH of the solution 

significantly positively impact RPAC’s adsorption capacity. 

 

Figure 3. (a) Pareto diagram for removal efficiency of RPAC; (b) Pareto diagram for adsorption capacity of RPAC. 

3.5. Response surface analysis 

In this segment, the impact of notable interactive effects between the adsorbent quantity 

(B) and initial oil concentration (C) on the efficiency of elimination and adsorption capability 

using RPAC is deliberated. 
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3.5.1. Interaction of adsorbent dosage and initial oil concentration on removal efficiency 

Figures 4a,b show contour plots and response surface plots for adsorbent dosage and 

initial oil concentration on removal efficiency. 

 

Figure 4. Interaction of adsorbent dosage and initial oil concentration on removal efficiency: (a) Contour plot 

of adsorbent dosage and initial oil concentration (pH = 6, Contact time = 60 min); (b) Response surface plot 

of time and dosage (pH = 6, Contact time = 60 min). 

As depicted in Figure 4, it is evident that increasing the dosage of the adsorbent does not 

significantly enhance the removal efficiency when the initial oil concentration is low (0.5% 

v/v). The RPAC achieves maximum oil removal efficiency of 86.2% at an adsorbent dosage 

of 1g and an initial oil concentration of 1% v/v. The lowest oil removal efficiency of RPAC 

(48.5%) occurs at an adsorbent dosage of 0.5g and an initial oil concentration of 1.5% v/v. 

Increasing the adsorbent dosage from 0.5g to 1g alongside an increase in the initial oil 

concentration contributes more significantly to the RPAC’s removal efficiency. However, 

with the same adsorbent dosage, excessively high initial oil concentrations lead to a decrease 

in RPAC’s removal efficiency. This can be ascribed to the decrease in the quantity of active 

sites accessible on the adsorbent’s surface responsible for adhering to oil. This discovery 

corresponds [8] observations, which demonstrated a comparable pattern while employing 

coconut coir-activated carbon for oil spill remediation. 

3.5.2. Interaction of adsorbent dosage and initial oil concentration on adsorption capacity 

Figures 5a,b show contour plots and response surface plots for adsorbent dosage and 

initial oil concentration on adsorption capacity. 
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Figure 5. Interaction of adsorbent dosage and initial oil concentration on adsorption capacity: (a) Contour plot of 

adsorbent dosage and initial oil concentration (pH = 6, Contact time = 60 min); (b) Response surface plot of time 

and dosage (pH = 6, Contact time = 60 min). 
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As evident in Figure 5, increasing the adsorbent dosage at the same oil concentration 

leads to a reduction in RPAC’s adsorption capacity. The surplus presence of RPAC in the 

surroundings might impede the infiltration of oil molecules, restricting their access to active 

sites on the surface. Consequently, this limitation curtails additional adsorption capacity and 

hampers the complete elimination of oil. A similar trend was observed in a study by [26], 

wherein the adsorption capacity initially rose as the adsorbent dosage increased from 0.5 g 

to 1.5g, but then exhibited a declining pattern. This decline could be attributed to the 

compression of fibers at higher dosages, potentially impeding the uniform penetration of oil 

into the fibers. Increasing the initial oil concentration from 0.5% v/v to 1.5% v/v at different 

dosages consistently demonstrates an elevation in RPAC’s oil adsorption capacity, 

particularly at lower adsorbent dosages. Specifically, the RPAC’s oil adsorption capacity 

peaks when the initial oil concentration is 1.25% v/v, coupled with an adsorbent dosage of 

0.25g. 

3.6. Optimization of the adsorption process 

Optimizing each response will help determine the optimal conditions for the influencing 

factors in the oil adsorption process of RPAC. Table 5 shows that to maximize the removal 

efficiency to 88.89 %, the optimal conditions for the factors (i.e., contact time, adsorbent 

dosage, initial oil concentration, and pH) are 66.45 min, 1 g/g, 1.09% v/v, and 6.33, 

respectively. To achieve a maximum adsorption capacity of 6.0940 g/g, the optimal 

conditions for the factors (i.e., contact time, adsorbent dosage, initial oil concentration, and 

pH) are 63.64 min, 0.25 g/g, 1.36% v/v, and 6.43, respectively. 

Table 5. Optimization of the adsorption process to achieve the goal of maximizing removal 

efficiency and adsorption capacity. 

Factor Low High 

Optimum 

Maximizing 

removal efficiency 

Maximizing 

adsorption capacity 

- Contact time (min) 40 80 66.45 63.64 

- Adsorbent dosage (g) 0.25 1.0 1.0 0.25 

- Initial oil concentration (% v/v) 0.5 1.5 1.09 1.36 

- pH 4.0 8.0 6.33 6.43 

Responses     

- Removal efficiency (%)   88.89  

- Adsorption capacity (g/g)    6.0940 

Multiple response optimization aims to find the best combination of factors to maximize 

both oil removal efficiency and adsorption capacity simultaneously. This is done by finding 

the highest value of a particular desirability measure. Table 6 displays the factor settings that 

achieve the highest desirability values within the specified range. After evaluating 87 

solutions, the optimal conditions were determined: contact time of 70.60 min, adsorbent 

dosage of 0.25 g/g, initial oil concentration of 0.97% v/v, and a pH of 6.20. Under these 

conditions, the optimal oil removal efficiency is 72.12%, and the optimal oil adsorption 

capacity is 5.3570 g/g. 

Table 6. Optimization of the adsorption process to achieve the goal of maximizing removal 

efficiency and adsorption capacity. 

Factor Low High Optimum 

- Contact time (min) 40 80 70.60 

- Adsorbent dosage (g) 0.25 1.0 0.25 

- Initial oil concentration (% v/v) 0.5 1.5 0.97 

- pH 4.0 8.0 6.20 

Responses    

- Removal efficiency (%) 48.05 86.20 72.12 

- Adsorption capacity (g/g) 1.1679 5.9876 5.3570 
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Based on the results in Table 5 and Table 6, the maximum predicted oil adsorption 

capacity (RPAC) is 6.0940 g/g, and the target for optimizing multiple responses is 5.3570 

g/g. These results are higher than the oil adsorption capacity of pyrolyzed rice husk (5.02 

g/g) [27] as well as activated carbon from coconut husk fibers (4,859.5 mg/g) [8]. However, 

they are lower than the Gas oil adsorption capacity of activated carbon from barley straw 

[13]. 

4. Conclusion 

Activated carbon derived from rambutan peel demonstrates effective oil removal from 

water. The main conclusions are as follows: (1) The carbonization and KOH activation 

processes result in a more porous structure with a BET surface area of 786.014 m2/g, BJH 

adsorption cumulative pore volume of 0.054 cm3/g, and BJH adsorption average pore 

diameter of 55.243 nm. Raw RP’s surface structure shows uniform fiber-like crystal bonds 

and small pores, indicating mineral presence. After carbonization and alkaline treatment, 

RPAC’s surface exhibits uneven, rough, and rugged structures with larger, deeper pores, 

accompanied by an increased number of pores on the material’s surface. (2) ANOVA analysis 

indicates F-values of 12.36 and 39.92 for the respective models, both displaying ρ-values < 

0.05. The predicted values closely align with experimental results, demonstrating R2 values 

of 92.02% for removal efficiency and 97.39% for adsorption capacity. In terms of diesel oil 

removal efficiency, the significant influential factors follow the sequence of B > A > D for 

contact time (A), adsorbent dosage (B), and pH (D). Meanwhile, adsorption capacity is 

influenced by contact time (A), adsorbent dosage (B), and initial oil concentration (C) in the 

order of B > C > A. (3) The response surface plots, Pareto chart, and variance analysis 

indicated the most significant antagonistic interaction between adsorbent dosage and initial 

oil concentration concerning removal efficiency (F-value = 13.59, ρ-value = 0.0022) and 

adsorption capacity (F-value = 4.89, ρ-value = 0.043). (4) The study predicts a maximum 

removal efficiency of 72.12% and a maximum adsorption capacity of 5.3570 g/g under 

specific conditions: 70.60 min of contact time, 0.25 g/g adsorbent dosage, 0.97% v/v initial 

oil concentration, and a pH of 6.20, with a desirability rating of 0.741 based on the analysis 

of 87 solutions. 
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Abstract: Can Gio Mangrove Biosphere Reserve provide many ecosystem services, such as 

provisioning, regulating, cultural, and supporting services for the urban areas as well as 

wildlife of suburban areas in Ho Chi Minh City and the nearby ecosystems. Therefore, it is 

important to monitor and evaluate the change of mangrove forest cover in the long term. In 

this study, the Normalized Difference Vegetation Index - NDVI at 10 m resolution from 

2015 to 2023 of Can Gio was obtained from the Copernicus Sentinel-2 database using 

Google Earth Engine - GEE. Subsequently, NDVIs statistic were computed by R to assess 

the slope of NDVI change with p-value significance in Can Gio. The results indicated that 

NDVI values typically range from -0.4 to +0.8 and vary annually. It is evident that NDVIs 

values from 2015 to 2020 are marginally higher than those recorded between 2021 and 2023. 

The degradation in average NDVI from 2015 to 2023 was rationally deducible either from 

the downsizing of mangrove forest areas or the degradation of the mangrove forest. 

However, the annual NDVI statistic revealed there were areas with an acceleration of NDVI 

in comparison with the destruction of NDVI areas from 2015 to 2023. Linear regression 

effectively models continuous processes like deposition or erosion. However, to evaluate 

other factors such as discrete human-made or sporadic impacts, alternative statistical models 

should be considered. 

Keywords: Normalized Difference Vegetation Index - NDVI; The Copernicus Sentinel-2 

database; Can Gio; Spatial and temporal pattern. 

 

1. Introduction 

Can Gio is an important ecosystem in Ho Chi Minh City, not only for historical meaning 

but also the future development. In the past, a large area of Can Gio was destroyed by 

herbicides using from 1965 to 1969 and by anthropogenic of local people from 1970 to 1980 

[1]. From 1990 to 2000, many projects to reforestation were conducted. After being declared 

as the first Mangrove Biosphere Reserve (MBR) in Viet Nam in 2000, the studies of Can Gio 

has been increased and Can Gio has become an important research site [2].  

Can Gio Mangrove Biosphere Reserve has provided many ecosystem services, such as 

provisioning, regulating, cultural, and supporting services for the urban areas as well as 

wildlife of suburban areas in Ho Chi Minh City and the nearby ecosystem[1]. The mangrove 

ecosystem in Can Gio serves as a crucial habitat for a diverse range of flora and fauna. Also, 

mangrove forest act as a natural barrier, protecting the coastline from erosion and minimizing 

the impact of storm surges. Besides, mangrove trees are highly effective at sequestering 

carbon dioxide from the atmosphere [2]. The root systems of mangrove filter pollutants and 

sediment from the water, improving water quality. Among other functions, the role of Can 

Gio requires a quantitative and complementary assessment.  
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Can Gio is currently confronted with a combination of human-induced and natural 

impacts [1,3]. Consequently, monitoring the ongoing changes in Can Gio is crucial for both 

present management and future development. Previous studies have delineated three primary 

processes characterizing the water-soil-plant dynamics in Can Gio, including (1) bank 

erosion stemming from both river systems and seawater; (2) seasonal fluctuations within the 

mangrove forests; and (3) anthropogenic influences encompassing preservation efforts or 

induced alterations [4–6].  

For instance, Ly Nhon, the largest commune in Can Gio, experiences significant effects 

from the dynamics of the Dong Tranh River, notably in its near-shore areas. Studies indicate 

that the riverbank along Dong Tranh experiences considerable deposition, whereas areas 

draining into the East Sea endure severe erosion processes [4]. Situated between Cape of 

Dong Tranh and the East Sea borders, Long Hoa faces substantial impacts from waves, 

coastal storms, and typhoons, causing severe erosion along the commune's borders. Similarly, 

significant erosion points are observed in Can Thanh, yet constructed infrastructures such as 

concrete groins and rock dikes have mitigated shoreline erosion. In contrast, Thanh An 

experiences minimal erosion within Can Gio, although some bank river erosion has been 

reported [4]. 

Various studies utilized vegetation indices, such as the Normalized Difference 

Vegetation Index (NDVI), to gauge the quality of vegetation [2, 7–10]. Nevertheless, the 

emphasis in most of these studies has been on delineating spatial distribution rather than 

exploring ongoing temporal fluctuations over a yearly timescale. As such, there is a need to 

shift focus towards examining the temporal dynamics of vegetation to better understand the 

evolving conditions in mangrove forests, specifically in Can Gio over time. 

Therefore, this study objective is to assess Can Gio vegetation index’s variation across 

a continuous time series spanning from 2015 to 2023. This analysis infers significance as it 

employs statistical linear regression method to highlight areas demonstrating noteworthy 

annual fluctuations, illustrating either substantial increase or decrease in NDVI values at 

yearly timescale.  

2. Materials and Methods  

2.1. Study area 

Located in the southeastern region of Ho Chi Minh City, Can Gio spans an estimated 

area of approximately 70,000 hectares, predominantly comprising an expansive mangrove 

Figure 1. Study area of Can Gio. 
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forest that is integral to Ho Chi Minh City. This district is intersected by four major rivers 

Soai Rap, Dong Tranh, Nga Bay (Long Tau), and Thi Vai which course through the Can Gio 

mangroves before reaching the East Sea. The water bodies cover roughly 22,000 hectares of 

Can Gio, amounting to approximately 20 percent of its total area [6]. 

Can Gio encompasses one township, Can Thanh, and is further divided into six 

communes: Binh Khanh, An Thoi Dong, Ly Nhon, Tam Thon Hiep, Long Hoa, and Thanh 

An. Notably, Binh Khanh and An Thoi Dong are the two most populous communes, each 

with populations exceeding 10,000 inhabitants. Can Thanh and Long Hoa have populations 

exceeding 8,000, while Ly Nhon, Thanh An, and Tam Thon Hiep have the lowest 

populations, ranging from 3,700 to 4,500 residents (Figure 1). 

2.2. Methods 

The Copernicus program is a large Earth Observation by the European Union, and it 

encompasses various satellites, instruments, data services, and applications. The number of 

satellites in the program may change over time as new satellites are launched and integrated into 

the system. Some satellites of this program are Sentinel-1A and Sentinel -1B, Sentinel-2A and 

Sentinel-2B, Sentinel-3A and Sentinel-3B, and many others. In this study, Sentinel-2A and 

Sentinel-2B were applied to calculate NDVI. Sentinel-2 satellites includes two identical 

satellites which were respectively launched in 2015 and 2017 at a mean altitude of 786 km. 

These two satellites operate and provide high-resolution optical imagery for Earth observation 

and environmental monitoring, including the monitoring of vegetation, soil and water cover, as 

well as observation of inland waterways and coastal areas [8]. Sentinel-2 offers extensive 

coverage of vegetation across coastal areas, boasting a superior spatial resolution of 10 meters 

and frequent revisits every five days. Notably, this satellite service is cost-free, making it a 

valuable data resource for studying the spatial and temporal dynamics of mangrove forests. Its 

benefits are particularly significant in developing nations with constrained budgets for such 

research endeavors [11]. 

Google Earth Engine is a cloud-based platform designed for global-scale data analysis. It 

combines a variety of satellite imagery and other geospatial datasets with analysis capabilities 

by Google’s computational infrastructure. In Google Earth Engine, there are multiple datasets 

of Sentinel-2 such as Sentinel-2 MSI, harmonized Sentinel – 2 MSI. In this study, Sentinel-2 

Multi-Spectral Instrument, Level-1C was employed. Each Sentinel-2 product in .zip archive 

may contain multiple granules. Each granule becomes a separate Earth Engine asset. Earth 

Engine asset IDs for Sentinel-2 have the following format: 

COPERNICUS/S2/20230211T030849_20230211T031915_T48PYS. Here the first numeric 

part represents the sensing date and time which was February 11th, 2023, the second numeric 

part represents the product generation date and time which was from 03:08:49 to 03:19:15 of 

the same day, and the final 6-character string is a unique granule identifier indicating its UTM 

grid reference of Can Gio at T48PYS.  

In this study, clouds degree was removed by using Earth Engine code which is 

“.filterMetadata (“CLOUDY_PIXEL_PERCENTAGE”, “less_than”, 10)”. FilterMetadata is a 

method used in GEE to filter a collection based on metadata properties. The term 

“CLOUDY_PIXEL_PERCENTAGE” is the metadata property being used for filtering. It refers 

to the percentage of cloudy pixels in satellite imagery. The term “less_than” is a comparison 

operator specifying the filtering condition and 10 is the threshold value of the cloudy pixel 

percentage.  

NDVI stands for Normalized Difference Vegetation Index, it is a fraction of the differences 

between the reflectance in the near-infrared -NIR and the reflectance in the visible red - RED of 

the electromagnetic spectrum. NDVI is calculated as in the following formula (1): 

 

                                                   NDVI =  
(NIR−RED)

(NIR+RED)
                                                              (1) 
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NDVI ranges from -1 to +1, in which NDVI values near -1 typically represent water bodies. 

NDVI values are near 0 representing barren areas, rocks, or built-up urban areas. NDVI values 

between 0 to 1 indicate varying levels of vegetation density, with higher values suggesting 

healthier and more dense vegetation [7,12]. NDVIs of Can Gio from 2015 to 2023 were 

calculated directly on GEE from Sentinel-2 MSI.  

The accuracy of NDVI representing land-use types is normally evaluated by Cohen’s 

Kappa which is a statistical measure that assessed the level of agreement between the interpreted 

raster and observed raster. In this study, the interpreted raster is the NDVI in 2021 and observed 

raster is the updated observation in Google Earth.   

To calculate the observed agreement and the expected agreement, a confusion matrix was 

produced with columns and rows. Each row and column respectively represent the classification 

for raster interpretation. The rows are the classification algorithm, while the columns represent 

the validation [13, 14]. 

Then, Kappa efficiency is computed in the formula (2): 

                                      κ =  
Po−Pe

1−Pe
                                                            (2) 

where Po is the observed agreement between rasters, Pe is the expected agreement, which 

represents the probability of agreement occurring by chance. κ values of 1 indicates perfect 

agreement; the closer κ values are to 1, the higher consistency between the data [15].   

The research method is summarized in the following flow diagram: 

 

Figure 2. Flow diagram of methodology. 

NDVI data spanning from 2015 to 2023 were gathered using GGE's cloud storage tool, 

specifically filtering the Sentinel-2 dataset to include only data with a cloud cover rate below 

10%. This selection predominantly represents NDVI values observed during the dry season. 

Subsequently, the project adopted an NDVI value index exceeding 0.377 to delineate mangrove 

forests. It is crucial to assess the accuracy of this interpretation utilizing the Kappa coefficient. 

In conducting statistical analysis on the temporal changes in NDVI values for every pixel 

annually, each pixel comprises 9 NDVI values across consecutive years from 2015 to 2023. The 

NDVIs from 2015 to 2023 
from GEE - Sentinel 2 (filter 
cloudy percentage less than 

10)

Evaluate rasters of NDVI by 
Cohen's Kappa

Define the suitable threshold 
of NDVI values representing 

three LULC types of the study 
area

Time series analysis 

in R (calculate slope and p 
value of NDVIs change rate)

Spatial Analysis (reclassify 
the increase and decrease with 

p value < 0.05)
Final Mapping
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'raster' package in the R statistical analysis software was employed to compute the slope values 

representing the upward or downward trends of NDVI for each pixel over the 9-year period, 

spanning from 2015 to 2023. Due to the extensive dataset, the computation process is time-

consuming, given the approximately 7,000,000 pixels for each raster file in each year. Following 

the computation, a raster map delineating the slope values derived from the analysis model is 

generated. In addition, the statistical significance assessment - p - value of each slope value for 

every pixel is also extracted from the statistical model results. 

Upon integrating both slope values and the associated p-values for each pixel, the generated 

map highlights pixels exhibiting significant trends in NDVI. Consequently, the final map 

delineates areas where NDVI values have consistently risen over 9 consecutive years and those 

where a consistent decline is simulated. This representation of the raising or reducing trends in 

NDVI holds paramount importance in identifying specific areas demonstrating sustained growth 

or decline in NDVI through time.  

3. Results and discussion  

3.1. NDVIs from 2015 to 2023 

NDVIs for Can Gio were calculated as the difference between Band 8 and Band 4, 

representing the reflectance of near-infrared and visible red light in the electromagnetic 

spectrum, respectively. NDVI values typically range from -0.4 to +0.8 and vary annually, as in 

Figure 3a.  

 

Figure 3a. Annual NDVIs for Can Gio from 2015 to 2023. 

The maximum NDVI values for 2015, 2016, 2017, and 2019 exceeded 0.8, whereas those 

for 2018, 2020, 2021, and 2023 were below 0.8. Specifically, the maximum NDVI in 2023 was 

recorded at 0.53. These variations highlight the significant impact of annual maximum NDVI 

values on the overall NDVI average. Regarding the minimum NDVI values, 2015 and 2017, 

both fell below -0.5, while for 2016, 2018, 2019, 2020, 2021, and 2022, the values were above 

-0.4. Notably, in 2023, the minimum NDVI reached its highest value of -0.22.  

The line graph in Figure 3b illustrates the average yearly NDVI values spanning from 2015 

to 2023. It is evident that NDVIs values from 2015 to 2020 are marginally higher than those 

recorded between 2021 and 2023.  
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Figure 3b. Average NDVIs for Can Gio from 2015 to 2023. 

Typically, NDVIs fluctuated between 0.298 and 0.291 over the 6-year period, while the 

values of NDVIs considerably diminished from 0.298 in 2021 to 0.192 in 2023. Specifically, 

the NVDI for 2023 falls within the lowest range. This could be attributed to the fact that the 

NDVIs for 2023 were collected during the dry season, while the NDVIs for other years 

reflected values for the entire of year. Similarly, the annual average NDVIs for Can Gio from 

2015 to 2023 illustrated a reduction over this period.  

3.2. Defining the suitable threshold of NDVI values representing three LULC types 

NDVI, widely utilized in studies assessing plant growth, plays a crucial role in vegetation 

cover classification through various value thresholds. Recently, there have been many studies 

applying satellite data to identify the vegetation cover. These study have proposed various 

methods to determine NDVI threshold values to interpret the land-use types for Can Gio. In 

the estimation conducted by Sugara et al., distinct NDVI thresholds were established for 

mangroves across three ranges: 0.11 to 0.35 indicating very low vegetation coverage, 0.35 to 

0.5 representing medium coverage, and 0.5 to 0.67 signifying high levels of coverage [7]. 

Among other studies, the NDVI values in the Can Gio mangrove forest area have been 

classified on a scale ranging from -1 to +0.1999, where values below zero to +0.1999 indicate 

non-vegetative cover, from +0.2 to +0.2999 signify low vegetation coverage, from +0.3 to 

+0.3999 represent moderate coverage, and values above +0.4 denote high coverage [11], [16]. 

Additionally, the author concludes in this study that NDVI values exceeding 0.3 indicate error 

categorizing areas, partly within the buffer zone [11]. In a separate study, a composite of NDVI 

and other metrics was employed to assess alterations in mangrove forests. The study 

categorized NDVI values accordingly: values below 0 indicated bare land, while those between 

0 and 0.2 represented low land cover. Ranges of 0.2 to 0.3 indicated shrub and grassland, and 

higher values, specifically between 0.4 and 0.9, signified dense vegetation coverage [17]. 

A recent study utilized GEE data from Landsat satellite images to combine the NDVI index 

with other vegetation assessment indices every five years between 1990 and 2022, aiming to 

determine vegetation cover. In this study, NDVI threshold adopted the results which were 

defined in [9] and indicated that majority of vegetation pixels had an NDVI greater than 0.377. 
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Additionally, other studies indicated that water areas typically exhibit an NDVI less than 0 [4, 

9]. 

To sum up, previous studies focusing on mangrove vegetation and the NDVI index have 

frequently proposed thresholds around 0.4 to delineate high mangrove forest coverage. Hence, 

in this particular study, the classification of NDVI values aligns with those determined in prior 

research, serving as a basis for assessment. Therefore, NDVI values were categorized into three 

groups: the first group represents water areas with NDVIs less than 0; the second group 

corresponds to built areas with NDVIs ranging from 0 to 0.377; the third group encompasses 

mangrove forest areas with NDVIs greater than 0.377.  

 

Figure 4. The suitable threshold of NDVI values in Can Gio. 

Accordingly, regions with extensive mangrove forest cover predominantly span across 

Tam Thon Hiep, Thanh An, Long Hoa, and An Thoi Dong communes. Conversely, areas like 

Binh Khanh, Ly Nhon, and Can Thanh primarily consist of man-made environment. The 

distributed water surface area corresponds to the primary waterways in the Can Gio area, 

including Soai Rap, Dong Tranh, Nga Bay (Long Tau), and Thi Vai. 

Certain studies utilizing the NDVI index to assess vegetation dynamics in Can Gio have 

selected random points for accuracy assessment between the simulated land cover results with 

observed land cover. These studies have proposed varying observation points, ranging from 

less than 100 points [18] to 300 points [11, 19] or 500 points [9] and over 1,000 [20] sampling 

points. Some research has computed the number of random points based on a statistically more 

reliable equation [9]. 

To evaluate the accuracy for the classification algorithm, 300 random points as in Figure 

4 were generated using the segmentation and classification tool in GIS. Subsequently, the point 

shapefile was converted to a .KML file for potential viewing on Google Earth. Following this, 

the table of point shapefile was manually edited and compared to the Google Earth Imagery 

from 2021. 
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Figure 5. 300 random points for accuracy assessment. 

Table 1 shows the confusion matrix result, comparing the results of NDVI classification 

to Google Earth imagery in 2021 for assessing the accuracy of the proposed classification. The 

User’s Accuracy (U_Accuracy) reveals that 85% of water, 83% of built areas, and 88% of 

mangrove forest were correctly classified. Notably, the Producer’s Accuracy (P_Accuracy) for 

built areas was 57%, significantly lower than that for water areas and mangrove forests, 

indicating a lower level of correctness in classifying pixels for the built areas. Despite this, the 

Kappa coefficient was 0.78, suggesting substantial agreement beyond chance.  

Table 1. Confusion matrix for NDVI in 2021.  

OID ClassValue 

1 – 

Water 

2 – Built 

Areas 

3 – 

Mangrove 

Forests Total U_Accuracy Kappa 

0 1 – Water 76.00 13.00 0.00 89.00 0.85 0.00 

1 2 – Built Environment 3.00 39.00 5.00 47.00 0.83 0.00 

2 3 – Mangrove Forests 2.00 17.00 145.00 164.00 0.88 0.00 

3 Total 81.00 69.00 150.00 300 0.00 0.00 

4 P_Accuracy 0.94 0.57 0.97 0.00 0.87 0.00 

5 Kappa 0.00 0.00 0.00 0.00 0.00 0.78 

3.3. Slope and p-value of NDVIs changing rate from 2015 to 2023 

NDVIs from 2015 to 2023 were analyzed through a time series to monitor changes in 

vegetation over time. Raster data spanning from 2015 to 2023 were stacked into a time series 

dataset. The slope of the linear regression of NDVI against yearly time was calculated for each 

pixel, providing valuable insights into the temporal trends. Distribution of slope values and p-

values is illustrated in Figure 6. The frequency distribution of slope values less than 0 

dominants over that of slope values greater than 0. Distribution of p-values is also depicted, 

ranging from 0 to 1, where p-values below 0.05 indicate the statistically significant meaning. 
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Figure 6. Distribution of slope values and p-values. 

However, the p-values of the linear regression for each pixel (Figure 7) were not 

statistically significant (p > 0.05) across a large area, including Binh Khanh, Tam Thon Hiep, 

An Thoi Dong, and Ly Nhon. In these regions, the observed changed in NDVI over time were 

not found to be statistically different from zero.  

Conversely, statistically significant p - values (p < 0.05) were observed at the upper portion 

of Tam Thon Hiep, Thanh An, Long Hoa, and in most water areas. In these locations, the linear 

regression analysis provided evidence of a significant trend in NDVI over the study period.   

 

Figure 7a. Slope values of NDVIs changing rate from 2015 to 2023. 

The slope raster in Figure 7 was classified into five groups based on specific criteria. 

Negative slope values indicate a decrease in NDVI, while positive slope values represent an 

increase. As a result, highly decreases were observed in Binh Khanh, An Thoi Dong, and Can 

Thanh. Moderately decreases were notable in the buffer zones such as Long Hoa, Thanh An, 

and the upper of Tam Thon Hiep. On the other hand, the strongly increases were predominately 

observed in most of water areas and some in Ly Nhon and Tam Thon Hiep. 
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Figure 7b. p-values of NDVIs changing rate from 2015 to 2023. 

As a consequence, the map of tendency of NDVI change from 2015 to 2023 was produced 

to visualize the areas statistically reduction or rise NDVI through time. According to figure 8, 

rapidly decreases take place at the transition areas between Binh Khanh - An Thoi Dong and 

An Thoi Dong - Ly Nhon. Other decreases are in Can Thanh. On the contrary, most of increase 

are observed in water areas. Some points of rapidly increases are in the core zone of mangrove 

forests. 

 

Figure 8a. Trending of NDVI change from 2015 to 2023. 

Analyzing the spatial distribution results reveals specific points indicating a significant 

changes in NDVI, as determined by the linear regression model. The site exhibiting deposition 

tendencies from water flow demonstrates a statistically significant rise in NDVI. For instance, 

position 2 in Long Hoa and position 1 in Tam Thon Hiep showcase an increasing trend in 

NDVI. In other words, these sites have been continuously growth in mangrove forests over the 

past 9 years. Conversely, sites 3 and 4 experiencing NDVI declines denote consistent impacts 

over the same period, influencing the observed reduction in NDVI. 
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Figure 8b. Map of trending for NDVI change from 2015 to 2023. 

3.4. Temporal analysis from 2015 to 2023  

Table 2 indicates selected NDVI values which were extracted from random pixels, 

comparing to the associated p-values, slopes, and trends in NDVI changes. In brief, the trends 

observed are as follows: (1) NDVI exhibits either an increase or decrease without statistically 

reliable indications; (2) NDVI showcases either an increase or decrease with statistical 

reliability. However, in the linear regression analysis model, it demonstrates a consistent yearly 

increase or decrease in NDVIs. This suggests that pixels affected by sudden impacts resulting 

in abrupt NDVI changes will be omitted from the outcomes. 

Table 2. Temporal analysis for NDVI from 2015 to 2023 at random sample point. 

    NDVI from 2015 to 2023 

  Pixel 2015 2016 2017 2018 2019 2020 2021 2022 2023 P-values Slope values Tendency 

1 1,000,000 0.55 0.24 0.39 0.32 0.22 0.2 0.35 0.23 0.1 0.03 -0.033 -0.03 

2 1,500,000 0.14 0.12 0.25 0.44 0.36 0.43 0.43 0.49 0.29 0.04 0.034 0.03 

3 1,755,000 -0.33 -0.23 -0.25 -0.19 -0.23 -0.21 -0.27 -0.16 -0.08 0.02 0.019 0.02 

4 2,500,000 0.4 0.25 0.35 0.31 0.3 0.31 0.33 0.29 0.15 0.08 -0.015 0 

5 2,755,000 0.49 0.58 0.66 0.63 0.69 0.62 0.68 0.48 0.38 0.43 -0.012 0 

6 3,500,000 0.54 0.71 0.73 0.71 0.71 0.63 0.69 0.48 0.43 0.15 -0.022 0 

7 3,555,000 0.26 0.58 0.68 0.58 0.64 0.55 0.63 0.43 0.38 0.95 -0.001 0 

8 4,500,000 0.71 0.61 0.7 0.63 0.66 0.61 0.6 0.39 0.38 0.01 -0.037 -0.04 

9 4,555,000 0.64 0.57 0.56 0.55 0.57 0.53 0.56 0.33 0.29 0.01 -0.035 -0.04 

10 5,000,000 0.73 0.49 0.7 0.71 0.68 0.57 0.61 0.37 0.36 0.04 -0.037 -0.04 

The graph in Figure 9 displays randomly selected NDVI values from specific pixels. 

Referring to the data table, these values are drawn from pixels positioned between the 

1,500,000th and 4,500,000th. The graph represents the NDVI values across the years based on 

this selection. Utilizing linear regression analysis, three distinguished trends in the data emerge: 

gradually increase with a high R2 correlation coefficient, low correlation with a low R2, and 

moderate correlation with an R2 in the middle of range. 

1 

2 

3 

4 
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Figure 9. The linear regression for NDVI values at pixels. 

 

Notably, the 4,500,000th pixel exhibits a significantly high R2 value of 0.6951, while the 

1,500,000th pixel shows a high increase over time with a medium R2 of 0.483 and a p-value 

marginally reaching 0.04. At the 2,500,000th and 2,755,000th pixel, there's a consistent gradual 

reduction with a relatively R2 of about 0.3665 and 0.0919, respectively. Similarly, p-values are 

insignificant in these two pixels. Thus, the more the R2 value increases, the more the p-value 

tends to decrease below 0.05. However, the 1,755,000th pixel indicates that the R2 slightly 

increase to 0.5521, while the p-value dramatically reduced to 0.019. 

4. Conclusion 

The results indicated that the decrease in average NDVIs from 2015 to 2023 was 

rationally deducible either from the downsizing of mangrove forest areas or the degradation 

of the mangrove forest. However, the annual NDVI statistic revealed there were areas with 

an acceleration of NDVI in comparison with the destruction of NDVI areas from 2015 to 

2023. The significant declines occur rapidly at the transition zones between Binh Khanh and 

An Thoi Dong, as well as between An Thoi Dong and Ly Nhon. Additional declines are 

evident in Can Thanh. Conversely, the majority of increases are noted in aquatic regions. 

Certain locations exhibit rapid increases, particularly within the central core of mangrove 

forests.  

This study presents a temporal statistical approach aimed at assessing NDVI changes 

within a defined timeframe. The main objective is not to quantify the direct expansion or 

reduction of mangrove forest areas. Instead, it seeks to indirectly evaluate mangrove forest 

quality through NDVI values in time series. Linear regression effectively models continuous 

processes like deposition or erosion. However, to evaluate other factors such as discrete 

human-made or sporadic impacts, alternative statistical models should be considered. 

Notably, the unexpected increase in NDVI within water areas prompts further analysis, 

potentially associated with diverse processes like coastal erosion or deposition, 

environmental processes such as eutrophication and other influential factors that could 

impact these outcomes.  
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Abstract: The distribution network model is one of the sophisticated strategies being used 

in research to assess the state of household solid waste (HSW) management and calculate 

the quantity of greenhouse gas emissions from landfills in Nghia Ninh and Bao Ninh 

communes. Traditional and modern techniques are also being used in this study. The results 

have assessed the existing state of household solid waste (HSW) management for home 

sizes ranging from four to six people. The daily average for garbage per person is 0.31 

kilogram. The corresponding CO2 emissions from the two communes are 0.42 

kg/person/day (Bao Ninh) and 0.47 kg/person/day (Nghia Ninh); study and survey data from 

these two districts show that the average cost for households to collect HSW is 27,000 

VND/family/month. 2698.72 kg CO2 equivalent per ton of garbage, the same amount of 

emissions from solid waste. Nghia Ninh and Bao Ninh communes, as well as the Dong Hoi 

city government in general, rely on it to limit the amount of waste that families emit into the 

environment while encouraging improved information exchange and sharing. Share 

responsibility for waste management and encourage waste separation at the source. 

Keywords: HSW; GHG emission; MSW; Landfilling; Dong Hoi, Quang Binh. 
 

1. Introduction 

An estimated 60,000-70,000 tons of residential solid waste are produced daily in the 

nation as a whole, with 60% of that amount occurring in urban areas. The rest is burned to 

normal destruction, dumped into water sources, or buried in trash landfills [1]. Many case 

studies exist around the world; for example, in Putrajaya, Malaysia, community participation 

in solid waste segregation operations was achieved through a trash recycling program [2]. A 

significant link has been found between community engagement in recycling programs and 

attitudes toward solid waste classification (r = 0.343) and community knowledge about solid 

waste classification (r = 0.251), according to analytical results based on a survey of 382 

persons. The study suggests ways to improve the community’s capacity for recycling and 

classification in light of the analysis [2]. When researching the solid waste management 

system and the role of community engagement in Jigjiga town, Somali state, Ethiopia, it was 

discovered that social and environmental concerns still exist. The garbage collection system's 

solid waste management mechanism is ineffective... [3]. 
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Similarly, the research “Community-based waste management: experiences of Asian 

countries” detailed this strategy in seven Asian countries. Difficulties in the model are caused 

by insufficient solid waste management policies, a lack of human resources, a lack of 

community awareness, and a lack of collaboration capability between the government and 

the community [4]. 

Dong Hoi City authorities at all levels have hastened the process of industrialization, 

modernization, and urbanization in recent years in an effort to increase the local economy 

and improve people's quality of life. The province encourages an approach that prioritizes 

environmental protection over economic benefits in communes such as Bao Ninh, Nghia 

Ninh, Thuan Duc, and Quang Phu, while also prioritizing investment in the service and 

tourism sectors and implementing solid waste management in daily life in accordance with 

Section 2, Article 75 to 80 of the Law on Environmental Protection 2020 [5]. Therefore, to 

properly conserve the environment, production processes must be considered and integrated 

with the surrounding ecosystem in addition to avoiding, managing, and treating waste 

between places with favorable development conditions. many advancements in the economy. 

Many groups, including Nghia Ninh, Duc Ninh, Loc Ninh, Thuan Duc, and Quang Phu, who 

reside in communes outside of Dong Hoi city, are adversely impacted by the urbanization 

process. 

Landfilling is the most often used waste treatment method worldwide. Landfill cleaning 

technology has evolved greatly in recent years [6]. The majority of emerging Asian countries, 

including Vietnam, continue to process trash in open, uncovered landfills and engage in open 

dumping and burying without gas recovery. As a result, when sanitary landfill technology is 

employed, there may be no landfill gas collection system, which means that the majority of 

emissions are released untreated or uncontrolled into the atmosphere. Municipal solid waste 

(MSW) is anaerobically digested in open dumps and landfills to produce landfill gas (LFG), 

which is mostly carbon dioxide (CO2) and around 60% methane (CH4). LFG’s CO2 

component is of biological origin and is not a greenhouse gas, however LFG's CH4 

component contributes to global warming [7]. According to the IPCC, uncontrolled CH4 

emissions from landfills are the third-largest source of man-made CH4 emissions. Numerous 

variables, including trash quantity and composition, moisture content, pH, and waste 

management practices, will affect the amount of methane generated in landfills. Methane 

concentrations in trash dumps rise as organic matter and moisture content rise [8]. 

The IPCC 2006 waste model may calculate emissions from a variety of solid waste 

disposal sites based on the default assumptions of a country or region’s specific waste 

composition, such as climate and landfill status. The IPCC Waste 2006 calculation model 

was used in this work to assess greenhouse gas emissions from typical waste treatment in 

landfills. Under the supervision of the IPCC, the first order (FOD) analytical model, which 

captures the rate of waste breakdown at the disposal site and delivers more accurate results 

than emissions estimates, has been suggested for usage [9]. 

Urbanization includes things like the loss of arable land, changes in the occupational 

structure, accessibility to urban life (which is mostly dependent on public services and 

consumer culture), gentrification and urban construction, and the emergence of several local 

environmental issues. Specifically, there is a lot of household solid waste, and because of the 

introduction of new materials, raw materials, and products, its qualities and composition have 

changed from before, making management challenging. The inability of local solid waste 

management to meet regulations results in significant environmental degradation on a small- 

to large-scale basis, negatively affecting the community's quality of life and health. 

Implementing the Research Team's “Determine the greenhouse gas emissions from landfills 

in the communes of Nghia Ninh and Bao Ninh, Dong Hoi city, Quang Binh province, and 

suggest a system for classifying household solid waste at the source” is crucial in light of the 

aforementioned concerns. essential and significant from a practical and scientific standpoint. 
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2. Materials and Methods 

2.1.  Description of the study area. 

East of the city is the beach commune of Bao Ninh. Due to its advantageous location 

near the Nhat Le River and a lengthy shoreline, Dong Hoi (Quang Binh) is home to a large 

number of service restaurants that cater to tourists. One of the factors raising the possibility 

of environmental contamination is these commercial operations. The total area of Nghia Ninh 

commune is approximately 1,570 hectares, of which 145 hectares are used for agriculture, 

primarily for the production of rice. 

A step toward increasing public awareness is the selection of two economically disparate 

communes in Dong Hoi City for the purpose of surveying and calculating greenhouse gas 

emissions for urban solid waste collection and treatment activities. 

 

Figure 1. Map of the communes of Nghia Ninh and Bao Ninh. 

2.2. Field survey method, determination of generation coefficient and waste composition 

The study randomly selected 25 households living in two villages, Trung Nghia 5 and 

Trung Nghia 6, Nghia Ninh commune, and 25 households in My Canh and Ha Thon villages, 

Bao Ninh commune. Plastic bags to store waste for research households, and after 24 hours, 

return to use a scale to weigh the amount generated. Record the amount of waste and the 

demographics of each household.  

Determine the emission coefficient: 

Emission coefficient = 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑 𝑠𝑜𝑙𝑖𝑑 𝑤𝑎𝑠𝑡𝑒

Number of household members
(kg/person/day)              (1) 

Determine the composition of household solid waste: 

Based on the instructions in Article 75, Law on Environmental Protection when 

distributing plastic bags for waste to people the study guided and distributed 3 bags marked: 

Solid waste capable of being reused and recycled; food waste; other HSW for households 

randomly selected from 4 villages in 2 communes, Nghia Ninh and Bao Ninh. Along with 

weighing to determine the emission coefficient, three types of weighing will be carried out 

to determine the composition by volume. 

The CTR percentage component is calculated as follows: 



J. Hydro-Meteorol. 2024, 18, 37-48; doi:10.36335/VNJHM.2024(18).37-48 40 

Ingredients % by type = 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑎𝑐𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑡𝑜 𝑒𝑎𝑐ℎ 𝑡𝑦𝑝𝑒

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑤𝑎𝑠𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
× 100%               (2) 

Each commune chooses 25 families to deliver rubbish bags and weigh waste. These 25 

homes were chosen at random depending on their living conditions in order to assess the 

association between income and the amount of solid trash created. 

2.3. Sociological investigation methods 

The study has developed 03 survey forms, of which: 01 survey form for local 

management officials, 01 form for households and 01 form for workers. Collection by self-

management team. How to determine the sample: Based on Yamane's formula for calculating 

sample size [10]. 

                                                        𝒏 =
𝑁

1+𝑁∗𝑒2                                                             (3) 

where 𝑛 is the survey sample size; 𝑁 is the total number of households in the study area; 

e: Acceptable error level (e ranges from 0.005 to 0.1; choose e = 0.1 to match the number of 

survey questionnaires and provide accurate results about the research object). 

Due to limited time, human resources, and material resources, this study only conducted 

a survey with 100 random households in the two research communes. Along with that was a 

survey with 02 household solid waste collection workers and 02 local management officials. 

Details are as Table 1 below: 

Table 1. Survey subjects in Nghia Ninh and Bao Ninh communes. 

No. 
Subject matter 

investigated 
Quantity Purpose 

first 

Officer in charge of 

environmental affairs 

in the area 

02 

Evaluate household waste management in the 

area. 

Collect information about waste collection 

equipment throughout the commune. 

Assess the impact of household waste on the 

locality. 

Assess people's awareness and level of 

compliance with the HSW classification. 

2 

Collection workers or 

self-management 

teams 

02 

Collect information about compliance 

awareness, waste collection situations, and 

difficulties. 

Collect information about equipment, tools, 

vehicles, and preventive measures. 

3 Family 

100 votes, including 

46 votes in Bao 

Ninh commune and 

54 votes in Nghia 

Ninh commune 

Evaluate people's awareness when classifying 

household waste at source. 

People's assessment of household solid waste 

collection 

People's assessment of environmental fees and 

propaganda work 

Awareness about environmental protection. 

Calculate the sample size using formula (3) with a marginal error of 0.1, or 10%, and the 

above sample size is sufficient. 

2.4. SWOT method 

This paper will identify the strengths, shortcomings, opportunities, and challenges in 

household solid waste management and source classification in two communes: Bao Ninh 

and Nghia Ninh. According to formula (3), survey samples in these places meet the criterion. 

Propose adequate solutions for identifying household solid trash at the source in the study 

region from there. 
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2.5. Data processing methods 

The sociological investigation will utilize software like Word and Excel to synthesize, 

analyze, and present collected information and data scientifically. 

2.6. SPSS data processing method 

The study utilized SPSS software to assess the awareness, attitudes, and behavior of 100 

households in Nghia Ninh and Bao Ninh communes regarding HSW management and 

classification. 

2.7. Estimation of GHG emissions from landfilling 

The following mathematical formula has been used in IPCC model to quantify GHG 

emissions from the landfilling: 

                                            DDOCm = DDOCm(O) x e−kt                                            (4) 

where DDOCm(0) is the initial mass of decomposable degradable organic carbon 

(DDOC), when t=0 and e-kt=1, k is the reaction constant and t is the time in years. DDOCm is 

the mass of DDOC at any time. 

3. Results and discussion 

3.1. Current status of HSW generation in Nghia Ninh and Bao Ninh communes 

a) Sources of household solid waste generation 

Sources of HSW generation in Nghia Ninh commune, through the commune’s 

environmental status report, combined with actual investigation and survey, the main sources 

are identified as follows: 

Table 2. Sources of household solid waste generation in Nghia Ninh commune. 

Nghia Ninh commune 

No. Waste sources Stationary sources Solid waste composition 

first Residential area Households 
Excess food; Goods packaging; 

Broken electronics and appliances; 

Leaves and tree branches are scattered. 

2 
Business and 

trading activities 

People's markets and spontaneous 

markets 

Plastic bags, foam, packaging; Excess 

food; Paper, plastic, glass, metal; 

Damaged fruits and vegetables; 

3 
Agencies, 

offices, schools 

Primary and secondary schools in Nghia 

Ninh commune; Commune People's 

Committee; Commune medical station 

Paper, plastic, glass, metal; Excess 

food; Broken items. 

4 Traffic activities 
Gathering areas and rest areas for 

container trucks 

Goods packaging; Damaged goods; 

Broken items 

5 
Agricultural 

activities 
Crop fields and cattle barns 

Livestock waste; Damaged 

agricultural products; Packaging; 

Humus 

The study reveals that waste generation in Bao Ninh commune is sourced from various 

sources, including residential areas and administrative agencies, in addition to similar waste 

sources in Nghia Ninh commune, including aquaculture and tourism business activities, as 

determined through data collection and analysis. 

Table 3. Sources of household solid waste generation in Bao Ninh commune. 

Bao Ninh commune 

No. Waste sources Stationary sources Solid waste composition 

first Residential area Households 
Excess food; Goods packaging; 

Broken electronics and appliances; 

Leaves and tree branches are scattered. 
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Bao Ninh commune 

No. Waste sources Stationary sources Solid waste composition 

2 
Business 

activities 
People's market and shops 

Plastic bags, foam, packaging; Excess 

food; Paper, plastic, glass, metal; 

Damaged fruits and vegetables; 

3 
Agencies, offices, 

schools 

Primary and secondary schools in Bao 

Ninh; Commune People's Committee; 

Commune medical station 

Paper, plastic, glass, metal; Excess 

food; Broken items. 

4 
Tourism 

activities 

Resorts, hotels, restaurants, 

homestays... 
Goods packaging; Excess food 

5 

Aquatic 

exploitation 

activities 

Aquaculture areas and fishing grounds 

Livestock waste; Damaged agricultural 

products; Packaging; Broken fishing 

gear; Mesh piece 

6 Construction sites 
Urban areas, hotels, resorts... are under 

construction 

Leftovers; Paper, plastic, glass, metal; 

Broken tools 

b) Volume of household solid waste generated 

Through the process of survey, actual research and weighing of household solid waste 

in 50 households in the study commune. We get the results of the emission coefficient and 

amount of HSW of each study area as follows: 

Table 4. Indicating the HSW discharge coefficient in the communes of Bao Ninh and Nghia Ninh. 

TT 
Name of area 

investigated 

Demographics 

were 

investigated 

Mass of solid waste weighed during the 

day according to 3 types (kg) 
HSW emission 

coefficient 

(kg/person/day) 
Food solid 

waste 

Solid waste 

is recyclable 

Solid waste 

is different 

Nghia Ninh commune 

1 
Trung Nghia 5 

(15 households) 
60 14.07 5.6 0.41 0.33 

2 
Trung Nghia 6  

(10 households) 
45 9.53 2.5 1.29 0.29 

 Total  23.6 8.1 1.7  

Average HSW emission coefficient (kg/person/day) 0.32 

Bao Ninh commune 

1 
My Canh  

(14 households) 
59 16.26 6.95 0.92 0.42 

2 
Ha Thon 

(11 households) 
45 12.71 5.3 0.5 0.4 

 Total  28.97 12.25 1.42  

Average HSW emission coefficient (kg/person/day) 0.41 

Nghia Ninh Commune: Nghia Ninh commune with an area of 15.71 km2, population of 

5,317 people [11]0. 

The investigation's findings show that there were 105 peoples living in 25 houses in the 

Nghia Ninh commune, generating a total of 32,796 (kg) of household solid trash every day. 

The average daily production of HSW in the ward is 0.31 kg per person, per survey results. 

Estimated total volume of solid trash generated by households in the ward: 

0.31 (kg/person/day) × 5,317 (person) = 1,648 (ton/day) 

The results are displayed in Table 4, where we can observe that the total emission 

coefficient is 0.13 kg/person/day, with the lowest emission amount in the research households 

being 0.13 kg/person/day and the greatest being 0.65 kg/person/day. Compared to the average 

household waste generation per capita in Quang Binh province in 2019 of 0.52 kg/person/day 

and the generation index of rural areas in the North Central and Central Coast regions of 0.51 

kg/person/day [1], the average generation volume is 0.31 kg/person/day. People spend less 

time at home and more time in the fields and working regions, which accounts for the 

population's mostly agrarian lifestyle and somewhat lower living standards than in the 

surrounding area. 
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Figure 2. Mass of solid waste weighed during the day according to 3 types. 

Bao Ninh commune: With an area of 17.67 km2, the population is 11,136 people 00. 

According to the results of the investigation, the total volume of household solid waste 

in 25 households in Nghia Ninh commune: 42.64 (kg/day), with 104 people in 25 households. 

According to survey results, the average amount of HSW generated per person in the ward is 

0.41kg/person/day. Estimated total volume of household solid waste in the ward: 

0.41 (kg/person/day) x 11,136 (person) = 4,565 (ton/day) 

Table 4 displays the acquired data. It is evident that the research households had daily 

emission amounts ranging from 0.23 kg/person to 0.7 kg/person, with the lowest emission 

amount being 0.23 kg/person. The disparity is not so great, but in a commune with potential 

for tourists, household commerce and trading are rather active, which raises HSW. When 

compared to the average volume of household waste generated per capita in Quang Binh 

province in 2019 - 0.52 kg per person per day and the generation index of rural areas in the 

North Central and Central Coast regions 0.51 kg per person per day (as reported in the 2019 

Environmental Status Report) [1-the average total generation coefficient is 0.41 

kg/person/day. These differences are not very great. The sole steps in the waste treatment 

process in communes are collection, transportation to the waste treatment classification plant, 

production of biogas, and the use of organic mineral fertilizers 0. From the table above, we 

can calculate the average percentage composition of different types of HSW in the two study 

communes as follows: 

Table 5. Household solid waste composition in the communes of Nghia Ninh and Bao Ninh. 

TT Investigation area 

Composition % HSW 

Food solid waste 
Solid waste is 

recyclable 
Solid waste is different 

1 
Nghia Ninh 

commune 
70% 25% 5% 

2 Bao Ninh commune 68% 29% 3% 

Figure 3 there is a significant amount of organic matter in the HSW component; Metal, 

cardboard, wood, plastic, and glass are examples of recyclable and reusable materials; the 

following materials are inorganic, non-recyclable, and reusable; A negligible percentage of 

home solid waste is made up of hazardous materials such batteries and packaging that 



J. Hydro-Meteorol. 2024, 18, 37-48; doi:10.36335/VNJHM.2024(18).37-48 44 

contains chemicals for plant protection. The utilization of growth factors default discharge is 

the primary cause of the computation findings about 59.6% uncertainty 0. 

 

Figure 3. Household solid waste composition. 

3.2. Analyze the connections between home solid waste and the age, occupation, and income 

of the households residing in the neighborhood 

The volume and makeup of household garbage vary according on family size, 

occupation, and income, according to surveys conducted among homes in the communes of 

Nghia Ninh and Bao Ninh. 

Income: Is a significant element influencing the amount and kind of solid waste that 

every home produces. According to the report, households earning at least $10 million will 

have greater shopping demands than households earning less than $10 million, which will 

result in a higher volume of HSW. 

Occupation: Occupation is another crucial factor that has a big impact on the emissions 

that homes create. Since they labor most of the day, there won't be much demand for goods. 

People who work overtime, in government agencies or offices, or in homes where people 

work, trade, grow crops, clean, etc., typically have lower emissions than households. 

Number of family members: Families with four or more individuals typically produce 

two to three kilograms of solid trash, and their solid waste composition is more varied than 

that of families with fewer members, per the survey. 

Age: Based on the survey, it was discovered that respondents between the ages of 20 and 

40 were more knowledgeable about HSW categorization than those over 45. Compared to 

older individuals, young people are more likely to have faster and better access to 

information, which encourages them to conserve the environment. 

Along with Bao Ninh commune's advantages in growing tourism services, Nghia Ninh 

commune has elements that are comparable to those impacting the volume and composition 

of household solid trash. The tourist season is one of the reasons Bao Ninh communes is 

situated outside of the city center. Businesses, dealers, restaurants, lodging facilities, and 

other institutions all agree that during the low season, solid waste generation is quite low, 

averaging 2 to 3 kg, but it is extremely low during the tourist season. As a matter of fact, 

trash production rises. This indicates how closely the aforementioned parameters relate to the 

amount and make-up of solid trash generated by households as well as the province-wide 

average emissions. 

3.3. Current status of household solid waste management  

Sorting and recycling activities: Nghia Ninh commune had the largest percentage of 

households performing partial categorization, according to a survey conducted among 100 

houses in the two communes. Not a single household completed complete classification. 

According to 50% of respondents, most people in the population work in agriculture and 

animal husbandry because people frequently make pet food, compost fertilizer, or gather 
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scraps to sell. Other types of HSW are also kept together and are rarely classified, and there 

is no suitable treatment method [15, 16]. 

While just 24% of households in Bao Ninh classify, food waste is still primarily collected 

and classified in small amounts. The biggest percentage of non-recycling is found in the Bao 

Ninh area, where 76% of the population is non-agricultural and each household has a small 

plot of land. In Nghia Ninh, 50% of the population is unclassified, and most of these houses 

are non-agricultural. 

Households whose HSW has not been classified prior to collection believe that the 

following are the causes: Individuals have not been informed and encouraged to classify 

HSW; Collection vehicles do not fulfill the requirements for classification; There are no 

locations for waste groups to gather after classification; Collection and transportation 

activities: 

Nghia Ninh commune: The commune's primary producers of solid waste are homes, 

individuals, a small number of business buildings, administrative spaces, and educational 

institutions. The principal constituents of this kind of garbage include food scraps, plastic, 

nylon, and organic waste from agricultural items. The homeowner's solid waste will be stored 

there until the collection team uses containers, hand carts, sweepers, small trucks, and other 

vehicles to order its loading onto tricycles at collection stations. Move garbage from the 

location of collection to the collecting site. It is necessary to dispose of solid trash in a way 

that makes it as easy as possible for collectors to access it in hospitals, schools, or other 

central locations. Household solid garbage is collected twice a week, between the hours of 5 

and 8. The filling coefficient of the vehicle is 1.3-1.5. In certain heavily inhabited regions, 

the vehicle's filling coefficient can reach 2. These areas include Trung Nghia 4 village and 

market area. Vehicles are still in use today. Just let the container loose so that it can fall onto 

the road easily when hauling household solid trash. The majority of self-made collection 

vehicles are still simple carts and motorcycles. 

Bao Ninh commune: The commune's primary industries include daily operations, 

tourism services, and aquatic exploitation. Thus, the majority of waste is composed of plastic, 

nylon, and leftover food waste. Garbage trucks, hand carts, motorbikes with bins on the back, 

and each household's allotted trash will all be used to collect the waste. At collection stations, 

solid garbage will wait to be placed onto tricycles. The frequency of collection was twice a 

week; in tourist locations, it occurs once or twice daily. The collection hours vary depending 

on the season and are from 3:00 to 6:00 p.m. To keep beaches and roadways clean, there are 

extra street cleaning crews. 

The vehicle uses hand carts with extra walls surrounding spilled trash, and its filling 

factor ranges from 1.5 to 1.8. Right now, the following types of trash are being delivered to 

the waste treatment plant:  

Inorganic waste A biogas line that combines the production of electricity and fertilizer 

is made from organic waste; products like shredded plastic, shredded nylon, rags, wood, etc., 

are used as raw materials for waste power lines; metals (iron, aluminum, copper...), plastics, 

glass, rubber, paper, etc., will be collected and sold for recycling. 

The Dong Hoi - Bo Trach general waste landfill is where the debris will be buried (before 

being used as input material for the unburnt brick production process). 

Waste fee collection activities: As of right now, the cost of home solid trash collection 

in the city is determined by Decision No. 36/2018/QD-UBND, which states 0: Families in 

communes and wards: 27,000 VND a month per household. 

The collection cost in Nghia Ninh (69%) and Bao Ninh (76%), the two communes 

studied, is 27,000 VND per month per home. Most respondents in these communes believe 

the fee is excessive given their income. But according to 24% and 31% of Nghia Ninh and 

Bao Ninh communes, respectively, the price is reasonable given the quality of the services 

they receive. 
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Most respondents indicated that they would not choose to hire Nghia Ninh 65% and Bao 

Ninh 76% when asked whether they would be prepared to pay additional collection service 

costs because they believed the cost was reasonable. The remaining families are unsure, 

whereas those that selected Bao Ninh (22%), Nghia Ninh (26%), and other reasons wanted 

better services, better equipment, and more frequent collections. 

3.4. GHG emission from the mix MSW landfilling 

One liter of fossil fuel is required to treat one kilogram of solid waste. According to 

Tables 6 and 7, the amount of solid waste in the two communes is the same. If fossil fuels 

are used simultaneously, greenhouse gas emissions range from 44,4 to 49 tons per month. As 

a result, in urban waste treatment activities, developing approaches for identifying household 

solid waste at the source is critical. 

Baseline survey results, which are comparable to the values in the communes mentioned 

above, will aid in increasing the accuracy of computing greenhouse gas emissions for solid 

waste in urban areas (better than 60%) of Dong Hoi City. 

Table 6. GHG emissions at the landfill of Nghia Ninh commune. 

Diesel consumption for operating matchineries at 

landfill  49000 L/month  

Total waste handled at the landfill  49 tons/month 

A diesel requirement  1000 L/ton of waste   

Total energy in consumed diesel  36420 MJ/ton of waste  

Default CO2 emission factor for combustion  74100 kg CO2/TJ 

GHG emissions due to fossil fuel consumption  2698.72 kg of CO2 eq/ton of waste 

Table 7. GHG emissions at the landfill of Bao Ninh commune. 

Diesel consumption for operating matchineries at 

landfill  44400 L/month  

Total waste handled at the landfill  44.40 tons/month 

A diesel requirement  1000 L/ton of waste   

Total energy in consumed diesel  36420 MJ/ton of waste  

Default CO2 emission factor for combustion  74100 kg CO2/TJ 

GHG emissions due to fossil fuel consumption  2698.72 kg of CO2 eq/ton of waste 

3.5. Propose solutions to improve management efficiency 

The management of household and individual solid waste in Quang Binh province is 

governed by a number of regulations on solid waste management, which include duties and 

powers pertaining to the classification, storage, collection, transportation, and treatment of 

domestic solid waste in the region, as well as the responsibilities and powers of agencies, 

organizations, communities, households, and individuals 0. 

The following guidelines are used to categorize domestic solid waste produced by homes 

in the two communes: Reusable and recyclable solid waste (paper, plastic, metal, glass, etc.); 

Food waste (vegetable scraps, fruits, veggies, tubers, animal carcasses, plants, etc.); Other 

solid garbage from the home (bulky waste, non-recyclable waste, hazardous waste category). 

Putting forward ideas for separating household solid waste at the source. According to 

the survey, while some people in the communes of Nghia Ninh and Bao Ninh have started 

using the separation at source and composting with biological products model, the great 

majority of people still do not classify garbage at source. Two strategies can be put forth to 

increase the effectiveness of local waste management, particularly the classification of 

household solid waste at the source in Nghia commune, when combined with the previously 

indicated scientific and practical foundation. These are Ninh and Bao Ninh: 
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Educating the public about the HSW classification system, source classification, and the 

way waste categories are categorized with an emphasis on scrap, cans, plastic boxes, and 

salable metal goods. In Bao Ninh (87% of households) and Nghia Ninh (91% of households), 

meetings are held, or environmental news is disseminated. 

garbage groups need to be trained, and people in the communes of Nghia Ninh and Bao 

Ninh still don’t comprehend the rules governing garbage classification. Need financial 

assistance (equipment and monthly labor wage) to support collection work in the communes 

of Nghia Ninh and Bao Ninh. Because the waste rates in the research regions are lower than 

those in the province as a whole, frequent health checks and staffing are carried out in tourism 

and heavily populated areas. Large trash containers and additional collection vehicles are 

required in places with congested roads and homes distant from collection points. 

Create collection groups in communes or villages to assist environmental workers with 

rubbish collection; also, establish guidelines for the Collection Team and designate personnel 

to oversee and assist the team's operations. According to the survey, 67% of respondents 

think that labels are useful for collection and classification, and that garbage bags or 

expandable storage containers are required for sorting household solid waste. 

4. Conclusion 

The study illustrates the difficulties in gathering and categorizing the quantity of solid 

trash produced in households. In the communes of Nghia Ninh and Bao Ninh, the monthly 

cost of solid trash collection is 27,000 VND. Seventy-six percent of Nghia Ninh households 

and sixty-nine percent of Bao Ninh households value this fee. Based on research, the 

household solid waste generation coefficients for Nghia Ninh commune and Bao Ninh 

commune are 0.3 kg/person/day and 0.4 kg/person/day, respectively. Bao Ninh has a 

coefficient of 0.4 kg/person/day for domestic solid waste generation, compared to 0.3 

kg/person/day for Nghia Ninh commune. 

In line with the demands of socioeconomic growth, solid waste emissions in Quang Binh 

province are low at 0.52 kg/person/day and 0.51 kg/person/day in rural regions, according to 

the 2019 National Environmental Report. corresponding to one ton of garbage at 2698.72 kg 

CO2 equivalent. 

In both communes, the actual rate of garbage classification is low - 61 percent of homes 

have not received a classification. This type of waste management is used by 39% of homes; 

it primarily targets salable waste materials such cans, bottles, canned foods, leftover food, 

and fruit and vegetable peels. No household has yet received a thorough classification.  
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Abstract: Groundwater serves as one of the important sources of water supply for Binh 

Thuan province, Vietnam during dry seasons. This water source is concentrated in 

Quaternary sediments with two aquifers qh and qp. Geophysical methods have been applied, 

performing geological drilling, observing and monitoring boreholes. Determine the 

characteristics of the qh and qp aquifers, located along the coast of Binh Thuan province. 

Our research has shown that these reservoirs are contaminated. Water sources are at high 

risk of being contaminated with mineral oil, radioactive, organic, bacterial and saline 

contamination. The article warned about water resource risks in Binh Thuan province and 

proposed remedial measures to ensure water resources for Binh Thuan province. 

Key words: Aquifers; Binh Thuan Province; Ground Water; Salinization. 

 

1. Introduction 

Binh Thuan is a coastal province in the South-Central region, with a sea length of 192 

km extending from Ca Na to Binh Chau (Figure 1). Binh Thuan has to “face to face” the 

phenomenon of eawater infiltrating into the land up to nearly 20 km in some places. Solving 

the problem of water shortage has been difficult. Currently, Binh Thuan province still has to 

cope with salinization. The study results identified the salinization boundaries of the aquifers 

in Binh Thuan province. Since then, the authors have made offers to minimize the negative 

impacts on water resources, serving sustainable development. 

Since 1992, the United Nations has chosen March 22 every year as World Water Day. 

The theme of World Water Day 2022 is “Groundwater” to draw attention to the hidden and 

always valued water resource but has not been fully recognized for its value in sustainable 

development policy planning. Geophysical methods used in exploration include: i) Seismic 

methods are a group of methods that use seismic waves or sound waves to study the 

environment. The results of the exploration are the location of reflection/refraction 

boundaries, the speed of wave propagation in rock (or water) masses, and possibly the 

physical and mechanical structural characteristics of the rock and soil [1]; ii) Gravity method 

measures the Earth's gravity, thereby determining the density distribution (or density) of rock 

masses [2]; iii) Magnetic method to measure the Earth’s magnetic field [3]; iv) Electrical 

methods are a system of methods that use voltage or constant current (DC) to study the 

environment through electrodes inserted into the ground, to determine the distribution of 

electrical conductivity characteristics of blocks or rock layer [4]; v) Electromagnetic methods 

are a system of methods that use electromagnetic fields to study the environment, and usually 

do not use electrodes. The survey results are the conductivity distribution in soil and rock, 

but are often expressed in resistivity [5]; vi) Radioactive exploration includes methods for 
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characterizing and distributing natural or forced radiation in rocks and soil [6]; vii) 

Geothermal exploration: Measure temperature distribution in soil and rock to determine the 

heat source and rock state properties [7]; viii) Seismoelectrical: Research and application of 

electromagnetic fields generated in soil and rock under the impact of compressive elastic 

waves (longitudinal P waves) to predict nearby earthquakes, search and explore underground 

water or potentially valuable minerals. related to quartz. However, it is still rarely used [8]. 

Binh Thuan province’s underground water resources are divided into 2 porous aquifers, 

4 aquifers and fissure aquifer zones, geological formations that are extremely poor in water 

and contain no water. The results of assessing the exploitable reserves of underground water 

in Binh Thuan province show that the distribution area of freshwater layers is about 4,080.7 

km2, the exploitable reserve is 652,290 m3/day and night [9]. Currently, the underground 

water reserves of Binh Thuan province are distributed in different aquifers, coastal sand dune 

areas with an exploitation depth of 30-40 m, in some places it is 80-100 m. Groundwater in 

the coastal area of the entire province is the most volatile. Mining titanium-zircon minerals 

requires a large amount of water, and water sources here are very scarce, and at the same 

time discharges a large amount of wastewater that contains radioactive substances that may 

be higher than allowed levels. Titanium-zircon mining technology is being applied here with 

the mining pit always being flooded [10]. In Binh Thuan, underground water is very 

important. Only 40% of domestic water demand in the province comes from surface water, 

the rest most people and water plants exploit underground water sources, especially hotels 

serving coastal tourists in the province [11]. 

 

Figure 1. Location of the study area. 

The purpose of this study is to evaluate the current status of groundwater quality of the 

qh and qn aquifers of Binh Thuan province, Vietnam; Consider the water quality of these 

aquifers. Based on the results obtained, the study determined the risk of groundwater 

pollution and proposed solutions for sustainable development of the province. 

2. Data collection and methods 

2.1. Data collection 

In this study, materials were utilized: (1) Groundwater research topics and projects are 

addressed in these documents; (2) Geological and hydrogeological research results from Binh 

Thuan province; (3) Documentation of field investigations in Binh Thuan province for 2016, 
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2018, 2020, and 2021; (4) Binh Thuan province's seaside vision for zoning distribution and 

groundwater resource protection by 2030; (5) Boreholes that exploit underground water in 

Binh Thuan province have parameters; (6) Monitoring, sampling, and analysis of water 

samples are the results of the author's work. 

2.2. Methods 

2.2.1. Data collection and analysis 

The formation of porous aquifers occurs in unconsolidated sediments from the 

Quaternary era. The hydraulic properties of laminar water are present in them, and they are 

mostly found in unpressured aquifers. The Quaternary unconsolidated sediments are an 

underground hydraulic system that runs continuously throughout the region in essence. 

Water-permeable and water-repellent materials are alternately present in this heterogeneous 

entity. The water table in these sediments is typically less than 2 meters deep. Contamination 

of porous water is a common occurrence. Also, coastal water is slightly salty, while 

underground water is saline due to seawater intrusion. The dynamics of open water fall under 

both seasonal changes and coastal dynamics. Ground water levels fluctuate significantly with 

the seasons and extremes of water levels are reached more slowly than rainwater and surface 

water. 

The study has sampled water in aquifers qh and qp, located along the coast of Binh Thuan 

province. Water samples were analyzed by 24 parametrs (pH, CaCO3, TDS, NH4+, Cl-, SO4
2-

, Fe, NO2, NO3, COD (KMnO4), Florua (F-), Xianua (CN-), Phenol, Asen (As), Cadimi 

(Cd), Pb, Cr6+, Cu, Zn, Mn, Hg, Se, E. Coli, Coliform. The analysis results for water samples 

are compared with National Technical Regulation on Drinking Water Quality of Viet Nam. 

2.2.2. Geophysical methods  

Geophysical methods are amazingly effective for the in-depth study of structures. 

Geophysical methods allow determining the geological structures, aquifer boundary, water 

storage zone, saltwater/ freshwater boundary based on the difference in resistivity of the 

studied objects [12].  In saline water the resistivity values change suddenly (low resistance, 

Figure 2 shows from blue to yellow). From this, we have determined the salinization 

boundary. In addition, we also determined the thickness of the Quaternary sediments. That is 

the basis for us to determine the thickness of the aquifers. The geophysical lines are designed 

by us in the direction perpendicular to the coastline (Figure 3). 

 

Figure 2. Resistivity section of line 2 Binh Thuan. 
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Figure 3. The diagram of the resistivity survey. 

We used Schlumberger equipment with device distance ABmax = 350m, MNmax = 25m 

(study depth from 50÷90 m). The resistivity survey method determines the change of 

geological structure with depth. 

The resistivity values were identified by: 

  
U

K
I


 =       (1) 

where I is an amperage; U is the voltage; K is determined. 

  
AM AN

K
MN


=       (2) 

Symmetrical depth method according to the diagram of figure 4. 

 

      Figure 4. Diagram of method Schlumberger. 

Network of measuring points: The distance between the lines is from 5km to 8km and 

the average distance between the measuring points is 500m. Measurement points were 

identified by GPS Montana 680. 

2.2.3. Field observation 

Field observation is a very important method, it has helped the authors to directly observe 

geological phenomena, geomorphological processes. Field observations have helped us to 

research, determine the resistivity survey, location of borehole. 

2.2.4. Geological drilling method 

With hundreds of wells collected from geological projects, hydrogeology helped the 

authors determine the thickness of aquifers. The documentation of the wells helped the 

authors to divide the sedimentary layers. 
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Coarse sediments are the distribution of groundwater, fine-grained sediments are not 

suitable for storing water. We did additional drilling to verify geophysical measurement 

results, and also took sample types (see section 2.2.5). From there, identifying the thickness 

of the sedimentary layers associated with the aquifers will be determined more accurately. 

2.2.5. Methods of monitoring and sampling boreholes 

We took water samples from drilled wells in Binh Thuan province. The results of the 

analysis have been compared with the National Technical Regulation on Groundwater 

Quality of Ministry of Natural Resources and Environment in Vietnam: 09/2023/ MONRE 

(Table 1). 

Table 1. Table of water quality standards for groundwater (Vietnamese Standards: 09/2023/MONRE). 

TT Parameters Units Vietnamese standards: 09/2015/ Monre 

1 pH  5.8 - 8.5 

2 CaCO3 mg/l 500 

3 TDS mg/l 1500 

4 Amonium (NH4+) mg/l 1 

5 Cloride (Cl-) mg/l 250 

6 Sulpate (SO4
2-) mg/l 400 

7  Total Fe mg/l 5 

8 Nitrite (NO2) mg/l 1 

9 Nitrate (NO3) mg/l 15 

10 COD (KMnO4) mg/l 4 

11 Fluoride (F-) mg/l 1 

12 Cyanide (CN-) mg/l 0.01 

13 Phenol mg/l 0.001 

14 As mg/l 0.05 

15 Cd mg/l 0.005 

16 Pb mg/l 0.01 

17 Cr6+ mg/l 0.05 

18 Cu mg/l 1.0 

19 Zn mg/l 3.0 

20 Mn mg/l 0.5 

21 Hg mg/l 0.001 

22 Se mg/l 0.01 

23 E. Coli MNP/ 

100ml 

0 

24 Coliform 3 

2.2.6. Sample analysis method 

Water samples were analyzed for 24 parameters. Samples analyzed at Nation Lab Nation 

Lab. VLAT 1-1.0517; ISO/IEC 17025.2017 and Institute of Environmental & Circular 

Economy Sothern_ IECES (Table 1). 

3. Results and discussion 

3.1. Characteristics of aquifers 

Research results showed that Binh Thuan province has 7 aquifers, including porous 

aquifer and fractured aquifer [13–15]. In this article, we only refer to the porous aquifer, 

because the fault aquifer belongs to the low-productivity aquifer type, which is not the subject 

of this study. 
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In porous aquifers, water exists and circulates ceaselessly in the gaps between particles 

of non-cohesive matter. As for bulk materials, they are often described in terms of the grain 

size of individual particles such as sand, pebbles, gravel, etc., widely distributed porous 

aquifers, forming coastal plains and valleys of rivers and streams. 

a) Porous aquifers in unclassified Quaternary sediments (q) 

Porous aquifers in unclassified Quaternary sediments (q) are formed by the deluvial 

sediments (dQ), deluvial - proluvial (dpQ), eluvial - deluvial (edQ) and aluvial - deluvial 

(adQ). The aquifer thickness varies from 0.5m to 7.0m, in some places up to 17.0m. (LK1016 

- Ham Tan). The common thickness is 3m - 5m. The total distributed area of the porous 

aquifers in unclassified Quaternary sediments is about 128 km2. The compositions of the 

sediments include debris, sand, gravel, silt, clay, pebble, rock, etc, discrete texture. Deep of 

water level of the wells is from 2.83m - 5.98m deep, with average of 4.18m. Porous aquifer 

in unclassified Quaternary sediments belong to the low yield aquifer category. The test results 

of the water pump are shown in Table 2. 

Table 2. Results of experimental water pump of pits and wells of the porous aquifer in unclassified 

Quaternary sediments (q). 

Value Static Water Level (m) Discharge (l/s) TDS (g/l) 
permeability 

coefficient (m/ng) 

Maximum 5.98 0.85 0.18 2.80 

Minimum 2.83 0.03 0.04 0.14 

Medium 4.18 0.28 0.15 1.10 

The source of supply for this aquifer is mainly rainwater, surface water and from aquifers 

located above. The drainage area is the hydrological network in the area. Research results 

have shown that the water level often rises in the rainy season and wells dry up in the dry 

season. The water level changes between 2 seasons from 2m to 4m. Porous aquifers in 

unclassified Quaternary sediments have had discontinuous distribution, forming narrow 

bands, thin thickness, low productivity aquifers. 

 

Figure 5. Map of Binh Thuan province Hydrogeology. 

b) Porous aquifer in Holocene sediments (qh) 

Porous aquifer in Holocene sediments is made up of marine sediments (mQ2
2, mQ2

2-

3, mQ2
3), marine sediments - marshy (mbQ2

2, mbQ2
2-3, mbQ2

3), wind origin sediments 

(vQ2
2, vQ2

2-3, vQ2
3), alluvial sediments - marine (amQ2

2-3), alluvial sediments (aQ2
2-3, 

aQ2
3). They are distributed in the Vinh Hao deltas, Tuy Phong delta, Bac Binh delta, 

Ham Thuan Bac delta, along with the valley of Phan river, valley of Dinh river, valley of 
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Long Song river the valley of Phan river, Bau Sen area, Ham Tan area, Thuan Quy area, 

Tan Thanh area, etc. Total distributed area is 983 km2. The compositions of the sediments 

include debris, sand, gravel, silt, clay, pebble, rock, etc, discrete texture. Holocene aquifer 

thickness ranges from 1m - 2m to 20m - 40m, with an average of about 10m. The water 

capacity of Holocene sediments is very erratic and depends on the composition of sediment, 

distributed location, and thickness of the rock. 

Experimental results of pumping water in pits and wells in Holocene aquifers showed 

that: The water had no pressure, the water depth was from 0.5m to 5.0m. The water flow at 

these outcrops ranged from 0.01 liters to 0.3 liters per second. The main source of supply for 

the Holocene aquifer was rainwater; Water level in rainy and dry seasons was from 0.3m to 

0.4m. The experimental water pumping results showed that the flow of the well ranged from 

0.06 liters - 0.91 liters per second, an average of 0.45 liters per second; seepage coefficient 

ranged from 2.0 meters - 3.0 meters per day, well flow ranged from 0.2 liters - 0.4 liters per 

second. 

Table 3. Experimental pumping results of pits and wells in low-yield areas of Holocene aquifers. 

Value 
Static Water 

Level (m) 

Discharge 

(l/s) 

Draw- down 

(m) 
TDS (g/l) 

permeability  

coefficient 

(m/ng) 

pits 

Maximum 4.5 0.91 4.33 5.91 4.53 

Minimum 0.3 0.06 1.03 0.07 0.72 

Medium 1.86 0.45 1.85 1.23 2.55 

wells 

Maximum 11.55 0.99 25.8 1.987 4.76 

Minimum 0.05 0.054 0.29 0.05 0.02 

Medium 2.64 0.33 6.61 0.84 1.34 

Table 4. Experimental pumping results of pits and wells in high-yield areas of Holocene aquifers. 

Value 
Static Water 

Level (m) 

Discharge 

(l/s) 

Draw- down 

(m) 
TDS (g/l) 

permeability  

coefficient 

(m/ng) 

Pits 

Maximum 4.1 4.44 3.56 1.11 46.93 

Minimum 0.0 1.00 1.16 0.11 3.13 

Medium 1.90 1.75 2.08 0.57 12.92 

wells 

Maximum 6.17 2.00 9.33 0.165 11.63 

Minimum 0.88 1.10 0.74 0.045 0.77 

Medium 2.92 1.33 4.51 0.11 2.80 

In general, water in the Holocene was super freshwater to saline water, TDS ranged from 

0.045 grams - 1.987 grams per liter, the frequent values ranged from 0.5 grams - 0.7 grams 

per liter. The low-yield sediments, distributed in the coastal area, have high TDS due to 

salinization from seawater. Checking 38 constructions, up to 7 waterworks were salinization 

(M = 1.6 grams - 5.91 grams per liter). The groundwater changed seasonally, closely related 

to surface water and rainwater. The groundwater level monitoring results of well BBM11 

showed the highest water level in October (water level depth: 1.0 m) and the water level was 

lowest in May (water level depth: 1.58 m), the water level difference of the season rainy and 

dry season was 0.58 m [16]. 

Most of Holocene aquifers distributed in Phan Thiet area have been affected by salinity. 

Freshwater was only available at a depth of < 5.0 m, from 5.0 m or more, the water has been 
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contaminated with salt (resistivity survey results by Geophysical methods, gave small 

resistivity values, corresponded to high salinity values of water).  

In summary, the Holocene aquifer had a discontinuous distribution. Level of water 

storage was from low- yield to medium - yield. Porous aquifer in Holocene sediments could 

be water supply small scale, in the estuary areas of the Cai river, Phan river. Porous 

aquifers in Holocene sediments were salinization. 

c) Pleistocen aquifer (qp) 

Porous aquifers in Pleistocene sediments (qp) are made up of alluvial sediments (aQ23, 

aQ22-3), alluvial marine sediments (amQ12-3, amQ13.2), marine sediments (mQ12-3, 

mQ13.2, mQ12.1)); marine - marsh sediments (mbQ12-3, mbQ13.2), wind source sediments 

(vQ13), deluvial - proluvial (dpQ) and eluvial - deluvial (edQ). They are distributed mainly 

in low-lying plains from Tuy Phong to Ham Tan, along Highway 1A, Ham Hiep, Ham Phu, 

Ham Liem, along Ca Tot river, Ca Ty river, etc. Total surface area is about 1,414 km2. 

The compositions of the sediment include: the upper part is quartz sand, sand, clayey 

sand, siltstone, the lower part is pebbles, gravel, dark gray, yellowish gray, discrete texture. 

The thickness of the Pleistocene aquifer varies by region: in Ham Tan - Phan Thiet area, it is 

from 10m - 15m; in Bac Binh: from 8m - 12m; in Tuy Phong: from 5m - 14m. 

The low-yield area is distributed in Vinh Hao, Lien Huong, Hong Thai, Phan Thiet, Tan 

Thang, Ham Tan, etc. The ingredient of sediments includes quartz sand, mixed sand, sand, 

and clay, which covers an area of about 1,634 square kilometers. The Pleistocene aquifer has 

a level of water from 1.5 m to 3.0 m. Experimental pumping results of wells in the Pleistocene 

aquifer showed that: discharge the wells varied from 0.07 liters to 0.91 liters per second, with 

an average of 0.31 liters per second; Permeability coefficient was from 1.0m to 2.0m per day. 

Table 5. Experimental pumping results of pits and wells in water-poor regions of the Pleistocene aquifer (qp). 

Value 
Static Water 

Level (m) 
Discharge (l/s) 

Draw- 

down (m) 
TDS (g/l) 

permeability  

coefficient 

(m/ng) 

pits      

Maximum 5.50 0.91 4.20 0.77 4.00 

Minimum 0.90 0.07 1.11 0.067 0.84 

Medium 2.64 0.31 1.73 0.29 1.68 

wells      

Maximum 104.0 0.9 33.3 2.05 3.18 

Minimum 0.2 0.04 0.09 0.02 0.01 

Medium 4.89 0.32 8.00 0.52 0.63 

- The test results of the water-pump showed: Average-yield water storage area has water 

level depth from 0.4m - 66.96m, the value from 3.0m to 6.0m. 

Table 6. Experimental pumping results of pits and wells in high yield area of the Pleistocene aquifer (qp). 

Value 
Static Water 

Level (m) 
Discharge (l/s) Draw- down (m) TDS (g/l) 

permeability  

coefficient 

(m/ng) 

Pits      

Maximum 4.10 2.56 2.31 1.69 9.60 

Minimum 1.10 1.00 1.04 0.05 0.84 

Medium 2.53 1.81 1.69 0.46 3.91 

wells      

High 66.96 3.50 18.30 2.16 7.18 

Low 0.40 1.00 1.10 0.044 0.167 

Moderate 13.88 1.89 8.29 0.32 2.36 
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The Pleistocene aquifer was mainly super freshwater to freshwater, in some places, it is 

salt-water (M = 1.69 grams - 2.16 grams per liter). TDS was from 0.044 grams - 2.16 grams 

per liter, frequent values were from 0.2 grams - 0.5 grams per liter. Water in the Pleistocene 

aquifer changeed with the seasons, closely related to surface water and rainwater. The results 

of monitoring at wells HTM4 showed that the water level was highest in September (water 

depth: 0.23m) and lowest water level in April (water depth: 2.1m). Supply for Pleistocene 

aquifer was mainly surface water and rainwater. Most of the distributed area of the 

Pleistocene aquifers of Phan Thiet area was in the salinization. This was an important aquifer 

to provide domestic water, and social-economic development [16]. 

3.2. Water quality in Binh Thuan 

The analysis results of 1949 water samples of the Holocene aquifer showed that there 

were 162 Samples beyond the limit. In which the COD indicator has the highest % samples 

beyond the limit (73.8%), there are 12 indicators % samples beyond the limit (Table 7). 

Table 7. Underground analysis results of Holocene aquifer. 

No Parameter Samples Units 

content Vietnamese 

Standards: 

09/2015/ 

MONRE 

Samples 

beyond 

the limit 

Samples 

beyond 

the limit Min Max 
mediu

m 

1 pH 217  5.91 8.39 7.41 5.5 - 8.5 0 0 

2 CaCO3 191 mg/l 6.00 1944 110 500 3 1.6 

3 TDS 217 mg/l 31.5 
49436.

0 
1110.3 1500 20 9.2 

4 
Amonium 

(NH4+) 
191 mg/l 0.007 0.21 0.06 0.1 40 20.9 

5 Cl- 217 mg/l 2.8 
27882.

4 
542.4 250 36 16.6 

6 SO4
2- 191 mg/l 0.12 465.84 18.70 400 1 0.5 

7 Total Fe 195 mg/l 0 11.13 0.84 5 3 1.5 

8 NO2 191 mg/l 0.01 1.14 0.06 1.0 1 0.5 

9 NO3 191 mg/l 0.08 68.20 4.61 15 16 8.4 

10 COD  46 mg/l 0.00 192.40 31.01 4 36 78.3 

11 F- 8 mg/l 0.049 5.244 1.380 1.0 2 25 

12 CN- 8 mg/l 0.002 0.006 0.003 0.01 0 0 

13 Phenol 8 mg/l <0.001 <0.001 <0.001 0.001 0 0 

14 As 8 mg/l <0.001 0.023 0.001 0.05 0 0 

15 Cd 8 mg/l <0.001 0.002 <0.001 0.005 0 0 

16 Pb 8 mg/l <0.001 0.003 0.001 0.01 0 0 

17 Cr6+ 8 mg/l <0.001 <0.001 <0.001 0.05 0 0 

18 Cu 8 mg/l <0.001 0.002 0.001 1.0 0 0 

19 Zn 8 mg/l 0.004 0.022 0.013 3.0 0 0 

20 Mn 8 mg/l 0.028 0.617 0.173 0.5 1 12.5 

21 Hg 8 mg/l <0.001 <0.001 <0.001 0.001 0 0 

22 Se 8 mg/l <0.001 0.003 <0.001 0.01 0 0 

23 E. Coli 3 MNP

/100

ml 

0 0 0 KPH 0 0 

24 Coliform 3 4 1100 735 3 3 100 

 Total 1949      162  
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Analysis results of 1459 water samples of Pleistocene aquifer showed that 104 samples 

exceeded the limit. In which the COD parameter had the highest % of samples exceeding the 

limit (58.3%), there were 11 parameters that exceed the limit (Table 8). Therefore, the 

pollution level of the Holocene aquifer was higher than that of the Pleistocene aquifer. 

Compared with Vietnam standards 09/2015 of the Ministry of Natural Resources and 

Environment, coastal water quality tends to be salty polluted; The content of SO4
2- and total 

Iron is higher than the standard. 

Table 8. Results of underground analysis of Pleistocene aquifers. 

No Parameter Samples Units 

Content Vietnamese 

Standards: 

September 

2015/Monre 

Samples 

beyond 

the limit 

Samples 

beyond 

the limit 
Min Max medium 

1 pH 151  5.33 9.77 7.31 5.5 - 8.5 1 0.7 

2 CaCO3 146 mg/l 5.00 1616 155 500 5 3.4 

3 TDS 151 mg/l 35 6872 507 1500 12 7.9 

4 
Amonium 

(NH4+) 
146 mg/l 0.004 0.21 0.05 0.1 18 12.3 

5 Cl- 151 mg/l 1.8 3483.6 155.2 250 21 13.9 

6 SO4
2- 146 mg/l 0.14 325.52 13.27 400 0 0 

7  Fe 150 mg/l 0 12.68 0.62 5 3 2 

8 NO2 146 mg/l 0.01 1.13 0.06 1.0 1 0.7 

9 NO3 146 mg/l 0.08 290.40 13.07 15 23 15.8 

10 COD  24 mg/l 0.06 51.30 10.85 4 14 58.3 

11 F- 8 mg/l 0.049 0.451 0.154 1.0 0 0 

12 CN- 8 mg/l 0.001 0.003 0.001 0.01 0 0 

13 Phenol 8 mg/l <0.001 <0.001 <0.001 0.001 0 0 

14 As 8 mg/l <0.001 0.003 <0.001 0.05 0 0 

15 Cd 8 mg/l <0.001 0.001 <0.001 0.005 0 0 

16 Pb 8 mg/l <0.001 0.001 <0.001 0.01 0 0 

17 Cr6+ 8 mg/l <0.001 0.001 <0.001 0.05 0 0 

18 Cu 8 mg/l <0.001 0.001 0.001 1.0 0 0 

19 Zn 8 mg/l 0.005 0.055 0.024 3.0 0 0 

20 Mn 8 mg/l 0.009 0.885 0.168 0.5 0 0 

21 Hg 8 mg/l <0.001 0.001 <0.001 0.001 0 0 

22 Se 8 mg/l <0.001 <0.001 <0.001 0.01 0 0 

23 E. Coli 3 MNP 

/100ml 

4 1100 521 KPH 3 100 

24 Coliform 3 93 1100 764 3 3 100 

 Total 1459      104  

3.3. Saline Boundary  

The analysis results of 24 parameters in Table 10 and Table 11, it shows that salinization 

of Holocene and Pleistocene aquifers has occurred. The Holocene aquifer has 20 saline 

samples, accounting for 9.2% of the total samples analyzed (Table 7). The Pleistocene aquifer 

has 12 samples that have exceeded the limit, accounting for 7.9% of the total samples 

analyzed. Thus, the saline level of the Holocene aquifer is higher than that of the Pleistocene 

aquifer. 

One cause of salinization of aquifers in Binh Thuan province is that titanium mining 

enterprises have used sea water to select ore, seawater has infiltrated aquifers qh, qp. In 

addition, it is also contaminated with mineral oil and radiation (, ), organic and bacteria 

[16]. From the resistivity survey results and sample analysis results (Table 7, Table 8), we 

have determined the saline intrusion boundary of Binh Thuan province. The saline boundary 

has  M  1g/l. In addition, at the saline sites, there were saline concentrations higher than 

1g/l, which were outside this saline boundary (Figure 6). 
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Figure 6. Map of groundwater pollution in Binh Thuan province. 

3.4. Sustainable development of water resources solutions for Binh Thuan province 

Domestic water shortage in Binh Thuan province often occurs in the dry season, in some 

areas people have to buy freshwater. Currently, Binh Thuan province also has no solution. 

Based on the Study of the characteristics of aquifers in Binh Thuan province, the authors 

have identified areas with water storage capacity (qp aquifer). These aquifers are distributed 

in Tuy Phong, Phan Thiet, Ham Tan. 

Refer to the experience of some countries around the world [17–20]. The study has 

proposed solutions for sustainable development of water resources for Binh Thuan province 

as follows: 

3.4.1. Planting forests to increase cover, prevent soil erosion, increase water storage capacity 

- Planting forests to keep the land and prevent erosion 

Experiments have proven that the force of rainwater falling on the forested area is much 

weaker than in the non-forested area due to the barrier of the forest canopy. Research results 

have also shown that the level of erosion in non-forested areas is 30 to 35 times higher than 

in forested areas. 

- Forest canopy contributes to reducing floods and droughts 

In places where there is no forest, when it rains heavily, the soil is eroded by rainwater, 

filling upriver beds and stream beds. When water does not drain in time, it overflows into 

low-lying areas causing flooding. Where there is no forest, the soil cannot hold water causing 

drought. In the dry season, the streams in Binh Thuan no longer have water, people dig holes 

in the stream bed but there is no water. 

- Forests contribute to the protection of groundwater resources. 

Rainwater falling into the forest will be partially retained and gradually wetted down to 

the soil and rock layers, forming underground flows, then flowing down to the low places to 

form rivers and streams. It is an important source of water for domestic and agricultural uses. 

Thus, forests not only reduce drought, but also protect groundwater. 

3.4.2. Saving water in agricultural production such as drip irrigation, sprinkler irrigation 

This is a highly effective method of Saving water. This method has been successfully 

applied in many countries around the world, such as Israel. Binh Thuan province is applying 

this method to agricultural production (Figures 7a-7b). 
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Figure 7. Save water in agricultural production: a) Sprinkler irrigation; b) Drip irrigation. 

3.4.3. Not licensed to mine Titan in the coastal area 

Binh Thuan is a province 

located in the drought areas of 

Vietnam. In the dry season, people 

often suffer from water shortages. 

Titan ore is distributed mainly 

along the 192 km coastline, located 

in the sand layers, with a total area 

of about 782 km2. Distribution 

depth titanium ore from 30-50 m 

[21]. Mining titan consumes a lot of 

water. According to calculations, 

taking titanium ore in 1m3 of sand 

requires 2 m3 of water. If mining 

titan huge impact on people's lives 

and economic sectors (agriculture, 

tourism, Commerce, wind 

electricity, forestry). Therefore, not 

licensed to mine Titan is necessary 

work. 

3.4.4. Build water storage, do not 

allow water flows into the sea 

This is a model that has been 

successfully applied in the world 

[17–18, 21]. When the rainy season 

comes, many areas of Binh Thuan province are flooded (Ham Thuan Bac district, Tanh Linh 

district). We have studied geology, geomorphology, hydrogeology, structure of aquifers to 

come up with a plan to build water storage (on the face and under the ground). 

Build concrete dam rainwater collection, prevents rainwater flow into the sea, preventing 

the salinization of seawater into the continent. We have designed for rainwater to flow along 

lines AB, CD, EF (Figure 8a). The water storage (Figure 8b) is arranged in appropriate 

positions on both sides of the axes AB, CD, and EF. That is the systems of rainwater retaining 

wall, reservoir rainwater, do not allow water flows into the East Sea. 

3.4.5. Water replenishment for aquifers 

The water replenishment for aquifers has been developed in several countries around the 

world [19–20]. The reference to the literature and the combination of our research results are 

((a)

(b)

Figure 8. Lead rainwater along with the lines AB, CD, EF and 

store into the rainwater reservoir, do not allow water flows into 

the East Sea. 
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the basis for us to choose the appropriate positions. Water replenishment was rainwater. 

Areas were selected based on the following conditions: 

- Determine the permeability coefficient of the soil cover on the topographic surface in 

the selected areas for water storage. 

- Check the wetting ability of the unsaturated zone and check for the existence of 

tarnished areas in the unsaturated zone that may adversely affect the water quality. 

- Check the water transmission capacity of aquifers. 

- Field investigation of geology, hydrogeology, geochemistry to select the distribution 

areas of surface sediments with high permeability coefficient in Binh Thuan. The results of 

Field investigation geology, hydrogeology determined that the sand strip at the seaside 

distributed from Phan Ri to Ham Tan - Binh Thuan, has satisfied the above conditions. These 

are suitable areas for the arrangement of construction systems that add rainwater to the qp 

aquifer. Rainwater is added to underground aquifers in the following manner: 

- Create a rainwater reservoir at a location with a permeability coefficient of 2-7 m/day, 

rainwater will seep through the sand layers to the qh underground aquifer. 

- Collect rainwater in the drainage ditch and put it in a suitable location to add rainwater 

for the underground aquifer (Figure 9). 

 

Figure 9. Rainwater collection for domestic water use and addition to aquifer qp. 

- Build underground storage tanks under buildings for rainwater collection and add 

rainwater to the aquifer with wells (Figure 10). 

According to [18], rainwater is collected into underground storage tanks, which then 

provides for the needs of use water in buildings. We recommend that it is necessary to design 

boreholes and an additional water pump to the qp aquifer (Figure 8 and Figure 9).  

3.4.6.  The subsurface dam method. 

This method has been applied in some countries around the world such as India, Japan. 

In Vietnam, the model of an underground dam on sand, preventing water loss has been 

successfully built in My Thanh (Binh Thuan). The underground dam was made of bentonite 

soil cement with a length of 370m, a depth of 5m to 9.5m, forming a cobblestone tank with 

a capacity of nearly 200,000 m3, ensuring the operation of My Thanh water plant for 3 months 

in the dry season [19, 21]. 
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From this model, it can be extended to similar areas in the territory of Vietnam. In 

addition, it is possible to build a sand barrier dam at the foot of the coastal dunes of Binh 

Thuan province. This sand barrage traps rainwater contained in the sand layer and prevents 

seawater infiltration (Figure 10). 

 

Figure 10. Rainwater addition to aquifer qp. 

3.4.7. Sand dam 

Binh Thuan province has many rivers. In the dry season, they have no water. The sand 

dam can be built for water storage. This model has been present in many countries around 

the world such as India, South Africa, Kenya (Figure 11). 

 

Figure 11. Left: Schematic cross-section of a sand dam. Right: Sand accumulates until the dam is 

completely full of sand up to the spillway. Water is stored within the sand, protected and filtered, 

making up to 40% of the total volume [19]. 

3.4.8. Manufacturing seawater purifier 

Vietnam has successfully made seawater purifier into freshwater, power reached 91 

million liters of fresh water per day, named “Made in Vietnam”. Vietnam has exported 

seawater purifiers to Saudi Arabic. We also made this device, power from 400 m3 to 600m3 

per day [20] (Figure 12). Seawater purifier has been installed in Binh Thuan, Ben Tre, and 

Can Tho provinces. The defect of this device is the high price. 
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                 Figure 12. Seawater purifier [20]. 

4. Conclusions 

Binh Thuan is the place with the least distribution of rainfall compared to other regions 

in the territory of Vietnam. The groundwater of Binh Thuan province is taken from 

Quaternary sediments and these aquifers have been polluted. Currently, the process of 

salinization into aquifers qh and qp is taking place strongly and tends to increase. 

Groundwater is mainly taken from qh and qp aquifers, some places have been polluted. The 

reserves of these two aquifers are not large because the aquifer has a thin thickness (from 3-

5m to 30-50m). Water resources of Binh Thuan province are at high risk of being 

contaminated with mineral oil, radioactive (, ), organic, bacterial, and salinity. Binh Thuan 

province often suffers from water shortage in the dry season and is at high risk of pollution. 

The authors' recommendations on mitigating water shortages were applied in Binh Thuan 

province. The collection of rainwater has been used, and at the same time, pumping rainwater 

into the qp aquifer, underground dam method, sand dam construction, construction of a 

rainwater drainage system in the Northwest - Southeast direction, increasing the mobility of 

water. Solutions for sustainable development of water resources not only help Binh Thuan 

province but also can be applied well to other provinces in the territory of Vietnam. The 

article studies the highly significant risk of groundwater pollution and provides an assessment 

of the possibility of groundwater pollution to have appropriate solutions to ensure sustainable 

development. 
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Abstract: Natural processes and human-caused activities, including coastal erosion, 

constantly threaten coastal areas. This phenomenon is dangerous because the permanent 

loss of land leads to the transformation of the coast. In recent years, coastal erosion has 

become increasingly complicated in the Mekong Delta, especially in the western coastal 

area of Cape Ca Mau. This study aims to provide updated results of the changing trend of 

accretion/erosion of the coastline from Cape Ca Mau to Kien Giang in 2021-2023. 

Specifically, the rate and area of erosion/accretion considered. Remote sensing and GIS 

tools are used. As a result, in Ngoc Hien district, Ca Mau, the erosion rate is 55.66 m/year, 

and the erosion area is 47.21 hectares, ranking highest compared to other districts in the 

same study area. The results also show that the Kien Giang coastal area has a more 

moderate erosion process than the accretion process. In contrast, on the coast of the Ca 

Mau Cape area, the erosion and accretion process are complexly interwoven, especially in 

the Dat Alluvial Plains area Cape - Ngoc Hien (Ca Mau). 

Keywords: Coastal erosion; Landsat8 OLI/TIRS; GIS; Mekong Delta; Ca Mau - Kien 

Giang. 
 

1. Introduction 

Coastal erosion is one of the important issues in coastal management. To adapt to it 

and prevent it where possible and necessary, it is important to recognize the spatial and 

temporal scale of the phenomenon as well as its causes [1]. The coastal environment 

constantly changes due to human activities and various physical processes. This increases 

environmental degradation, including erosion or accretion along many coastal areas. 

Coastlines are predicted to face unprecedented pressure this century as climate change 

causes changes in sea levels, storm patterns, waves, and tides. This forecast of increasing 

pressure is driving a reassessment of current coastal management practices [2–6]. Due to 

the special importance of the Mekong Delta to world food security, accretion, erosion, and 

land loss in this area are the subject of many studies [7, 8]. 

The decrease in sediment is considered an essential factor causing coastal erosion in 

the Mekong Delta today [9]. However, human activities cannot be ruled out; for example, 

sand mining at the river bottom can lead to currents, changing sediment deposition [10]. 

Mud and sand are trapped behind dams, leading to a decrease in coastal sediment supply, 

which is considered the overarching cause of decreased sediment supply to the coast, 

leading to coastal erosion [11–13]. To evaluate hydrodynamics and sediment transport, 2- 

and 3-dimensional models have been used [14–17]. These studies have focused on 

clarifying sediment's seasonal distribution and mud dependence on meteorological, 
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hydrological, oceanographic, tide, wave, and storm surges. To evaluate the scope and extent 

of sedimentation and erosion processes as well as determine the concentration of suspended 

matter (SPM) over time, remote sensing methods have been used [18]–[21]. The modelling 

and remote sensing approaches have highlighted how the fine sediment dynamics and 

morphology of major tropical deltas, such as the Mekong River, will respond to changing 

flow influences and coastal zones. 

In this study, the Cape Ca Mau - Kien Giang (CM-KG) area of the Mekong Delta - 

located in the southwest of Vietnam with a coastline of more than 340 km, was selected. Here, 

many riverbank and coastal erosion occur every year and are on the rise [9]. The results of 

remote sensing image analysis in 2016-2020 show that the erosion trend has increased rapidly 

in the study area [22–25]. The CM-KG area has a shore retreat speed and ocean advance 

speed of -9.8 m/year and +24.3 m/year, with an average speed of 0.7 m/year. Erosions 

occurred strongly in 2018-2020, reflected in the area of land loss, increasing 2.7 times (from 

250 hectares to 617 hectares) compared to 2016-2018. In 2016-2018, the area of accretion was 

up to 1122 hectares; however, by 2018-2020, the accretion area had decreased nearly ten times 

[26]. 

There have been many studies around the world using remote sensing image data to 

classify soil water from multi-temporal satellite images and then overlay them to identify and 

evaluate shoreline changes [27–29]. Specifically, the study [30] used Landsat 3, 5 and 8 

images to create maps, calculate the rate of shoreline change in the Kanyakumari area - the 

southern boundary of India, located in Tamil Nadu and predict the period 2030-2040. The 

study [31] initial data was obtained from 1:25,000 topographic maps and multi-temporal 

satellite images (2006-2015) downloaded from the Google Earth archive focusing on the 

Kuwaru coastal area south of Yogyakarta special region facing the Indian Ocean. The study 

[4] the period (1990-2016) was analysed using Landsat 5, 7, and 8 images. The study focused 

on long-term coastal erosion analysis of the entire Karnataka coast. In Vietnam, research 

related to shoreline changes is of special interest. The study [32] Landsat seven images from 

2001 to 2017 were used to evaluate Ca Mau coastal coastline changes using the Alesheikh 

ratio method (2006). The study [33] used the ENVI 4.7 tool to process remote sensing images 

and evaluate changes in the East and West coasts of Ca Mau. The study [34] researched using 

Landsat 8 images to assess changes in the Cua Dai coastline in 2016-2021 with a shoreline 

extraction technique based on two indices: AWEI index (Automatic Water Extract Index) and 

NDWI (Normalization Differentiation Water Index) and shoreline change calculation 

technique DSAS (Digital Shoreline Analysis System) [35]. 

In the above context, based on updated satellite data and remote sensing methods, this 

study clarified the sedimentation and erosion trends in the Western region - taking the coastal 

area of Ca Mau province - Kien Giang as a research case study. This study aims to clarify the 

range of accretion/erosion levels in the selected area, 2021-2023, using the integrated DSAS 

method, remote sensing, and GIS. The novelty of this research topic is reflected in the choice 

of research area and updated data. Previously, the west coast from Cape Ca Mau to Kien 

Giang was rarely chosen for a separate study. Meanwhile, the shoreline fluctuations in Dat 

Mui, Vien An (Ngoc Hien district), and Dat Moi (Nam Can district) communes are 

complicated by continuous sedimentation and erosion. The results show that applying remote 

sensing and GIS to assess shoreline changes is feasible and effective. 

2. Materials and Methods 

2.1. Study area 

The research area is from Ngoc Hien district - Ca Mau, stretching to Ha Tien - Kien 

Giang. This area belongs to the Mekong Delta, mainly delta, with large estuaries and 

interlaced canals divided into ten sections corresponding to five Kien Giang and five 

districts of Ca Mau (Figure 1). Districts in Kien Giang province include Ha Tien-Kien 
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Luong, Hon Dat, Rach Gia, An Bien, and An Minh. Districts in Ca Mau province include U 

Minh, Phu Tan, Tran Van Thoi, Nam Can and Ngoc Hien. 

 

Figure 1. Study location map Ca Mau Cape - Kien Giang. 

2.2. Data 

The remote sensing images used in this study are Landsat8 OLI/TIRS Collection 2 Level 

1 images from the Landsat 8 satellite launched on April 10, 2013. The United States 

Geological Survey - U.S. Geological Survey (USGS) provided the image free of charge from 

the website https://earthexplorer.usgs.gov/. Landsat8 OLI/TIRS Collection 2 Level 1 satellite 

images were taken in 11 image channels with different wavelengths and resolutions. 

However, the study only uses five image channels with a resolution of 30m × 30m, processed 

according to the WGS-84 UTM reference system, applied to area 49. Image interpretation 

results help evaluate erosion developments over time according to erosion area and distance 

parameters (Table 1). The satellite's imaging cycle is 16 days; a reasonable time to choose 

images is during the dry season months, with little rain and little cloud cover (Table 2). 

Table 1. OLI and TIRs sensor characteristics of Landsat 8 satellite images [36]. 

Bands 
Wavelength 

(micrometers) 

Resolution 

(meters) 

Band 1 - Coastal aerosol 0.43-0.45 30 

Band 2 - Blue 0.45-0.51 30 

Band 4 - Red 0.64-0.67 30 

Band 5 - Near Infrared (NIR) 0.85-0.88 30 

Band 7 - Shortwave Infrared (SWIR) 2 2.11-2.29 30 

Table 2. Image data used in the study. 

Year Day/month Data set name 

2021 04/03 LC08_L1TP_126053_20210304_20210312_02_T1 

 21/04 LC08_L1TP_126054_20210421_20210430_02_T1 

2022 02/01 LC08_L1TP_126053_20220102_20220106_02_T1 

 18/01 LC08_L1TP_126054_20220118_20220123_02_T1 

2023 06/02 LC08_L1TP_126053_20230206_20230209_02_T1 

 10/03 LC08_L1TP_126054_20230310_20230320_02_T1 
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2.3. Methods and implementation steps 

In recent decades, remote sensing technology has developed rapidly as a tool to collect 

geospatial and atmospheric data with applications ranging from geoscience to economics. 

Currently, several methods are used to analyze coastline change, of which the Digital 

Shoreline Analysis System (DSAS) is considered an effective and widely used tool [31]. 

DSAS can integrate with ArcGIS software to analyze geographic information and calculate 

shoreline change rates in space and time. DSAS supports ArcGIS software to calculate the 

shoreline change rate over time by creating transect lines orthogonal to the set distance, 

thereby calculating the resulting shoreline change rate and matching the statistics in the 

attribute table. The distance between the transects is set, and the transects are constructed 

perpendicular to the Baseline baseline. The combination of DSAS and satellite images has 

been applied to several studies by [32–34]. Classifying surface cover types and analyzing 

changes is one of the most common applications of remote sensing. One of the most basic 

classification tasks is distinguishing water bodies from dry land surfaces. Landsat images 

are one of the most widely used data sources in remote sensing of water resources. The 

Automated Water Extraction Index (AWEI) was introduced to improve classification 

accuracy in areas with dark surfaces that other classification methods often fail to classify 

accurately [37]. The NDWI index (Normalized Difference Water Index - normalized 

difference water index) is often used to detect and distinguish areas with surface water from 

other objects [38]. In this study, the main steps include:  

Step 1: After downloading and decompressing remote sensing images, they are inserted 

into ENVI 5.2 software to standardize the images. Convert the numerical values on the 

image to the value of physical radiation at the sensor. Then, the values of physical radiation 

at the sensor are converted to the value of reflection in the upper atmosphere of the object 

(object). AWEI calculation is essential to highlight land and water objects. Then, export the 

file in .tiff format and import it into ArcGIS to digitize the shoreline of the study area at the 

same scale. The result is to extract the shoreline for each year of study [25, 26]. 

Step 2: Use the DSAS tool to analyze accretion/erosion rates under the changes of the 

extracted shorelines. Calculate the distance and area of accretion/erosion over each year. 

Calculating and analyzing the shoreline is carried out as follows: Determine the baseline 

and calculated shorelines; Create transect lines perpendicular to the shore; Calculate the 

rate of shoreline change. Based on the collected data, the start-end rate (EPR) method was 

chosen to analyze the results. Formulas used: [25, 26] 

EPR = Rate of change/ Total time to monitor changes (m/year) 

where the rate of change is the distance between two coastlines, the total time of 

monitoring changes is the time between the oldest and newest coastlines [21]. 

 

Figure 2. Study structure diagram. 

3. Results and discussion   

The area selected is a new land deposited by alluvium, formed by two ocean currents in 

the East Sea and the Gulf of Thailand, receiving alluvium from the Mekong River. The area 

is plain, has many rivers and canals, is a low, flat terrain, and is often flooded. The average 

height is 0.5m to 1.5m above sea level. The terrain direction gradually tilts from North to 
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South, from Northeast to Southwest. U Minh and Tran Van Thoi low-lying areas are inland 

“hanging depressions” limited by natural dikes of the Ong Doc, Cai Tau, and Trem river 

systems and high land edges along the West Coast. This hanging depression stagnates water 

all year round and becomes a swamp. The study of shoreline delineation and segmentation is 

shown in Figure 3; the results are analyzed and discussed in subsections. 

 

Figure 3. Delineation of the shoreline of typical accretion/erosion areas in Ca Mau - Kien Giang 

provinces in the period 2021-2023. 

3.1. The accretion/erosion at Ha Tien - Kien Luong - Hon Dat districts 

In Ha Tien - Kien Luong, in the period 2021-2022, the accretion/erosion rate is 18.08 

m/year and 42.08 m/year, respectively, and the accretion/erosion area is 12.79 ha and 36.01 

ha, respectively. In 2022-2023, the accretion/erosion rate is 11.34 m/year and 32.30 m/year, 

and the accretion/erosion area is 18.71 ha and 30.16 ha, respectively. In 2021-2023, the 

accretion/erosion rate is 11.16 m/year and 41.14 m/year, and the accretion/erosion area is 

22.79 ha and 32.71 ha, respectively. Based on Figure 4A, the area of Binh An - Kien Luong 

commune is an erosion area. 

At Hon Dat, in 2021-2022, the accretion/erosion rate is 19.49 m/year and 28.06 m/year, 

respectively, and the accretion/erosion area is 30.68 ha and 5.58 ha, respectively. In 2022-

2023, the accretion/erosion rate is 18.56 m/year and 15.55 m/year, and the accretion/erosion 

area is 2.20 ha and 3.51 ha, respectively. In 2021-2023, the accretion/erosion rate is 17.60 

m/year and 27.80 m/year, and the accretion/erosion area is 30.46 ha and 6.64 ha, respectively. 

Figure 4B clearly shows the erosion area in the Binh Giang and Binh Son commune. The 

results also show that between 2021-2022 and 2022-2023, the erosion rate will decrease, 

most clearly occurring in the area of Binh Giang commune and Binh Son commune; erosions 

only appear in Binh An commune. Some accretion locations are 2021-2022, accretion in Son 

Kien commune, and 2022-2023 in Binh Son commune (Figure 4C). The variation in 

accretion/erosion area is shown in Figure 4D. 
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Figure 4. Map and chart showing erosion/accretion rate in TX. Ha Tien, Kien Luong, Hon Dat 

districts. 

3.2. The accretion/erosion at Rach Gia - An Bien districts 

In Rach Gia, in 2021-2022, the accretion/erosion rate is 11.16 m/year and 23.58 m/year, 

and the accretion/erosion area is 12.87 ha and 15.93 ha, respectively. In 2022-2023, the 

accretion/erosion rate is 16.43 m/year and 21.26 m/year, and the accretion/erosion area is 

15.02 ha and 7.09 ha, respectively. In 2021-2023, the accretion/erosion rate is 15.40 m/year 

and 29.04 m/year, and the accretion/erosion area is 21.68 ha and 17.93 ha, respectively.  

In An Bien, in 2021-2022, the accretion/erosion rate is 0.49 m/year and 42.94 m/year; the 

accretion/erosion area is 5.05 ha and 27.92 ha, respectively, Figure 5A. In 2022-2023, the 

accretion/erosion rate is 10.24 m/year and 24.96 m/year, and the accretion/erosion area is 9.39 

ha and 17.24 ha, respectively. In 2021-2023, the accretion/erosion rate is 6.74 m/year and 

26.27 m/year, and the accretion/erosion area is 9.21 ha and 29.59 ha, respectively. Based on 

Figure 5B, the Tay Yen commune area is an erosion area. The results show that the erosion 

rate will decrease between 2021-2022 and 2022-2023, most clearly in the Tay Yen - An Bien 

commune area. Some locations have accretion changes, such as erosions in 2021-2022 in An 

Hoa ward and accretion in 2022-2023. In Rach Soi ward, erosion has continuously increased 

over the years (Figure 5C). The variation in accretion/erosion area is shown in Figure 5D. 
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Figure 5. Map and chart showing erosion/accretion rate in Rach Gia, An Bien districts. 

3.3. The accretion/erosion at An Minh - U Minh districts 

In An Minh, in 2021-2022, the accretion/erosion rate is 15.87 m/year and 11.93 m/year, 

and the accretion/erosion area is 16.21 ha and 7.18 ha, respectively (Figure 6A). In 2022-

2023, the accretion/erosion rate is 4.13 m/year and 18.94 m/year, and the accretion/erosion 

area is 0.79 ha and 2.32 ha, respectively (Figure 6B). In 2021-2023, the accretion/erosion rate 

is 8.48 m/year and 10.43 m/year, and the accretion/erosion area is 11.87 ha and 5.05 ha, 

respectively. Figure 6 shows the Van Khanh commune and Van Khanh Dong commune as 

accretional areas. 

In U Minh, in 2021-2022, the accretion/erosion rate is 13.35 m/year and 6.77 m/year, and 

the accretion/erosion area is 10.25 ha and 6.61 ha, respectively (Figure 6A). In 2022-2023, 

the accretion/erosion rate is 12.57 m/year and 4.80 m/year, and the accretion/erosion area is 

10.30ha and 4.87ha, respectively (Figure 6B). In 2021-2023, the accretion/erosion rate is 

11.52 m/year and 8.85 m/year, and the accretion/erosion area is 10.06 ha and 5.12 ha, 

respectively (Figure 6C). Based on Figure 6, the area of Khanh Hoi commune and Khanh 

Tien commune is an accretion area. 

Analysis results show that erosion and accretion are interwoven in An Minh-U Minh, but 

accretion is predominant. Between 2021-2022 and 2022-2023, the accretion rate in this area 

decreased, but An Minh district only has an increased erosion rate. The variation in 

accretion/erosion area is shown in Figure 6D. 
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Figure 6. Map and chart showing erosion/accretion rate in An Minh and U Minh districts. 

3.4. The accretion/erosion at Tran Van Thoi district 

At Tran Van Thoi, in 2021-2022, the accretion/erosion rate is 19.41 m/year and 7.02 

m/year, and the accretion/erosion area is 20.05 ha and 3.36 ha, respectively (Figure 7A). In 

2022-2023, the accretion/erosion rate is 16.29 m/year and 5.55 m/year, and the 

accretion/erosion area is 26.17 ha and 4.95 ha, respectively (Figure 7B). In 2021-2023, the 

accretion/erosion rate will be 17.65 m/year and 6.49 m/year, and the accretion/erosion area 

will be 19.99 ha and 5.24 ha, respectively. Figures 7A-C show that the area of Khanh Hai 

commune, Song Doc town, and Phong Dien commune is the accretional area. The variation 

in accretion/erosion area is shown in Figure 7D. 

Analysis results show that erosion and accretion are interwoven in the Tran Van Thoi 

area, but accretion is the main. Although the accretion rate will decrease between 2021-

2022 and 2022-2023, the accretion area will still increase, and the erosion area will increase 

slightly. The variation in accretion/ erosion area is shown in Figure 7D. 
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Figure 7. Map and chart showing erosion/accretion rate in Tran Van Thoi district. 

3.5. The accretion/erosion at Phu Tan - Nam Can - Ngoc Hien districts 

In Phu Tan, in 2021-2022, the accretion/erosion rate is 15.39 m/year and 10.04 m/year, 

and the accretion/erosion area is 30.71 ha and 8.03 ha, respectively. In 2022-2023, the 

accretion/erosion rate is 13.74 m/year and 4.39m/year, and the accretion/erosion area is 

40.80 ha and 5.18 ha, respectively. In 2021-2023, the accretion/erosion rate is 15.95m/year 

and 9.30m/year, and the accretion/erosion area is 30.68 ha and 7.87 ha, respectively. Figure 

6 shows the area of Phu Tan commune to Cai Doi Vam commune shows an accretion trend 

but is still slightly eroded. 

In Nam Can, in 2021-2022, the accretion/erosion rate is 10.95 m/year and 37.73 

m/year, and the accretion/erosion area is 3.67 ha and 10.52 ha, respectively Figure 8 A. In 

2022-2023, the accretion/erosion rate is 8.92 m/year and 25.99 m/year, respectively, and the 

accretion/erosion area is 4.23 ha and 26.39 ha, Figure 8B. In 2021-2023, the 

accretion/erosion rate is 9.34 m/year and 33.88 m/year; the accretion/erosion area is 4.61 ha 

and 32.71 ha, respectively. The results shown in Figure 8 show that the areas of Dat Moi 

and Lam Hai communes have an erosion trend. 
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Figure 8. Map and chart showing erosion/accretion rates in Phu Tan, Nam Can and Ngoc Hien 

districts. 

In Ngoc Hien, in 2021-2022, the accretion/erosion rate is 16.89 m/year and 36.53 

m/year, respectively, and the accretion/erosion area is 10.56 ha and 39.10 ha, respectively. 

In 2022-2023, the accretion/erosion rate is 9.09 m/year and 55.66 m/year, and the 

accretion/erosion area is 8.73 ha and 47.21 ha, respectively. In 2021-2023, the 

accretion/erosion rate is 11.55 m/year and 47.79 m/year, and the accretion/erosion area is 

9.39ha and 44.73 ha, respectively. The interpretation results in Figure 8 show that the areas 

of Vien An and Dat Mui communes are severely eroded. 

General assessment shows that erosion and accretion are complexly interwoven yearly 

at Phu Tan - Nam Can - Ngoc Hien. In both periods, Phu Tan district was mainly accreted 

from Phu Tan commune to Cai Doi Vam commune. In 2021-2022, erosion will occur in 

Dat Moi - Nam Can commune and Vien An - Ngoc Hien commune area. By 2022-2023, 

erosion will expand further in Dat Moi commune, Lam Hai commune - Nam Can and is 

especially serious in Ngoc Hien district, from Vien An commune to Dat Mui commune. 

The variation in accretion/erosion area is shown in Figure 8D.  
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4. Conclusion 

Evaluation results based on the shoreline extraction technique using the AWEI index 

and DSAS tool to calculate the current state of the shoreline over the years clearly show the 

trend of erosion/accretion on the coast of the Mekong Delta, the section from Ca Mau Cape 

to Kien Giang. 

Although the trends of accretion/erosion in the study area are mixed, in the study 

period 2021-2023, the total area of accretion is 170.74 hectares, while the total area of 

erosion is 257.34 hectares. Thus, the increasing trend of erosion is a potential risk for the 

area. The results also show that the area of land loss in 2022-2023 is 115.43 hectares, an 

increase compared to the area of land loss in 2021-2022 of 109.37 hectares. 

Next, it is necessary to clarify the mechanism of the formation of erosion and accretion 

zones by modelling seasonal hydrodynamic factors and mud and sediment factors received 

from the upstream to the river mouth. From the above results, we can determine the 

importance of applying remote sensing image analysis combined with GIS to monitor 

coastline changes. This method gives quick results and is less time-consuming but still 

ensures results, so this will be a helpful choice in shoreline protection, prevention, and 

management. 
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Abstract: Urbanization processes often lead to flooding issues, hindering the development of 

cities in Vietnam. For cities undergoing planning, initial solutions are crucial. To avoid 

replicating old urban structures, lacking green spaces, and missing water retention systems, 

this paper applies Low Impact Development (LID) solutions within the Storm Water 

Management Model (SWMM) framework for flood management in the new urban area along 

the Cai Nai River, located in the new residential area of Hung Thanh Ward, Cai Rang District, 

Can Tho City. The integration of SWMM with LID serves as a useful tool towards sustainable 

urban development, aiming for a more modern and intelligent city. This tool helps managers 

and investors save costs and time in selecting suitable solutions tailored to the planning 

characteristics of the study area, ensuring effectiveness during implementation. The paper 

proposes constructing two scenarios: current status and planned; comparing flow rates before 

and after urbanization for a major rainfall event on April 2, 2023. Subsequently, LID solutions 

are introduced and evaluated for effectiveness through each calculated scenario. 

Keywords: Urban flooding; Cai Nai; Can Tho; SWMM; LID. 
 

1. Introduction 

The study area is located within the residential area of Hung Thanh Ward, Cai Rang 

District, Can Tho City. The computational scope is bordered as follows: to the Northwest: 

adjacent to the Can Tho River; to the Southeast: adjacent to the road leading to the Can Tho 

Bridge (National Highway 1A); to the Northeast: adjacent to the planned bridge and Tran 

Hoang Na road, and to the Southwest: adjacent to the Cai Nai Canal. The total research area 

is 365,740 m2 (Figure 1). 

In general, Can Tho has a tropical monsoon climate with few storms, hot and humid 

weather year-round, and no cold season. The rainy season lasts from May to November, and 

the dry season runs from December to April of the following year. The average annual 

temperature is around 28°C, with an average of about 2 hours of sunshine per day throughout 

the year. The average annual rainfall is approximately 1,600 mm, with average humidity 

ranging from 82% to 87%. Due to the influence of the tropical monsoon climate, Can Tho 

benefits from favorable temperature conditions, heat radiation regimes, and high and stable 

sunlight levels throughout the two seasons [1]. 

The river, canal, and creek network here is quite dense. The two channels adjacent to the 

research area, Cai Nai and Can Tho, are both influenced by the main flow of the Hau River 

(Figure 1), so the hydrological regime of the area is strongly affected by tidal dynamics, 

upstream flow, and localized rainfall patterns., upstream flow and localized rainfall patterns. 

The hydrological regime is distinctly divided into two seasons: the flood season from July to 
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December and the dry season from January to June. Rainfall is the primary source of water 

supply for river flow. Additionally, factors such as tides and meteorological conditions 

impact the flow. Tides from the East Sea penetrate deeply inland and significantly influence 

the hydrological regime of the delta. During the flood season, tides also contribute to 

increased water levels in the river system, hindering flood drainage [1]. 

 

Figure 1. Location map of residential area of Hung Thanh Ward, Cai Rang District, Can Tho City. 

During the land use survey, the research area is still undergoing investment planning, 

with a considerable amount of vacant land (Figure 2). This is why it is necessary to implement 

solutions to minimize flooding caused by excessive urbanization, avoiding the repetition of 

old urban structures, lack of green spaces, and inadequate water retention facilities. The 

integration of Low Impact Development (LID) with the Storm Water Management Model 

(SWMM) offers effective solutions suitable for the urban planning characteristics of 

residential areas, villas, apartments, schools, integrated areas, etc., saving costs, time in 

selection, and ensuring effectiveness during implementation. 

 

Figure 2. Current land use status in the residential area. 

The Storm Water Management Model (SWMM) and Low Impact Development (LID) 

sustainable development solutions are commonly applied in scientific research before being 

evaluated and implemented in practice. The studies [2,5] assess decentralized flood 

mitigation approaches to enhance permeability and rainwater storage capacity, addressing 
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urban flooding issues through various structures such as green roofs, permeable pavement 

materials, and tree boxes, designed for different rainfall and tidal conditions. The study [3] 

evaluates the applicability of sustainable urban drainage solutions (SUBS) in urbanizing 

areas of Binh Chanh district, Ho Chi Minh City, through two scenarios: Scenario 1 enhances 

temporary storage capacity for rainwater reuse, while Scenario 2 reduces peak flow rates. 

The study [4] incorporates GIS tools to assess urban flooding in the Metro residential area of 

Ninh Kieu district, Can Tho province, under various urbanization scenarios. 

The studies [6, 7, 9] suggest that urban expansion leads to increased impermeable areas, 

resulting in increased surface flow, particularly in urban and large city areas. Additionally, 

urban flooding is influenced by various factors such as climate, land cover characteristics, 

and surrounding river networks. To mitigate flood damage and control flow, these areas have 

developed combined LID solutions in urban stormwater management using SWMM 

software. Specifically, the study [6] further simulates 2.5 and 10-year recurrence cycles for 

two rainfall events in the city, evaluating methods to effectively reduce peak flow volumes 

and runoff in stormwater drainage systems. The study [8] additionally applies the Monte 

Carlo method to simulate annual flow processes based on LID, analyzing correlations 

between flow indices, peak flows, and total suspended solids (TSS) runoff. This study not 

only assesses reducing overflow flow but also calculates water source pollution when 

flooding occurs. The study [10] advances flood mitigation research methods by optimizing 

spatial allocation of integrated LID with SWMM using MATLAB as the platform for a 

residential area in Western Canada. The study [19] ues of LID in various BMP scenarios 

aims to minimize urban stormwater runoff and reduce pollutant load through cost-effective 

and environmentally friendly approaches within a modernized platform on a Python-based 

web framework. The outcomes yield performance metrics concerning total flow volume, 

pollutant loadings, and construction costs for each LID solution in every BMP scenario, 

resulting in a 75% reduction in overall volume control, peak flow reductions ranging from 

22% to 46%, and up to 32% pollutant removal. 

Overall, most LID/SUBS solutions simulated in SWMM-based studies demonstrate 

effectiveness in enhancing infiltration capacity, extending runoff concentration time, and 

reducing urban surface runoff flow. 

For urban areas undergoing planning processes, particularly the new urban area along 

the Cai Nai River, Hung Thanh Ward, Cai Rang District, Can Tho City, initial solutions are 

highly imperative. To avoid replicating old urban structures lacking green spaces and water 

retention facilities, among other deficiencies, the application of LID solutions within the 

SWMM urban drainage management model serves as a valuable tool in the initial stages of 

design, monitoring, and technical infrastructure construction to mitigate future urban flood 

risks. 

2. Materials and Methods 

2.1. Research methodology framework 

To achieve the research objectives, which involve applying LID solutions to 

mathematical models for urban flood management, the following research methodology 

framework is proposed in Figure 3: 

- Conduct field investigations, site surveys, and gather relevant documents. 

- Utilize correlation equations to establish a database, serving as input parameters for the 

SWMM urban drainage model. 

- Set up the SWMM model and perform calibration and validation of the model. 

- Select appropriate LID solutions and incorporate the assumptions of these solutions 

into the mathematical model. 



J. Hydro-Meteorol. 2024, 18, 79-91; doi:10.36335/VNJHM.2024(18).79-91                           82 

- Evaluate the effectiveness of flood reduction provided by the LID solutions through 

two scenarios: current conditions and post-urbanization. 

 

Figure 3. Research framework. 

2.2. Using correlation equations to interpolate urban flooding calculation data 

The research area is a newly planned residential area along the Cai Nai River, Cai Rang 

District, Can Tho City. To calculate the urban drainage model, it is necessary to input water 

level data at the urban runoff outlet. For this area, the representative water level at the runoff 

point is assumed to be the water level at Cai Nai, although this location does not have a 

hydrological station. Therefore, to ensure consistent data, the nearest hydrological station, 

Can Tho station (on the Hau River), was chosen to calculate and interpolate the water level 

at Cai Nai. 

 

Figure 4. Correlation equation between Can Tho and Cai Nai water levels. 

To find the most accurate and reliable water level values for the residential area at Rạch 

Cai Nai based on data from the Can Tho hydrological station, the study uses a single-variable 

correlation equation to interpolate water level values. 

The data used in the calculation are obtained from actual measurements at the Can Tho 

station and a location at Cai Nai in the research area from November 1 to November 3, 2023. 
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A correlation equation is established based on the water level values over the three days. 

From this, we obtain correlated variables to support flooding calculations for past rainfall 

events (Figure 4). 

2.3. SWMM and LID in urban water management applications 

2.3.1. SWMM model (Storm Water Management Model) 

The SWMM model [11, 20] (Storm Water Management Model) was developed by the 

United States Environmental Protection Agency (EPA) in 1971 [22] and was enhanced to 

Version 5.1 in 2015 [23]. EPA-SWMM is a computer program used to simulate hydrological, 

hydraulic, and water quality processes for both closed and open drainage networks within a 

watershed (urban or rural). 

For the purposes of this study, the model supports dynamic simulation of rainfall-runoff 

processes for urban areas, calculating both the flow rates from each watershed to the outlet 

culvert and the inundation levels when manholes overflow. 

SWMM uses a collection of nodes (manholes) and conduit segments connected through 

each manhole to describe the drainage network system. Additionally, this network is 

composed of various components: Subcatchments (watersheds), Raingages (rainfall 

stations), Junctions (nodes), Storage Units (detention basins), Pumps, Regulators (control 

valves or check valves), and Outfalls. 

2.3.2. LID solutions 

LID (Low-Impact Development) solutions are suitable and effective approaches in urban 

environmental management. Instead of constructing deep, straight drainage systems or 

underground sewers to quickly drain stormwater, sustainable drainage systems seek to delay 

stormwater runoff and consider rainwater as a valuable resource by incorporating green 

ecological principles with existing drainage technical principles to reduce the burden on 

drainage systems reasonably. The purpose of this solution is to mitigate urban flooding, 

replenish groundwater, minimize environmental pollution, and create green spaces in urban 

areas.  

LID utilizes principles such as conserving and restoring natural landscape features, 

minimizing impervious surfaces to create a system of areas with drainage, infiltration, and 

treatment functions, to utilize rainfall as a resource rather than a waste. Widely applied, LID 

can maintain or restore the hydrological and ecological functions of watersheds. LID is 

regarded as a sustainable stormwater management system. 

2. Setting up the storm water 

management model (SWMM) for 

urban drainage 

2.1. Setting up the culvert elevations 

and terrain of the research area 

Based on actual cross-sectional 

data of the Cai Nai at coordinates 

10°00.089’; 105°45.810’, the current 

ground elevation is determined to be 

2.41 meters. 

From the above data, the study 

interpolates the elevation values of the 

ground, depth of manholes, and 

culvert bottom elevations for the 

Figure 5. Cross-sectional elevation profile of the Cai Nai River. 
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SWMM urban drainage model, serving to calculate surface runoff and hydraulic flow in the 

drainage system. 

2.2. Setting up the culvert, manhole, and discharge gate network 

The urban stormwater drainage system consists of a combination of manholes and 

culverts with varying diameters designed to discharge directly into the Cai Nai at three 

discharge gates: CX3, CX4, and CX5. This system collects water through closed gates, 

arranged beneath the sidewalks, and then directs it to the river channel. Pre-cast reinforced 

concrete pipes with diameters of D400, D600, D800, and D1000 are used (Figure 6). 

 

Figure 6. Dimensions of culverts and locations of manholes and discharge gates in the stormwater 

drainage system. (Note: Triangle symbolizes outfall, Circle symbolizes manhole). 

For the culverts responsible for bearing the load, they will be designed with D = 600, 

800, and 1000. The culvert with D = 1000 is the main load-bearing culvert directly connecting 

to the branch culvert system leading to the two main discharge gates of block 5C. The 

manholes and the bottom elevation of the manholes are also designed to be appropriate for 

the terrain of the area. 

2.3. Setting up the watershed and stormwater drainage 

2.3.1. Rainfall reception watershed 

In the model, there are a total of 195 drainage areas, with each area linked to a 

corresponding manhole. The entire urban area, including (planned): 3 villa areas, 1 mixed-

use area, 1 social housing area, 2 educational areas, and 3 terraced housing areas. The 

drainage areas in the SWMM model will be divided according to the planned development. 

The imperviousness percentage (%Imprev) is based on TCVN 7957:2008 standards [18]. 

Table 1. Impervious surface parameters. 

Surface Water Drainage 

Characteristics 

Impermeable Parameter 

Values (%) 

Roof, Concrete Covering 0.75 

Grass, Garden, Park 0.32 
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2.3.2. Stormwater drainage areas 

SWMM is a hydrological-hydraulic model consisting of two simulation blocks, Runoff 

and Extran, used to determine the relationship between rainfall and runoff, then simulate the 

hydraulic dynamics of flow in the drainage system. Results from the RUNOFF block (runoff 

hydrograph at the rainfall reception manholes) will serve as inputs for the EXTRAN 

simulation block. The EXTRAN block of SWMM uses the finite difference method with 

current numerical schemes to solve the 1-D Saint-Venant equation to simulate hydraulic 

results in the drainage system [12]. 

2.4. Data series used in calculation 

In urban drainage simulations, in addition to the rainfall runoff system and terrain of the 

research area, to calculate flood levels and water levels in each drainage branch, data on 

rainfall amounts and tidal levels at each discharge point must be input into the model. All 

data on rainfall amounts and water levels are collected from the Provincial Meteorological 

and Hydrological Station in Can Tho province. 

- The rainfall amounts used in model calibration and validation are two rainfall events 

occurring on April 2, 2023, and July 29, 2023, with total rainfall amounts of 60.8 mm (90 

minutes) and 48.8 mm (435 minutes), respectively (Figures 7a, b). 

- The initial water level at each discharge point is also declared similarly for the two time 

points, based on the correlation equation between the water levels at the Can Tho station and 

Cai Nai presented in the methodology above (Figures 7c, d). 

  
a) Rainfall curve on April 2, 2023 b) Rainfall curve on July 29, 2023 

  

c) 24-hour water level on April 2, 2023 d) 24-hour water level on July 29, 2023 

Figure 7. Input hydro-meteorological database for the model. 

3. Results and solutions 

3.1  Model calibration and validation  

3.1.1. Model calibration 

To check and calibrate the model, consider the highest flooded areas, then recalibrate 

with actual flood data and adjust the declared parameters such as permeability coefficient, 

slope, culvert elevation, manhole depth, etc. Continue to simulate again, if the results meet 

the requirements, proceed to check the main evaluation area of the study area. Repeat the 
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calibration steps until we obtain a set of model parameters that closely simulate the actual 

results. 

Table 2. Detailed results of flooding levels at manholes. 

Node 
Flooded 

CMS 

Volume 

106 ltr 

Meter 

Flooding 
Node 

Flooded 

CMS 

Volume 

106 ltr 

Meter 

Flooding 

19c_3 0.033 0.003 0.019 9a_5 0.042 0.006 0.045 

19d_3 0.041 0.004 0.025 9a_4 0.014 0.006 0.044 

19d_2 0.034 0.003 0.026 19a_4 0.022 0.004 0.026 

19d_1 0.012 0.003 0.024 19a_5 0.027 0.003 0.026 

9a_7 0.049 0.006 0.04 19b_2 0.006 0.002 0.012 

9a_6 0.038 0.006 0.044     

 

Figure 8. Land use status at locations of drains with water level in each manhole. 

The simulation results of the flooding situation during the rainfall event on April 2, 2023, 

were replicated through the SWMM management model to closely match reality. According 

to Table 2 and Figure 6, the water level at each manhole (overflow water level) fluctuated 

between 0.01-0.05m; mostly concentrated in the residential areas with high-rise buildings 

(from node 19d_1 to 19d_3, 9a_4 to 9a_7,…). 

However, according to the assessment criteria for flooding from the Ministry of 

Construction (document 338/BXD-KTQH), a flooding depth of ≤ 0.1 m poses no risk. Based 

on the simulation results from the model, with values below 0.05m, the study area is 

evaluated as not being flooded due to heavy rain or tidal surges. This result corresponds to 

the data collected during the survey on the flooding situation in the area provided by residents 

and management. 

3.1.2. Model validation 

The rainfall event used to validate the model occurred on July 29, 2023, with a total 

rainfall of 48.8 mm lasting for 7 hours. Compared to the rainfall event on April 2 used for 

calibration, this rainfall event did not cause flooding. The results are presented specifically 

in the drainage lines to demonstrate that this rainfall did not cause manhole overflow (Figure 

9). This validates the drainage lines causing flooding during the rainfall event on April 2. 

The rainfall began at 11:30 with a rainfall amount of 0.2mm; water started to appear in 

the drain at 11:48; peaked at 12:30 and began to recede at 12:45. Thus, with the two rain 
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events used in model calibration and validation, reliable and close-to-reality results have been 

achieved. These parameter sets are further used to simulate various Low-Impact 

Development (LID) scenarios. 

 

Figure 9. Water volume in the conduit during the rain event on July 29, 2023. 

Furthermore, the urban area of Hung Thanh Ward, Can Tho City, along the Cai Nai 

River, is a newly planned area, currently undergoing infrastructure development such as 

housing, villas, residential areas, commercial centers, and multifunctional areas, with many 

vacant lots (Figure 2). Therefore, it has a good permeability and is not prone to flooding even 

during heavy rainfall events, unlike some older residential areas in the inner city of Can Tho 

[21]. The rainfall events selected on April 2nd and July 29th, 2023, are the most recent events 

collected during the study period and are rainfall events measured in 15-minute intervals at 

the Can Tho Meteorological Station. Hence, the study can only utilize these two existing 

rainfall events, which have been identified as having significant intensity and causing 

flooding in some inner-city areas of Can Tho, for simulation and model calibration. 

Regarding tidal flooding, based on the collected real-world data and surveys, we have 

profiles showing the cross-sectional elevation of the Cai Nai River and the elevation of the 

bank (ground level) in the residential area (Figure 4), along with a dataset of the highest tide 

levels over a period of more than 40 years (1980-2023) (Figure 10). Accordingly, the bank 

elevation in the school area is G = 2.41m, and the maximum height H max up to the current 

time (2023) is 2.20 m. Based on this real-world data, it can be observed that the research area 

is currently not susceptible to flooding from rainfall or tidal surges. 

 

Figure 10. Water level at Cai Nai river from 1980 to 2023. 
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To avoid repeating the old architectural style and excessive concreteization, the study 

utilizes the significant rainfall event on April 2nd, 2023, along with the scenario of 100% 

urbanization of this new residential area to propose effective LID solutions. 

3.2 Solutions to minimize urban flooding damage 

LID solutions [13–17] include Bio-Retention Cell, Rain Garden, Green roof, Infiltration 

Trench, Permeable pavement, Rain barrel. Depending on the needs of urban planning for 

residential areas, integrated urban areas, these solutions are applied appropriately. For green 

infrastructure, the study chose to increase the watershed's permeability by 30% combined 

with Permeable pavement solution. This solution is implemented in parking lots, parks, parts 

of sidewalks, and road shoulders, etc (Figure 12). 

Below (Figures 11-13) is the structure of 

a permeable pavement. 

Benefits of Permeable Pavement: 

- Effective water drainage: Helps address 

part of the water drainage issue during heavy 

rain without the need to increase the drainage 

capacity. 

- Cost savings: Reduces costs for 

drainage systems while maintaining comfort 

and convenience. 

- Moisture retention: Preserves moisture 

in the soil and air in the area, creating a 

favorable environment for plant growth. 

- Economic solution: Using interlocking 

pavers as pavement structure may be a more 

economical and flexible choice compared to 

asphalt or concrete solutions. 

The study simulated permeable 

pavement in reducing surface runoff, 

decreasing the amount of water overflowing 

into the drains, and increasing the time for 

water to accumulate in the drainage system. 

The results of applying the assumed LID 

solution - permeable pavement - in the 

mathematical model show an effective 

reduction in the volume of runoff generated 

from rainfall on the surface by up to 30% 

Figure 11. Structure of permeable pavement in flood 

mitigation support construction. 

Figure 12. Example of permeable pavement structure for 

parking lot. 

Figure 13. Some types of permeable pavement. 
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(Table 3). This solution also enhances the soil’s permeability, thereby shortening the time for 

surface runoff to form in each watershed. 

Table 3. Reduction rate of peak flow volume in each watershed. 

Solution Qmax Peak Reduction Q (%) 

Urbanization 0.3 - 

Permeable pavement 0.2 30 

 

Figure 14. Effectiveness of reducing water levels at manholes. 

The effectiveness of LID solutions in reducing flooding is quite promising. However, 

because the flooding caused by the rain event on April 2, 2023, was assessed to have only a 

mild impact, the overall effectiveness of this solution in reducing flooding may not be clear. 

Nevertheless, in general, based on the statistical data in Table 3 and Figure 14, we can observe 

a significant reduction in the flow volume to each manhole. 

4. Conclusion 

LID and SWMM in stormwater management offer long-term sustainability, economic 

efficiency, and provide a foundation for urban development in a positive direction, adapting 

to climate change. Regarding the assumed LID solutions for watersheds prone to flooding 

due to heavy rain, they have shown good effectiveness, serving flood mitigation for 

constructions, especially as these solutions have high sustainability and are suitable for 

urbanization processes while still ensuring flood prevention. The comparison of total water 

volume to each manhole between two scenarios before and after urbanization with LID 

implementation has significantly reduced the flow to each manhole. 

However, because the research area is still in the planning stage of urban development 

and lacks specific designs, the integration of LID solutions to assess enhancement has limited 

basis for implementation. 

The issue of selecting rainfall events causing flooding in this urban area is addressed in 

the model calibration and validation section. As this is a newly planned urban area in the 

development phase, with vacant land and good permeability, it does not experience flooding 

due to rainfall. Regarding tidal flooding, the elevation adjustments ensure no flooding occurs. 

Therefore, when selecting flood-causing rainfall events to assess the accuracy of the model, 

the author only chose two existing rainfall events that were evaluated to cause significant 

flooding in some neighboring areas of Can Tho City. 
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Abstract: Conceptually, forecast verification is simple, you just need to compare the forecast 

factors and observed factors. The accuracy of a forecast is a measure of how close to the 

actual weather the forecast was. The reliability of a forecast is the average agreement between 

the forecast values and the observed values. The skill of a forecast is performed based on 

some benchmark forecast, usually by comparing the accuracy of the forecast with the 

accuracy of the benchmark. The benchmark forecast can be a climatic value. Meanwhile, the 

correct forecast is bias between the forecast value and the observed value within the 

allowable range.  This study evaluates the correct and forecasting skill of the IFS model (by 

European Centre for Medium-Range Weather Forecasts) for minimum temperature (Tm), 

average temperature (Tave), maximum temperature (Tx) forecasting in 24 hours at 09 regions 

in Viet Nam. The results show that within 24 hours, the IFS model predicts a high bias for the 

Tm (from 0.2 to 0.9oC) and a low bias for the Tave (from -0.2 to -0.9oC) and Tx (from -1.0 to -

2.0oC). The correct in the southern region is higher than in the northern region (average about 

10 to 15%). The skill of IFS model is higher than the benchmark (skill for the Tm has 

exceeded the Benchmark value by 0.4 to 0.6; skill for the Tave has exceeded the 

Benchmark value by 0.5 to 08), in there, the skill of Tm and Tave is higher than skill of Tx at 

the most regions, except in the Southern region, the skill of IFS model is lower than the 

benchmark for Tave and Tx. 

Keywords: Accuracy; Reliability; Skills; Forecast Verification. 
 

1. Introduction 

According to Guidelines of World Meteorological Organization (WMO) [1], the 

general purpose of the verification is to ensure that the forecast and warning products are 

accurate, competent, and reliable from a technical point of view. This is distinct from 

whether the products are actually meeting user needs. However, technical verification must 

be based on methods appropriate to the user's needs. There are many studies on verification 

methods. Allan Murphy, a pioneer in the field of forecast verification, wrote an essay on 

what makes a forecast “good” [2], a good forecast is a forecast that satisfies the following 

three criteria: Consistency: the level of forecast changes according to changes in situation; 

Good quality: the degree of agreement between forecast and observation; Valuable: the 

extent to which the forecast supports decision making and brings benefits; Also according 

to the research of [2], forecast quality includes the following nine attributes: Bias; 
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Correlation; Accuracy; Forecasting skill; Reliability; Resolution; Sharpness; Discrimination 

and Uncertainty. Simply, forecast verification includes accuracy and skill. Note that, the 

other attributes of forecast quality also affect the value of the forecast. 

According to the research of [3–5] describe methods for assessing the value of the 

forecasts. Forecast quality is not the same as forecast value. High forecast quality if the 

forecast and observation are well according to some objective criteria. Forecast value helps 

the user to make a better decision.  

Meanwhile, regarding the verification results, according to the research of [6–9]: the 

verification results are more reliable when the quantity and quality of verification data are 

high. The usual approach is to determine the confidence interval for the verification score 

using approximate, analysis methods; Regarding stratification results, to obtain reliable 

verification statistics, the verification data should be divided by time and space. For 

example, according to the study [10], the verification data is divided by season, 

geographical region, monitoring frequency, etc. 

Regarding the standard verification methods, there are many studies for greater detail 

of the standard verification methods see [11] or one of the excellent the research of [12], 

[13–15] on forecast verification and statistics. The results see that, with methods for 

forecast of continuous variables such as temperature, the verification indices as Bias, MAE, 

MSE and RMSE. These verification indices are simple and useful to explain to users before 

making decisions. The Bias index indicates the direction of the forecast bias, where the 

MAE and RMSE indices indicate the average amplitude of the forecast error. Therefore, 

people often use a combination of these indicators to provide an estimate of reliability. 

In Viet Nam, Meteorological and Hydrological Administration has been invested in by 

the Ministry of Natural Resources and Environment to buy products (images are available 

on the page website: http://www.ecmwf.int) and numerical data (GRIB code transmitted 

over the Internet) of the European Centre for Medium-Range Weather Forecasts (ECMWF) 

to serve operational forecasting since the end of 2011. The data source of the ECMWF is 

considered plentiful with high reliability. Besides, some studies related to assessing the 

skills of models, including the IFS model such as studies by [16–18]. The studies mainly 

evaluated the skill for rainfall forecast and show that: Both skill validations of station-based 

and spatial-based show low skills of models for high thresholds of 24h accumulated rainfall 

forecast [18]. The IFS model has best forecast skill in comparison with the other models. 

However, all given model is under-estimating in forecasting extreme heavy rainfall events 

[16]; For rainfall quantity forecast, IFS model has skill from 24 hours to 48 hours lead time 

and less skill at 72 hours lead time. However, IFS model has skill for number of heavy 

rainfalls [17]. As for temperature, research by [19] shows: With the using of automatic 

calibration method, the forecast quality of the IFS model is significantly improved. 

According to the provisions of legal documents on verification the quality of hydro-

meteorological forecasting and warning [20], the reliability is understood as determining 

the allowable error between the forecast value and the observed value. If the forecast value 

is within the allowable error range that mean correct; if it is outside the allowable error 

range, that mean not correct. Accordingly, the correct of forecast value is determined within 

± 1 level compared to the observed value; Long term will have a wider allowable error 

range than short term. For meteorological natural disasters such as tropical storms, heavy 

rainfall, and heat waves, in addition to evaluating the forecast value, also evaluate the time 

of influence and scope of influence. According to legal documents is also assessed through the 

“completeness” of newsletter content and “timeliness” of newsletter delivery. For the 

temperature, within a forecast period from 1 to 3 days, allowable error ranges from -2oC to 2oC.  

In general, there are not many detailed studies in Vietnam for temperature forecast 

factors, most of the studies focus on the standard verification methods, with few studies 

related to regulations at the legal documents. 

http://www.cawcr.gov.au/projects/verification/#Katz_and_Murphy_1997
http://www.cawcr.gov.au/projects/verification/#Wilks_2001
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This study will initially evaluate the skill of the IFS model for temperature forecasting 

in short term at all regions in Viet Nam. In addition, to determine whether the model can be 

applied in operational forecasting, the study will also evaluate the correct of the model 

following the legal documents. 

2. Materials and Methods 

2.1. Description of study site 

Figure 1 presents a map of the study area, there are 09 regions in Viet Nam: 1) the 

Northwestern region; 2) the Mid-North region; 3) the North Eastern region; 4) the Red 

River Dela region; 5) the North Central region; 6) the Mid-Central region; 7) the South 

Central region; 8) the Central Highland region; 9) the Southern region. 

 

Figure 1. The study area at 09 regions in Viet Nam. 

2.2. Data collection 

In this study used: Observed data of daily minimum temperature, average temperature, 

maximum temperature from December 2019 to December 2022 of 184 synoptic stations in 

Viet Nam and shown in Table 1. 

Climatic data from 1981 to 2010 of minimum temperature, average temperature, 

maximum temperature of 138 synoptic stations in Viet Nam (Table 1). 

Table 1. Information about synoptic stations at 9 regions in Viet Nam. 

Rg Code Station Rg Code Station Rg Code Station Rg Code Station 

N
o

rt
h

w
es

te
rn

 

48/01 Muong Te 
 

48814 Vinh Yen 

N
o

rt
h

 C
en

tr
al

 

48840 Thanh Hoa 

C
en

tr
al

 H
ig

h
la

n
d

 

48865 Kon Tum 

48/02 Sin Ho 48/52 Tam Dao 48/70 Nhu Xuan 48866 Playcu 

48/03 Tam Duong 

N
o

rt
h

ea
st

er
n

 48808 Cao Bang 48/72 Tinh Gia 48867 An Khe 

48/06 Than Uyen 48/33 Bao Lac 48/74 Quy Chau 48868 Yaly 

48800 Muong Lay 48/40 Ng. Binh 48844 T. Duong 48872 Ayunpa 

48/09 Tuan Giao 48/43 T. Khanh 48/75 Quy Hop 48876 EaHleo 

48/10 Pha Din 48807 That Khe 48/76 Tay Hieu 48878 Buon Ho 

48811 Dien Bien 48830 Lang Son 48/79 Con Cuong 48/98 M Drak 

East Sea
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Rg Code Station Rg Code Station Rg Code Station Rg Code Station 

48/07 Phieng Lanh 48/46 Mau Son 48/77 Quynh Luu 48875 B.M. Thuot 

48/05 Muong La 48/47 Bac Son 48/80 Do Luong 48869 EaKmat 

48806 Son La 48/48 Huu Lung 48/81 Hon Ngu 48885 Lak 

48/16 Song Ma 48/49 Dinh Lap 48845 Vinh 48882 Dac Mil 

48/17 Co Noi 48838 Mong Cai 48/82 Huong Son 48886 Dak Nong 

48/18 Yen Chau 48/50 Quang Ha 48846 Ha Tinh 48880 Da Lat 

48/19 Bac Yen 48837 Tien Yen 48/84 Huong Khe 48881 Lien Khuong 

48/20 Phu Yen 48834 Co To 48/73 Hoanh Son 48884 Bao Loc 

48/25 Moc Chau 48836 Cua Ong 48/86 Ky Anh 48/83 Cat Tien 

48/26 Mai Chau 48833 Bai Chay 

M
id

-C
en

tr
al

 

48/87 Tuyen Hoa 

 

48883 Phuoc Long 

48/61 Kim Boi 48/60 Uong Bi 48848 Dong Hoi 48895 Dong Phu 

48/63 Chi Ne 48/53 Hiep Hoa 48847 Ba Don 48898 Tay Ninh 

48/64 Lac Son 48/55 Luc Ngan 48/89 Con Co 

S
o

u
th

er
n

 

48/78 Tri An 

48818 Hoa Binh 48/56 Son Dong 48849 Dong Ha 48896 Bien Hoa 

M
id

-N
o

rt
h

er
n

 

48803 Lao Cai 48809 Bac Giang 48/90 Khe Sanh 48/71 Ta Lai 

48/30 Bac Ha 48/54 Bac Ninh 48852 Hue 48/88 Long Khanh 

48802 Sa Pa 48826 Phu Lien 48/91 A Luoi 48899 Thu Dau Mot 

48/29 Pho Rang 48828 Hon Dau 48/92 Nam Dong 48894 Nha Be 

48/08 Mu.C.Chai 48839 Bach. L.Vi 48855 Da Nang 48903 Vung Tau 

48815 Yen Bai 

R
ed

 R
iv

er
 D

el
ta

 

48/57 Ba Vi 48/93 Tam Ky 48918 Con Dao 

48/14 Van Chan 48817 Son Tay 48/94 Tra My 48919 Huyen Tran 

48/35 Luc Yen 48820 Lang 48/85 Ly Son 48906 Moc Hoa 

48805 Ha Giang 48819 Hoai Duc 48863 Q.Ngai 48912 My Tho 

48/31 Hoang S Phi 48825 Ha Dong 48/95 Ba To 48911 Vinh Long 

48/32 Bac Me 48/59 Chi Linh 

S
o

u
th

 C
en

tr
al

 

48/96 Hoai Nhon 48901 Ben Tre 

48/34 Bac Quang 48827 Hai Duong 48864 An Nhon 48902 Ba Tri 

48/38 Dong Van 48822 Hung Yen 48870 Quy Nhon 48908 Cao Lanh 

48812 T.Quang 48823 Nam Dinh 48/97 Son Hoa 48904 Cang Long 

48/36 Ham Yen 48829 Van Ly 48873 Tuy Hoa 48909 Chau Doc 

48/37 Chiem Hoa 48821 Phu Ly 48877 Nha Trang 48897 Tra Noc 

48/39 Cho Ra 48832 Nho Quan 48879 Cam Ranh 48910 Can Tho 

48/42 Ngan Son 48824 Ninh Binh 48892 Song T.Tay 48905 Vi Thanh 

48810 Bac Can 48/65 C.Phuong 48890 Phan Rang 48913 Soc Trang 

48831 Thai Nguyen 48835 Thai Binh 48887 Phan Thiet 48907 Rach Gia 

48/44 Dinh Hoa 

 

48842 Hoi Xuan 48888 La Gi 48917 Phu Quoc 

48/23 Minh Dai 48/67 Yen Dinh 48889 Phu Quy 48916 Tho Chu 

48/51 Phu Ho 48/68 Sam Son 48891 Phan Ri 48915 Bac Lieu 

48813 Viet Tri 48/69 Bai Thuong  48861 Dak To 48914 Ca Mau 

Forecast data of IFS model with information and shown in Table 2. 

Table 2. Information about IFS model. 

Resolution Lead Time Time Series Products 

0.125o 24 hours to 240 

hours 
2019 - 2022 

Surface: Temperature 2m, Sea Level 

Pressure, rainfall, wind 10m (For the Tave, 

calculated through the Temperature 2m, 

averaging the time periods 00, 06, 12 and 

18z. The Tm and Tx are taken as the minimum 

value and maximum value during the period 

00, 06, 12 and 18z of that day) 

   Upper level: Geopotential Height, wind, 

Relative Vorticity, 1000-500mb 

(thickness&mslp), 300/200mb 

(divergence&wind)… 
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2.2. Methods 

 Figure 2 presents conceptual framework of the applied methodology in this study, in 

which the input data are from the IFS model, monitoring data of the stations, climatic data 

of the stations; Next, we process these data, statistic matrices and the results are verification 

indices. 

 

Figure 2. Conceptual framework of the applied methodology in this study. 

There are many scientific documents on methods to forecast verification, for example 

the research of [3, 10]. According to WMO [1], there are two basic variables for 

forecasting: continuous variables (variables with numeric values) and grouped variables 

such as rain or no rain or hierarchical by intensity (light rain, moderate rain and heavy 

rain... ). These variables can be predicted by giving specific values or by probabilities. 

Probabilistic forecasting will be more meaningful than numerical forecasting, in that users 

can make decisions based on probability and their perception. 

The following simple example of a set of twenty maximum temperature forecasts will 

be used in this section to illustrate the score and shown in Table 3. 

Table 3. Example for forecast verification indices. 

MAX TEMP (oC) 

 Forecast 

(F) 

Observed 

(O) 
F-O ABS(F-O) (F-O)2 

Within 

± 2oC 

 17 17 0 0 0 1 

 24 20 4 4 16 0 

 28 29 -1 1 1 1 

 22 25 -3 3 9 0 

 14 16 -2 2 4 1 

 16 17 -1 1 1 1 

 17 17 0 0 0 1 

 16 16 0 0 0 1 

 15 14 1 1 1 1 

 19 18 1 1 1 1 

 22 19 3 3 9 0 

 21 17 4 4 16 0 

 16 18 -2 2 4 1 

 20 18 2 2 4 1 

 27 30 -4 4 16 0 

 21 20 1 1 1 1 

 15 14 1 1 1 1 
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MAX TEMP (oC) 

 Forecast 

(F) 

Observed 

(O) 
F-O ABS(F-O) (F-O)2 

Within 

± 2oC 

 22 28 -6 6 36 0 

 20 23 -3 3 9 0 

 15 18 -3 3 9 0 

Average: 19.4 19.8 -0.4 2.1 6.9 60% 

   Bias MAE MSE % correct 

a) Reliability 

Suppose there are N forecasts fi and corresponding observations oi for i = 1...N  

A gross measure of reliability is the mean bias. It is simply the average of the forecast 

value minus the average observed value as in equation (1). 

 ( )
N

i ii 1

1
Bias f O

N =
= −       (1) 

For the example in Table 3, N=20, the average predicted value is 19.4°C and the 

average observed value is 19.8°C, so the average error value is -0,4°C, which means the 

forecast value is lower than the actual value. This is a simple method to determine 

reliability. 

b) Accuracy 

Various accuracy measures are shown in the previous table for this example. 

In terms of accuracy, the Mean Absolute Error or MAE is in equation (2): 
N

i i

i 1

1
MAE (| f o |)

N =

= −                                               (2) 

The Mean-Square Error or MSE is presented in equation (3) and The Root-Mean-

Square Error or RMSE is presented in equation (4). 

  

N
2

i i

i 1

1
MSE (f o )

N =

= −           (3) 

N
2

i i

i 1

1
RMSE MSE (f o )

N =

= = −       (4) 

According to the above example, a mean absolute error of 2.1°C means that the 

precision between the mean difference of predicted and observed temperature values is 

2.1°C. 

However, users are often interested in the largest possible error of the forecast, so will 

use the formula to calculate RMSE, which will be 2.6°C. 

Another measure that is commonly used for weather elements such as temperature, is 

the “percent correct” of forecasts that are within some allowable range, e.g., within ±2°C or 

±3°C. This is shown in the above table by putting a 1 when the forecast was within ±2°C of 

the observed maximum, and 0 otherwise, then averaging the values. The result for this 

example is that 60% of the forecasts are within ±2°C. 

c) Skill 

The skill of a forecast is exercised against some benchmark forecast, usually by 

comparing the accuracy of the forecast with the accuracy of the benchmark forecast. The 

benchmark forecast can be a climatic value or a value from an automated product. 

For example, the climatic value of temperature during this period is 20°C, accordingly 

Table 4 gives the following evaluation results compared to the climatic value: 

 



J. Hydro-Meteorol. 2024, 18, 92-104; doi:10.36335/VNJHM.2024(18).92-104                           98 

Table 4. Example for benchmark forecast verification indices. 

MAX TEMP (oC) 

 
Benchmark 

Forecast (F) 

Observed 

(O) 
F-O ABS(F-O) (F-O)2 

Within 

± 2oC 

 20 17 3 3 9 0 

 20 20 0 0 0 1 

 20 29 -9 9 81 0 

 20 25 -5 5 25 0 

 20 16 4 4 16 0 

 20 17 3 3 9 0 

 20 17 3 3 9 0 

 20 16 4 4 16 0 

 20 14 6 6 36 0 

 20 18 2 2 4 1 

 20 19 1 1 1 1 

 20 17 3 3 9 0 

 20 18 2 2 4 1 

 20 18 2 2 4 1 

 20 31 -11 11 121 0 

 20 20 0 0 0 1 

 20 14 6 6 36 0 

 20 28 -8 8 64 0 

 20 23 -3 3 9 0 

 20 18 2 2 4 1 

Average: 20.0 19.8 0.3 3.9 22.9 35% 

   Bias MAE MSE % correct 

MAEf 
 is the absolute error for the forecast and MAEb is the absolute error for the 

benchmark, then the forecast skill is calculated as (5): 

 
f

b

MAE 2.1
1 1 0.45

MAE 3.9
− = − =      (5) 

Or it can be calculated through the mean squared error of the forecast and the 

benchmark as (6): 

 
f

b

MSE 6.9
1 1 0.7

MSE 22.9
− = − =         (6) 

If the accuracy measure being used is the percent correct (of forecasts that are within 

an acceptable range of the observations), then another skill measure is as (7): 

 
f b

b

PC PC
0.38

100% PC

−
=

−
                           (7) 

where the value of 0.38 means that the percent correct for the actual forecasts has gone 

0.38 of the distance between the benchmark value of 35% and a perfect score of 100%.  

d) Interpolation method 

The grid data predicted from the model are interpolated to 184 synoptic station points 

using the bilinear interpolation method. 

e) Regulation about the correct 

Table 5 shows the correct used for forecast temperature in Clause 3, Article 12 of 

Circular No. 41/2017/TT-BTNMT of the Minister of Natural Resources and Environment 

promulgating technical regulations on assessing the quality of meteorological forecasting. 

Table 5. The correct of forecast temperature according to regulation. 

Error between forecast 

value and observed value 

Forecast time from 1 - 3 days Forecast time from 4 - 10 days 

< -2oC - 2oC÷2oC > 2oC < -3oC - 3oC÷3oC > 3oC 

The reliability - + - - + - 
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3. Results and discussion 

3.1. The correct and the skill of minimum temperature 

Using WMO’s guidelines, we calculated the BIAS, MAE, MSE, % correct indices of 

the IFS model from 2019-2022 for the Tm in 24 hours for 184 synoptic stations nationwide, 

then averaged at 09 regions in Viet Nam, the results are given in Table 6. Table 6 shows 

that for the 24-hour forecast period, the forecast Tm tends to be higher than the actual 

temperature from 0.2 to 0.9oC in the most regions, except in the Northwestern region and 

the Red River Delta region, the forecast Tm tends to be lower than the actual temperature 

from -0.1 to -0.5oC. The average amplitude of forecast error is largest in the Red River 

Delta region and smallest in the Southern region with MAE equals 1.4 and MSE equals 

3.6oC. With an allowed error range of ± 2oC, the correct reaches from 96 to 98% for the 

southern provinces such as the Central Highland region, South Central region, and Southern 

region; the Mid-Northern region, Mid-Central region, and Northwestern region have the 

correct of 84 to 88%; the Red River Delta region, North Central region, and Northeastern 

region with the correct of 76 to 82%. This result is quite consistent because the monsoon 

circulation regime affecting the northern regions is more complex than the southern region, 

so the temperature variation in the northern regions is higher than the southern regions. 

Table 6. The BIAS, MAE, MSE, % correct indices of the IFS model from 2019-2022 for the Tm in 

24 hours at 09 regions in Viet Nam. 

Region Forecast (F) Observed (O) BIAS MAE MSE %Correct 

Northwestern Average: 19.3 19.3 -0.1 1.0 1.8 88% 

Mid-Northern Average: 20.0 19.8 0.2 1.1 2.1 84% 

Northeastern Average: 20.6 20.4 0.2 1.2 2.6 82% 

Red River Delta Average: 21.4 21.9 -0.5 1.4 3.6 76% 

North Central Average: 22.3 22.2 0.2 1.2 2.7 80% 

Mid-Central Average: 23.7 22.8 0.9 1.1 1.9 86% 

South Central Average: 25.3 24.8 0.5 0.7 0.7 98% 

Central Highland Average: 20.4 20.1 0.2 0.7 0.8 96% 

Southern Average: 24.7 24.7 0.0 0.6 0.6 98% 

The BIAS, MAE, MSE, % correct indices between the 30-year climatic average value 

(Benchmark) and the observed value from 2019-2022 for the Tm in 24 hours period are 

calculated for 138 synoptic stations, then averaged at 09 regions in Viet Nam, the results 

are given in Table 7. 

Table 7. The BIAS, MAE, MSE, % correct indices of Benchmark from 2019-2022 for the Tm in 24 

hours at 09 regions in Viet Nam. 

Region Benchmark (F) Observed (O) BIAS MAE MSE %Correct 

Northwestern Average: 18.6 19.3 -0.7 1.8 5.3 66% 

Mid-Northern Average: 19.3 19.8 -0.5 1.9 6.1 64% 

Northeastern Average: 20.0 20.4 -0.4 2.0 7.0 58% 

Red River Delta Average: 21.1 21.9 -0.8 2.1 7.2 56% 

North Central Average: 21.1 22.2 -1.1 2.1 6.7 55% 

Mid-Central Average: 22.0 22.8 -0.7 1.4 2.9 77% 

South Central Average: 24.5 24.8 -0.3 0.7 0.9 96% 

Central Highland Average: 19.4 20.1 -0.8 1.2 2.1 83% 

Southern Average: 24.3 24.7 -0.4 0.8 1.0 96% 

The skill of IFS model for Tm through comparison between the accuracy of the model’s 

forecast value and the Benchmark is shown in Figure 3. In most regions, the model’s 

forecast skill for the Tm has exceeded the Benchmark value by 0.4 to 0.6, especially in the 

Central Highland region, the percent correct for the actual forecasts has gone 0.8 of the 
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distance between the benchmark value of 76% and a perfect score of 100%. However, the 

benchmark’s MAE and MSE are larger than the model’s MAE and MSE, that mean the 

benchmark's error is larger than the model’s error. 

 

Figure 3. Skill score of IFS model for Tm at 09 regions in Viet Nam. 

3.2. The correct and the skill of average temperature 

The BIAS, MAE, MSE, % Correct indices of the IFS model from 2019-2022 for the 

Tave in 24 hours for 184 synoptic stations nationwide, then averaged at 09 regions in Viet 

Nam, the results are given in Table 8. 

Table 8. The BIAS, MAE, MSE, % correct indices of the IFS model from 2019-2022 for the Tave in 

24 hours at 09 regions in Viet Nam. 

Region Forecast (F) Observed (O) BIAS MAE MSE %Correct 

Northwestern Average: 21.8 22.4 -0.6 1.1 1.7 89% 

Mid-Northern Average: 22.1 22.4 -0.3 1.0 1.6 91% 

Northeastern Average: 22.6 22.9 -0.3 1.0 1.6 91% 

Red River Delta Average: 23.5 24.3 -0.8 1.4 3.0 75% 

North Central Average: 24.3 24.5 -0.2 1.1 1.9 87% 

Mid-Central Average: 25.4 25.3 0.1 0.7 0.9 96% 

South Central Average: 27.2 27.2 -0.1 0.4 0.3 100% 

Central Highland Average: 22.9 23.5 -0.6 0.8 0.8 99% 

Southern Average: 26.6 27.5 -0.9 1.0 1.3 95% 

Table 8 shows that for the 24-hour forecast period, the forecast Tave tends to be lower 

than the actual temperature in most regions. The average amplitude of forecast error is 

largest in the Red River Delta region and smallest in the South-Central region, with MAE 

from 0.4 to 1.4oC. With an allowed error range of ± 2oC, the correct reaches from 95 to 

100% in the southern provinces such as the Mid-Central region, South Central region, 

Central Highland region, and Southern region; the Northwestern region, the Mid-Northern 

region, Northeastern region, and North Central region have the correct of 87 to 91%; the 

Red River Delta region has the lowest correct of 75%. 

Table 9 about the results of Benchmark’s BIAS, MAE, MSE, % Correct indices from 

2019-2022 for Tave at 09 regions shows that the correct is lower in the northern provinces 

and very high in the southern provinces, especially the correct in the South-Central region 

and Southern region reaches from 97 to 98%. 
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Table 9. The BIAS, MAE, MSE, % correct indices of Benchmark from 2019-2022 for the Tave in 

24 hours at 09 regions in Viet Nam. 

Region Benchmark (F) Observed (O) BIAS MAE MSE %Correct 

Northwestern Average: 21.8 22.4 -0.6 1.8 5.4 62% 

Mid-Northern Average: 22.1 22.4 -0.3 1.9 5.9 61% 

Northeastern Average: 22.7 22.9 -0.2 2.0 6.4 59% 

Red River Delta Average: 23.5 24.3 -0.8 2.2 7.2 53% 

North Central Average: 23.8 24.5 -0.7 2.0 6.4 56% 

Mid-Central Average: 24.8 25.3 -0.5 1.5 3.6 71% 

South Central Average: 27.0 27.2 -0.2 0.7 0.8 98% 

Central Highland Average: 22.8 23.5 -0.7 1.1 1.8 88% 

Southern Average: 27.1 27.5 -0.4 0.8 1.0 97% 

The skill of IFS model for Tave through comparison between the accuracy of the 

model’s forecast value and the Benchmark is shown in Figure 4. At the most regions, the 

model’s forecast skill for the Tave has exceeded the Benchmark value by 0.5 to 08, 

especially in the Mid-Central region and the South Central region, the percent correct for 

the actual forecasts has gone 09 to 1. Except in the Southern region, the model's forecast 

skill for the Tave has lower than the Benchmark. This can be explained by the fact that the 

temperature regime in the Southern region has little change. Climatic values can be used to 

predict the average temperature of this region. That like the Tm, the benchmark's MAE and 

MSE are larger than the model's MAE and MSE for Tave.  

 

Figure 4. Skill score of IFS model for Tave at 09 regions in Viet Nam. 

3.3. The correct and the skill of maximum temperature 

With the same method, the results of the BIAS, MAE, MSE, % Correct indices of the 

IFS model from 2019-2022 for the Tx within 24-hour period at 09 regions in Viet Nam is 

given by Table 10. 

Table 10. The BIAS, MAE, MSE, % correct indices of the IFS model from 2019-2022 for the Tx in 

24 hours at 09 regions in Viet Nam. 

Region Forecast (F) Observed (O) BIAS MAE MSE %Correct 

Northwestern Average: 26.2 27.7 -1.5 2.4 7.9 45% 

Mid-Northern Average: 25.7 26.7 -1.0 2.1 6.5 53% 

Northeastern Average: 25.7 26.9 -1.2 2.1 6.5 50% 

Red River Delta Average: 26.9 28.0 -1.0 2.3 7.8 50% 

North Central Average: 27.7 28.4 -0.7 1.9 5.8 61% 

Mid-Central Average: 28.4 29.4 -1.0 1.7 4.0 66% 

South Central Average: 30.6 31.1 -0.5 0.9 1.3 91% 

Central Highland Average: 27.9 28.9 -1.1 1.5 3.3 72% 

Southern Average: 30.1 32.1 -2.0 2.1 5.6 51% 
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Table 10 shows that for the 24-hour forecast period, the forecast Tx tends to be lower 

than the actual temperature at the most regions, about from 1.5 to 2.0oC. The average 

amplitude of forecast error is largest in the Northwestern region and the Red River Delta 

region and smallest in the South-Central region (MAE is approximately 2.4oC, MSE is 

approximately 8oC in the northern regions, meanwhile MAE and MSE are only 

approximately 1oC in the South-Central region). With an allowed error range of ± 2oC, the 

South-Central region has the highest correct of 91%; the North Central region, the Mid-

Central region, and the Central Highland region have the correct of 61 to 72%; the other 

regions have the lower correct of 45 to 53%. 

Table 11. The BIAS, MAE, MSE, % correct indices of Benchmark from 2019-2022 for the Tx in 

24 hours at 09 regions in Viet Nam. 

Region Benchmark (F) Observed (O) BIAS MAE MSE %Correct 

Northwestern Average: 27.4 27.7 -0.3 2.7 11.3 43% 

Mid-Northern Average: 26.6 26.7 -0.1 2.5 9.8 47% 

Northeastern Average: 27.0 26.9 0.1 2.5 9.8 48% 

Red River Delta Average: 27.1 28.0 -0.9 2.8 11.4 38% 

North Central Average: 28.0 28.4 -0.5 2.6 10.4 44% 

Mid-Central Average: 29.1 29.4 -0.3 2.1 7.5 55% 

South Central Average: 30.7 31.1 -0.4 1.0 1.6 89% 

Central Highland Average: 28.4 28.9 -0.5 1.6 3.8 66% 

Southern Average: 31.5 32.1 -0.6 1.2 2.0 85% 

Table 11 shows that, for the Tx, Benchmark has quite high correct in the South-Central 

region and the Southern region with reaches from 85 to 89%. In the remaining regions, the 

correct is lower, only about 40 to 60%. 

The skill of IFS model for Tx is shown in Figure 5, which shows that, skill of Tx is 

lower than skill of Tm and Tave, only exceeding 0.1 to 0.2 compared to the benchmark value 

at the most regions. Except in the Southern region, the model's forecast skill for the Tx has 

lower than the benchmark. Similar to the explanation for average temperature, the reason 

the model’s skill is lower than the benchmark because the temperature regime of the 

Southern region is largely unchanged, especially in winter, despite the influence of the cold 

air, but only the wind regime changes, while the Tx in this region has little change. 

Compared to the model, the average amplitude of benchmark forecast error is larger. 

 

Figure 5. Skill score of IFS model for Tx at 09 regions in Viet Nam. 
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4. Conclusion 

Through the verification of forecast error indices and forecast skill according to WMO 

guidance and regulations of legal documents on assessing the quality of meteorological 

forecasting within allowable error range about ± 2oC for temperature, in this study we 

evaluate the correct and the skill of the IFS model from 2019-2022 for the minimum 

temperature, average temperature, maximum temperature within the 24-hours forecast 

period at 09 regions in Viet Nam, the results show: 

- Regarding forecast bias: The IFS model tends to forecast the minimum temperature to 

be higher than the actual one, while the average temperature and maximum temperature to 

be lower than the actual one at the most regions. The average amplitude of forecast error is 

highest in the Red River Delta region. 

- Regarding the correct: The IFS model forecast the minimum temperature and average 

temperature with higher correct than the maximum temperature. The correct in the southern 

region is higher than in the northern region, with the highest correct in the South-Central 

region, and the lowest correct in the Red River Delta region. 

- Regarding the skill: The IFS model has better forecast skill for the minimum 

temperature and average temperature at the most regions. Except in the Southern region, the 

model’s forecast skill is lower than the benchmark forecast (for average temperature and 

maximum temperature). 
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