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Abstract

:

The increase in extreme weather events causes secondary hazards that can influence people and the environment enormously. The Ca Mau Peninsula is known as one of the areas most severely affected by drought, and excessive groundwater exploitation is one of the reasons leading to a higher risk of land subsidence. This study uses the Delphi method and the KAMET rule table to analyze and select indicators that affect subsidence. The study uses the analytic hierarchy process (AHP) analytical hierarchy method to evaluate the weights of influencing factors, combined with geographic information system (GIS) technology to overlay the map layers of the main influencing factors and build a subsidence risk warning zoning map of the study area. The influencing factors selected to evaluate the impact on land subsidence in the study area during the drought period included geological structure, soil characteristics, groundwater flow exploitation, water flow in the dry season, current land use status, and evaporation in the dry season. The weights of these factors were evaluated based on the synthesis of relevant documents as well as consultation with experts. The results indicate that nearly two-thirds of the Ca Mau Peninsula area is currently at very low or low risk of subsidence. Meanwhile, 23% of the area is at medium risk, nearly 9% is at high risk, and 0.1% of the study area is at very high risk. Subsidence risk warning zoning maps can provide a visual and general overview of areas with high subsidence risk, supporting managers in making reference plans for socio-economic development in the Ca Mau Peninsula.
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1. Introduction


In recent years, there have been a number of studies around the world on susceptibility to subsidence and hazardous risk zoning. These studies have used many methods such as artificial neural networks [1,2]; synthetic aperture radar (SAR) interferometry and geospatial techniques [3,4,5]; the AHP method [6]; the finite element model [7]; machine learning models [8,9]; mapping based on remote sensing (RS); and the GIS [10]. Rezaei et al. [11] used the analytical hierarchy process model and certain factors to map the susceptibility to subsidence in the Ney-shabur aquifer. They created a map of effective subsidence parameters such as hydraulic conductivity, specific yield, water table drop, silt thickness, saturation thickness, compacted clay layer thickness, and underground water return capacity in a GIS environment. The results showed that the certain factor (CF) model produced higher prediction accuracy and a higher rate than the AHP model. But this study selected this method because of the current characteristics and data of the research area; the selected method can provide results with more reliable accuracy. Bhattarai and Kondoh [12] studied and analyzed naturally deposited fine-grained sediments that randomly create high porosity and contain water. As groundwater falls, these sediments are rearranged and compacted, leading to land subsidence. Chen et al. [13] used a land subsidence risk assessment model based on RS and GIS technology in Beijing using the Fuzzy AHP method. Their research determined the risk index of each study area using the Fuzzy AHP method and showed that land subsidence in Beijing is unavoidable. This result is very useful for the prevention and mitigation of natural disasters related to land subsidence. Research on land subsidence due to groundwater exploitation has been carried out in many cities such as Mashhad [14], Neyshabur, and Kashmar [15,16,17]. The Neyshabur Delta is largely overexploited due to uncontrolled irrigation and unsustainable agricultural practices [18]. Due to increases in population and water use, the regulation and enforcement of pumping are inadequate, so subsidence is an increasing problem in the Neyshabur Delta [16].



In Vietnam, a number of studies applying the AHP method and GIS technology in risk mapping have been carried out; for example, Tuyen et al. [19] used a geographic information system (GIS) to assess and zone the risk of landslides. Land subsidence in the karst area in Phong Dien, Thua Thien Hue, was mapped according to the AHP level analysis process. GIS data layers were built from geological maps, geophysical measurement data, groundwater simulation results from MIKE SHE, and blasting monitoring data. The landslide risk level index was calculated on the GIS platform by synthesizing component factors and weighting those factors. Trung et al. [20] used the method of integrating the GIS and the AHP hierarchical model to build a zoning map of the level of arsenic pollution in groundwater. Hao et al. [21] applied AHP methods and a GIS to evaluate land suitability for paddy rice crops in Quang Xuong district, Thanh Hoa province. Tran and Hoang [22] assessed flash flood risks based on the AHP and GIS in a case study of the Hieu catchment (Nghe An, Vietnam). Thanh et al. [23] approached this topic using a “Danger zoning map”. The landslide risk of Da Lat City was established using the AHP hierarchical analysis method and a geographic information system. The results showed that 94.8% of landslides occurred in moderate to very high-risk areas. Areas with landslide risk from extremely low to low, medium, high, and very high accounted for 21.76%, 36.14%, 21.15%, 15.91%, and 5.04% of the study area, respectively. Tuan and Tuyet [24] introduced a method for building landslide risk maps based on the integration of AHP and GIS hierarchical models with a database of natural topographic and geological conditions, morphology, geology, hydrogeology, hydrometeorology, land cover, etc. The results identified and zoned points with high risks of landslides that directly affect the population. In the southern region of Vietnam, there have also been a number of studies evaluating the risk of subsidence and soil erosion. A study used the AHP method to evaluate the risk of riverbank erosion in the downstream area of the Dong Nai river system [25]. Loi and Tuan [26] researched and evaluated the possibility of applying radar RS images to monitor ground subsidence in Can Tho city. The continuous scattering interferometry method Persistent Scatterer SAR Interferometry (PSInSAR) was used on multi-temporal Sentinel-1 satellite images to analyze land subsidence. The study results show that the use of radar RS images in land subsidence monitoring is potentially applicable to Can Tho.



Some studies have been conducted on land subsidence in the Mekong Delta and the correlation between land subsidence and groundwater exploitation [27,28,29,30,31,32]. Currently, Interferometric Synthetic Aperture Radar (InSAR) data based on satellite images are the only source of time-series data on surface elevation allowing estimates of subsidence rates. According to Erban et al. [28], the corresponding time-series assessment results from 2006 to 2010 show that the total subsidence rate at groundwater monitoring stations throughout the Mekong Delta reached about 1–4 cm/year, averaging 1.6 cm/year. If groundwater pumping continues at the current capacity, the rate of subsidence by 2050 is forecast to be about 0.88 m (0.35–1.4 m). Karlsrud and Vangalsten [30] used InSAR technology, and their study results show that the land area in Ca Mau is located at an altitude of less than 1.5 m above sea level. Thus, subsidence has reached 40–80 cm in some places and the current rate of subsidence may correspond to 2–4 cm/year. Recently, satellite-based data using InSAR (Interferometric Synthetic Aperture Radar) technology confirmed that significant subsidence is occurring in all provinces in Vietnam south of Ho Chi Minh City. The subsidence due to groundwater pumping is estimated to be about 2–4 cm/year. In their latest study, Minderhoud et al. [32] applied a delta-wide approach to calculate a groundwater flow model of the entire aquifer system, combined with a geotechnical subsidence model. Research results show that the rate of subsidence has increased rapidly since groundwater was overexploited in the 1990s, with the current rate being between 1–2 cm/year and about 3 cm/year in rural areas. In cities and industrial zones, the average subsidence rate is 1.2 cm/year.



An overview of domestic and foreign studies and research areas shows that the combination of the AHP method with GIS analysis and assessment technology has been very effective in identifying and assessing the risk of subsidence in some areas in Vietnam excluding the Ca Mau Peninsula [19,20]. There have been many studies using modeling combined with RS to evaluate the impact of subsidence due to lowering groundwater levels [22,23,24,25,26,27,28,29,32,33]. Most studies evaluate subsidence due to the impacts of structures and bank landslides that cause the subsidence of surrounding land, but there are very few studies on subsidence due to the impact of prolonged drought. For example, Miller et al. [33] studied the persistent drought in the region beginning in 2012, intensifying in 2014, and abruptly alleviated by a wet period from December 2016 to February 2018. Wüest et al. [34] showed that property damage from drought-induced soil subsidence has risen dramatically across Europe. In France alone, subsidence-related losses have increased by more than 50% within two decades, costing affected regions an average of EUR 340 million per year. Charpentier et al. [35] proposed a method of approaching the costs and frequency of claims due to subsidence based on historical data. This study was applied through two main components: developing new drought indicators using Open Data and using parametric and tree-based models to model this risk. Modeling subsidence integrated meteorological and geological indicators to ascertain the factors predisposing a policy to subsidence. Currently, the problem of subsidence in Ca Mau peninsula area has been studied, however, the previous studies only consider the relationship with the groundwater exploitation [30,31,32]. There have been no studies assessing the risk of subsidence due to drought. This is one of the novelties of this study. The study uses the Delphi method and the KAMET rule table to analyze and select indicators that affect subsidence. The Delphi method is a systematic qualitative research method based on the judgment of individuals identified as experts in the topic under consideration [36]. It provides an iterative solution to achieve general expert consensus on scores or when responses achieve a certain level of stability [37]. In addition, the KAMET rule provides a quantitative threshold to stop further rounds of Delphi questionnaires. This process includes selecting experts, receiving feedback from experts, and checking for qualifications according to the KAMET code of conduct. Since then, many practical applications of the method have been carried out in many fields, in which the field of hydrology and water resource management has been and is being applied [38,39,40,41].



The results can be used to assess the risk of subsidence due to prolonged drought in areas with similar characteristics to the Ca Mau peninsula. This is an area severely affected by drought, prolonged saltwater intrusion, and river water decline, which lead to increased groundwater exploitation. There is no exogenous flow. The study results answered the following question: how does drought affect land subsidence? Thus, this study established a map of subsidence risk due to drought that fully considers the factors (location of underground water flow exploitation, flow volume in the dry season, evaporation in the dry season, geological characteristics, soil characteristics, and land use) that influence the risk of subsidence. For this study, we use the Delphi method and the KAMET rule table to analyze and select indicators. After that, we selected the AHP research method combined with GIS technology to build a zoning map of subsidence risk because of drought in the Ca Mau Peninsula area, Vietnam. The objectives of this study were: (1) to apply the AHP method to determine the weights of factors affecting drought’s impact on subsidence in the Ca Mau Peninsula area and (2) to apply GIS technology to overlay map layers and determine subsidence risk zones in the Ca Mau Peninsula area. The high-risk subsidence maps will provide great support to managers and planners providing structural and non-structural solutions that contribute to the sustainable development goal of “climate action” and improve resilience and adaptability in the context of climate change.




2. Materials and Methods


2.1. Description of the Study Site


The Ca Mau Peninsula is in the southernmost province of the country, with geographical coordinates from 8°34′ to 9°33′ north and from 104°43′ to 105°25′ east, with 3 sides bordering the sea. The eastern region of the peninsula borders the East Sea, western and southern regions border the Gulf of Thailand, and the northern region borders Bac Lieu and Kien Giang provinces (Figure 1). The Ca Mau Peninsula has a natural area of 522,119 hectares, accounting for 13.13% of the Mekong Delta area and 1.58% of the country’s area. The coastline is 254 km long; the west coast is 147 km long, and the east coast is 107 km long. Collapse and subsidence during the dry season are common in the freshwater region of Ca Mau Province. Therefore, this study focused on identifying the main factors of influencing subsidence, using the AHP method to determine the weights of influencing factors and applying GIS technology to compile maps of locations at risk of subsidence in Ca Mau province.




2.2. Methodology


The procedure implemented in this study is presented in Figure 2.



This research used the Delphi method and the KAMET rule table to analyze and select indicators that affect subsidence. The GIS tool was used to analyze maps of component factors (location of underground water flow exploitation, groundwater flow exploitation, flow volume in the dry season, evaporation in the dry season, geological characteristics, soil characteristics, and land use) and determine the weighting factors using the AHP method. The component factors and weight factors were synthesized to derive a subsidence risk zoning map of the Ca Mau Peninsula (Figure 2).



2.2.1. The Delphi Method and the KAMET Rule


Many factors can potentially cause subsidence in the study area. To determine the main factors suitable for the study area, we ensured that representative data could be measured and were easy to put into a formula for assessment, and ensured the quality of data to calculate and analyze the level of impact. This study used the Delphi method and the KAMET rule table to analyze and select indicators affecting subsidence. The Delphi method is a systematic qualitative research method based on the assessments of individuals identified as experts on the topic under consideration [36]. It provides an iterative solution to achieve general expert consensus on scores or when responses achieve a certain level of stability [37]. In addition, the KAMET rule provides a quantitative threshold to stop further rounds of Delphi questionnaires. This process includes selecting experts, receiving feedback from experts, and checking for qualifications according to the KAMET code of conduct. The Delphi method was developed in the 1950s by Helmer and Dalkey [36] of the RAND corporation to solve a number of problems in military projects. Since then, many practical applications of the method have been carried out in many fields, and it has been applied in the field of hydrology and water resource management [38,39,40,41]. Questionnaires are designed to focus on problems, opportunities, solutions, or forecasts.



The next questionnaire is developed based on the results of the previous one. This process stops when the answer reaches consensus or when complete information has been exchanged [42]. This method requires the selected experts to have similar fields and expertise, thereby ensuring consistency in the results. The experts answer the questionnaires in two or more rounds. After each round, the experts are provided with an anonymous summary of the experts’ decisions in the previous round as well as the reasons they gave for those decisions. The process of selecting influencing factors using the Delphi method was carried out in 8 steps:



Step 1: Developing a detailed investigation plan.



Step 2: Selecting a group of experts involved in the consultation process. The selected experts included those working in the field of subsidence such as experts in hydrology, climate change, ecology, environment, irrigation, construction, etc., with similar qualifications (master’s degree or higher) and who were knowledgeable about the study area.



Step 3: Building a Delphi questionnaire: The questionnaire includes questions about indicators based on research overviews, approaches, and assessment of appropriateness of the research problem to seek advice from experts.



Step 4: First Delphi survey: Open-ended questionnaires were sent to each expert for consultation. The experts were asked to evaluate their level of agreement with the given set of indicators and targets. The level of consensus was arranged from 1 to 5 as follows: (i) very unrelated; (ii) unrelated; (iii) more or less related; (iv) related and (v) very related. Sample questions for the experts are presented in Table 1.



Step 5: Analyzing round 1 data. After receiving answers from the experts, the results were synthesized and analyzed based on the KAMET principles. These principles provided the level of importance of each index (qi) in each stage based on an assessment of a combination of statistical values including the median (Mdqi); quartile deviation (Qqi); mean (Mqi); and variance (Vqi). The variance was the rate that the experts changed their assessments (%). The KAMET rule is described in detail with 3 conditions for evaluation in Table 2.



Step 6: Sending the investigation results to the expert group. The questionnaires, after eliminating indicators or questions that did not satisfy the KAMET principles, continued to be sent to the experts.



Step 7: Second Delphi survey. The round 2 Delphi survey was conducted with a questionnaire after finishing round 1. Similarly to round 1, the Delphi team again conducted an analysis based on the KAMET principles. Statistical values included the median (Mdqi), quartile deviation (Qqi), average value (Mqi), and variance (Vqi), which were recalculated in this step. If all questions were approved or rejected, or the mean was higher than 3.5 and the variance was lower than 15%, the consultation method ended [43].



Step 8: Analyzing and synthesizing the results.




2.2.2. AHP Analytical Hierarchy Method


AHP is a hierarchical analysis method researched and developed by Saaty [44]. This method helps implementers choose the most suitable option by identifying and analyzing factors that influence and impact a problem that needs to be solved. Saaty provided a table to classify the importance of factors relative to each other.



The analytic hierarchy process (AHP) is a pairwise comparison method of measurement theory [44]. It divides problems into factors, then arranges them into a hierarchy chart. After that, the value of each factor is compared to determine the most significant factor and choice [45,46]. Saaty [44] set up a fundamental scale with 9 levels of intensity, as shown in Figure 3.



Consistency in comparing pairs is essential. The consistency ratio (CR) is used to determine the level of inconsistency of statements in the AHP method. The process of calculating the consistency index includes the following steps:




	-

	
Determine the total weight vector by multiplying the original pair’s comparison matrix by the weight matrix of the influencing factors.




	-

	
Determine the consistency vector by dividing the total weight vector by the weights of the previously determined factors.




	-

	
Calculate the largest eigenvalue (λmax) by taking the average value of the consistency vector.









The consistency index (CI) is an index that measures the degree of consistency deviation and is determined according to the following formula:


  C I =    λ  max   − 1   n − 1    



(1)




where λmax is the mean value of the consistency vector and n is the number of criteria.



The consistency ratio (CR) is calculated according to the following formula:


  C R =   C I   R I    



(2)




where RI is a random index that depends on the number of factors being compared with each other and is determined as shown in Table 3. The random index (RI) [44] shows the average values for matrices of orders 1 to 10 using a sample size of 500.



If the CR value is less than 10%, the result is acceptable; otherwise, the previous steps must be reconsidered. After obtaining the weight of each influencing factor, the GIS tool is used to conduct a zoning assessment to give a score for each specific factor and calculate the total score by overlaying the component maps.




2.2.3. Methods of Overlaying Influencing Factors Using GIS Techniques to Build Subsidence Maps


Map Superposition Method


The geographic information system (GIS) allows the construction of spatial analysis, management, integration, and overlay of information layers. The AHP hierarchical analysis model supports the GIS, synthesizes information, and assigns the most appropriate weights to selected factors. After decentralizing and calculating the weights of the factors, the general integration gives locations with potential subsidence.



The information is standardized and weighted according to different levels of importance. The formula has the following form:


C = Wgeo × YTgeo + Wsoil × YTsoil + Wgw × YTgw + Wflow × YTflow + Wland × YTland + Weva × YTeva



(3)




where C is the index that characterizes locations with potential for subsidence; Wgeo, Wsoil, Wgw, Wflow, Wland, and Weva are the weights depending on the importance of the influencing factors; and YTgeo, YTsoil, YTgw, YTflow, YTland, and YTeva are the influencing factors (geology, soil, groundwater flow exploitation, dry-season flow, dry-season evaporation, and land use).



From the results of determining this C index, a map of locations at risk of subsidence was created. This map was verified with actual data. If the results did not match the actual data, the data put into the GIS were rechecked, including the number of factors and the weight of each factor. A diagram of this study’s structure is presented in Figure 2.




Standardize Assessment Criteria


The evaluation criteria needed to be standardized according to a common scale so they could be compared with each other. This process divided the classes within each parameter into 5 levels of sensitivity to land subsidence: very low, low, medium, high, and very high (Table 4). In principle, the evaluation scale for each parameter was made by calculating the density of the subsidence points investigated on each layer of factor parameters. Based on this density, the scale was calculated and classified according to the 5 levels above. The current subsidence factor was used to evaluate the levels of standardization and accuracy of the subsidence risk map in the study area.



Table 4 is a scale showing the influence of each factor on subsidence during drought periods. Each influencing factor is divided into different groups, and the influence level of each group is evaluated according to the sensitivity levels of very high, high, medium, low, and very low. The values are taken according to the monthly rating levels shown in Figure 3.





2.2.4. Data Collection


Based on documents on subsidence in the study area, the main long-term cause is the groundwater exploitation process, in addition to influencing factors such as the flow rate to the study area, potential evaporation, geological and soil characteristics of the study area, and the characteristics of groundwater exploitation and use in the study area. Table 5 shows selected criteria used to assess the risk of land subsidence. Data collected are based on the results of the Delphi and KAMET rule methods to select the main influencing factors on subsidence in the study area.



The above steps and the initial set of preliminary indicators were used to obtain the expert opinions listed in Table 1 and Table 2. The calculation results are presented briefly in Table 2. The index marked with an * is the index that was eliminated because it did not meet the conditions of the KAMET rule, and the final selected index is presented in Table 5.



Table 5 summarizes the results of the experts’ evaluation according to the rules in Table 2. The total of 24 experts used to take the survey include a group of local officials (12 experts from offices representing six provinces in the Ca Mau peninsula region, 1 local-level leader—a person with comprehensive knowledge of the current subsidence situation in the study area, and 1 main specialist in charge related to natural disasters in the area) and 10 independent experts on subsidence research in Vietnam. Experts evaluate the influencing factors selected for survey and evaluation in Table 1 according to the principles listed in Table 2. The results of asking for expert’ evaluations on the index set are presented in Table 5.



The main factors influencing subsidence in the study area are shown in Table 6.



With the main influencing factors identified in Table 6, the data collection is presented in Table 7. Hydrometeorological data at stations in the study area were collected from six meteorological gauges (Ca Mau, Bac Lieu, Soc Trang, Vi Thanh, Tra Noc, and Can Tho) and sixteen hydrology gauges (Thot Not, Bon Tong, Tan Hiep, Co Do, Ha Giang 1, Xeo Ro, Vi Thanh, Tra Noc, Tan Quy Tay, Dai Ngai, Phung Hiep, Tran De, Phuoc Long, Ganh Hao, Nam Cam and Song Doc) (Figure 4a). These data were collected to calculate the flow and the amount of evaporation in the dry season in the study area. The data were collected from the Information and Data Center, Vietnam Meteorological and Hydrological Administration, Ministry of Natural Resources and Environment (MoNRE).



This study used the Penman–Monteith formula [47] to calculate evapotranspiration. This formula is recommended by the FAO (Food and Agriculture Organization of the United Nations) and is written as follows:


  E  T 0  =   0.408 Δ    R n  − G   + γ   900   T + 273    u 2     e x  −  e a      Δ + γ   1 + 0.34  u 2       



(4)




where ETo is the reference evapotranspiration [mm.day−1]; Rn is the net radiation at the crop surface [MJ.m−2.day−1]; G is the soil heat flux density [MJ.m−2.day−1]; T is the mean daily air temperature at a height of 2 m [°C]; u2 is the wind speed at a height of 2 m [m.s−1]; es is the saturation vapor pressure [kPa]; ea is the actual vapor pressure [kPa]; es − ea is the saturation vapor pressure deficit [kPa]; Δ is the slope of the vapor pressure curve [kPa°C−1]; and g is the psychrometric constant [kPa°C−1].



The dry-season flow was calculated using the Soil Conservation Service’s (SCS) Curve Number Method [48] according to the following formula:


  Q =       P −  I a     2      P −  I a    + S    



(5)




where Q is the runoff (in), P is the rainfall (in), S is the potential maximum retention after runoff begins, and Ia is the initial abstractions.





 





Table 7. Selected criteria for assessing the risk of land subsidence.






Table 7. Selected criteria for assessing the risk of land subsidence.





	No.
	Selection Criteria
	Data Sources Used





	1
	Geological structure
	Geological map of the study area (scale 1:10,000)



	2
	Soil documents
	National Center for Water Resources Planning and Investigation



	3
	Groundwater flow exploitation
	National Center for Water Resources Planning and Investigation



	4
	Water flow in the dry season
	Calculated according to (SCS) Curve Number Method [48]



	5
	Current land use status
	Land use map of the study area (scale 1:10,000)



	6
	Evaporation in the dry season
	Calculated according to Penman–Monteith formula [47]








Geological, soil, and land use maps are presented in Figure 4b,c,e.



Groundwater exploitation documents were collected from the National Center for Water Resources Planning and Investigation (NAWAPI) (Figure 4d).






3. Results


3.1. Determine Standardization Criteria


Based on the results of collecting opinions on the parameters through the questionnaire, a comparison matrix was established. The coefficients of the matrix were calculated by comparing the pairwise scores of the components. In this thesis, comparisons were made between groups of indicators and between the indicators within each group. The comparative value of the index was determined based on expert opinions. Then, the weights of the index groups as well as the index were calculated according to the AHP algorithm. The variables were a set of many components with different values and dimensions. To be able to calculate and determine the risk of subsidence index (C), it was necessary to standardize the variables into a dimensionless form according to the rating scale. The level of influence ranged from 1 to 5. This was multiplied by the weight of the variable, thereby calculating the values of the index, the index group, and the composite C index.



Geological factors assessed the levels of geological strata that potentially cause subsidence in the study area (the geological stratification map of the study area was used to determine the score on the assessment scale). The soil factor evaluated the influence of each type of soil on subsidence in the study area (the map of the distribution of soil types in the area with actual subsidence occurring in the study area was used to determine the point evaluation). The land use factor was based on the map of land use types, and information on the locations of subsidence was used to give an assessment score. The groundwater exploitation and use factor was based on the locations of drilled wells and groundwater flow exploitation, and the locations of actual subsidence were used to give an assessment scale. The dry-season evaporation factor was based on data from the meteorological stations. It calculated the amount of dry-season evaporation in the basin and built a correlation with the locations where subsidence occurred in reality to give a rating scale. The dry-season flow factor calculated the amount of recharge flow into the basin during the dry season and built a correlation with the actual locations of subsidence to give points on the evaluation scale.



This study standardized six selected indicators, and the results are shown in Table 8, Table 9, Table 10, Table 11, Table 12 and Table 13. This study evaluated the sensitivity level of each group in the elements based on the synthesis of documents and data collected in the study area, and consultation with experts. Specifically, for the geological factors, data related to geological drilling holes, and data related to the distribution of geological layers in the study area, this study was conducted to overlay the layers and determine the locations where subsidence had occurred to give an assessment according to the sensitivity scale. The amQ3IV1 geological component area is the area where subsidence often occurs during drought periods. Similarly, the factor groups of the other components were also evaluated based on superposition with the map layer of areas where subsidence often occurs in reality. The assessment results were compared with expert opinions, including those of local officials and experts who had participated in projects and studied topics related to subsidence in the study area.



The map layers after normalization are shown in Figure 5a–f. The geological sensitivity map (Figure 5a) shows the influence of geological factors on subsidence in the study area. Ca Mau province is the area where subsidence is most affected by geological factors. Figure 5b shows the sensitivity of soil factors to subsidence in the Ca Mau Peninsula area. Soil factors have a relatively strong influence on subsidence in Ca Mau, Bac Lieu, and Soc Trang provinces. Figure 5c shows the sensitivity of minimum flow factors to subsidence in the study area. The results show that areas with many wells have high sensitivity to subsidence. Figure 5d shows the influence of dry-season flow factors. The subsidence in Soc Trang province is greatly influenced by this factor. Figure 5e shows the level of influence of evaporation factors on subsidence in the study area. Evaporation has the highest sensitivity to subsidence in Ca Mau province and has a strong influence in other provinces in the region during drought periods. The land use factor is also one of the factors affecting the subsidence situation in the Ca Mau Peninsula (Figure 5f). However, this factor has a low level of influence on subsidence in the study area.




3.2. Weight of Evaluation Criteria


This study used the AHP analytical hierarchy method to establish a calculation matrix. The matrix table comparing the evaluation criteria is shown in Table 14.



The weight calculation was carried out by dividing each value in each column of the matrix by the total number of values in that column. The result was a weight between 0 and 1, as shown in Table 15.



Equations (1) and (2) were used to calculate CI = 0.101 and CR = 8.1%. As the CR value is less than 10%, the weight can be used.



The subsidence risk index of the study area is calculated according to the following formula:


Risk of subsidence (C) = (Land × 0.036) + (Qdry × 0.296) + (Geological × 0.052) + (Land use × 0.145) + (ETdry × 0.159) + (Groundwater exploitation × 0.312)



(6)







Formula (6) weighted with the influencing factors (land, Qdry, geological, land use, ETdry, groundwater exploitation) was applied to build a land subsidence risk zoning map, as shown in Figure 6. The analysis results in Table 16 show that currently, the Ca Mau Peninsula area is mostly at low or very low risk of subsidence, with over 30% of the area at the low level, while 23% of the area is at the average level, 10% of the area is at high risk, and 0.1% of the study area is at very high risk. The results of this article’s research are shown using a subsidence risk zoning map that provides an intuitive and general overview of the areas with high subsidence risk and can be a document to help managers consult in the work of building a socio-economic development plan for the Ca Mau Peninsula region.





4. Discussion


Determining the influencing factors causing subsidence showed that groundwater exploitation is the main cause of subsidence in the Mekong Delta and Ca Mau Peninsula area with the weighting factors in Table 11. This is consistent with observations in the study area [28,29,32,33] in particular, and in other sinking deltas, such as the Yellow River Delta [49], the Bangkok delta cities in the Chao Phraya delta [50], Suzhou in the Yangtze delta [51], Jakarta [52], Indonesian cities [53], and Shanghai [54,55], and major land subsidence due to groundwater withdrawal worldwide [56]. Previous studies have often focused on a single city or a relatively small part of a delta and selected some factors such as groundwater depletion, the slow consolidation of weak water-saturated soil layers, saltwater intrusion, geological tectonics, relative sea level rise, etc. [57,58,59,60,61]. This research applied the AHP method and GIS technology to determine the weights of factors affecting drought and the subsidence risk zones in the Ca Mau Peninsula area. The results show that the combined application of AHP and GIS methods is consistent with previous research results [62,63].



The results show that during periods of prolonged drought, the area with high subsidence potential is Soc Trang province, followed by Ca Mau, Can Tho, Tra Vinh, and Hau Giang provinces. The results were evaluated based on the subsidence risk map (Figure 6) established by overlaying the layers of influence factors according to the weights evaluated using the AHP method. The Soc Trang area has geological factors and soil factors that affect subsidence with high sensitivity. At the same time, the dry-season flow in this area is not replenished much and the rate of groundwater exploitation is high. Therefore, the combination of these factors makes Soc Trang the area with the highest subsidence risk based on this assessment method [64]. Ca Mau Province has a number of areas at high risk of subsidence [65]. These locations are quite similar to areas where subsidence frequently occurs, such as Tran Van Thoi district and U Minh district [66]. Ca Mau Province is also one of the cities affected by subsidence, especially during periods of prolonged drought, and the research results also show this. Soc Trang and Tra Vinh are two provinces with subsidence in areas along canals and rivers [67,68,69,70]. Table 16 lists the facies areas corresponding to the subsidence risks, and the area at very high risk of subsidence accounts for a very low percentage (0.1%). However, the area with a moderate-to-high risk of subsidence is relatively large (over 30%).



By combining the AHP method and GIS technology, this study evaluated the weights of factors affecting subsidence in the study area during drought periods. These factors were selected based on an evaluation of the correlation of each individual factor with subsidence during drought periods. After overlaying the map layers, the influencing factors were selected with assessment points in consultation with experts. The map of locations at risk of subsidence shows locations with a high risk of subsidence during times of drought if the influencing factors are not affected by sudden changes. The subsidence risk zoning map shows the locations at high risk of subsidence relatively accurately during drought periods. The information in this map is a meaningful reference for planners in this area.



This study on subsidence due to drought in the Ca Mau Peninsula area is one of the new studies conducted in Vietnam. The study area is increasingly facing prolonged droughts, leading to increased groundwater exploitation. Therefore, the risk of subsidence is becoming more and more serious. The study results will help managers make appropriate groundwater exploitation policies during drought periods as well as develop drought response plans to minimize the impact of subsidence and ensure sustainable development goal No. 13 of “climate action” in the context of climate change in the study area.




5. Conclusions


This study provides the steps to build a subsidence risk map based on superimposed factors affecting subsidence in a study area. Influencing factors were analyzed and weighted based on the AHP hierarchical analysis method. The main findings are summarized as follows:




	-

	
The study applied the Delphi method along with the KAMET rules to select these factors affecting the study area. Six component factors were selected. Groundwater exploitation is the core factor leading to land subsidence in the Ca Mau Peninsula, followed by geological and soil factors. During periods of prolonged drought, the study area with the highest subsidence potential is Soc Trang province, followed by Ca Mau, Can Tho, Tra Vinh, and Hau Giang provinces.




	-

	
Identifying factors affecting subsidence and applying map overlay technology allowed a subsidence zoning map of the study area to be built. If influencing factors can be predicted, a subsidence risk warning map will be built for the study area.




	-

	
The high-risk subsidence maps will provide great support to managers and planners providing structural and non-structural solutions that contribute to the sustainable development goal No. 13 “climate action” and improve resilience and adaptability in the context of climate change.









This study analyzed factors affecting subsidence in the Ca Mau peninsula area using AHP analysis and GIS methods. However, it was practically impossible to collect data on each individual factor. The study results have some limitations. The main limitation is the use of the method of overlapping map layers, in which map layers with determined weights were stacked on top of each other to identify locations at risk of subsidence in the study area. The processing of some map layers may have had errors, such as the dry-season evaporation map and the dry-season water flow map, which were built based on factors using calculation formulas, so they could not avoid work errors. In addition, the hydrometeorological station locations in the study area were quite sparse, leading to the interpolated values not being perfectly accurate. Furthermore, the weighting of the influencing factors used expert methods, so subjective assessments could not be avoided. However, the weights of these influencing factors can change over time to gradually match reality. Another limitation of this study is that there is no continuous and complete database of subsidence points to use when building a real-time subsidence risk assessment map of the study area. The collected documents used in this research are mainly information about the locations of occurrence in some typical areas with asynchronous years and times of occurrence.



The results of the subsidence risk map in the study area are quite similar to those in areas where subsidence is likely to occur when drought and groundwater exploitation increase. To overcome the above limitations, in the future, we can continue to study this topic and build a warning system for the risk of subsidence in the Ca Mau Peninsula area. The warning system will actively support managers in making plans and solutions to effectively manage groundwater exploitation, ensuring sustainable socio-economic development.
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Figure 1. Study location map. 
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Figure 2. A flowchart of the structure of this study. 
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Figure 3. Scale comparing the importance of factors [44]. 
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Figure 4. (a) Hydrometeorological data at stations in the study area, (b) geological, (c) soil, (d) groundwater flow exploitation, (e) land use maps. 
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Figure 5. Factors affecting subsidence: (a) geology, (b) soil, (c) groundwater flow exploitation, (d) flow in the dry season, (e) land use, and (f) evaporation in the dry season. 
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Figure 6. Subsidence risk zoning map in the Ca Mau Peninsula area. 
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Table 1. Sample questions on the relation of factors affecting subsidence.
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	Relevance/Indicator Group
	Very

Unrelated
	Unrelated
	More or Less Related
	Related
	Very

Related





	Geological characteristics
	
	
	
	
	



	Soil characteristics
	
	
	
	
	



	Land use characteristics
	
	
	
	
	



	Annual flow characteristics
	
	
	
	
	



	Dry-season flow characteristics
	
	
	
	
	



	Evaporation throughout the year
	
	
	
	
	



	Characteristics of evaporation in the dry season
	
	
	
	
	



	Characteristics of underground water exploitation
	
	
	
	
	



	Topographic characteristics
	
	
	
	
	



	Characteristics of construction projects
	
	
	
	
	










 





Table 2. KAMET rules analyzed and evaluated using the Delphi method.






Table 2. KAMET rules analyzed and evaluated using the Delphi method.










	Round t
	Round t + 1
	Round t + 2





	The average value (Mqi) ≥ 3.5
	If the average value (Mqi) ≥ 3.5; quartile deviation (Qqi) ≤ 0.5; and variance (Vqi) < 15%, qi is accepted and no further qi consultation is required.
	



	The average value (Mqi) ≥ 3.5
	If Mqi ≥ 3.5, Qqi ≤ 0.5; and Vqi ≥ 15%, round 2 consultation is required.
	If Mqi ≥ 3.5, Qqi ≤ 0.5, and Vqi ≤ 15%, qi is accepted and no further qi consultation is required.



	The average value (Mqi) < 3.5
	If Mqi < 3.5, Qqi ≤ 0.5, and Vqi ≤ 15%, qi is eliminated and no further qi consultation is required.
	If Mqi ≥ 3.5, Qqi ≤ 0.5, and Vqi ≤ 15%, qi is accepted and no further qi consultation is required.










 





Table 3. Random index (RI) [44].






Table 3. Random index (RI) [44].





	N
	1
	2
	3
	4
	5
	6



	R1
	0
	0
	0.25
	0.89
	1.11
	1.25



	N
	7
	8
	9
	10
	11
	12



	R1
	1.35
	1.4
	1.45
	1.49
	1.52
	1.54










 





Table 4. Standardized scoring scale.






Table 4. Standardized scoring scale.





	Object Group
	Sensitivity Level
	Point Evaluation





	Group 1
	Very high
	9



	Group 2
	High
	7



	Group 3
	Medium
	5



	Group 4
	Low
	3



	Group 5
	Very Low
	1










 





Table 5. Results of asking for expert opinions on the index set.






Table 5. Results of asking for expert opinions on the index set.





	
Consultation Round

	
Index

	
Mqi

	
Qqi

	
Vqi (%)






	
Round 1

	
Geological characteristics

	
4.1

	

	




	
Round 2

	
3.6

	
0

	
15.2




	
Round 3

	
3.5

	
0

	
12.5




	
Round 1

	
Soil characteristics

	
4.5

	
0.5

	




	
Round 2

	
4.2

	
0.38

	
25




	
Round 3

	
3.7

	
0.5

	
6.3




	
Round 1

	
Land use characteristics

	
4.3

	

	




	
Round 2

	
4.1

	
0.5

	
15.2




	
Round 3

	
4

	
0.5

	
12.5




	
Round 1

	
Annual flow characteristics (*)

	
3.7

	

	




	
Round 2

	
3.5

	
0.88

	
37.5




	
Round 3

	
3.1

	
0.38

	
18.8




	
Round 1

	
Dry-season flow characteristics

	
3.9

	

	




	
Round 2

	
3.8

	
0.5

	
18.8




	
Round 3

	
3.6

	
0.5

	
12.5




	
Round 1

	
Evaporation throughout the year (*)

	
3.7

	

	




	
Round 2

	
3.6

	
1

	
43.8




	
Round 3

	
3.2

	
1

	
31.3




	
Round 1

	
Characteristics of evaporation in the dry season

	
3.8

	

	




	
Round 2

	
3.6

	
0.5

	
25




	
Round 3

	
3.5

	
0.5

	
12.5




	
Round 1

	
Characteristics of underground water exploitation

	
4.4

	

	




	
Round 2

	
4.1

	
0.5

	
18.8




	
Round 3

	
3.8

	
0.5

	
12.5




	
Round 1

	
Topographic characteristics (*)

	
3.7

	

	




	
Round 2

	
3.5

	
1.38

	
43.8




	
Round 3

	
3.3

	
1.38

	
37.5




	
Round 1

	
Characteristics of construction projects (*)

	
3.6

	

	




	
Round 2

	
3.5

	
1

	
37.5




	
Round 3

	
3.4

	
0.5

	
56.3








Note: * Factors are not selected because they don’t meet the KAMET rules.













 





Table 6. Factors affecting the study area.






Table 6. Factors affecting the study area.





	Factors
	Symbol





	Geological characteristics
	Geo



	Soil characteristics
	Soil



	Characteristics of groundwater exploitation and use
	Gw



	Dry-season flow characteristics
	Flow



	Land use characteristics
	Land



	Characteristics of evaporation in the dry season
	Eva










 





Table 8. Sensitivity to geological factors.






Table 8. Sensitivity to geological factors.





	Geological Composition
	Sensitivity Level
	Points





	amQ3IV1
	Very high
	9



	amQ23IV1
	High
	7



	mQ3IV1
	Medium
	5



	amQ23IV2
	Low
	3



	abQ3IV2
	Very Low
	1







amQ3IV1: sand, clay, and clay powder; amQ23IV1: clay powder, plant remains, gravel, and sand; mQ3IV1: sand and clay; amQ23IV2: gravel, clay, and clay powder; abQ3IV2: fine sand, silt, clay, and plant remains.













 





Table 9. Sensitivity to soil factors.






Table 9. Sensitivity to soil factors.





	Soil Type
	Sensitivity Level
	Points





	Alluvial
	Very Low
	1



	Alum
	Low
	3



	Alkaline soil contaminated with salt
	Medium
	5



	Peat soil
	High
	7



	Sandy soil with clay layer
	Very High
	9










 





Table 10. Change in underground flow exploitation.






Table 10. Change in underground flow exploitation.





	Underground Flow Rate (m3/day)
	Sensitivity Level
	Points





	<500
	Very Low
	1



	500–1000
	Low
	3



	1000–2000
	Medium
	5



	2000–3000
	High
	7



	>3000
	Very High
	9










 





Table 11. Amount of recharge flow in the dry season in the study area.






Table 11. Amount of recharge flow in the dry season in the study area.





	Dry-Season Surface Flow (m3/s)
	Sensitivity Level
	Points





	<25
	Very High
	9



	25–30
	High
	7



	30–35
	Medium
	5



	35–40
	Low
	3



	>40
	Very Low
	1










 





Table 12. Sensitivity to land use factors.






Table 12. Sensitivity to land use factors.





	Type of Use
	Sensitivity Level
	Points





	Agricultural land
	Very Low
	1



	Unused land
	Low
	3



	National defense and security land
	Medium
	5



	Rural land
	High
	7



	Transport land and urban housing
	Very High
	9










 





Table 13. Evaporation amount in dry season.






Table 13. Evaporation amount in dry season.





	Evaporation Amount in Dry Season (mm/month)
	Sensitivity Level
	Points





	<350
	Very Low
	1



	338–350
	Low
	3



	350–362
	Medium
	5



	362–375
	High
	7



	>375
	Very High
	9










 





Table 14. Matrix for comparing evaluation criteria.






Table 14. Matrix for comparing evaluation criteria.





	Rate
	Land
	Qdry
	Geological
	Land Use
	ETdry
	Qexploit





	Land
	1
	1/3
	1/3
	1/7
	1/7
	1/9



	Qdry
	3
	1
	3
	3
	3
	3



	Geological
	3
	1/3
	1
	1/9
	1/5
	1/9



	Land use
	7
	1/3
	9
	1
	1/7
	1/3



	ETdry
	7
	1/3
	5
	3
	1
	1/7



	Qexploit
	9
	1/3
	9
	3
	7
	1










 





Table 15. Weight matrix of evaluation factors.






Table 15. Weight matrix of evaluation factors.





	Element
	Land
	Qdry
	Geological
	Land Use
	ETdry
	Qexploit
	Wi





	Land
	0.033
	0.125
	0.012
	0.014
	0.012
	0.024
	0.036



	Qdry
	0.100
	0.375
	0.110
	0.293
	0.261
	0.639
	0.296



	Geological
	0.100
	0.125
	0.037
	0.011
	0.017
	0.024
	0.052



	Land use
	0.233
	0.125
	0.329
	0.098
	0.012
	0.071
	0.145



	ETdry
	0.233
	0.125
	0.183
	0.293
	0.087
	0.030
	0.159



	Qexploit
	0.300
	0.125
	0.329
	0.293
	0.609
	0.213
	0.312










 





Table 16. Statistics of areas with different risk levels.






Table 16. Statistics of areas with different risk levels.





	Risk Level
	Area (ha)
	Ratio (%)





	Very low risk area
	598.172
	36.83



	Low risk area
	512.344
	31.55



	Medium risk area
	372.007
	22.91



	High risk area
	140.460
	8.65



	Very high-risk area
	1.111
	0.06
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