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Abstract

:

Information about risk is essential to design flood risk management programs. To our knowledge, this is the first attempt to develop an emergency flood evacuation plan based on flood risk assessment. Flood risk assessment in the middle Chao Phraya River Basin (CPRB) was simultaneously analyzed and mapped as the product of flood hazard, and social vulnerability maps generated by fuzzy Analytic Hierarchy Process (AHP) and fuzzy logic. One of the purposes of flood risk mapping is to promote proper and prompt evacuation actions for residents. The emergency flood evacuation model was tested to explore the available time of evacuation, to reduce the risk or even the loss of life. The simulation results showed that significant time was available for evacuation in the middle CPRB. This was calculated based on a physical status of evacuees, safe evacuation condition, shortest evacuation path, flood shelter, and road capacity.
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1. Introduction


In Thailand, half of the natural disasters recorded during 1983 and 2012 were caused by floods, and their impacts were the largest in terms of the amount of economic damage [1]. The 2011 flood in the Chao Phraya River Basin (CPRB) was a very remarkable flood disaster in Thailand, resulting in damages and losses amounting to US $46.5 billion [2]. Millions of people were evacuated and more than 1000 residents lost their lives. The CPRB is a flood-prone area because of its topographical characteristics. The various extensive flood countermeasures have been taken to control the magnitude and frequency of flood, and also to protect citizens and properties in this Basin. However, the CPRB is still under threat of flood risk.



Comprehensive flood risk assessment has been widely applied to provide information regarding the risk of implementing various types of flood measures, such as floodplains management and flood evacuation [3,4]. Basically, the degree of flood risk levels usually dependst on two main aspects: The first aspect is related to flood events, flood hazard; and the second one is related to people, social vulnerability. Flood risk assessment is often established based on the concept of flood hazard and social vulnerability assessment [5,6,7]. Due to the various definitions of flood risk that are widely acknowledged by many scholars, first we must define flood risk, flood hazard, and social vulnerability for this study. According to the definition from the United Nations Office for Disaster Risk Reduction (UNISDR) Terminology on Disaster Risk Reduction [8], we consider “flood risk” as “the potential flood disaster which leads to losses in lives and property (assets), and also affects the socio-economic development”; “flood hazard” as “a potentially damaging flood event (flood characteristics) that may cause the loss of life or injury, property damage, social and economic disruption”; and “social vulnerability” as “people and property (assets) exposed to the flood hazard”. For this reason, flood risk assessment in this study was evaluated based on flood hazard and social vulnerability data to develop the efficient flood risk reduction measures for CPRB. To lessen the vulnerability of people to flood disasters, the most used strategy is evacuation. Evacuation not only reduces the loss of lives of people, but also helps residents quickly regain their functionality [9].



Floods in the middle CPRB are triggered by long-term rainfalls (May to October) and storm rainfalls (August to October), that cause frequent flooding in low-lying areas and prolonged floods cause human and economic losses. Unfortunately, there is no detailed flood risk assessment in the middle CPRB. Moreover, one of the factors that aggravated the 2011 flood situations in the CPRB was the confusing and contradicting information from key agencies especially the evacuation information. Comprehensively planned evacuations and under-equipped evacuation shelters may cause loss of life due to flooding. Therefore, we investigated the flood risk and developed the emergency flood evacuation model for the middle CPRB.



Basically, most flood evacuations are planned and considered based on a static factor of the flood event, but floods are dynamic processes. Besides, flood evacuation plans need to consider various flood events. To obtain the optimal emergency flood evacuation, we considered various devastating and catastrophic flood events in the CPRB, which occurred during the 1995, 2006, and 2011 flood events. The objectives of this study were to: (1) Establish the flood risk maps during the 1995, 2006, and 2011 flood events considered as the product of flood hazard and social vulnerability maps generated by fuzzy Analytic Hierarchy Process (AHP) and fuzzy logic; (2) develop the emergency flood evacuation model to lessen the vulnerability of citizens and determine the available time for safe evacuation in the middle CPRB; and (3) propose recommendations to improve the efficiency of flood evacuations and reduce the consequences of a catastrophic flood event.




2. Materials and Methods


2.1. The Study Area


The Chao Phraya River Basin (CPRB); the largest and most agriculturally productive basin in Thailand, has experienced and suffered from flooding almost every year. The CPRB covers an area of 160,000 km2 from northern Thailand to the gulf of Thailand. The basin is normally divided into three basins as shown inthe upper CPRB, and there are four major tributaries; the Ping, Wang, Yom, and Nan Rivers, which flow downstream from the northern mountainous terrains and combine to form the Chao Phraya River at the middle CPRB around the Nakhon Sawan Province.



In Thailand, people usually live in floodplains because land is productive for agricultural purposes. Due to steep slopes and dense forests (60% of areas) in the upper CPRB, the middle basin usually receives a large amount of water that causes flooding in low-lying areas located along the Yom and Nan Rivers almost every year. Water in the channel of Yom and Nan Rivers usually spills over the riverbank or embankment to the floodplains due to mild channel slope and low capacity of rivers. According to the spatial distribution of high rainfall intensity data [10], it clearly shows that the low-lying area in the middle CPRB is relatively high-risk to flooding, which is predominated by high rainfall intensity.



In accordance with the 2011 flood, these low-lying areas suffered and struggled from this catastrophic flood, lasting from the late of July to November. During this time, at least 100 persons died due to this severe flooding [11]. Moreover, it appears that there were no provisions, or plans for large-scale disasters such as the 2011 flood in CPRB [12]. Once floods reached a large extent, the public and many stakeholderscomplained about often receiving conflicting flood information that worsened situations. The limited flood evacuation information, together with the lack of proactive evacuation planning may increase flood-related damages and losses.



The above information upholds the need for a realistic, hands-on evacuation preparation for the middle CPRB, particularly in low-lying flood prone areas. Thus, the flood risk assessment and emergency flood evacuation model were performed and tested in the low-lying areas of the middle CPRB. The study covers an area of 6012 km2 as shown in Figure 1.




2.2. Flood Risk Assessment


In order to understand flood risk, it is necessary to set appropriate conditions of flood events and socio-economic situations. This would permit assessment of floodplains conditions to obtain basic information for considering methods to reduce and avoid risks, and eventually for developing appropriate adaptation measures [13,14,15]. The identification of flood risk factors is the most important step of flood risk assessment. The inclusion of flood risk factors should be performed within a framework to ensure that the whole problem is enclosed. It is well known that maps can represent the spatial flood risk distribution, which are easy to understand and provide a stronger impression [16,17]. In this study, flood risk assessment was represented in the form of a flood risk map that was evaluated by two crucial maps, which are flood hazard and social vulnerability maps. We selected historical catastrophic flood events, which occurred during 1995, 2006, and 2011 due to their impacts on vast inundation areas, and the resulting huge economic losses in the CPRB. In addition, we collected secondary data provided by several agencies in Thailand to represent the socio-economic conditions of low-lying areas in the middle reach of CPRB.



Based on the hydrodynamic model (2-D) for the middle CPRB [18], we carried out the simulation results of severe flood events (1995, 2006 and 2011 flood) to get the flood inundation depth, flood velocity, and inundation duration represented in a grid (50 m × 50 m resolution) at different times. Even though floodplain elevation data (30 m × 30 m resolution) was applied for the hydrodynamic model, the results of flood inundation were represented by the 50 m × 50 m resolution due to hardware resources and stability of the model. We counted out these indicators to establish the flood hazard map. In addition, based on the available data and an extensive literature review [19,20,21], we collected and employed seven indicators in socio-economics to generate the social vulnerability map as shown in Table 1. Through standardized processing, all seven data layers in social vulnerability were converted into grid data.



Flood risk assessment in this study involves various data. It is unavoidable that the geographic and statistical information used in this study have multiplicity, complexity, and uncertainty [22]. In recent years, several uncertainty methods have been employed to overcome these problems, such as the fuzzy logic method [23]. The fuzzy logic method is usually used in the complex uncertainty problem such as flood risk assessment, because it is simple to describe fuzzy characters and it can also reflect the actual situation on objectiveness [24,25,26,27]. For these reasons, we employed the fuzzy logic to assess the flood risk map in low-lying areas of the middle CPRB. Moreover, analytic hierarchy process (AHP) was also applied to estimate weighted indicators. However, the conventional AHP requires crisp numbers that cannot deal with uncertainty like flood risk assessment. Besides, we applied the fuzzy AHP alongside a triangular fuzzy in the pairwise comparison to estimate weighted indicators. The flowchart for flood risk assessment is shown in Figure 2.



2.2.1. Fuzzy Logic


With the advancement of fuzzy logic, some mathematical models have been developed based on fuzzy theories to achieve a greater accuracy. As we mentioned, this study involves many indices, and it is difficult to specify an exact value to them (crisp value), but the fuzzy model provide a possibility to identify their values between 0 and 1. When the value belongs in full membership, it represents 1. In contrast, it will become 0 when that value is a non-membership. Using different types of fuzzy numbers depends on the data and problem [28]. The fuzzy synthetic evaluation (FSE) categorizes data into several groups, and calculates each individual value considering the whole situation [29]. We then applied FSE to generate the flood risk map. In the FSE, the triangular fuzzy numbers were also utilized to express their relative membership. Figure 3 represents the triangular fuzzy numbers and it can be described as:


μN˜(x)={x−lm−l,l≤x≤mu−xu−m,m≤x≤u0,otherwise



(1)




where the parameters, l, m, and u are the smallest possible value, the most promising value, and the largest possible value, respectively. The triangular fuzzy numbers are generally represented as (l, m, u).




2.2.2. Fuzzy Analytic Hierarchy Process (Fuzzy AHP)


The Analytic Hierarchy Process (AHP) has been widely used for estimating weight factors in several areas of human interests [30,31,32]. In the AHP, the weights of criteria are not obviously distinguished, as in the direct assessment of multiple-criteria decision-making (MCDM) methods. The weights are generated from judgement matrices of pairwise comparisons considered by the importance of the criteria proposed by Saaty [33]. As the traditional AHP, the pairwise comparisons are represented as crisp values. However, uncertainties, ambiguities, and vagueness in the real situation cannot be handled by a crisp value. As a result, fuzzy AHP was developed to solve these problems. In this study, we applied the extent study on the fuzzy AHP developed by Chang [34]. In addition, using triangular fuzzy numbers in fuzzy AHP has proven that it is effective for problem statement, where limited data are subjective and ambiguous [35,36,37]. Therefore, the fuzzy AHP model with triangular fuzzy numbers in a pairwise comparison process was employed to generate weights factor for flood hazard and social vulnerability map in this study.





2.3. Emergency Flood Evacuation Model


According to numerous studies on natural disasters, researches primarily highlight the functions of infrastructures and residents responses during extreme event [38]. Evacuation, one of emergency responses, has received significant attention to be utilized to lessen the vulnerability of threatened people [39]. Many studies identified a number of influential factors considering a complexity of social and engineering sciences. However, investigation of these factors depends largelyon the available data, and results on these effects vary from notable to unnotable across types of disasters [40]. Many researches on evacuation tried to develop a model to estimate the travel time of evacuation, and determine the appropriate evacuation routes. However, most of these models focus on hurricanes in developed countries [41,42,43,44,45]. Despite this acknowledgement, understanding and developing a flood evacuation model is appropriate and necessary [46].



In Thailand, many field investigations often reported that many people lost the chance to evacuate due to their late decision and limited information [12]. Due to the vast flood inundation and general well-being of communities in the middle CPRB, we identified the high-risk areas in this basin to be the pilot study for flood evacuation. Thus, we developed a mathematical model, namely the emergency flood evacuation model, to evacuate citizens in this area to flood shelters in order to facilitate an evacuation plan and determine the available time for evacuation as a protective action strategy.



The three-step approach proposed in this study was adopted for the emergency flood evacuation in low-lying areas of the middle CPRB. For the first step, we investigated flood characteristics of the 1995, 2006 and 2011 floods, and then classified flood evacuation zones to specify evacuees and the starting time for evacuation. In the next step, the designed safe areas for flood shelters were determined in geographical information systems (GIS) using topographic maps at a scale of 1:50,000. In the last step, the coordinates of high-risk grid cells, state roads, and flood shelters as well as the distance among these three layers were extracted from GIS to be used as input data to calculate the evacuation travel time. The evacuation travel time in this model was calculated based on the physical status of evacuees (elderly and preschool citizens), safe evacuation condition, the shortest time of evacuation, flood shelter, and road capacity.





3. Results


3.1. Flood Risk Maps for Middle Reach of CPRB


Flood risk maps in low-lying areas of the middle CPRB were developed using flood hazard and social vulnerability maps through fuzzy AHP and fuzzy logic. The flood risk assessment model (Figure 2) was set up to generate flood risk maps. The specific technique of this model is described as follows:

	
According to the basic assessment units, we counted out three flood hazard indicators, flood inundation depth, flood velocity, and inundation duration as Table 1. On the other hand, social vulnerability assessment, there is a corresponding seven-indicator as Table 1, consisting of census population, population density, age (lower 6 and upper 60 years old), census housing, distance to state roads, land use, and land price.



	
We collected and converted the socio-economic data from various agencies to grid data with a resolution of 50 m × 50 m resolution corresponding to hydrodynamic model simulation results.



	
For the fuzzy AHP model, we specified triangular fuzzy pairwise comparison matrices. Pairwise comparison matrices were formed using characteristics of the middle CPRB and literature reviews [47,48], which were further analyzed and formed in detail by the expert teams in Japan and Thailand. The local weights of these two factors for flood risk maps were determined by the fuzzy scale regarding relative importance to measure the relative weights as given in Table 2. After analyzing, the local weights of flood hazard and social vulnerability map that passed the consistency test are presented in Table 3. For the social vulnerability map, the population density and land price were selected as main indicators because they reflected the economic condition. Floods occurring in developed areas always cause more economic loss than those in developing and undeveloped areas.



	
According to basin characteristics, historical information, literature reviews, and so on [49,50,51], we divided the grade interval value for the flood risk map, flood hazard map, and social vulnerability map into five grades; noted as low zone, low-medium zone, medium zone, medium-high zone, and high zone as shown in Table 3.



	
Through the piecewise linear function (triangle) in the fuzzy logic, the membership function of each grade was calculated and eventually the assessment factors were obtained by the fuzzy subset classification (Figure 3). The parameters l, m, and u in this study were the lowest value, the middle value, and the highest value of each grade interval value, respectively (Table 3).



	
The evaluation matrices were generated by the membership values and were then multiplied by weighted factors derived from the fuzzy AHP. The defuzzification was the last step in the fuzzy logic process. We applied centroid of area for the defuzzification process and eventually the flood hazard and social vulnerability assessment results can be obtained through fuzzy logic. The flood hazard and social vulnerability maps are shown in Figure 4.



	
With the flood hazard and social vulnerability results, eventually we were able to generate the flood risk maps for low-lying areas in the middle CPRB through fuzzy logic as illustrated in Figure 5, and the flood risk results are summarized in Table 4.








Flood risk maps enable decision makers to clearly identify risk areas. Comparing components of risk in quantitative terms is the one of advantages of such a comprehensive risk assessment. In this study, we examined the flood risk as a result of flood hazard and social vulnerability maps. For flood hazard maps (Figure 4), most of the high flood hazard areas lay along the Yom River and span around the confluence of the Chao Phraya River owing to the mild slope. On the other hand, the social vulnerability map showed that the high social vulnerability areas were located in urban areas because of the well-being of communities and the dense population (Figure 4). With the results of flood hazard and social vulnerability maps, the relative flood risk maps for each 50 m × 50 m grid resolution in this study showed that almost all low and low-medium risk zones lay in the agricultural areas especially a paddy field. As the study was used for agriculture purpose (low impact on social vulnerability) and was not inundated, the low and low-medium risk zones occupied almost 50% of the study area. On the other hand, it could obviously be seen that the medium-high and high flood risk areas spanned along the rivers (mostly inundated), especially at the Yom River. As the floodplain areas are fertile and flat, which is suitable for various purposes. Besides, many urban areas are located in floodplains. The large spread of high flood risk areas is located in the Bang Rakam, Pho Thale, Chum Saeng, and Nakhon Sawan District (Figure 5), which correspond to the report from the Royal Irrigation Department (RID) indicating that these areas are ubiquitous and severest in this basin owing to flooding [52].



According to Figure 5, the common high flood risk area which appeared in all three severe flood events is around 96 percent compared to the 1995 flood; the smallest flood event in this study. It could be stated that these areas are frequent to high-risk and there are more than 42,000 citizens who live and spend their daily lives in these high-risk areas. It is very important and necessary for relevant agencies to prepare and facilitate the effective disaster planning and management. As the results of the 2011 flood, it was notable that relying only on structural measures is not a proper way for the CPRB. As the community areas are adjacent to rivers, in low-lying areas of the middle CPRB, it is not possible to avoid high material damage when an extreme flood arrives, but it is possible to save lives of residents. Many countries use the lessons learned post-disaster to revise their disaster management legislation and plans. Therefore, we intend to develop the emergency flood evacuation model for devastating flood events to lessen the risk of people especially those living in high flood risk areas and explore the safety evacuation with a different starting time of evacuation.




3.2. Emergency Flood Evacuation


According to high flood hazard and community welfare, we focused on the high flood risk areas of the middle CPRB as the pilot area to evacuate residents to flood shelters. Owing to wide-area evacuation in this study, we identified the flood evacuation zone by considering various flood characteristics, and also selected existing public buildings to be flood shelters. Moreover, we developed the emergency flood evacuation model to investigate the safe evacuation and available time for evacuation in the middle CPRB. The flood evacuation model for this study determined the travel time of the evacuees from their houses to flood shelters. The travel time of evacuation depended very much on the flood situation such as flood depth, flood velocity, and flood extents. Besides, the evacuation travel time was further divided into two categories; travel time of walking and vehicle, and these travel times were examined by factors that affected evacuation behaviors. The concept of the flood evacuation model from this study was that all evacuees who lived in the same flood zone evacuated at the same time of flood warning announcement, and complied with instruction. Furthermore, this study also calculated the success of evacuation that reflected the late decision on flood evacuation from relevant agencyies, because some evacuees cannot move to flood shelter with safe. Hopefully, the results from this study can reduce the loss of life during flood evacuation in the middle CPRB in which flooding occurs almost every year.



3.2.1. Flood Evacuation Zones Classification


With wide-area evacuation in this study, firstly we defined the flood evacuation zones. The evacuation zone is very important because if it is not conducted and planned effectively, the mass evacuation can cause traffic congestion and also leave evacuees in dangerous consequences resulting in unexpected losses. Wilmot and Meduri [53] stated that evacuation zones should be conducted based on an expected event with traffic analysis and the number of zones should be minimized for easy and fast communication.



An understanding in flood mechanism and timing is a very crucial step to develop flood emergency plans effectively because it avoids problems that move residents to subsequently inundated areas. Besides, we combined spatial and temporal flood inundation results of the catastrophic flood events in 1995, 2006, and 2011 from the hydrodynamic model together with flood risk maps to classify and specify flood evacuation zones. Identifying evacuation zones in this study gave a priority on resident similarities, such as residential district or neighborhood association because it is effective to facilitate mutual cooperation among residents during evacuation. After analysis, we found that although there was a slight difference in arrival time of flood water owing to the different shape and amount of flood hydrograph, there was still a significant common pattern of flood inundation in the study area. This may have come from a low-lying area and a very large scale flood event that caused water instantly and easily to spill over the river bank into floodplains. According to the classification results that considered an overall similarity, we could account for five flood evacuation zones and we also could specify a starting evacuation time for each zone considered by the arrival time of flood-water coming into each zone. The flood evacuation zones map for the middle CPRB is presented in Figure 6, and the detail of each flood evacuation zone against flood events is summarized in Table 5.




3.2.2. Flood Shelters Selection


The shelters should have adequate space, basic living requirements, and not be located in hazardous areas [41]. GIS have widely been applied to identify and select flood shelters [54,55,56,57]. In this study, we aimed to find appropriately located flood shelters. Firstly, we sought for candidate shelter locations by considering existing public buildings in this study area such as schools, temples, and community centers that had the adequate area and necessary utilities for the number of evacuees to stay and store relief packages. The candidate flood shelters were considered by GIS through topographic maps at a scale of 1:50,000. In accordance with the 2011 flood event, many flood shelters provided by agencies were located in inundated areas and some of them had to be closed owing to the shelters being submerged, causing trouble to citizens. Thus, flood shelters in this study were set to be free from flood inundation records. We then applied the vastest flood inundation area (flood 2011) to screen flood shelters.



After overlaying the 2011 flood inundation with topographic maps, we obtained 142 buildings located in safe areas from flooding as shown in Figure 6. Due to the unknown capacity of each flood shelter, we assigned its capacity as 500 persons, which is the average flood shelters capacity reported by Department of Disaster Prevention and Mitigation [58]. Besides, the total capacity of flood shelters in this study was 71,000 vacancies.




3.2.3. Evacuation Travel Time Calculation


In accordance with the 2011 flood, many transportation infrastructures, 1700 roads, highways, and bridges, were damaged and the economic cost of these infrastructures was around US $4.5 billion [59]. Besides, we assumed that only state roads were not inundated and available for a transportation network during flood evacuation. Another assumption was that all evacuees in each grid cell evacuated together and complied with the orders of evacuation. In this study, the evacuation travel time calculation was classified into three stages; (1) the travel time from high flood risk to state roads (walking travel time), (2) the travel time along roads network (vehicle travel time), and (3) the travel time from state roads network to flood shelter (walking travel time).




3.2.4. Travel Time of Walking


The walking time, an important parameter used in evacuation models, is the primary stage of access to flood shelters when there is no access road. We divided the travel time of walking into two phases; (1) from high flood risk grid cell to a state road, and (2) from a state road network to flood shelters. Walking speed usually varied with many factors, such as walking types, walking conditions, occupant types, and place types [60,61,62,63]. A high proportion of elderly and preschool people in the residents also influenced the evacuation responses [64,65,66]. Elderly and preschool evacuees walk slower than adults due to their weak physical status and level of prompting. According to the study on walking speeds [67], we assumed the walking speed for a normal evacuee (adult group) as 1.4 m/s. Owing to that, we assumed that all evacuees in each grid cell evacuated together, the average walking speed in each grid cell was calculated by the percentage of elderly and preschool evacuees belonging to each grid cell. It could be stated that the greater proportion of elderly and preschool evacuees, the more walking travel time will be taken.



Considering severe flood events in this study, it is extremely dangerous for evacuees to walk across inundated areas. Therefore, it is necessary to assess the certain degree of safety for evacuees walking through floodwaters [68]. Estimating loss of life in flood disaster were widely examined [69,70], but life-threatening conditions during flood evacuation have rarely been investigated [71,72,73]. Ishigaki et al. [72] proposed a safety condition of specific force per unit width along the evacuation route expressed as:


u2hg+h22<0.125  (m3/m)



(2)




where h (m) is water depth, u (m/s) is flow velocity, g (m/s2) is the acceleration due to gravity, 0.125 (m3/m) is the threshold value for safe evacuation by walking during flood.



Besides, we then adopted this parameter, safe evacuation condition, along with the results from the hydrodynamic model to determine in grid cell is safe for evacuation. We assumed that during evacuation, evacuees can not walk across to another grid cell beyond the threshold value for safe evacuation conditions; 0.125 m3/m. It could be stated that if the eight points surrounding the considered grid cell have a safety condition value greater than 0.125 m3/m, then evacuees in that grid cell can not evacuate to flood shelters because there I a chance that they will lose their lives. To reduce the complexity of modeling, we calculated safe evacuation conditions on an hourly basis. After set up assumptions and constraints, the next task was to exact the coordinates among high flood risk grid cells, state roads network, and flood shelters to calculate the distance among them. Additionally, the coordinates of the centroid of high flood risk grid cells were considered as their location. Eventually, the optimum travel time of walking was determined by choosing the shortest path satisfying safe evacuation constraint, and also by the proportion of elderly and preschool evacuees in the grid cell.




3.2.5. Travel Time of Vehicles


Macroscopic and microscopic models are usually represented as evacuation models. A macroscopic model represents traffic as a flow. This model generally focuses on the evacuation travel time and is used for wide-area evacuation. The microscopic model examines traffic and vehicles on more circumstantial levels. Due to the wide-area evacuation, and considering only the state roads network, we formulated the emergency flood evacuation model as macroscopic based on a static traffic model. The static traffic model is normally used to evaluate current and future use of road networks. Traffic flow in a static traffic model is assumed to be constant from the origin to final destination. The free-flow (base) speed represents the average speed of vehicles that are not constrained by any disruption such as traffic control and roundabout. According to the study on free-flow speed during hurricane evacuations from Dixit and Wolshon [74], we then modified these values considering the roads capacity in the study area. Eventually we carried out a free-speed for state roads assumed as 40 km/h. Moreover, Highway Capacity Manual (HCM) [75] defines road capacity as the maximum hourly flow rate of expected vehicles passing a point during a specified time period. Department of Highways [76] reported that the average state roads capacity around our study area is 1897 vehicles per hour. We then brought this value into consideration as one of constraints that limited outbound flow rate during evacuation through the roads network in our emergency flood evacuation model.



With the study area covering approximately 6012 km2 and state roads network including over 1545 km of roads (Figure 6), the paths between high flood risk areas and flood shelters using state roads as a transportation network were determined by a GIS network analysis tool. A road network database on state roads in the study area was obtained from the Department of Highways. Furthermore, we assumed a private car was the primary vehicle to bring evacuees to flood shelters and vehicle occupancy was set as four evacuees per vehicle. Consequently, the travel time of each vehicle was then calculated, where each vehicle was routed to the nearest flood shelter under the shortest path. According to the 500-evacuee flood shelter, it is impossible to accommodate all evacuees who come from the same grid cell in the same flood shelter. Therefore, the emergency flood evacuation model took the residual evacuees to another shelter, which is the second shortest flood shelter.





3.3. Computational Results of Emergency Flood Evacuation Simulations


The emergency flood evacuation model was tested and explored the evacuation trip for the middle reach of CPRB as shown in Figure 7. The experimental results were presented in two indicators. The first, the evacuation travel time (Figure 7), described the time it took the evacuees to safely move from their grid cells to flood shelters, where safety wasdetermined by the safe evacuation condition proposed by Ishigaki et al. [72]. The second indicator was the percentage of success evacuation, as shown by the bar chart in Figure 7, describes the percentage of evacuees that could move to flood shelters safely. Once time was limited, the percentage of success evacuation was applied to indicate the loss of life during flood evacuations. Furthermore, both indicators were examined at different staring time choices for evacuation along the horizontal axis as shown in Figure 7. The evacuation travel time and percentage of success evacuation were calculated based on the physical status of evacuees (elderly and preschool citizens), safe evacuation condition, the shortest evacuation path, shelters, and road capacity. As we mentioned, the staring time for evacuation in each flood evacuation zone had a different starting time considered by the arrival time of flood-water coming into each zone. Depending on the characteristics of each zone, such as flood conditions during evacuation, the number of residents, a road network density, and existing flood shelters, the need for complete evacuation can be examined. Moreover, in this study the different time choices for evacuation related to the evacuation warning dissemination in particular were investigated using this model to determine the late evacuation for each zone to execute a suitable evacuation strategy or to develop the leading time of flood forecasting and warning program. In the most severe case, the 2011 flood event, 76,413 evacuee-agents and 19,105 vehicle-agents were treated in an area of 6012 km2.



Based on simulation results, we showed that we could evacuate all residents to flood shelters safely in flood evacuation zones 1, 2, 3, and 4. Unfortunately, in zone 5 we were not able to move all evacuees to flood shelters due to the limited capacity of flood shelters (71,000 vacancies) for all evacuees in the 2011 flood event (76,413 evacuees). Evacuation is a possible risk management measure for flood disasters. When an evacuation begins late, not all evacuees can leave their home to flood shelters safely. Different starting time choices for flood evacuations can be performed to select the suitable strategy under actual circumstances. In zones 1, 2, 3, and 4, we found that the residents had a chance to evacuate safely within 6 h, 6 h, 9 h and 6 h of the evacuation time announcement, respectively. If we neglect the insufficient flood shelters for evacuees in the case of the 2011 flood, we have around 12 h for safe evacuation.



As the study area is low-lying area, the flood inundation gradually occurs and rises from the riverbank, and overland flow from the upstream areas. As the United Nations Development Programme’s (UNDP) report [12], even though the flood forecasting and warning system is effective for around 12 h on average, many people have lost the chance to evacuate because they believe this system is not trustworthy and reliable. Therefore, except the insufficient flood shelter provisions from simulation results, it could be mentioned that all residents in the middle CPRB can evacuate to flood shelters safely if they have enough time. More importantly, the available time for safe evacuation shows the need for time to make a decision for evacuation in the middle CPRB. Therefore, main government agencies can adopt these values to execute an evacuation strategy under the required time [77,78,79]. Furthermore, the required time for evacuation can help relevant authorities create the proper conditions for evacuation such as the contra flow.



Moreover, the results show that the evacuation travel time for the 1995 and 2006 flood events in zone 5 were dominated by flood shelters since the nearest flood shelters were occupied by the previous flood zones. Besides, the location and coverage of flood shelters are some of the important factors for flood evacuation. Due to evacuation during catastrophic flood events, the safety conditions then play a crucial role in flood evacuations that made evacuees walk further to escape unsafe grid cells. For the safe evacuation of all flood events, we also found that the evacuation travel time in the middle CPRB on average took around 170 min to evacuate all residents to a safe place. Moreover, when we compared the walking time to vehicle time in first hour of evacuation to minimize the effect of safe evacuation condition, we found that the walking time took around 70 percent of traveling time. It could be stated that the density of road networks also plays a crucial role in flood evacuation.





4. Discussion


The Chao Phraya River Basin (CPRB) has suffered severe flooding causing major damage, fatalities, and economic losses almost every year. Flooding in the CPRB is controlled by storing water within multipurpose reservoirs in the upper CPRB (Figure 1), and excess discharge then flows downstream to the lower basin. In spite of dykes along the rivers in the middle CPRB, floodwater usually spills from the rivers onto the floodplains to cause serious impacts, especially in the Yom Basin. As the CPRB affects flood disaster almost every year, Thai government agencies have implemented flood forecasting and warning systems in this region from the upstream through downstream areas. There are several flood measures proposed for CPRB from previous studies, which mostly reduce one or several hydraulic parameters that characterize a flood pattern such as the volume of runoff, peak discharge, duration and time of rise, velocity, and depth or extent of the inundation area [80,81,82,83]. However, to date, no actions have been taken, and no progress has been made towards implementing additional flood countermeasures in the CPRB, except for urgent measures such as dredging to improve drainage and structural rehabilitation.



Structural flood control, although relatively successful to date, is not likely to prevent substantial damage from occurring in CPRB when the next flood strikes as in the 2011 flood. In the meantime, Thailand needs to take decisive action immediately to modify the current reactive, structural approach, into a more proactive non-structural strategy for flood control management and sustainability in CPRB. To more effectively protect residents and communities, a comprehensive flood risk assessment is urgently and criticaly required to strengthen their resilience. Since structural measures alone cannot deal with all disasters, non-structural measures especially flood evacuation plans are particularly important to reduce such damages. Based on results from this study, the important finding was that the government agency should prepare infrastructures, organize evacuation, and make a decision for flood evacuation in the middle CPRB within 6 h as the minimum time when flood water arrives at each zone. To enhance the effectiveness of evacuation, we recommend significant structural and nonstructural measures, which will facilitate the smooth and fast flood evacuation and also can increase the evacuation success rate. These six recommendations address issues, which are pivotal to eradicate the most obvious flood management problems revealed in the 2011 flood. They are as follows:



4.1. Structural Measures


4.1.1. Road Network Rehabilitation and Traffic Management


According to the 2011 flood, road networks are severely affected by a long duration of submergence. During the 2011 flood, many local government offices reported that materials support from the District and Provincial offices was difficult to deliver due to transportation interruption by flooding [12]. Therefore, the road networks should be improved and be more susceptible to damage from flood events. Increasing susceptibility of roads to flood damage not only reduces weakened road structures, but also improves traffic loadings. Road improvement works should be considered a more comprehensive and consistent hydraulic design.



Generally, residents will act spontaneously when there is no information and these responses can bring an overload of road systems that may affect the evacuation travel time, resulting in less effective use of infrastructure. Besides, traffic management during flood evacuation should be implemented to make road networks more robust. Traffic management can create the optimal circumstances for evacuees and substantial capacity of evacuation such as the contraflow system [84].




4.1.2. Flood Shelter Provisions


Based on assumptions from this study, flood shelters were only 142 buildings within an area of 6012 km2. It has been found that these were not sufficient for the number of victims in the 2011 flood. As flood shelter have effects on evacuation as mentioned in Section 3.3, existing flood shelters should be modified and improved to enhance their capacity. High resolution of topographic maps should be applied to identify and prepare other appropriate buildings to accommodate mass evacuees as the case of the flood in 2011. Furthermore, new public facilities should be constructed at appropriate locations. Many guidelines on flood shelters against different types of natural disasters are available [85,86,87,88].





4.2. Nonstructural Measures


4.2.1. Timely and Effective Flood Forecasting and Warning Systems


As shown in Figure 7, the percentage of evacuation success depends very much on the starting time of evacuation. To increase the rate of evacuation success and reduce evacuation travel time, the available time window plays an important factor for flood evacuation. The available time for evacuation can be improved through flood forecasting and warning systems that provide a longer available time and decrease the possibility that residents cannot evacuate to flood shelters related to flood circumstances. Early warning is an important precondition and allows implementation of more emergency measures. One of reasons why private households and businesses did not comply with emergency measures was the lack of time [89]. Many studies stated that the precise and timely dissemination of information provided the better preparedness and reduced loss of life due to flooding [90,91,92,93,94,95,96]. Despite the availability of flood forecasting and warning systems to calculate and forecast river and flood inundation in the CPRB, the operational use of such calculations was not effective for flood disaster management actions by the decision makers and government agencies, probably because there was no proper mechanism of systematically utilizing the outcome of such calculations. During and after the flood in 2011, there were outcries for the government to provide more accurate flood information on the broader situations, both in space and time, rather than informing only the present level of flood-water.




4.2.2. Land Use Regulation


Risk awareness remains low among government agencies and people in Thailand [97]. In spite that many safety campaigns have been utilized, most Thai people still believe that their country is safe, and pay less attention to the impact of disaster and the ways to mitigate it. Moreover, policies development especially in land use planning and urbanization were not comprehensively enough to recognize the potential risks. It may in turn cause more vulnerability and increase a chance for man-made disasters. Government agencies should enforce a land use planning policy to detect new urban areas and industrial estates in high flood risk areas of floodplains [98,99,100,101]. The new development should also be implemented with adaptive measures in risk reduction [102]. It is found that local governments are usually hesitant to follow the land use regulation but it can lubricate by-law [103]. Furthermore, living with floods through land use planning is also believed to increase public awareness resilience.




4.2.3. Community Participation and Education


Evacuation is one of the integral parts of emergency responses. While there is guidance on evacuation orders and plans in place, there is a pivotal problem that people do not evacuate when they can but they want to evacuate when situation becomes severe. Many Thai people believe that relief and assistance will be delivered to their doorsteps. Such belief comes from their experiences of doorstep delivery during past flood events [97]. Many studies pointed out the citizens will act in their own manner, will take measures when they feel uncomfortable, and will evacuate to a places they feel are safe [104,105,106]. Round community support by community consultation is very notable for mitigation options. Providing education on flood evacuation to communities can increase the collaboration, support, and acceptance from communities.




4.2.4. Communication and Information


Most importantly, the clear and effective evacuation orders are very sensitive. The content of evacuation, dissemination source, and distribution channel can significantly influence not only the number of evacuees, but also the urgency during evacuation [107,108]. Nowadays, people gather information through various sources, especially social media. Even though there is a potential negative uses in social media, the benefits using social media for disaster responses and risk reduction could be seen [109,110]. Thus, employment other than those from the government should be taken in consideration and supports it with extra information. Mileti et al. [111] mentioned that people can react in a more appropriate manner when more information available.






5. Conclusions


In Thailand, the results of flood risk assessment were rarely shared among citizens [112]. The findings from this study emphasize that low-lying plains are frequent to high flood risk and more than 42,000 citizens struggle with flooding. It is very important and necessary for relevant agencies to prepare and facilitate the effective disaster planning and management; however, unfortunately there are no studies on flood evacuation in the middle CPRB. Thus, we attempted to develop the emergency flood evacuation model for devastating flood events to lessen the risk to people. Based on assumptions in this study, the response to catastrophic flood events in 1995, 2006, and 2011 demonstrated that citizens are capable of evacuating to flood shelters safely.



One role of the model is to foresee the consequences of actions before implementing them. However, evacuation processes are dynamic and rapidly changes due to various uncertainties [113,114]. For example, when road accidents occurs they may provide traffic congestion and previously safe routes may become unsafe. Developing contingency plans in flood evacuation may manage and reduce a fraught and messy evacuation process. Moreover, the behavior of residents in wide-area evacuations is crucial for the success of the evacuation. It is essential for government and emergency agencies to consider these factors to facilitate the best evacuation possible. However, with an available time window from this study, it may be beneficial and provide an opportunity for relevant authorities to implement several measures to improve the effectiveness of evacuation. We believe that results from this study can provide direction or open further discussion on how to draw attention, improve, and create the most effective flood risk management and flood evacuation plan based on the characteristics of the middle CPRB.







Author Contributions


S.J. and Y.T. conceived and designed this study; S.J. performed the data collection, modeling work, and primary analysis of the results; Y.T. supervised the methodology, the data analysis, and conclusion; Both authors finalized the research article together.




Funding


This research received no external funding.




Acknowledgments


The authors are grateful to the Royal Irrigation Department, Electricity Generating Authority of Thailand, Department of Provincial Administration, Department of Highways, The Treasury Department, Department of Disaster Prevention and Mitigation and other agencies for supplying the required data for the study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



AHA Centre; JICA. Country Report Thailand; JICA: Tokyo, Japan, 2015. [Google Scholar]

	



The Ministry of Finance. Thai Flood 2011: Rapid Assessment for Resilient Recovery and Reconstruction Planning; The Ministry of Finance: Bangkok, Thailand, 2012.

	



Lavery, S.; Donovan, B. Flood risk management in the Thames Estuary looking ahead 100 years. Philos. Trans. R. Soc. A 2005, 363, 1455–1474. [Google Scholar] [CrossRef] [PubMed]

	



Samuels, P.; Klijn, F.; Dijkman, J. An analysis of the current practice of policies on river flood risk management in different countries. Irrig. Drain. 2006, 55, 141–150. [Google Scholar] [CrossRef]

	



Ernst, J.; Dewals, B.J.; Detrembleur, S.; Archambeau, P.; Erpicum, S.; Pirotton, M. Micro-scale flood risk analysis based on detailed 2D hydraulic modelling and high resolution geographic data. Nat. Hazards 2010, 55, 181–209. [Google Scholar] [CrossRef]

	



Koks, E.E.; Jongman, B.; Husby, T.G.; Botzen, W.J.W. Combining hazard, exposure and social vulnerability to provide lessons for flood risk management. Environ. Sci. Policy 2014, 47, 42–52. [Google Scholar] [CrossRef]

	



Scawthorn, C.; Blais, N.; Seligson, H.; Tate, E.; Mifflin, E.; Thomas, W.; Murphy, J.; Jones, C. HAZUS-MH flood loss estimation methodology I: Overview and flood hazard characterization. Nat. Hazards Rev. 2006, 7, 60–71. [Google Scholar] [CrossRef]

	



UNISDR. Reading the Sendai Framework for Disaster Risk Reduction 2015–2030; UNISDR: Geneva, Switzerland, 2015. [Google Scholar]

	



Perry, R.W. Incentives for evacuation in natural disaster research based community emergency planning. J. Am. Plan. Assoc. 1979, 45, 440–447. [Google Scholar] [CrossRef]

	



Thai Meteorological Department. Annual Publication (in Thai). 2015. Available online: http://www.tmd.go.th/info/info.php?FileID=78 (accessed on 10 October 2017). [Google Scholar]

	



HAII. Flood 2011 Review (in Thai). 2012. Available online: http://www.thaiwater.net/current/flood54.html (accessed on 10 October 2017).

	



United Nations Development Programme (UNDP). Disaster Risk Management—Post Disaster Needs Assessment for Sustainable Recovery Thailand Floods 2011; UNDP: New York, NY, USA, 2011. [Google Scholar]

	



Büchele, B.; Kreibich, H.; Kron, A.; Thieken, A.; Ihringer, J.; Oberle, P.; Merz, B.; Nestmann, F. Flood-risk mapping: Contributions towards an enhanced assessment of extreme events and associated risks. Nat. Hazards Earth Syst. Sci. 2006, 6, 485–503. [Google Scholar] [CrossRef]

	



De Moel, H.; Van Alphen, J.; Aerts, J.C.J.H. Flood maps in Europe—Methods, availability and use. Nat. Hazards Earth Syst. Sci. 2009, 9, 289–301. [Google Scholar] [CrossRef]

	



Kaplan, S.; Garrick, B.J. On the quantitative definition of risk. Risk Anal. 1981, 1, 11–27. [Google Scholar] [CrossRef]

	



Merz, R.; Bloschl, G.; Humer, G. National flood discharge mapping in Austria. Nat. Hazards 2008, 46, 53–72. [Google Scholar] [CrossRef]

	



Leedal, D.T.; Neal, J.; Bevan, K.; Young, P.; Bates, P. Visualisation approaches for communicating real-time flood forecasting level and inundation information. J. Flood Risk Manag. 2010, 3, 140–150. [Google Scholar] [CrossRef]

	



Jamrussri, S.; Toda, Y. Simulating past severe flood events to evaluate the effectiveness of nonstructural flood countermeasures in the upper Chao Phraya River Basin, Thailand. J. Hydrol. Reg. Stud. 2017, 10, 82–94. [Google Scholar] [CrossRef]

	



Kandilioti, G.; Makropoulos, C. Preliminary flood risk assessment: The case of Athens. Nat. Hazards 2012, 61, 441–468. [Google Scholar] [CrossRef]

	



Meyer, V.; Scheuer, S.; Haase, D. A multicriteria approach for flood risk mapping exemplified at the Mulde river, Germany. Nat. Hazards 2009, 48, 17–39. [Google Scholar] [CrossRef]

	



Siddayao, G.P.; Valdez, S.E.; Fernandez, P.L. Analytic hierarchy process (AHP) in spatial modeling for floodplain risk assessment. Int. J. Mach. Learn. Comput. 2014, 4, 450–457. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhou, J.; Song, L.; Zou, Q.; Guo, J.; Wang, Y. Efficient GIS-based model-driven method for flood risk management and its application in central China. Nat. Hazards Earth Syst. Sci. 2014, 14, 331–346. [Google Scholar] [CrossRef]

	



Guo, E.; Zhang, J.; Ren, X.; Zhang, Q.; Sun, Z. Integrated risk assessment of flood disaster based on improved set pair analysis and the variable fuzzy set theory in central Liaoning Province, China. Nat. Hazards 2014, 74, 947–965. [Google Scholar] [CrossRef]

	



Ahmad, S.S.; Simonovic, S.B. A three-dimensional fuzzy methodology for flood risk analysis. J. Flood Risk Manag. 2011, 4, 53–74. [Google Scholar] [CrossRef]

	



Jiang, W.G.; Lei, D.; Chen, L.Y.; Wu, J.J.; Li, J. Risk assessment and validation of flood disaster based on fuzzy mathematics. Prog. Nat. Sci. 2009, 19, 1419–1425. [Google Scholar] [CrossRef]

	



Jun, K.S.; Chung, E.S.; Kim, Y.G.; Kim, Y. A fuzzy multi-criteria approach to flood risk vulnerability in South Korea by considering climate change impacts. Expert. Syst. Appl. 2013, 40, 1003–1013. [Google Scholar] [CrossRef]

	



Guleda, O.E.; Ibrahim, D.; Halil, H. Assessment of urban air quality in Istanbul using fuzzy synthetic evaluation. Atmos. Environ. 2004, 38, 3809–3815. [Google Scholar]

	



Chang, N.B.; Chen, H.W.; Ning, S.K. Identification of river water quality using the fuzzy synthetic evaluation approach. J. Environ. Manag. 2001, 63, 293–305. [Google Scholar] [CrossRef]

	



Lu, R.S.; Lo, S.L.; Hu, J.Y. Analysis of reservoir water quality using fuzzy synthetic evaluation. Stoch. Environ. Res. Risk Assess. 1999, 13, 327–336. [Google Scholar] [CrossRef]

	



Durán, O.; Aguilo, J. Computer-aided machine-tool selection based on a Fuzzy-AHP approach. Expert Syst. Appl. 2008, 34, 1787–1794. [Google Scholar] [CrossRef]

	



Pourghasemi, H.R.; Pradhan, B.; Gokceoglu, C. Application of fuzzy logic and analytical hierarchy process (AHP) to landslide susceptibility mapping at Haraz watershed, Iran. Nat. Hazards 2012, 63, 965–996. [Google Scholar] [CrossRef]

	



Subramanian, N.; Ramanathan, R. A review of applications of analytic hierarchy process in operations management. Int. J. Prod. Econ. 2012, 138, 215–241. [Google Scholar] [CrossRef]

	



Saaty, T.L. The Analytic Hierarchy Process; McGraw-Hill: New York, NY, USA, 1980. [Google Scholar]

	



Chang, D.Y. Applications of the extent analysis method on fuzzy AHP. Eur. J. Oper. Res. 1996, 95, 649–655. [Google Scholar] [CrossRef]

	



Mosadeghi, R.; Warnken, J.; Tomlinson, R.; Mirfenderesk, H. Comparison of Fuzzy-AHP and AHP in a spatial multi-criteria decision making model for urban land-use planning. Comput. Environ. Urban Syst. 2015, 49, 54–65. [Google Scholar] [CrossRef]

	



Zimmerman, H.J. Fuzzy Sets Theory and Its Applications; Kluwer Academic Publishers: Boston, MA, USA, 1996. [Google Scholar]

	



Papaioannou, G.; Vasiliades, L.; Loukas, A. Multi-criteria analysis framework for potential flood prone areas mapping. Water Resour. Manag. 2015, 29, 399–418. [Google Scholar] [CrossRef]

	



Cutter, S.L. GI science, disasters, and emergency management. Trans. GIS 2003, 7, 439–446. [Google Scholar] [CrossRef]

	



Shaw, S. Geographic information systems for transportation: An introduction. J. Transp. Geogr. 2011, 19, 377–378. [Google Scholar] [CrossRef]

	



Murray-Tuite, P.; Wolshon, B. Evacuation transportation modeling: An overview of research, development, and practice. Transp. Res. C 2013, 27, 25–45. [Google Scholar] [CrossRef]

	



Baker, E.J. Evacuation behavior in hurricanes. Int. J. Mass Emerg. Disasters 1991, 9, 287–310. [Google Scholar]

	



Dow, K.; Cutter, S.L. Emerging hurricane evacuation issues: Hurricane Floyd and South Carolina. Nat. Hazards Rev. 2002, 3, 12–18. [Google Scholar] [CrossRef]

	



Lindell, M.; Lu, J.; Prater, C. Household decision making and evacuation in response to hurricane Lili. Nat. Hazards Rev. 2005, 6, 171–179. [Google Scholar] [CrossRef]

	



Hasan, S.; Ukkusuri, S.; Gladwin, H.; Murray-Tuite, P. Behavioral model to understand household-level hurricane evacuation decision making. J. Transp. Eng. 2011, 137, 341–348. [Google Scholar] [CrossRef]

	



Hasan, S.; Mesa-Arango, R.; Ukkusuri, S.; Murray-Tuite, P. Transferability of hurricane evacuation choice model: A joint model estimation combining multiple data sources. J. Transp. Eng. 2012, 138, 548–556. [Google Scholar] [CrossRef]

	



Fischer, H.W., III; Stine, G.F.; Stoker, B.L.; Trowbridge, M.L.; Drain, E.M. Evacuation behavior: Why do some evacuate while others do not? A case study of the Ephrata, Pennsylvania (USA) evacuation. Disaster Prev. Manag. 1995, 4, 30–36. [Google Scholar] [CrossRef]

	



Kienberger, S.; Lang, S.; Zeil, P. Spatial vulnerability units—Expert-based spatial modelling of socioeconomic vulnerability in the Salzach catchment, Austria. Nat. Hazard Earth Syst. 2009, 9, 767–778. [Google Scholar] [CrossRef]

	



Malczewski, J. GIS-based multicriteria decision analysis: A survey of the literature. Int. J. Geogr. Inf. Sci. 2006, 20, 703–726. [Google Scholar] [CrossRef]

	



Scheuer, S.; Haase, D.; Meyer, V. Exploring multicriteria flood vulnerability by integrating economic, social and ecological dimensions of flood risk and coping capacity: From a starting point view towards an end point view of vulnerability. Nat. Hazards 2010, 58, 731–751. [Google Scholar] [CrossRef]

	



Stefanidis, S.; Stathis, D. Assessment of flood hazard based on natural and anthropogenic factors using analytic hierarchy process (AHP). Nat. Hazards 2013, 68, 569–585. [Google Scholar] [CrossRef]

	



Zou, Q.; Zhou, J.; Zhou, C.; Song, L.; Guo, J. Comprehensive flood risk assessment based on set pair analysis-variable fuzzy sets model and fuzzy AHP. Stoch. Environ. Res. Risk. Assess. 2013, 27, 525–546. [Google Scholar] [CrossRef]

	



Royal Irrigation Department (RID). Annual Report 2011 (in Thai); RID: Bangkok, Thailand, 2011.

	



Wilmot, C.; Meduri, N. Methodology to establish hurricane evacuation zones. Transp. Res. Rec. J. Transp. Res. Board 2005, 1922, 129–137. [Google Scholar] [CrossRef]

	



Cova, T.J.; Church, R.L. Modelling community evacuation vulnerability using GIS. Int. J. Geogr. Inf. Sci. 1997, 11, 763–784. [Google Scholar] [CrossRef]

	



Mansourian, A.; Rajabifard, A.; Valadan, Z.M.J.; Williamson, I.P. Using SDI and web-based systems to facilitate disaster management. J. Comput. Sci. Geosci. 2006, 32, 303–315. [Google Scholar] [CrossRef]

	



Vakalis, D.; Sarimveis, H.; Kiranoudis, C.; Alexandridis, A.; Bafas, G. A GIS based operational system for wildland fire crisis management—I. Mathematical modelling and simulation. Appl. Math. Model. 2004, 28, 389–410. [Google Scholar] [CrossRef]

	



Iannoni, A.P.; Morabito, R.; Saydam, C. An optimization approach for ambulance location and the districting of the response segments on highways. Eur. J. Oper. Res. 2009, 195, 528–542. [Google Scholar] [CrossRef]

	



Department of Disaster Prevention and Mitigation (DDPM). Thailand Country Profiles 2011; DDPM: Bangkok, Thailand, 2012.

	



Aon Benfield. 2011 Thailand Floods Event Recap Report; Impact Forecasting LLC: Chicago, IL, USA, 2012. [Google Scholar]

	



Fang, Z.; Wang, P.; Chen, D.; Chen, D.H.; Duan, J.X.; Hu, Z.R. The development of evaluation software of safety evacuation for high buildings. Fire Sci. Technol. 2004, 23, 439–442. [Google Scholar]

	



Yeo, S.K.; He, Y. Commuter characteristics in mass rapid transit in Singapore. Fire Saf. J. 2009, 44, 183–191. [Google Scholar] [CrossRef]

	



Lee, D.; Kim, H.; Park, J.H.; Park, B.J. The current status and future issue in human evacuation from ships. Saf. Sci. 2003, 41, 861–876. [Google Scholar] [CrossRef]

	



Chen, T.; Song, W.G.; Fan, W.C.; Lu, S.X.; Yao, B. Pedestrian evacuation flow from hallway to stairs. In Proceedings of the CIB-CTBUH Conference on Tall Buildings: Strategies for performance in the Aftermath of the World Trade Centre, Kuala Lumpur, Malaysia, 20–23 October 2003; pp. 79–86. [Google Scholar]

	



Heller, K.; Alexander, D.B.; Gatz, M.; Knight, B.G.; Rose, T. Social and personal factors as predictors of earthquake preparation: The role of support provision, network discussion, negative affect, age, and education. J. Appl. Soc. Psychol. 2005, 35, 399–422. [Google Scholar] [CrossRef]

	



Lindell, M.K.; Whitney, D.J. Correlates of household seismic hazard adjustment adoption. Risk Anal. 2000, 20, 13–26. [Google Scholar] [CrossRef]

	



Schiff, M. Hazard adjustment, locus of control, and sensation seeking: Some null findings. Environ. Behav. 1977, 9, 233–254. [Google Scholar] [CrossRef]

	



Shi, L.; Xie, Q.; Cheng, X.; Chen, L.; Zhou, Y.; Zhang, R. Developing a database for emergency evacuation model. Build. Environ. 2009, 44, 1724–1729. [Google Scholar] [CrossRef]

	



Xia, J.; Falconer, R.A.; Lin, B.; Tan, G. Numerical assessment of flood hazard risk to people and vehicles in flash floods. Environ. Model. Softw. 2011, 26, 987–998. [Google Scholar] [CrossRef]

	



Penning-Rowsell, E.; Floyd, P.; Ramsbottom, D.; Surendran, S. Estimating injury and loss of life in floods: A deterministic framework. Nat. Hazards 2005, 36, 43–64. [Google Scholar] [CrossRef]

	



Jonkman, S.N.; Vrijling, J.K. Loss of life due to floods. J. Flood Risk Manag. 2008, 1, 43–56. [Google Scholar] [CrossRef]

	



Ishigaki, T.; Baba, Y.; Toda, K.; Inoue, K. Experimental study on evacuation from underground space in urban flood. In Proceedings of the 31st IAHR Congress, Seoul, Korea, 11–16 September 2005; pp. 1116–1123. [Google Scholar]

	



Ishigaki, T.; Kawanaka, R.; Onishi, Y.; Shimada, H.; Toda, K.; Baba, Y. Assessment of safety on evacuation route during underground flooding. In Proceedings of the 16th APD-IAHR Conference and 3rd Symposium of IAHR-ISHS, Nanjing, China, 20–23 October 2008; pp. 141–146. [Google Scholar]

	



Jonkman, S.N.; Penning-Rowsell, E. Human instability in floods flows. J. Am. Water Resour. Assoc. 2008, 44, 1208–1218. [Google Scholar] [CrossRef]

	



Dixit, V.; Wolshon, B. Evacuation traffic dynamics. Transp. Res. C 2014, 49, 114–125. [Google Scholar] [CrossRef]

	



HCM. Highway Capacity Manual. Transportation Research Board of the National Academies; Transportation Research Board: Washington, DC, USA, 2010. [Google Scholar]

	



Department of Highways. Traffic Congestion Index and Density Analysis Report in 2014; Department of Highways: Bangkok, Thailand, 2015.

	



Barendregt, A.; Van Noortwijk, J.M.; Van der Doef, M.; Holterman, S.R. Determining the time available for evacuation of a dike-ring area by expert judgement. In Proceedings of the Internation Symposium on Stochastic Hydraulics, Nijmegen, The Netherlands, 23–24 May 2005. [Google Scholar]

	



Jonkman, S.N. Loss of Life Estimation in Flood Risk Assessment—Theory and Applications. Ph.D. Thesis, Delft University of Technology, Delft, The Netherlands, 2007. [Google Scholar]

	



Van Zuilekom, K.M.; Van Maarseveen, M.F.A.M.; Van der Doef, M.R. A decision support system for preventive evacuation of people. In Proceedings of the Geo-Information for Disaster Management, Delft, The Netherlands, 21–23 March 2005; pp. 229–253. [Google Scholar]

	



Haraguchi, M.; Lall, U. Flood risks and impacts: A case study of Thailand’s floods in 2011 and research questions for supply chain decision making. Int. J. Disaster Risk Reduct. 2014, 14, 256–272. [Google Scholar] [CrossRef]

	



Trigg, M.A.; Michaelides, K.; Neal, J.C.; Bates, P.D. Surface water connectivity dynamics of a large extreme flood. J. Hydrol. 2013, 505, 138–149. [Google Scholar] [CrossRef]

	



Chia, C.T.; Yasuhiro, M.; Hiroaki, I. Simulation of modeling approach for flood condition and proposed flood protection at midstream of Chao Phraya River Basin, Thailand. Am. J. Environ. Prot. 2015, 3, 84–94. [Google Scholar] [CrossRef]

	



Mateo, C.M.; Hanasaki, N.; Komori, D.; Tanaka, K.; Kiguchi, M.; Champathong, A.; Sukhapunnaphan, T.; Yamazaki, D.; Oki, T. Assessing the impacts of reservoir operation to floodplain inundation by combining hydrological, reservoir management, and hydrodynamic models. Water Resour. Res. 2014, 50, 7245–7266. [Google Scholar] [CrossRef]

	



LA-DOTD. Metropolitan New Orleans Contraflow Plan; LA-DOTD: New Orleans, LA, USA, 2009.

	



FEMA (Federal Emergency Management Agency). Handbook for the Seismic Evaluation of Buildings; FEMA-310, Technical Report; Federal Emergency Management Agency: Washington, DC, USA, 1988.

	



ARC. Standards for Hurricane Evacuation Shelter Selection; Technical Report; American Red Cross: Washington, DC, USA, 2002. [Google Scholar]

	



FEMA (Federal Emergency Management Agency). Risk Management Series, Safe Rooms and Shelters: Protecting People against Terrorist Attacks; FEMA-453, Technical Report; Federal Emergency Management Agency: Washington, DC, USA, 2006.

	



FEMA (Federal Emergency Management Agency). Design and Construction Guidance for Community Safe Rooms; FEMA-361, Technical Report; Federal Emergency Management Agency: Washington, DC, USA, 2008.

	



Kreibich, H.; Seifert, I.; Thieken, A.H.; Lindquist, E.; Wagner, K.; Merz, B. Recent changes in flood preparedness of private households and businesses in Germany. Reg. Environ. Chang. 2011, 11, 59–71. [Google Scholar] [CrossRef]

	



Paton, D. Disaster Preparedness: A social cognitive perspective. Disaster Prev. Manag. 2003, 12, 210–216. [Google Scholar] [CrossRef]

	



Haque, C.E. Atmospheric hazard preparedness in Bangladesh: A study of warning, adjustment and recovery from the April 1991 cyclone. Nat. Hazards 1997, 16, 181–202. [Google Scholar] [CrossRef]

	



Tobin, G.A.; Whiteford, L.M. Community resiliency and volcano hazard: The eruption of Tungurahua and evacuation of the Faldas in Ecuador. Disasters 2002, 26, 28–48. [Google Scholar] [CrossRef]

	



Gruntfest, E.; Ripps, A. Flash floods: Warning and mitigation efforts and prospects. In Floods; Parker, D.J., Ed.; Routledge: London, UK, 2000; Volume 1, pp. 377–390. [Google Scholar]

	



Parker, D.J.; Tunstall, S.M.; McCarthy, S.M. New insights into the benefits of flood warnings: Results from a household survey in England and Wales. Environ. Hazards 2007, 7, 193–210. [Google Scholar] [CrossRef]

	



Dow, K.; Cutter, C.L. Public orders and personal opinions: Household strategies for hurricane risk assessment. Glob. Environ. Chang. Part B Environ. Hazards 2000, 2, 143–155. [Google Scholar] [CrossRef]

	



Gruntfest, E.C.; Carsell, K. The Warning Process: Toward an Understanding of False Alarms; Department of Geography and Environmental Studies, University of Colorado at Colorado Springs: Colorado Springs, CO, USA, 2000. [Google Scholar]

	



DDPM. Strategic National Action Plan (SNAP) on Disaster Risk Reduction 2010–2019; Ministry of Interior Thailand: Bangkok, Thailand, 2010.

	



Stevens, M.R.; Berke, P.R.; Song, Y. Protecting people and property: The influence of land-use planners on flood hazard mitigation in New Urbanist developments. J. Environ. Plan. Manag. 2008, 51, 737–757. [Google Scholar] [CrossRef]

	



Böhm, H.R.; Haupter, B.; Heiland, P.; Dapp, K. Implementation of flood risk management measures into spatial plans and policies. River Res. Appl. 2004, 20, 255–267. [Google Scholar] [CrossRef]

	



Su, W.; Ye, G.; Yao, S.; Yang, G. Urban land pattern impacts on floods in a new district of China. Sustainability 2014, 6, 6488–6508. [Google Scholar] [CrossRef]

	



Rucinska, D. Spatial distribution of flood risk and quality of spatial management: Case study in Odra Valley, Poland. Risk Anal. 2015, 35, 241–251. [Google Scholar] [CrossRef]

	



Pardoe, J.; Penning-Rowsell, E.; Tunstall, S. Floodplain conflicts: Regulation and negotiation. Nat. Hazard Earth Syst. 2011, 11, 2889–2902. [Google Scholar] [CrossRef]

	



Stevens, M.R.; Hanschka, S. Multilevel governance of flood hazards: Municipal flood bylaws in British Columbia, Canada. Nat. Hazards Rev. 2014, 15, 74–87. [Google Scholar] [CrossRef]

	



Helsloot, I.; Ruitenberg, A. Citizen response to disasters; a survey of literature and some practical implications. J. Conting Crisis Manag. 2004, 12, 98–111. [Google Scholar] [CrossRef]

	



Quarantelli, E.L. The Sociology of Panic; Disaster Research Centre, University of Delaware: Newark, DE, USA, 1999. [Google Scholar]

	



Perry, R.W.; Lindell, M.K. Understanding citizen response to disasters with implications for terrorism. J. Conting Crisis Manag. 2003, 11, 51–52. [Google Scholar] [CrossRef]

	



Lindell, M.K.; Perry, R.W. Communicating Environmental Risk in Multiethnic Communities; Sage Publications Inc.: Thousand Oaks, CA, USA, 2004. [Google Scholar]

	



Lindell, M.K.; Perry, R.W. The protective action decision model: Theoretical modifications and additional evidence. Risk Anal. 2012, 32, 616–632. [Google Scholar] [CrossRef]

	



Boulos, M.N.K.; Resch, B.; Crowley, D.N.; Breslin, J.G.; Sohn, G.; Burtner, R.; Pike, W.A.; Jezierski, E.; Chuang, K.S. Crowdsourcing, citizen sensing and sensor web technologies for public and environmental health surveillance and crisis management: Trends, OGC standards and application examples. Int. J. Health Geogr. 2011, 10, 67. [Google Scholar] [CrossRef]

	



Bird, D.; Ling, M.; Haynes, K. Flooding Facebook: The use of social media during the Queensland and Victorian floods. Aust. J. Emerg. Manag. 2012, 27, 27–33. [Google Scholar]

	



Mileti, D.S.; Drabek, T.E.; Haas, E. Human Systems in Extreme Environments: A Sociological Perspective; University of Colorado: Boulder, CO, USA, 1975. [Google Scholar]

	



UNDP (United Nations Development Programme). Strengthening Disaster Management Capacities in Thailand 2012–2015; Project Document; UNDP: New York, NY, USA, 2012. [Google Scholar]

	



Zeigler, D.J.; Brunn, S.D.; Johnson, J.H., Jr. Evacuation from a nuclear technological disaster. Geogr. Rev. 1981, 71, 1–16. [Google Scholar] [CrossRef]

	



Saadatseresht, M.; Mansourian, A.; Taleai, M. Evacuation planning using multiobjective evolutionary optimization approach. Eur. J. Oper. Res. 2009, 198, 305–314. [Google Scholar] [CrossRef]








[image: Water 10 01871 g001 550]





Figure 1. Study area for flood risk assessment and the emergency flood evacuation model in the middle reach of Chao Phraya River Basin. 
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Figure 2. Flowchart for the flood risk assessment. 
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Figure 3. Triangular fuzzy members. 
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Figure 4. Flood hazard and social vulnerability maps for low-lying areas in the middle CPRB. 
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Figure 5. Flood risk maps for low-lying areas in the middle CPRB in 1995, 2006 and 2011. 
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Figure 6. Flood evacuation zones for the middle CPRB. 
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Figure 7. Computational results of emergency flood evacuation simulations. 
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Table 1. Factors for the flood hazard and social vulnerability maps.
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	Indicators
	Description
	Source





	Flood Hazard Map
	
	



	F1
	Flood Inundation Depth
	Jamrussri and Toda (2017)



	F2
	Flood Velocity
	Jamrussri and Toda (2017)



	F3
	Inundation Duration
	Jamrussri and Toda (2017)



	Social Vulnerability Map
	
	



	S1
	Census Population
	Department of Provincial Administration (2016)



	S2
	Population Density
	Department of Provincial Administration (2016)



	S3
	Age (lower 6 and upper 60)
	Department of Provincial Administration (2016)



	S4
	Census Housing
	Department of Provincial Administration (2016)



	S5
	Distance to State Highway
	Department of Highways (2016)



	S6
	Land Use
	Land Development Department (2009)



	S7
	Land Price
	The Treasury Department (2015)
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Table 2. The linguistic fuzzy scales for importance of flood hazard and social vulnerability factors.
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	Linguistic Scale for Importance
	Triangular Fuzzy Scale





	Just Equal
	(1, 1, 1)



	Equally Important
	(1/2, 1, 3/2)



	Weakly More Important
	(1, 3/2, 2)



	Strongly More Important
	(3/2, 2, 5/2)



	Very Strongly More Important
	(2, 5/2, 3)



	Absolutely More Important
	(5/2, 3, 7/2)
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Table 3. The factors classification of the flood hazard map, social vulnerability map, and flood risk map including the triangular fuzzy members (l, m, and u in Figure 3).
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Flood Hazard Map

	
Grade Interval Value






	
Factor type

	
Weight factor

	
Low hazard zone (l-u)

	
Low-medium hazard zone (l-u)

	
Medium hazard zone (l-u)

	
Medium-high hazard zone (l-u)

	
High hazard zone (l-u)




	
F1: Flood Inundation Depth (m)

	
0.429

	
0–0.52

	
0.30–1.12

	
0.52–1.75

	
1.12–2.25

	
1.75–18.50




	
F2: Flood Velocity (m/s)

	
0.206

	
0–0.30

	
0.10–0.75

	
0.30–1.25

	
0.75–2.00

	
1.25–7.80




	
F3: Inundation Duration (days)

	
0.364

	
0–4

	
1–11

	
4–22

	
11–45

	
22–61




	
Social Vulnerability Map

	
Grade Interval Value




	
Factor type

	
Weight factor

	
Low vulnerability zone (l-u)

	
Low-medium vulnerability zone (l-u)

	
Medium vulnerability zone (l-u)

	
Medium-high vulnerability zone (l-u)

	
High vulnerability zone (l-u)




	
S1: Census Population (population)

	
0.109

	
0–15

	
10–25

	
20–40

	
30–100

	
75–850




	
S2: Population Density (population/km2)

	
0.204

	
0–63

	
40–113

	
63–225

	
113–1000

	
225–3500




	
S3: Age (lower 6 and upper 60) (population)

	
0.136

	
0–2

	
1–5

	
3–10

	
8–15

	
12–150




	
S4: Census Housing (housing)

	
0.111

	
0–5

	
2–10

	
7–20

	
15–40

	
30–350




	
S5: Distance to state highway (km)

	
0.116

	
0–5

	
2.0–9.5

	
5.0–14.5

	
9.5–18.5

	
14.5–21




	
S6: Land Use (type)

	
0.113

	
0–1.5

	
1–2.5

	
1.5–3.5

	
2.5–4.5

	
3.5–5




	
S7: Land Price (Baht/1600 m2)

	
0.212

	
0–35,000

	
18,000–75,000

	
35,000–550,000

	
75,000–3,750,000

	
550,000–7,000,000




	
Flood Risk Map

	
Grade Interval Value




	
Factor type

	
Weight factor

	
Low risk zone (l-u)

	
Low-medium risk zone (l-u)

	
Medium risk zone (l-u)

	
Medium-high risk zone (l-u)

	
High risk zone (l-u)




	
Flood Hazard Map

	
0.50

	
0–1.5

	
1.0–2.5

	
2.5–3.5

	
3.0–4.5

	
4–5




	
Social Vulnerability Map

	
0.50

	
0–1.5

	
1.0–2.5

	
2.5–3.5

	
3.0–4.5

	
4–5
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Table 4. Percentage of risk zones of the 1995, 2006, and 2011 floods in low-lying areas of middle CPRB.
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	Flood Events
	Low Risk Zone
	Low-Medium Risk Zone
	Medium Risk Zone
	Medium-High Risk Zone
	High Risk Zone





	1995 Flood
	8.25%
	41.02%
	27.53%
	19.06%
	4.14%



	2006 Flood
	8.05%
	39.66%
	26.31%
	20.84%
	5.14%



	2011 Flood
	2.87%
	30.62%
	33.87%
	26.25%
	6.39%
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Table 5. The detail of each flood evacuation zone in the middle reach of CPRB.
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	Flood Evacuation Zone (FEZ)
	FEZ 1
	FEZ 2
	FEZ 3
	FEZ 4
	FEZ 5
	Sum.





	1995 Flood
	
	
	
	
	
	



	No. of high flood risk (grid)
	247
	316
	160
	220
	47
	990



	Evacuees
	14,397
	9192
	6802
	8938
	4395
	43,724



	Elderly and preschool (%)
	10.20
	13.79
	15.57
	15.52
	13.04
	13.39



	Vehicle in use (private cars)
	3600
	2298
	1701
	2235
	1099
	10,933



	Starting evacuation time (day)
	1
	2
	4
	5
	7
	-



	2006 Flood
	
	
	
	
	
	



	No. of high flood risk (grid)
	312
	393
	170
	263
	90
	1228



	Evacuees
	17,129
	10,305
	7138
	10,097
	5500
	50,169



	Elderly and Preschool (%)
	10.47
	16.23
	15.11
	16.96
	16.98
	14.33



	Vehicle in use (private cars)
	4283
	2577
	1785
	2525
	1375
	12,545



	Starting evacuation time (day)
	1
	2
	4
	5
	7
	-



	2011 Flood
	
	
	
	
	
	



	No. of high flood risk (grid)
	349
	418
	221
	400
	140
	1528



	Evacuees
	18,826
	12,963
	10,283
	14,383
	19,958
	76,413



	Elderly and Preschool (%)
	10.17
	14.41
	12.36
	19.93
	6.22
	11.99



	Vehicle in use (private cars)
	4707
	3241
	2571
	3596
	4990
	19,105



	Starting evacuation time (day)
	1
	2
	4
	5
	7
	-
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