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Abstract

:

Tidal flood risk threatens coastal urban areas and their agriculture and aquaculture, including salt farming. There is, therefore, an urgency to map and portray risk to reduce casualties and loss. In the floodplain of Cirebon, West Java, where salt farming dominates the landscape, this type of flooding has frequently occurred and disrupted the local economy. Based on two recorded events in 2016 and 2018 as benchmarks, this paper formulates an innovative approach to analyze tidal flood risk in salt farming areas. Our study considers the fundamental concepts of hazard and vulnerability, then uses selective parameters for evaluation in an Analytical Hierarchical Process (AHP)-based Geographic Information System. The analytical process includes weighting criteria judged by experts and uses the resulting values to define the spatial characteristics of each salt parcel. Our high-resolution simulations show that the two flood events in 2016 and 2018 affected almost all salt production areas, particularly in the eastern, middle, and western parts of the Cirebon floodplain, although to very different degrees. The study also uses a physical-based approach to validate these results. The damage estimates show a strong positive correlation for economic loss (r = 0.81, r = 0.84). Finally, the study suggests that our multi-methods approach to assessing tidal flood risk should be considered in disaster mitigation planning and integrated coastal zone management in salt farming areas.
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1. Introduction


Nowadays, millions of inhabitants have been threatened by floods in coastal regions, with the most destructing impacts in rural coastal communities in developing countries [1]. People from lower income brackets tend to settle in floodplains in remote rural areas due to lower land prices and possible cultivation activities [2]. The physical and social settings have turned many of these areas into high-risk regions through geohazards such as tsunamis, storm surges, and flooding. These circumstances are worsening, especially in the Global South, due to limited mitigation capacity [3,4]. At the same time, most of the population in these low land areas is being supported by fisheries [5,6] and agriculture products [7], including salt [8,9].



On the north coast of Java, Indonesia, salt farming has been practiced for hundreds of years. Along the shore, traditional salt farmers have produced the salt brine with inputs mainly from the Java Sea, which has a relatively shallow depth and mostly calm waves. Seawater bitterns are encountered in the sea-salt production and desalination process in which large portions of bittern and brine are processed as by-products and waste products [10]. Besides being used as raw material and for food, the local salt product is also used in the chemical industry. Salt farming in this region is of the local culture. However, the area is also vulnerable to coastal hazards [11,12]. Flooding occurs due to intense rainfall and sea-level dynamics. Extreme sea levels resulting from combined events of high tides and storm surges are considered a significant threat for coastal communities and their infrastructure [13,14].



Tidal flooding has threatened traditional salt farming in Cirebon, West Java, again and again, especially during the production period from April to October. Local and national media have described at least two recent tidal flooding events, in 2016 and 2018 [15,16,17]. Our previous paper modeled those events through a physical-based approach using a numerical model [18]. In the last few years, risk assessment for this type of flood in the north part of Java has been probed in several studies focusing on urban areas using various methods [19,20,21]. One example of a coupled method was practiced in the Eilenburg municipality, Germany. A risk analysis comparison was performed for different scenarios of hydraulic model and flood loss model combinations [22]. The method also involves the Flood Loss Estimation Model for the private sector (FLEMOps) approach and a benchmark from a previous monetary loss estimation by the Saxonian Relief Bank (SAB). In another case study by Ward et al. [23], the damage-scanner model was used to estimate the flood risk through the expected annual damage (EAD) algorithm. That study also addressed the general estimation of different categories based on land use types, including residential, agricultural, commercial, industrial, and recreational. With different flood scenarios in that model, the paper also stated that floods with relatively low economic damage per event should also be considered in the flood risk assessment due to frequency [23,24]. Several of those studies also optimized the use of geospatial technology such as remote sensing and geographic information systems (RS-GIS).



Currently, the established flood risk models focus on urban structures, while agriculture have been hardly discussed [25], with a few studies trying to address the economic impact on agricultural land using different approaches [26,27,28]. However, there are still limited studies concerning the flood risk for agricultural areas including the coastal parts of Central [29] and West Java [30]. Therefore, this article mainly endorses methodological innovation to evaluate tidal flood risk on salt farming land by applying geospatial data and geographic information system technology.




2. Conceptual Considerations


2.1. Concept and Definition of Hazard, Vulnerability, and Risk


The concepts of hazard, vulnerability, and risk are widely discussed in numerous studies on natural hazards and disaster risk management. The following sub-sections describe some relevant theoretical considerations and empirical results from former studies.



2.1.1. Hazard (H)


A natural hazard can be described as the possibility of events of potentially damaging natural phenomena in a particular period and a certain area [31]. The hazard also can be simply defined as a threatening natural event, including its magnitude and probability of occurrence [32,33]. Hazards can contain latent conditions that may characterize future threats and can have multiple causes, including natural (geological, hydrometeorological, or biological) and anthropogenic processes (environmental degradation or technological hazards) [34]. Each hazard is characterized by its specific geography, intensity, regularity, and probability [35].



Hazard assessment has been conducted in many different areas including coastal regions, with a pronounced focus on hydrometeorology hazards such as cyclones, storm surges, and flooding. Flood hazard measurement aims to identify the flood pattern utilizing relevant parameters such as inundation depth [36,37,38], flood duration [38,39,40], and even timing of flooding [41,42,43]. This information can be extracted through hydraulic models with different scenarios [44] or based on past recorded events [45,46].




2.1.2. Vulnerability (V)


Researchers define vulnerability in diverse spatial contexts, for different purposes, and with different rationales [47]. It is widely accepted, however, that vulnerability is a condition influenced by physical, social, economic, and environmental factors that raise the susceptibility of people to a hazard impact [48]. In an engineering conceptualization, vulnerability defines the scale of the region, population, physical structures, or properties exposed to the hazard [49]. Thouret et al. [50] extended the description of vulnerability as a degree of damage to a certain object at flood risk by including a specified amount, expressed on a scale from 0 to 1 (no damage to full damage).



Vulnerability should be able to portray the specific problem in the context of a locality [51]. At some points, it is also understood that vulnerability is a relative concept that relies on the society’s interpretation of a risk and how communities construct their normality on a daily basis [52]. Previous studies obtained vulnerability measures through selecting relevant parameters, i.e., they focused on the watersheds involving hydrologic and physical components such as elevation, slope, geomorphological conditions, soil, and land use [53,54]. In coastal areas, the specific characteristics of additional parameters, such as coastal slope, distance to the next channel, and distance to the sea, are used [55,56,57,58].




2.1.3. Risk (R)


The concept of risk is broadly discussed in various contexts and with various purposes. Risk is commonly associated with hazard (H) and vulnerability (V), especially in the field of flood risk management. In many cases, the simple equation (Equation (1)) is illustrated as follows [34,59,60]:


R = H * V



(1)







UNISDR [59] defines risk as a combination of the probability of a hazardous event and its consequences, which result from the interaction between natural or man-made hazards, vulnerability, exposure, and capacity. In this context, the concept of flood risk is closely interrelated to the probability that a high flow event of a given extent happens, which results in specific environmental, financial, and social deficiencies [47]. In addition, risk is also dynamic due to the different ability of the society and environment to manage and adapt to the changes [42].



The selection of instruments and approaches for risk analyses mainly relies on the objective and existing information about the hazard and the vulnerability [60]. As risk is the combination of hazard and vulnerability, the expected damage can be evaluated by a value combination of the elements-at-risk and the estimated damage function [61]. The current practice of risk assessment including flood hazards and cost-benefit analyses focuses on damages that can be easily assessed in monetary terms [62]. Currently, the coupled flood loss estimation and risk assessments have been practiced in residential areas [63].





2.2. Flood Risk Assessment Using a Physical-Based and Multicriteria Approach


Different methods in addressing flood risk have been advanced [64,65]. According to Balica et al. [47], there are at least two distinct techniques in flood risk assessment. First, the deterministic approach, which applies physical-based numerical modelling to calculate flood hazard probability, coupled with a damage estimation model that describes the economic loss. This information can be used for flood risk assessments for particular regions. Studies that integrate a physical-based flood simulation and a damage estimation model have been conducted in different regions, usually with a focus on agriculture [26,36,38,66]. The second technique is the parametric approach, which uses available datasets to describe the relevant hazard and vulnerability features in a study area [47]. This approach involves experts in hazard and vulnerability assessment generating a straightforward risk map based on available data [67]. This method has been applied mainly in data-scarce regions or developing countries.



Recently, the combination of different geospatial data series with a multicriteria approach (MCA) has contributed to flood vulnerability and risk assessment [66]. MCA is a suitable method for all relevant types of impacts, without any measurement on a single monetary rank [68]. The integration of MCA and Geographic Information Systems (GIS) enhances the utilization of the three components of risk (hazard, vulnerability, and exposure), including social, economic, and/or environmental vulnerabilities [69]. GIS are eminently suited to processing the geospatial data required for flood risk assessment. This technology is also acknowledged for its great flexibility in MCAs, including the very reliable analytical hierarchical process (AHP) [31,70,71,72]. This semi-quantitative approach has its strength in supporting priority selection and decision-making [39]. The method has been widely recognized in the academic literature and has been recently applied in studies on flood risk assessment [73,74]. In the present study, AHP was performed and utilized to evaluate the tidal flood risk in salt farming areas through thematic data layers processed on a GIS platform.





3. Description of the Case Study Area


The coastal area of Cirebon, West Java, Indonesia has been acknowledged as one of the major centers for traditional salt production in Indonesia. The region covers around 990 km2 between 6°30′ and 7°00′ S and 108°40′ to 108°48′ E. The Cirebon borders of the province of Central Java are on the east, the Java Sea is to the north, and Indramayu is to the west. Cirebon has 40 districts, with eight located along the coastline. According to the Development Planning Board [75], the coastal water area covers 399.6 km2. The region is geomorphologically diverse, with mountainous areas and also coastal plains (Figure 1). As mentioned by Hadian et al. [76], the region consists of four geological units: alluvium deposits, coastal deposits, results of the young Ciremai Volcano, and the Gintung Formation. The coastal area is structured by mud sediments, silt, and grey clay containing shells that are deposited several meters thick. Mount Ciremai (3078 m) is an active stratovolcano and one of the highest active volcanoes in Indonesia. Slope conditions in Cirebon predominantly consist of flat zones (less than 5°), but there are also moderate (5–30°) and steep areas (more than 30°) [77].



Salt harvesting predominantly takes place in low-lying areas dominated by alluvial deposits together with mangrove ecosystems along the Cirebon shoreline. The local farmers benefit from tidal cycles that supply the salt ponds with sea water. Solar energy is used to evaporate the sea water into salt brine, especially during the dry season. In this region, the dry season usually lasts from March to September, while the rainy season begins in October and ends in February, with 1300–1500 mm/year of rainfall and a mean temperature of 24.2 °C [78]. Most farmers start to store seawater at the beginning of the dry season. In that period, the mean temperature is 32.8 °C with a maximum average temperature of 38.6 °C in October [78]. As the dry period begins, the brines are formed in the crystallization pond. Local farmers start to collect brine and produce 0.5–1.0 tons per hectare each day [18,79]. During the production season in 2019, Cirebon produced at least 135.9 thousand tons of salt [78].




4. Research Materials and Methodology


4.1. Model Framework


This study evaluates the tidal flood risk using a parametric approach: the analytical hierarchical process (AHP). In addition, we compare the AHP results with the results of a physical-based model. For this purpose, several indicators from geospatial data and relevant research were carefully chosen to identify risk components. A total of 9 indicators were selected and arranged into two clusters of risk components. The first cluster consisted of hazard (H) indicators (n = 3; explained in Section 4.2), and the second compiled vulnerability (V) indicators (n = 6; described in Section 4.3). The selected indicators were used in the AHP analysis to acquire the weighted score (illustrated in Section 4.4). All selected indicators in each thematic layer were processed using ArcGIS 10.6. All maps were set on raster format with a 25-m cell size, Universal Transverse Mercator (Zone 48S) projection, and reclassified to optimize the calculation. Ultimately, the risk map gained from the weighted score calculation was validated using a physical-based approach from a former study (elaborated in Section 4.6). These data allowed an individual analysis of each pond in the risk analysis with the chosen parameters. Additionally, the cell size was customized into 25-m for the purpose of synchronization with the former study. Figure 2 depicts the study’s structure.




4.2. Tidal Flood Hazard Components


Tidal induced hazards have disrupted most of the coastal communities, including salt farmers, in the Cirebon region. This current study uses two recorded events in 2016 and 2018, with 0.38 m and 0.40 m depth, respectively [18]. Those depths were extracted by Nirwansyah and Braun [18] through a hydrodynamic model in DHI MIKE. However, the events occurred at different stages of salt production. The hazard (H) indicators or criteria (shown in Figure 3) include the following primary factors: (i) The depth (H1) was mainly extracted from the magnitude of the tide. The flood hazard increased proportionally to the depth of inundation [80]. The previously mentioned simulation was reclassified into 5 classes (<15 cm; 15–50 cm; 50–100 cm; 100–150 cm; >150 cm) to be judged by selected experts. (ii) The duration (H2) of the tidal floods was 2.23 days for 2016 and 2.32 days for 2018, for the events analyzed in the study by Nirwansyah and Braun, respectively [81]. In that model, the duration was extracted from individual raster data from hourly hydrodynamic simulation that exported in ArcGIS. We classified the duration of inundation into 3 categories (<2 days; 2–5 days; and >5 days). The duration of flooding is associated with the possible damage level [82,83]. In salt farming, the duration of flooding increases the risk that the formed salt brine melts [81]. (iii) The time of flood (H3) is significant for flood damage in farming activities [41]. As mentioned in the previous section, the time dimension has a strong impact depending on the particular event and the response from the environment or community [23]. For this study, the selected indicators were divided into 3 groups (pre-production, harvesting period, and post-production). The event in 2016 occurred during the harvesting period, whereas the 2018 flood happened in the pre-production period.




4.3. Vulnerability Components


To investigate the vulnerability in coastal zones, a range of parameters and indexes, including physical vulnerability, can be applied [57,84]. Several parameters were used to address the vulnerability components (V). These are shown in the thematic maps (Figure 4). Firstly, (V1) elevation data were extracted from topographical data of DEMNAS (0.27 arc-second) resolution from the Geospatial Information Agency (here referred to as BIG: Badan Informasi Geospasial). The elevation has been categorized into 5 groups (0.5 m; 0.5–1 m; 1–1.5 m; 1.5–2 m, and >2 m). This information generally depicts the coastal altitude conditions [39,69]. This component plays a significant role in identifying areas at risk of flooding during an event [85]. Salt farming is mostly located in the coastal plain within 1–2 m elevation. The variable coastal slope (V2) indicates the degree of elevation variability in bordering grids [86]. The possibility of flooding rises as the slope declines, making it a relevant indicator for vulnerability [87]. Salt ponds require a relatively slight slope to facilitate the sea water flow and to reduce construction expenses [88]. In line with Silva et al. [54], the slope in the case study area was classified into categories of <0.025%, 0.025–0.04%, 0.04–0.07%, 0.07–0.2%, and >0.2%. Another considered indicator, geological features (V3), significantly influences the drainage pattern formation associated with the floodplain formation [89]. In this study, specific classes were included: flood plain deposits, sand with silts and clays, mountain formations, and younger volcanic formations. This classification was taken from the Directorate of Geology and Environmental Planning (DGTL) vector data. Soil type (V4) is a relevant factor affecting infiltration and runoff during floods [71]. In traditional salt farming, salt production has major implications for productivity, water quality, and pond construction [90]. The DGTL soil map, scale 1:100,000, reveals that the soil of the Cirebon region is divided into four major types, Alluvial, Gleysol, Cambisol, and Latosol, although the salt pond area is dominated by Alluvial soil. This dominant soil type is the result of sedimentation from streams and rivers or of marine sediments along ocean shorelines [91]. To identify the soil characteristics, Subardja et al. [92] and Sulaeman et al. [93] were used as sources for this study. Finally, both distance to channel (V5) and distance to shore (V6) influence the breaching of water during floods and overtopping water from the channel. This study classified distance to channel into <200 m, 200–400 m, 400–600 m, 600–1000 m, and >1000 m [94], and distance to shore into <250 m, 250–500 m, 500–750 m, 750–1000 m, and >1000 m. All mentioned classification references were defined in the level of vulnerability to tidal flood events.




4.4. AHP and Variable Weighting Procedure


In various flood risk studies, the analytical hierarchical process (AHP), introduced by Saaty [95], has been effectively used to conduct flood risk measurements [70,72,96]. This method selects criteria by ranking the parameters and creating a combination of qualitative and quantitative factors [39,56,69]. Generally, this approach is a structured technique to deal with complex decisions and to help decision-makers find the most suitable options [97]. In this process, the decision-makers use factual data related to the included elements and can use their professional judgments to identify the level of importance by using a basic scale of absolute numbers (listed in Table 1).



The AHP was employed to obtain the weight scores of selected criteria and sub-criteria based on an evaluation by the interviewed stakeholders and experts associated with the policy-making process [39]. Following Cabrera and Lee [71], four experts from local authorities, including the Ocean and Fisheries Department (DKP) of Cirebon, the Indonesian National Geospatial Agency (BIG), the Spatial Planning Official (BAPPEDA) of the West Java province, and an academic from the geomatic department, Brawijaya University, were involved due to their experience and their duties regarding salt farming. These experts carefully judged all parameters and the H, V, and R indicators. Due to the COVID-19 pandemic, data collection was conducted via online correspondence using Zoom from January to March 2021. The collected data were inserted into a template (https://bpmsg.com/, accessed on 10 January 2021) containing the AHP justification variables. This Excel workbook consists of 20 input worksheets for pair-wise comparison [100].



In the present research, AHP was employed to allocate weights for the H, V, and R factors. The following steps were included in the AHP: A pairwise comparison was performed for all H, V, and R indicators and a matrix was established through scores based on relative importance. A pairwise comparison matrix was utilized to compare and rank the selected H and V domains based on the experts’ judgments. The assessment was based on the relationship between the indicators and the risk components. The indicators were reclassified and ranked. Here, different ranks were applied from 1 to 3, 1 to 4, and 1 to 5. Finally, the normalized rank was counted by dividing the column value by the sum of the ranking’s score. After doing so, the total score for each indicator was 1. Table 2 represents the rankings and the normalized scores of all selected indicators used in the present work.



In the AHP model, the Eigenvalue of the matrix expresses the priority value of variables [31,56]. The estimations were completed by dividing each column by the value of their sum [69]. Ultimately, the mean values of each row were carefully estimated and used as weights in the objective hierarchy in the H and V domains. In addition, to establish the consistency of the comparison matrix, a standardized Consistency Ratio (CR) test was generated. The ratio confirms the justification or preference to be consistent if the CR < 0.10, and reliable results can be supposed in the model [101]. However, a greater CR value does not necessarily mean a greater accuracy [39]. The consistency ratio test is formulated in Equation (2)


CR = CI/RI



(2)




where CI is described as the consistency index and RI refers to a random index whose value is stated by the number of criteria (n) [72]. The consistency index is expressed as follows in Equation (3).


CI = (λmax–N)/(N–1)



(3)







Here, λmax represents the maximum Eigenvalue of the comparison matrix while n describes the number of criteria for each variable of H (n = 3), V (n = 6), and R (n = 2). In the present study, the CR and CI for H were calculated as 0.012 and 0.03 while the RI was 0.58. For the V variable, the CR was estimated as 0.019, the CI was measured as 0.07, and the RI was 1.24. The value of the RI standardized in the AHP was taken from Table 3.




4.5. Estimating H, V and R Tidal Flood Indices


A composite risk map (R) in the raster data format was expected to be the result of this model in 25-m cell size. The weight input from the previous process in the AHP was used to construct the mathematical formulation with H and V criteria (see Equations (4) and (5)). The weight score from previous expert inputs and the calculations were combined using weighted overlay in ESRI ArcGIS 10.6, which generated hazard maps (H) for the 2016 and 2018 cases, in addition to a vulnerability map (V), by means of map algebra tools in the software. The risk assessment result was incorporated into a GIS platform to provide a flood risk map [80]. The following expressions describe the risk as the ultimate result of the MCA approach for H and V with incorporated expert judgment.


H = 0.109 × H1 + 0.567 × H2 + 0.324 × H3



(4)






V = 0.161 × V1 + 0.137 × V2 + 0.086 × V3 + 0.11×V4 + 0.265 × V5 + 0.241 × V6



(5)







In line with Equation (6), the R is measured by combining both the H and V inputs. Here, both weighted components were calculated using a similar procedure in ArcGIS 10.6. In the final map, the scores of risk are normalized into a 0 to 1 range [103]. The results of the weighted overlay analysis were classified using equal intervals, i.e., five levels: very low (0–0.20), low (0.20–0.40), moderate (0.40–0.60), high (0.60–0.80), and very high (0.80–1.00).


Composite of R index = 0.39 × H * 0.61 × V



(6)







For the calculation, a salt parcel shapefile in 1:15,000 scale acquired from National Geospatial Agency was used to extract raster values using a zonal statistic operation in ArcGIS.




4.6. Relationship between the Multi-Criteria and Physical-Based Approach


Previous comparison analyses have been presented in established damage models, e.g., those included in [104,105]. However, there is still no direct evaluation of the relation between economic loss from a physical-based approach and risk value from a MCA, especially with regard to salt farming land. Although this combined approach was implemented previously in Afifi et al. [63], no specific correlations were performed. In the study, the simple correlation was obtained in order to evaluate the relation between risk level and monetary damage for both tidal flood events. Since there were no approved reports from the responsible authorities for both recorded tidal flood events, approximately 270 salt parcels were taken as samples according to the proportional number for each risk class, while the damage calculation was taken from the previous numerical model by Nirwansyah and Braun [81]. These parcels contain information on the monetary damage for both selected periods. For this purpose, we used the ‘create random points tool’ in ArcGIS and extracted values from parcel data in vector format using the ‘identity’ feature. The monetary loss was evaluated using the depth-duration damage function taken from Nirwansyah and Braun [81] and was then compared to the scores of both risks. Following Molinari et al. [106], a simple Pearson correlation coefficient (r) was applied to identify both approaches’ relation to each other in a statistical context.





5. Results and Discussion


5.1. Tidal Hazard on Salt Ponds


In this study, the indicators from the selected variables (H1-H3) were processed following the conditions of tidal flooding records in 2016 and 2018. Two hazard maps can be drawn from the model that portrays the tidal occurrence during those two events. The interviewed experts believe that duration (H2) has the most significant impact on the tidal flood hazard (0.567 weight score). Depth (H1) and the timing of flooding (H3) have the least effects on salt farming, according to our experts. The indicators have, respectively, 0.109 and 0.324 weight scores in Equation (4). The hazard map features five classification areas from very low to very high, as shown in Figure 5a,b. For the 2016 hazard, the very low (VL) class extends over 43.63% of all salt ponds, while in 2018, about 42.43% fall into this class. Moreover, about 3.33% of the production area has been grouped in the low (L) class for 2016, and 3.20% for the 2018 event. These areas experience relatively low depth and short inundation during the floods in both tide events. Some districts such as Kapetakan and Suranenggala (west part) have been allocated to this class. Small areas in the districts of Mundu and Pangenan (middle part) have also been allocated to this class. The moderate class (M) covers 3.12% (2016) and 3.74% (2018). The class for very high (VH) hazards comprises 45.59% (2016) and 47.24% (2018) of the total salt farming land in Cirebon. These two classes essentially displayed higher depths and relatively longer durations in 2016 and 2018. Both flood events have mostly affected the eastern part of the region, including Losari, Gebang, and the middle part, including Mundu and Astanajapura.




5.2. Tidal Flood Vulnerability of Salt Ponds


The five combined vulnerability indicators (V1–V5) are shown combined in a single vulnerability map (Figure 6). The experts agreed that each indicator shows a quantifiably different response to tidal flood hazards. Equation (5) clearly shows that the distance to the next channel has been considered as the most influential factor for tidal-induced flooding (26.5%). On the other hand, experts suggest that geological features have the least contribution to the vulnerability level of salt farming due to tidal flood (8.6%). The area with a very low (VL) vulnerability represents only 0.46% of the total salt pond area. This category is essentially dominated by areas with relatively higher elevation, steeper slopes formed by flood plain deposits, mixed types of soils (Alluvial, Gleysol, and Cambisol), and a location far from a channel and the shore. No area is labeled as low (L) vulnerability and only 2.07% are assigned to the moderate (M) class. The H and VH classes represent 57.03% and 40.44% of the salt pond areas, respectively. These classes dominate in almost all salt production areas, including the western, eastern, and middle parts. The analysis shows that all of these areas are characterized by low elevation, flat flood plain deposits, and Cambisol and Alluvial soils. They are also located close to channels and the sea. Not surprisingly, these categories apply to highly productive areas where farmers can easily extract saline water directly from the ocean and transfer it to their ponds.




5.3. Tidal Flood Risk of Salt Ponds


The tidal flood risk (R) map combining the H and V layers outlines five levels of risk, varying from very low to very high (VL to VH). In addition, the V element plays a bigger role than H for the tidal flood risk in salt farming, as described in Equation (6). Here, the interviewed experts have suggested a proportion for both components, where H and V, respectively, contribute 39% and 61% to the resulting risk. The two studied events also present different stages of farming. Our calculations reveal that VL represents 4.06% and 12.72% of the study sites for the 2016 and 2018 floods, while L extends to 15.13% and 33.36% of the total salt farming area, respectively. Areas in these two categories had minimum flood depths and durations. Moreover, these areas are mostly located on higher elevations, have relatively steep slopes, and are far off channels and the shoreline. They are characterized by mixed soil types and were formed by flood plain deposits. They can be found especially in the western part of the region; for instance, in Kapetakan (see top box in Figure 7a,b). The moderate (M) category of risk covers 18.02% (2016) and 30.52% (2018) of the total area of salt farming in Cirebon, while the H class accounts for about 38.54% (2016) and 21.9% (2018). The VH class represents 24.26% of the area for 2016 and only 1.5% for 2018. The H and VH areas had maximum flood depths and durations. This aspect is also physically illustrated by low elevation flat slopes and proximity to the shore and channels. Furthermore, these areas have mixed soil types and geological features dominated by flood plain deposits. Usually, traditional salt farmers tend to choose this type of location due to impervious soil that is suitable for the salt pan surface layer. In Cirebon, these two classes dominate the eastern and middle part, including Losari, Gebang, Pangenan, Mundu, and Astanajapura. Figure 7 shows the levels of risk in the salt farming area of Cirebon based on tidal flood occurrences in the past.




5.4. Validation


Although there are no official reports on the two flood events in 2016 and 2018, previous numerical simulations have to be taken as an alternative to validate the model [81]. According to that study, the total damage value was 170.3 billion rupiahs in the pre-production period, where the salt had not yet been produced, while the total value during the harvesting period was estimated at 1.38 trillion rupiahs [81]. This value includes all costs and lost revenues (C/R) of the production for the whole area. The Pearson value shows strong correlations: in 2016 (harvesting period) the value was 0.81, and in 2018 (pre-production period) the value was 0.84. These strongly positive correlations are associated with monetary loss that was estimated based on the numerical model and the risk score of the current approach. Nevertheless, the impact on monetary aspects has proven to be similar to the one given in the previous model by Nirwansyah and Braun [81].



The maximum loss on each parcel is estimated to be 13.29 million rupiahs (2016 event) and 2.49 million rupiahs (2018 event). Both calculations are close to the physical-based model, where a monetary loss of 13.32 million rupiahs for the 2016 event was calculated and the 2018 event showed a 2.58 million rupiahs loss on the most affected parcel. Table 4 compares the evaluation of the current multicriteria approach with that of the physical-based method.




5.5. Discussion


5.5.1. Implementation of AHP for Tidal Flood Mapping in Salt Farming


This study presents the assessment of risk for salt farming in Cirebon through a combination of hazard and vulnerability parameters. The selected events in 2016 and 2018 showed a relatively low level of risk caused by the hazard magnitude (H), which ranged between 0.203 and 0.253, while the maximum vulnerability (V) score reached a level of 0.334. However, both components highlighted the higher risk areas, especially the ones close to the coast and/or to channels, where the salt ponds were impacted the most (see Figure 8). In extreme cases, the risk can increase drastically due to maximum tides coupled with storm surges, river floods, and sea-level rise [107,108]. Such a scenario will potentially trigger massive disruptions in almost all salt production areas that have minimum structural protection. We expect that our model can be applied to different periods and geographical contexts. Moreover, to assess flood risk in salt farming, several other scenarios of depth and duration are also possible, especially when the absence of historical data records needs to be overcome.



In this study, a combined AHP-GIS approach was implemented to address the tidal flood risk for salt farming. The AHP approach has been efficiently and successfully implemented in other flood risk assessments [31,69,70,71,72]. This approach involves depth and duration as common aspects in flood hazard assessment. We introduced the timing of flooding as an additional indicator as it allows for different responses on each salt production stage. The present study also underlines that vulnerability has a higher impact on flood risk in salt farming compared to the hazard level. This is especially true for factors such as distance to channels or distance to the coast. Other physical conditions such as geological features, soil types, topography, and coastal slopes have less implications for salt farming vulnerability. Although several studies suggest that elevation and slope elements have a substantial impact on coastal vulnerability assessment (CVA) [109,110,111], we argue for considering other parameters in further research, such as the shoreline change range [112,113] and rates of sea-level rise, the latter being a global phenomenon that will increasingly impact agricultural activities in coastal areas throughout the world [114,115].




5.5.2. Combined Parametric and Physical-Based Approaches


The physical-based model, with the advantage of being able to simulate flood occurrences, was used in validating this study. The physical-based approach could compensate for a lack of official damage reports for coastal agricultural land in Cirebon, and is, additionally, a solution to handling the complicated and coupled sets of equations, especially in hydrodynamic processes such as flooding [47]. This approach considers the hydrodynamic condition of the tide that influences the magnitude, the momentum, the tidal character, and the velocity and timing of the stream [116]. However, our model requires various historical data that might be unavailable in many less developed regions. The parametric approach was designed for these situations in order to address hazards and vulnerability through selected, commonly available indicators. Our study also applied a weighting technique, as it proposed the consideration of inter-dependency among variables in the final expression [46,117]. Finally, the study explored the accuracy of both approaches by applying a simple statistical correlation analysis (see Supplementary Material Table S1).




5.5.3. Possible Uncertainties


Many studies appreciate how the AHP can give a better understanding of the topic, especially with a weight given to each indicator [71]. However, there are possibilities for several uncertainties for the current study. First, it was noticed that the elevation data caused uncertainty in the risk model due to errors and extreme smoothing [118]. Although this study used DEMNAS elevation data with a relatively fine resolution, there is possible space for uncertainty in comparison to real salt farming conditions. Second, the subjectivity inherent in the AHP weighting, as it depends on expert opinion in scoring variables [40,71], also applies to this study. The lack on documented expertise in salt farming meant that the selection for experts for the study was limited to local experts and authorities with experience in research and management in coastal areas of West Java. However, during AHP, we applied consistency measuring, which can be acknowledged as indirect control of the uncertainty in the criteria weighting stage [74]. Third, an uncertainty aspect may also relate to the selection, comparison, and ranking of the multiple criteria [119]. At the same time, this study was also concerned with the multiple facets of hazard, vulnerability, and risk, which are represented by the indicator selection. Here, the indicator selection for each parameter considered a tidal flooding event with the aspects of depth, duration, and timing, and also the characteristic of salt farming itself in low-lying areas, with its operation based on seasonality.






6. Conclusions


This research aimed at evaluating the risk of tidal flooding for salt farmers in northern Java. The model was based on two recorded events in 2016 and 2018 and developed criteria for each component of hazard and vulnerability. The combination of AHP and GIS proved to be useful for tidal risk assessments in situations where data and official damage reports are scarce. However, physical-based approaches can support the validity of our AHP model. Notwithstanding these methodological advancements, sea-level rise, land subsidence, and stronger storm surges will increase the risks for many economic activities in less developed coastal areas of Indonesia and many other tropical countries in the years and decades to come. For this reason, flood risk assessments should be systematically integrated into decision-making processes in disaster mitigation planning and coastal zone management.
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Figure 1. Map showing the case study area and its topographical situation. (a,b) indicate the case study area in the Southeast Asia region and on Java island, respectively. The red-line box in (a) shows Java as a part of the Indonesian archipelago (orange). In (b), the red marking shows the location of the Cirebon region in the West Java province. (c) portrays the topographical condition of the study area, river systems, and salt farming parcels (magenta) located along the coastline. 
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Figure 2. Framework of tidal-induced flooding risk assessment and comparison between parametric and physical-based approaches. 
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Figure 3. Hazard variables of the current study, including (a) flood depth (H1) in 2016 and (b) flood duration (H2) in 2016, while (c,d) portray the depth (H1) and duration (H2) of the 2018 tidal flood event. 
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Figure 4. Maps showing the spatial distribution of vulnerability variables selected for this research including (a) elevation (V1), (b) coastal slope (V2), (c) geological features (V3), (d) type of soil (V4), (e) distance to channel (V5), and (f) distance to shore (V6). 
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Figure 5. Hazard scores due to tidal flooding during the 2016 (a) and the 2018 (b) events. 
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Figure 6. Vulnerability score represented in a map that is based on multi-criteria input. 
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Figure 7. Tidal flood risk on salt farming land in Cirebon, West Java, based on the evaluation of the 2016 (a) and 2018 (b) events. 
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Figure 8. The example sequence of a salt production pond at very high risk based on its physical condition and location (a) close to the shoreline and (b) close to channels (pictures taken by Nirwansyah in the Pangenan district). 
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Table 1. Scale of preference for the AHP model.
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	Intensity Importance
	Definition
	Description





	1
	
	-

	
Equal importance






	
	-

	
Two indicators equally influence the parent decision









	3
	
	-

	
Weak importance






	
	-

	
One factor is slightly more important than another









	5
	
	-

	
Essential or strong importance






	
	-

	
One factor is moderatly more important than another









	7
	
	-

	
Very strong or demonstrated importance






	
	-

	
One factor is significantly more important than another









	9
	
	-

	
Extreme importance






	
	-

	
One factor is the most important one









	2, 4, 6, 8
	
	-

	
Intermediate values






	
	-

	
When compromise is required, values between two adjacent justifications are used









	Reciprocals
	
	-

	
Inverse comparison






	
	-

	
A reasonable assumption













Sources: Ramanathan [98]; Saaty [99].
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Table 2. Hazard and vulnerability components for the current study.
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Risk Components

	
Indicators

	
Functional Relation

	
Classes

	
Unit

	
Rank

	
Normalized Score






	
Hazard (H)

	
Depth (H1)



	
Direct

	
>150

100–150

50–100

15–50

<15

	
cm

	
1

2

3

4

5

	
0.33

0.27

0.20

0.13

0.07




	
Duration (H2)



	
Direct

	
>5

2–5

<2

	
day

	
1

2

3

	
0.50

0.33

0.17




	
Timing (H3)

	
Conditional

	
Harvesting period

Post-production period

Construction period

	

	
1

2

3

	
0.50

0.33

0.17




	
Vulnerability (V)

	
Elevation (V1)

	
Inverse

	
<0.5

0.5–1

1–1.5

1.5–2

>2

	
meter

	
1

2

3

4

5

	
0.33

0.27

0.20

0.13

0.07




	
Coastal slope (V2)

	
Inverse

	
<0.025

0.025–0.04

0.04–0.07

0.07–0.2

>0.2

	
%

	
1

2

3

4

5

	
0.33

0.27

0.20

0.13

0.07




	
Geology feature (V3)

	
Direct

	
Flood plain deposits

Sand with silts and clay

Mountain formation

Younger volcanic

	

	
1

2

3

4

	
0.40

0.30

0.20

0.10




	
Soil type (V4)

	
Inverse

	
Alluvial Gleic

Gleysol

Cambisol

Latosol

	

	
1

2

3

4

	
0.40

0.30

0.20

0.10




	
Distance to channel (V5)

	
Inverse

	
<200

200–400

400–600

600–800

>800

	
meter

	
1

2

3

4

5

	
0.33

0.27

0.20

0.13

0.07




	
Distance to shore (V6)

	
Inverse

	
<250

250–500

500–750

750–1000

>1000

	
meter

	
1

2

3

4

5

	
0.33

0.27

0.20

0.13

0.07
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Table 3. Random index (RI) matrix of the same dimension.
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	Number of criteria
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11



	RI
	0.00
	0.58
	0.90
	1.12
	1.24
	1.32
	1.41
	1.45
	1.49
	1.51







Source: Saaty, Vargas and Dellmann [102].
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Table 4. Parametric approach comparison using Pearson correlation test with input from simulated damage by the previous physical-based model * (loss is presented in thousand rupiahs).
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2016 Event

	
2018 Event




	

	
Parametric

	
Physical-Based

	
Parametric

	
Physical-Based






	
Minimum loss (on an individual parcel)

	
0.00

	
0.00

	
0.00

	
0.00




	
Maximum loss (on an individual parcel)

	
13,287.28

	
13,322.72

	
2.491.73

	
2528.72




	
Mean

	
6500.68

	
6912.17

	
1240.87

	
1286.23




	
Estimated total damage

	
77,290,054

	
74,105,354

	
13,596,499

	
13,789,773




	
Sample (n = 270 parcels)

	

	




	
Pearson coefficient (r)

	
0.81

	
0.84




	
Type of correlation

	
Strongly positive

	
Strongly positive








* The values were extracted from previous study by Nirwansyah and Braun [81].
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