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Abstract:



An index has been developed for the assessment of geographical distribution of susceptibility to hydrological hazards using easily available climate data. Catastrophe fuzzy theory and data clustering methods were used to avoid subjectivity in the estimation of the index of multiple climate indicators. The proposed index was used for the estimation of geographical distribution of hydrological hazard susceptibility index (HHSI) in Peninsular Malaysia using gauge-based, gridded rainfall and temperature data for the period 1948–2010. The results showed that the northeast regions of Peninsular Malaysia are more susceptible to hydrological hazard, which matches very well with the general conception of the hydrological hazard susceptible zones. Assessment of susceptibility for sliding different 30-year periods between 1950 and 2010 revealed that HHSI has increased in the south and decreased in the northeast of the peninsula. The decrease in temporal and spatial variability of rainfall in the northeast and the increase in other parts can become the causes of spatial changes in hazard susceptibility. The changes of HHSI in recent years compared to the base period revealed the increase of hazard susceptibility in the south in the range of 8.81% to 21.01%, while a significant decrease (>−31.84%) was observed in the northeast.
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1. Introduction


Susceptibility is a major component of vulnerability, which is defined as the sensitivity to hazards [1]. The susceptibility to hydrological hazards can be broadly defined as the possibility of experiencing water-related challenges, such as water shortage, floods, droughts, etc. It is often considered as a determinant of physical feasibility of business or structural projects, disaster risk insurance premiums, financial cost, etc. A number of studies have indicated that the occurrence of hydrological hazards reduces agricultural productivity [2], property value [3], household income and economic growth [4], and increases the structural development cost [5]. Kauko et al. [6] reviewed the empirical literature and found an extremely negative effect of flooding and droughts on property value. Shahid et al. [5] found that probability of floods has reduced the property price from 10% to 30% in some parts of peninsular Malaysia in the recent years. Brown et al. [4] found that the climate has significant negative effects on household income, agricultural productivity and economic growth in Sub-Saharan Africa. The probability of hydrological hazards increases structural development cost as more attention is required to design features and protection measures from water risk [5]. These studies indicate that susceptibility to hydrological hazards has a wide range of social and economic impacts.



Different physical, social, economic and environmental factors or processes determine the susceptibility. Climate is a major physical factor that defines the susceptibility to hydrological hazards. The hydrological hazards are higher for the region that has less reliable, sporadically distributed and seasonally concentrated rainfall. Therefore, climatic variables can be used as critical indicators to measure susceptibility to hydrological hazards. Numerous indices have been developed to assess water poverty, water stress, water sustainability and water-related risk using a combination of various physical, environmental, social, economic and policy indicators [7,8,9]. In most of the indices, one or more climatic indicator has been used to estimate water sustainability as it is well recognized as an important factor for defining water availability, sustainability, and hydrological hazards. A wide range of literature is available where different factors related to climate such as rainfall amount, variability, temperature, etc. have been used as indicators of water sustainability [10], surface availability [11], etc. These studies recognize the importance of various climatic factors in defining water sustainability or water-related risk. However, there is no distinct indicator available so far to assess susceptibility to hydrological hazards based solely on climate data. A climate-based index can provide a preliminary impression of condition or changes of susceptibility to hydrological hazards over a large region such as national or regional scale, which can later be further interpreted with existing socio-economic status to understand disaster risk. It can provide knowledge on susceptibility to hydrological hazard for a longer period and, therefore, can be used as an indication of hydro-climatic behavior that can make a region susceptible to various kinds of hydrological hazards such as floods, droughts, water stress, etc.



Generally, a number of indicators are used for the estimation of an index. The influence of each indicator on the index varies from each other. Various subjective weighting methods are available in the literature for estimation of the index from multiple indicators, which include Analytical Hierarchy Process (AHP), Weighted Linear Combination (WLC), Weighted Sum Model (WSM), Weighted Aggregation Method (WAM), TOPSIS, VIKOR etc., [12,13,14,15]. The choice of a method normally depends on the efficiency of the method, existence of data and quality of data. All the methods assign weight or preference to indicators based on their importance for the estimation of the index. Generally, the importance of various indicators is assigned by a decision maker which reflects a personal preference for a specific region or purpose, which eventually precludes their application in another region. In order to avoid subjectivity, a number of data-driven and knowledge-driven techniques have been developed such as frequency ratio, weights of evidence, logistic regression, index of entropy, evidential belief functions, catastrophe theory, etc. [16,17,18,19,20,21,22,23,24,25]. Among those data-driven models, catastrophe theory-based index methods have attracted the attention of the scientific community due to its efficacy in modeling [26,27]. The catastrophe theory is designed to deal with discontinuous dynamic systems governed by a potential energy-like function which is suitable for decision making based on available data and reducing subjectivity [26,28,29]. A number of recent studies concluded that the catastrophe progression method is a better approach for multi-criteria decision making by avoiding subjectivity considering specific complexity, ambiguity, and uncertainty of decision making [26,30,31]. The major disadvantage of decision making using catastrophe theory is that the influence or weight of indicators depends on the classification of the indicators values. This adds some sort of subjectivity in the decision making. To overcome this challenge, a data clustering approach based on Jenks optimization is proposed in this study for the classification of the values of each indicator.



The objective of the present study is to develop a climate-based water risk index. Simple indicators which can be calculated easily from readily available data for any region are used for this purpose. The catastrophe theory and data clustering methods have been proposed for the calculation of hydrological hazard susceptibility index (HHSI) from climate-based indicators. A case study of HHSI assessment of Peninsular Malaysia is provided. The index is used for the assessment of the geographical distribution of HHSI and the recent changes in the susceptibility pattern in Peninsular Malaysia. Furthermore, HHSI is also calculated using equal weight for the comparison of the results obtained using catastrophe theory. The index can be used to identify the factors responsible for water-related hazards in order to have a better knowledge of characteristics of hydrological hazards.




2. Case Study Area


The peninsula of Malaysia, covering an area of 130,596 km2 was selected to show the effectiveness of HHSI developed in this study. Peninsular Malaysia is divided into 13 states and territories as shown in Figure 1. The topography of the region ranges between zero and 2187 m. According to Köppen climate classification, the climate of peninsula Malaysia is classified as a tropical rainforest climate (Af) with uniform high humid hot temperature and moderate rainfall throughout the year. The average annual rainfall in the peninsula ranges between 1933 mm and 3080 mm (Figure 2). The climate of Peninsular Malaysia is dominated by two monsoons, the northeastern monsoon (NEM), from November to March, and the southwest monsoon (SWM), from May to September. The average annual potential evapotranspiration (PET) over the peninsula, estimated using the Thornthwaite equation [32], shows a large variation from 902 mm from the interior of the north to more than 1800 mm around the coast in the northwest, south, and northeast (NE) (Figure 2).


Figure 1. The topography and administrative districts in Peninsular Malaysia.
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Figure 2. Spatial distribution of (a) annual average rainfall; and (b) potential evapotranspiration estimated using the Thornthwaite method over Peninsular Malaysia.
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3. Data and Methodology


3.1. Data and Sources


Gridded monthly rainfall and temperature data were used in this study for the assessment of susceptibility to hydrological hazards. The major problem often faced in conducting a hydro-climatic study in most parts of the world is the availability of long-term data. Despite availability, uneven distribution and the quality of available data often make it inadequate for the hydrological applications [33]. The gridded data are recommended in the areas where long-term and dense observation data is not available. Thus, in this study, the gridded rainfall and temperature data of the Princeton Global meteorological Forcing Dataset (PGF) developed by Princeton University [34] were used. The rainfall and temperature data at the grid points over Peninsular Malaysia were extracted from the website of PGF [34] for the period 1948–2010.



The PGF data product is developed by merging the reanalysis datasets of the National Centers for Environmental Prediction (NCEP) of National Center for Atmospheric Research (NCAR) and a collection of global observed databases including Climatic Research Unit (CRU) 0.5° gauge-based gridded monthly climate datasets, the Global Precipitation Climatology Project (GPCP) 1.0° gauge-based daily precipitation datasets and the Tropical Rainfall Measuring Mission (TRMM) satellite real-time precipitation datasets [34]. The CRU and GPCP datasets are prepared from a large number of station data distributed over the globe. Smart interpolation technique is used for the interpolation with consideration of topography. Therefore, PGF has been found reliable for hydro-climatic studies in different parts of the world, including Asia [35,36,37,38,39]. One of the major advantages of PGF is its availability at a fine resolution (0.25° × 0.25°) compared to other gridded data and, therefore, it is suitable for the assessment of HHSI at the local scale.




3.2. Methodology


Hydrological Hazard Susceptibility Index (HHSI) was developed and used for the assessment of geographical distribution of HHSI over Peninsular Malaysia using four broad steps: (a) identification of sub-systems; (b) selection and classification of indicators; (c) standardization of data, and (d) normalization of catastrophe theory; and (e) computation of HHSI. The procedure used in this study is shown by the flowchart in Figure 3. The details of the steps are given in the following sections.


Figure 3. The procedure used in this study for the estimation of HHSI and the preparation of hazard susceptibility map of Peninsular Malaysia.
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3.2.1. Identification of Sub-Systems


The concepts and definitions of climate-induced hydrological hazards have been analyzed in many studies [40,41,42]. Most of the factors identified are based on daily rainfall or temperature such as consecutive wet days, consecutive dry days, one-day maximum rainfall, length of a heat wave, etc. Although these daily data-based indices can provide better information related to hydrological hazards, their use is limited due to a number of reasons: (1) Quality daily rainfall and temperature data are not readily available for a large number of stations in most regions of the World; (2) the presence of outliers, which are very common in daily hydro-climatic data and often mislead to average hydro-climatic condition of a region; and (3) estimation of some daily indices are very complex. Therefore, the indicators which can be estimated from monthly rainfall and temperature data were only considered in this study.



There are many criteria proposed in the literature to select indicators such as availability, measurability, achievability, practicability, necessary skills, relevance, quality, disaggregation, comprehensibility, representation, usability, controllability, responsive, stability, sensitivity, etc. [43,44,45,46]. After careful evaluation of different criteria, six criteria were used in this study for the identification of the sub-system and its indicators, (a) availability: The data related to an indicator should be available for existing sources and can be collected easily; (b) measurability: The indicator is measurable in quantitative term; (c) practicality: The indicator can be measured easily with less computation efforts; (d) relevance: The indicator is meaningfully linked to hydrological hazard susceptibility; (e) comprehensibility: The indicator is comprehensible to all and applicable to any region; and (f) sensitivity: The indicator should be responsive to environmental changes.



As a result, the subsystem of the system is defined with four indicators in this study. The justification of selection of the sub-system and the method used for their estimation are discussed below.




Coefficient of Variation of Annual Rainfall


Annual variation of rainfall or coefficient of variation (COV) is considered as one of the most important factors that defines reliability in water resources of a region. A number of studies revealed that annual variability of rainfall is highly correlated to the frequency of floods and droughts [47]. The region having high variability of annual and seasonal rainfall is prone to have more water-related problems than the region where rainfall does not vary significantly from year to year. Therefore, COV of rainfall at a location can be used as an indicator of susceptibility of the location to floods and droughts.




Precipitation Concentration Index


Precipitation Concentration Index (PCI) [48] presents how rainfall is distributed over a water year. It can be estimated using the following equation,
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(1)




where [image: ] is the precipitation of ith month. The PCI is usually high for the region where rainfall is concentrated in a particular season. Most of the annual total rainfall occurs in a few months and the rest of the year is usually dry if the PCI is high [49]. The probabilities of floods and droughts are high for the region where PCI is high compared to the region where PCI is smaller, or rainfall is more or less homogeneously distributed throughout the years. Therefore, PCI at a location can be used as an indicator of susceptibility to flood and droughts of the area.




Aridity Index


Aridity index (AI) has been defined in a number of ways in the literature. However, the UNESCO definition of AI is straightforward and easy to estimate, which is as below,
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(2)




where R is the annual total rainfall and PET is the annual total potential evapotranspiration. The PET can be estimated from monthly mean temperature using Thornthwaite equation [32]:
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(3)




where [image: ] is the monthly average of daily temperature (°C); N is the number of days in the month; L is the average day length (hours) of the month; [image: ] is a heat index which depends on the 12 monthly mean temperatures; and a is a constant which depends on the heat index of the month. The AI is high for the region where PET is higher compared to rainfall. Therefore, AI can be used to define water stress or water abundance in an area.




Spatial Variability of Rainfall


The spatial distribution of rainfall (SDR) at a grid point is estimated as the variability of mean rainfall in surrounding locations compared to mean rainfall at the grid point.
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(4)




where Ri is the annual mean rainfall at the grid point i; and [image: ] is the spatial variability of annual mean rainfall around the station i. It was estimated as the standard deviation of annual mean rainfall of the grid points surrounding the grid point i. Heterogeneous distribution of rainfall can be easily linked to water risk of a region [50]. Concentration of rainfall in a smaller region increases the probability of flood, while precipitation with less quantity leads to water scarcity. Therefore, water scarcity can be noticed at a micro level even in the region where average rainfall is high. This is often noticed in arid and semi-arid regions where rainfall is very erratic and sparsely distributed. Localized flush flood and crop failure due to water scarcity in a topical region is often blamed for high heterogeneity in rainfall distribution. Therefore, SDR can be considered as an indicator of susceptibility to both flush flood and water stress.




3.2.2. Classification of Indicators


The sub-system of the system is defined using indicators. These indicators are specific and provide extensive information on current conditions of multiple hydrological hazards of the study area. The collected indicator data over the study area are decomposed or classified into a number of levels using Jenks optimization method [51]. The classification of the values of an indicator has a significant impact on overall importance or weight of the indicator. It has been found that weight of an indicator changes when values are classified into different ranges. Therefore, subjectivity in estimation of the index using catastrophe theory cannot be completely avoided. In order to overcome this difficulty, a data clustering method known as Jenks optimization [51] was used in this study for the classification of values of each indicator. Jenks method divides data in such a way that variance within each class is minimum but the variance among the mean values of the classes is maximum. The advantage of Jenks classification method is that it identifies the real classes with the data. Another advantage of this classification method is that it was developed with the intention of dividing data into a relatively few data classes. As catastrophe models can handle a maximum of five control variables, Jenks optimization is the best option for classification of data according to the natural variability in order to avoid subjectivity in classification. Finally, the average value of each decomposed or classified data was considered for representing each indicator.




3.2.3. Standardization of Data


The linear standardization process was used to make the data dimensionless and, thus, to eliminate the influence of different sub-systems on hydrological hazard susceptibility. The higher values of the indicators in this study represent more susceptibility to hazard and, therefore, the following formula was used for the standardization of data,
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(5)




where xi is the original value of indicator i; and xi(max) and xi(min) are the maximum and minimum values of the indicator i.




3.2.4. Normalization Using Catastrophe Theory


Catastrophe theory [52] originates from the topology branch of mathematics. The basic purpose of Catastrophe theory is to deal with the phenomena of discontinuity [27,53]. The catastrophe method uses analytical hierarchy, utility function, and fuzzy evaluation to obtain catastrophe fuzzy membership functions by normalization of the bifurcation set. The dependency of the state variable (index) on control variables (climate indicators) is determined by catastrophic fuzzy membership functions, rather than weights assigned by the users.



In Catastrophe theory, initially, the standardized data are normalized using catastrophe fuzzy mathematics to give the optimal or cleanest data. The multidimensional catastrophe fuzzy membership functions assign values ranging from 0 to 1 to resolve incompatibility of various initial data [52]. There are seven catastrophe models, among which five have one state variable namely, Fold, Cusp, Dovetail, Butterfly, and Wigwam. As the objective of the study is to estimate a single index e.g., HHSI, the catastrophe models having one state variable were considered in this study.



Catastrophe models can handle a maximum of five control variables. Therefore, all the indicators are classified into five classes to show the maximum diversity of data. The Wigwam normalization formula of catastrophe theory was used to derive the catastrophe fuzzy membership function of the indicators as there are five control variables. One state variable represents each sub-system, which is as below:
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(6)




where a, b, c, d and e are the mean values of four ranges of an indicator and xa, xb, xc, xd and xe are the normalized values.




3.2.5. Estimation of Hydrological Hazard Susceptibility Index (HHSI)


The catastrophe theory-based evaluation method was used for the estimation of HHSI from the sub-system indicators mentioned above. The procedure used in the present study for the estimation of HHSI is described below:

	
The system of hydrological hazard susceptibility is divided into four sub-systems namely, COV, PCI, AI and SDR, each of them consists of an evaluation indicator system.



	
The indicator data over the study area are decomposed or classified into a number of levels using Jenks optimization method.



	
The average value of each decomposed or classified data was considered to represent each indicator.



	
Standardized method is used to convert the indicator values to dimensionless numbers in the range of 0 to 1 in order to remove the influence of range and units of different indicators.



	
The catastrophe model for the indicators of the sub-systems is determined based on the levels of evaluation indicators.



	
Catastrophe model is used to estimate the value of fuzzy membership function for normalize evaluation indicator values.



	
The process is repeated to fuzzy membership function values of all indicators of all sub-systems.



	
The average of fuzzy membership function values is estimated as the weight of each sub-system on the hydrological hazard susceptibility system considering that the control variables can compensate each other (complementarity principle).








The fuzzy membership function values are used as rank or importance of each indicator of a subsystem, while the average of the fuzzy membership function values was used as the weight of the sub-system, which defines the importance of the sub-system on the hydrological hazard susceptibility system. Therefore, HHSI was calculated using Equation (7):
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(7)




where the subscripts, w and r represent weight and rank, respectively. In case of equal weight, all the sub-systems are given a weight equal to 1.




3.2.6. Spatial Mapping


Obtained results in different grid points were used to show the spatial pattern of variables and HHSI to provide a better understanding of the distribution of hydrological hazard susceptibility over the study area. ArcGIS 10.3 provides several ways to display the spatial patterns of an event on the map. In the present study, HHSI values were presented at each grid point using map symbols (points, area fills, color, etc.) of ArcGIS 10.3. Different colors were used to show the magnitude of changes at each grid point.






4. Results and Discussion


4.1. Spatial Distribution of Indicators


In the present study, gridded rainfall and temperature data with a spatial resolution of 0.25° was used. The indicators were estimated for each grid point. The maps showing the spatial distribution of four indicators namely, COV, PCI, AI and SDR are shown in Figure 4.


Figure 4. Spatial distribution of indicators over Peninsular Malaysia: (a) COV; (b) PCI; (c) AI; and (d) SDR estimated for the period 1948–2010.
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4.2. Assignment of Weights to Indicators Using Catastrophe Theory


The value of each indicator was standardized according to Equation (5). After standardization, the raw data was classified into five ranges using Jenks data clustering method and then normalized. The normalized values were obtained from the normalization formula given in Equation (6). For example, the values of the indicators of COV were classified into five classes, 10.86–12.34, 12.34–14.22, 14.22–15.85, 15.85–17.36 and 17.36–19.76 using data clustering method. The mean values of each range were normalized using equation (6) as, XC1 = 1.01/2 = 1.0, XC2 = 0.761/3 = 0.91, XC3 = 0.511/4 = 0.84, XC4 = 0.281/5 = 0.78 and XC5 = 0.01/6= 0.0. The average of the normalized values was calculated, (XC1 + XC2 + XC3 + XC4 + XC5)/5 = 0.71, which is the weight of the indicator, COV. Similarly applying the same procedure, the weights of PCI, AI and SDR were estimated as 0.73, 0.73 and 0.71, respectively. The estimated values of the fuzzy membership function of different indicators and the weights of the sub-systems are shown in Table 1.


Table 1. Estimation of catastrophe fuzzy membership function values of different indicators and the weights of different sub-system used for the estimation of hydrological hazard susceptibility index.





	
System

	
Sub-System

	
Indicators

	
Average Value

	
Standardize Value

	
Normalize Value

	
Weight






	
HHSI

	
COV

	
10.86–12.34

	
11.60

	
1.00

	
1.00

	
0.71




	

	
12.34–14.22

	
13.28

	
0.76

	
0.91




	

	
14.22–15.85

	
15.03

	
0.51

	
0.84




	

	
15.85–17.36

	
16.60

	
0.28

	
0.78




	

	
17.36–19.76

	
18.56

	
0.00

	
0.00




	
PCI

	
8.68–9.04

	
8.86

	
1.00

	
1.00

	
0.73




	

	
9.04–9.44

	
9.24

	
0.84

	
0.94




	

	
9.44–9.97

	
9.70

	
0.64

	
0.89




	

	
9.97–10.55

	
10.26

	
0.39

	
0.83




	

	
10.55–11.79

	
11.17

	
0.00

	
0.00




	
AI

	
0.31–0.46

	
0.38

	
1.00

	
1.00

	
0.71




	

	
0.46–0.56

	
0.51

	
0.73

	
0.90




	

	
0.56–0.67

	
0.61

	
0.52

	
0.85




	

	
0.67–0.77

	
0.72

	
0.31

	
0.79




	

	
0.77–0.97

	
0.87

	
0.00

	
0.00




	
SDR

	
0–50.82

	
25.41

	
1.00

	
1.00

	
0.73




	

	
50.82–86.63

	
68.72

	
0.80

	
0.93




	

	
86.63–126.84

	
106.74

	
0.63

	
0.89




	

	
126.84–190.47

	
158.66

	
0.39

	
0.83




	

	
190.47–296.55

	
243.51

	
0.00

	
0.00










In catastrophe theory, the weight of a sub-system depends on the variance among the mean value of sub-system indicators. It estimates similar weights of two sub-systems when the variabilities of both sub-system indicators are similar. The major advantage of the catastrophe theory-based weighting approach is that it quantifies the real importance of each sub-system according to its indicator values.




4.3. Estimation of Hydrological Hazard Susceptibility Index


The ranks and weights estimated for COV, PCI, AI and SDR are inserted in Equation (7) to calculate HHSI at each grid point. The spatial distribution of HHSI in Peninsular Malaysia is shown in Figure 5. It shows higher susceptibility to hydrological hazards in the NEM region of Peninsular Malaysia. The interiors of the west and the south of the peninsula are found to be less susceptible to hydrological hazards. Furthermore, it was found that coastal regions are more susceptible to hydrological hazards compared to the interior of the peninsula. This matches well in the general conception of the hydrological hazard-prone zone of Peninsular Malaysia [54]. The region receives very high rainfall during NEM and scant rainfall during SWM. Some parts of the study area often suffer flooding mainly due to heavy rainfall during NEM. On the other hand, the longest dry spell is also observed in the region during SWM, particularly in the months of June and July.


Figure 5. Spatial distribution of hydrological hazard susceptibility in Peninsular Malaysia obtained through integration of hydro-climatic indicators using fuzzy catastrophe method.
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The HHSI is also estimated by an assigned equal weight to all sub-systems in Equation (7). The spatial distribution of HHSI using equal weight is shown in Figure 6. It shows a similar pattern of spatial distribution of hydrological hazard susceptibility in Peninsular Malaysia obtained from catastrophe theory. However, the HHSI values obtained from equal weights are found a bit higher compared to those obtained using the catastrophe theory. Figure 6 shows more susceptibility to hydrological hazard in a large area in the northeast region of Peninsular Malaysia. The result indicates that the proposed index can be employed for reasonable assessment of the spatial distribution of hydrological hazard susceptibility through simple calculation by considering the equal influence of all climatic indicators.


Figure 6. Spatial distribution of hydrological hazard susceptibility in Peninsular Malaysia obtained through integration of hydro-climatic indicators using equal weights.
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To understand the causes of higher vulnerability to hydrological hazards in NEM of the peninsula compared to the western part, the indicator values at two grid points, one in the NEM (Kelantan) and another in the west (Melaka) of the peninsula were scrutinized (refer to Figure 1). The indicator values of these two points are presented in the radar chart in Figure 7. The standardized indicator values show less annual and spatial variability and seasonal concentration of rainfall in Melaka compared to Kelantan. The AI values were also found less in Melaka compared to Kelantan.


Figure 7. Radar Chart showing the differences in standardized indicator values in Melaka (west coast) and Kelantan (northeast coast).
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The annual and seasonal variations of rainfall and AI of those two points were further analyzed to understand the differences in susceptibility to hydrological hazards using PGF data. The seasonal distribution of rainfall in the same two locations is shown in Figure 8. It clearly shows a high concentration of rainfall during NEM in Kelantan compared to Melaka. The amount of rainfall in Melaka in most of the year was found less compared to NEM in Kelantan. The high rainfall during NEM and the comparatively less rainfall in other months have made the region susceptible to floods during NEM and droughts in other months.


Figure 8. Seasonal distribution of two grid points location in Kelantan and Melaka rainfall estimated for the period 1948–2010.
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The geographic distribution of floods and droughts is not uniform over Peninsular Malaysia. The east coast of Peninsular Malaysia is more prone to hydrological hazards than the west [55]. Floods triggered by heavy rainfall is an almost every year phenomenon in the northeastern coast states of Peninsular Malaysia [56]. It experienced severe floods in 1926, 1967, 1971 and 2014 with catastrophic effects on livelihood and economy [54,57]. Water scarcity due to prolonged dry spells is also a common phenomenon on the northeast coast. Kelantan has experience droughts in 1997, 1998, 2002, 2003, 2005, 2006, 2007, 2009 and 2010 [58,59]. On the other hand, hydrology-related natural hazards are a lot less in Melaka, located on the west coast. The index used and developed in this study was able to reflect the existing spatial distribution of hydrological hazard susceptibility in Peninsular Malaysia. It was able to clearly show the high hydrological hazard susceptibility in Kelantan and the low hydrological hazard susceptibility in Melaka.



The temporal variability of annual rainfall at two locations over the period 1948–2010 is shown in Figure 9. It clearly shows the high annual variability of rainfall in Kelantan compared to Melaka. Rainfall in Kelantan was found to be as high as 4300 mm and as little as 1500 mm in some years compared to the annual average of 3000 mm. On the other hand, rainfall in Melaka was found to be more consistent over the year.


Figure 9. Annual rainfall time series for the period 1948–2010 at two grid points located in Kelantan and Melaka.
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The time series of AI in the same two locations (Figure 10) show higher PET compared to rainfall in Kelantan. The higher PET is responsible for the water scarcity of a region. The spatial variability of rainfall in Kelantan and Melaka can be assessed from an annual rainfall distribution map of Peninsular Malaysia shown in Figure 2a. The map shows high variability of rainfall in a small region in the NE compared to other parts of the peninsula. The wide heterogeneity of rainfall is also the cause of high susceptibility of hydrological hazard in the region.


Figure 10. The time series of aridity index for the period 1948-2010 at two grid points located in Kelantan and Melaka.
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4.4. Changes in Hydrological Hazard Susceptibility Index


The HHSI is used to assess the changes in geographical distribution of hazard susceptibility in Peninsular Malaysia due to changes in climate. Therefore, HHSI is calculated for every 30-year window between 1950 and 2010. The changes in spatial distribution of HHSI during different periods obtained using catastrophe theory are shown in Figure 11. It shows changes of HHSI in some parts of the peninsula for the recent years. The decrease in HHSI was noticed in the NE of Peninsular Malaysia, which is considered as the most hydrological hazard-prone zone of the peninsula. On the other hand, it was found to increase in the whole southern region of the peninsula.


Figure 11. Changes in geographical distribution of hydrological hazard susceptibility using fuzzy catastrophe method (left) in Peninsular Malaysia during different periods: (a) 1951–1980; (b) 196–1990; (c) 197–2000; and (d) 198–2010 and using equal weights (right) during (e) 195–1980; (f) 1961-1990; (g) 197–2000; and (h) 198–2010.
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The equal weight method is also used to assess the changes in geographical distribution of hazard susceptibility. Obtained results are presented in Figure 11, which shows a similar pattern in spatial changes in hydrological hazard in Peninsular Malaysia for both methods.



To understand the causes of the decrease in HHSI, changes in all indicators at all grid points over Peninsular Malaysia were estimated. The changes (%) in COV, PCI, AI and SDR for the recent years (2000–2010) compared to those for the base period 1951–1980 are shown in Figure 12. It shows that rainfall becomes more dependable in the NE of peninsular Malaysia compared to the base period and, therefore, COV has reduced. Some locations on the west coast and the south of the peninsula experienced low increases. The PCI was not found to significantly change in most parts of the peninsula, while both AI and SDR were found to decrease in most parts of the region.


Figure 12. Changes (%) in (a) COV; (b) PCI; (c) AI; and (d) SDR in the recent years (2000–2010) compared to the base year (195–1980) in Peninsular Malaysia.
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The variations in individual indicators changed the spatial distribution of HHSI in the peninsula. The changes in susceptibility to hydrological hazards in Peninsular Malaysia in recent years (2000–2010) compared to the base period (1951–1980) are shown in Figure 13. It shows the decrease in hazard susceptibility in the northern part of the peninsula including the NE region, while susceptibility increased in the south. However, the percentage of decrease was in the range of −31.84% and −15.18%, while the increase in the southern part of the peninsula was as high as 21.01%. It has been reported that temperature is increasing and the rainfall pattern is changing in Peninsular Malaysia [55,56]. The present study indicates that changes in rainfall and temperature have overall deteriorated the hydrological hazard susceptibility in Peninsular Malaysia.


Figure 13. Changes (%) in susceptibility to hydrological hazards in recent years (2000–2010) compared to the base year (1951–1980) in Peninsular Malaysia.
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The climate-based index developed in this study can be used for easy computation of hydrological hazard susceptibility from readily available data in any regions. Fuzzy catastrophe theory with data clustering approach is used to reduce subjectivity when estimating the index from multiple numbers of indicators. The application of the hazard susceptibility assessment tool in Peninsular Malaysia showed its capability to map hydrological hazard susceptible zones. The index was also found to assess the recent changes in hazard susceptibility and the factors responsible for those changes. The HHSI, estimated using the equal weight method, is found to provide a similar spatial pattern in hazard susceptibility to that obtained using catastrophe theory, which indicates that simple averaging of the four climatic indicators proposed in this study can be used for fast and easy assessment of hydrological hazard susceptibility in any region. The HHSI developed in this study can be used as a tool for the assessment of the possible impact of climate change on water-related hazards in a region and demarcation of climate change-vulnerable zones. It can also be used to assist policy makers to prioritize adaptation and mitigation measures related to water resource management.



Global warming induced by climate change has caused a sharp rise in temperature and changes in precipitation patterns in most parts of the globe. This has caused an increase in hydrological hazard susceptibility and climate change vulnerability. Assessment of such changes requires assimilation of data from various sources and to analyze data using sophisticated models. The index developed in this study can be used to provide an overall view and preliminary assessment of the climate change impact on hydrological hazard susceptibility. It can be also used to understand the causes of hazard susceptibility, which in turn can help in mitigation planning and future changes in hazard susceptibility using future rainfall and temperature data from general circulation models.





5. Conclusions


Fuzzy catastrophe theory with data clustering approach has been used in this study for the assessment of the geographical distribution of hydrological hazard susceptibility from readily available monthly gridded climate data. The efficacy of the index in the estimation of hydrological hazard susceptibility was assessed through its application in Peninsular Malaysia. The method was found to well construct the spatial distribution of hydrological hazard susceptibility of Peninsular Malaysia. It reliably estimated higher susceptibility of hydrological hazard in the northern part of the east coast and lower susceptibility in the west coast of Peninsular Malaysia. The advantages of the approach developed in this study are: (1) It uses global gridded climate data and, therefore, it can be used in any regions of the world irrespective of availability of data; (2) it uses catastrophe theory to assign weights of different criteria according to the importance of one criterion over others by its inner mechanism and, thus, greatly reduces the subjectivity; (3) the use of natural break algorithm for classification of indicator values further reduces human bias in estimation of hazard index. The proposed method can be used for a more detailed spatial assessment of hydrological hazards with availability of higher spatial resolution climate data in future. Furthermore, study can also be conducted to assess the impacts of climate changes on the spatial and temporal variability of hydrological hazard susceptibility using projected climate under different climate change scenarios.
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