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Abstract: Mitigating the effects of natural hazards through infrastructure planning requires 

integration of diverse types of information from a range of fields, including engineering, geography, 

social science, and geology. Challenges in data availability and previously siloed data have hindered 

the ability to obtain the information necessary to support decision making for disaster risk 

management. This is particularly challenging for areas susceptible to multiple types of natural 

hazards, especially in low-income communities that lack the resources for data collection. The data 

revolution is altering this landscape, due to the increased availability of remotely sensed data and 

global data repositories. This work seeks to leverage these advancements to develop a framework 

using open global datasets for identifying optimal locations for disaster relief shelters. The goal of 

this study is to empower low-income regions and make resilience more equitable by providing a 

multi-hazard shelter planning framework that is accessible to all decision-makers. The tool 

described integrates spatial multi-criteria decision analysis methods with a network analysis 

procedure to inform decisions regarding disaster shelter planning and siting. 
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1. Introduction 

Disasters can have devastating impacts on societies, resulting in loss of critical infrastructure, 

loss of economic viability, and above all else, loss of life. Managing disasters is challenging because 

the types of hazards vary greatly (e.g., natural hazards such as hurricanes, floods, earthquakes, and 

landslides, or anthropogenic hazards such as terrorism, armed conflict, and oil spills) [1]. Disasters 

impact communities across a range of sectors at varying levels [2,3], and the magnitude of their 

impact is determined by a community’s social, economic, and environmental capacity to adapt to 

them [4]. Disaster events are particularly damaging to low-income nations, which do not have 

adequate resources to withstand the impacts [2,5–7]. 

Shelter allocation is a critical component of disaster risk management [8] that low-income 

nations do not have adequate resources to plan effectively [7]. Effective shelter allocation requires 

integrated assessment of multiple hazards, as well as infrastructural and non-infrastructural elements 

[9]. Because low-income nations often do not have the resources for information management to 

make informed shelter planning decisions, shelters may fail to meet the needs of the population 

[10,11]. The shelter allocation process varies by government policymaker and aid organization [9], 

but common practices in shelter allocation suffer from several drawbacks that may hinder recovery 

[8,9]. One drawback is that disaster risk management is often approached through a top-down 

structure that neglects community participation and local needs [12]. Another is that a segmented 
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approach is often taken to disaster risk management [13]. This work addresses these two common 

shortcomings of disaster risk management with respect to shelter site planning for natural hazard 

events. 

1.1. Disaster Risk Management and Resilience 

Disaster risk management is the practice of preventing new disaster risks, reducing existing 

disaster risks, and managing residual risks to strengthen resilience and reduce losses [14]. ‘Resilience’ 

is the ability of a system or society exposed to hazards to resist, adapt to, and recover from the effects 

of a hazard [14]. Resilience relies on effective decision-making in all phases of disaster risk 

management: Mitigation, preparedness, response, and recovery [15,16]. The disaster risk reduction 

paradigm aims to build community resilience and reduce vulnerabilities in order to better manage 

disaster risks and impacts [12]. ‘Vulnerability’ is the measure of a community’s susceptibility to the 

impacts of hazards due to physical, social, economic, and environmental factors [14]. Vulnerability is 

used in this study as an indicator of a community’s ability to respond to a disaster. It is characterized 

by a combination of the physical environment, built environment, and social conditions [17]. Hazard 

exposure is used to represent vulnerability in this study. 

A common shortcoming to disaster risk management is a top-down approach, which has been 

found in historical disasters to not only be ineffective, but undermine the goal of reducing 

vulnerability to and impacts of disaster in communities. An example of the failures of top-down 

disaster risk management is the 2009 L’Aquila earthquake in Italy, which was devastating in large 

part because risk assessment in the area did not consider social factors of risk at the local community 

level [12]. Project management must consider and engage communities to ensure that their needs are 

met and specific vulnerabilities are reduced [18]. Participation in disaster risk management, 

especially the shelter process, has been found in many studies to empower communities to build 

resilience and improve the community’s likelihood of successful recovery and long-term 

rehabilitation [9,17,19,20]. 

1.2. Disaster Shelter Location 

A key aspect of disaster risk management is planning shelter locations, made necessary by the 

displacement of populations as a result of a disaster [21]. In 2019 alone, an estimated 24.9 million 

people across the world were displaced by disasters with shelter needs [22]. Different types of shelters 

with different characteristics and requirements are employed for the stages of disaster risk 

management. A linear, segmented approach is often taken to disaster risk management [13], resulting 

in emergency shelters that are planned as response preparation without adequate consideration of 

the potential need for post-disaster shelters during the recovery phase. For example, after the 2010 

earthquake in Haiti, the humanitarian emergency shelter response was successful in sheltering the 

targeted 100,000 families, but the transitional phase towards recovery lasted for years in large part 

because the emergency shelter plan was not designed to facilitate housing recovery [23]. In many 

cases, external aid is focused on emergency efforts and does not continue through recovery, leaving 

communities without resources or guidance to facilitate long-term rehabilitation [9]. Shelter is a 

process, and continual support is needed to transition from emergency to recovery [24,25]. 

1.3. SMCDA in Disaster Risk Management 

In recent years, the spatial multi-criteria decision analysis (SMCDA) method has been shown to 

have potential for disaster planning decisions, including shelter site location [26]. SMCDA is a 

procedure that can be used by a range of stakeholders, including community members, in 

collaboration to inform a complex decision process such as those associated with shelter site selection 

[26,27]. The majority of studies utilizing SMCDA for shelter allocation consider a single hazard [28,29] 

and rely on detailed local data. SMCDA has the capacity to consider criteria for temporary and post-

disaster shelter simultaneously, allowing it to harness the complexity of interactions between 

multiple stages of disaster risk management. It addresses issues in top-down approaches to disaster 
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management by offering a platform for stakeholder collaboration [30]. In SMCDA, alternative 

solutions, defined in this case as sites under consideration for shelter allocation, are evaluated by 

decision makers using weighted criteria [26]. SMCDA for disaster management is commonly 

approached through the Analytical Hierarchy Process (AHP) that defines the hierarchy on which 

criteria are evaluated. This is particularly beneficial to addressing the shelter allocation component 

of disaster planning, because it can account for input from multiple stakeholders, including 

government policy makers, aid organizations, impacted communities, technical experts, and 

involved private sector [4,31]. This procedure allows them to make decisions within their limitations 

and to set priority between and amongst risks and requirements for a shelter site [27]. This 

methodology gives the stakeholders the ability to consider both the most likely or frequent natural 

hazard, as well as the most destructive natural hazard that may affect their community [5]. A 

limitation of this method is that it is susceptible to uncertainty associated with human decision-

making and interpretation [32]. 

In recent years many studies have utilized SMCDA for shelter allocation: For example, Kar et al. 

identified potential emergency shelters for hurricanes in the United States [33]; Alçada-Almeida et al. 

utilized a multi-objective model to locate emergency shelters in response to major fires in Portugal 

[34]; and Xu et al. employed a multi-criteria model to allocate urban earthquake emergency shelters 

in China [35]. However, these are all single-hazard studies, while in reality, disasters are not always 

isolated incidents. One may occur during the recovery period for another, or a certain hazard event 

may trigger another [21]. For example, it is common for landslides to occur following large rainfall 

events, such as in Sierra Leone in August 2017 [36], or to be triggered by earthquakes, such as the 

2010 Haiti earthquake that caused landslides that blocked roads, dammed rivers and streams, and 

threatened infrastructure [37]. Additionally, highly devastating disasters may keep populations 

displaced for an extended period of time, during which another disaster may occur. In order to 

address problems associated with a segmented disaster risk management approach and plan 

emergency shelters that orient long-term recovery, multiple hazards must be considered 

simultaneously. In the Sendai Framework for Disaster Risk Reduction 2015–2030, the United Nations 

emphasizes the need for multi-hazard approach for effective disaster risk management [4]. A multi-

hazard approach enables shelter infrastructure to be adaptable to the uncertainty associated with 

disasters and to the complexity of disaster recovery. The interactions between hazards and the 

entanglement of the stages of disaster risk reduction result in very complex decision-making that 

SMCDA has the capacity to tackle, allowing shelters to be planned in a way that facilitates transition 

from one stage to another and promotes resilience of shelter infrastructure. 

Some recent SMCDA studies consider multiple hazards: Karaman [38] and Skilodimou et al. [39] 

performed multi-hazard risk assessments in Istanbul, Turkey, and the Peneus river basin, Greece, 

respectively. These studies, along with the previously cited single-hazard studies, rely on local and 

private data. Gallina et al. [40] performed a multi-hazard risk assessment at the North Adriatic coast, 

Italy, using publicly available regional data. Studies which use open data often face challenges in 

data acquisition that limit the scope of their work, such as the site suitability analysis of emergency 

earthquake shelters in Japan conducted by Akamatsu and Yamamoto that was restricted to cities 

which had published their emergency shelter information [41]. Open data has the potential to 

advance the initiatives contributing to resilience where high costs surveys may not be an option [42]. 

1.4. Data Driven Approach for Disaster Risk Management and Shelter Location 

Integrated assessments of information from a range of scientific and social disciplines are needed 

to inform disaster risk management [7,29]. Previously, challenges in data acquisition and integration 

have limited the success of planning for disasters, particularly in low-income nations where the 

infrastructure for data collection, storage, and integration has not been available [10,43]. The current 

data revolution is quickly opening doors to potential solutions for disaster risk management in 

international development through global, open access spatial data that allows for the identification 

of risk and facilitates planning to reduce it [44]. Global datasets are increasingly made available, 
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making the SMCDA approach to shelter site selection feasible worldwide, including in low-income, 

data-sparse communities. 

The goal of this study is to leverage the current data revolution to develop a framework for 

identifying optimal locations for multi-hazard shelters that is accessible to decision makers anywhere 

using global, publicly available data. This framework addresses the problems associated with a 

segmented approach to the shelter process and a top-down approach to disaster risk management by 

integrating information on multiple hazards and creating a platform for stakeholder collaboration 

that promotes community participation. As a result, this SMCDA framework promotes more effective 

disaster risk management. The practice of disaster risk management serves to reduce community 

vulnerability and strengthen resilience; therefore, the use of global, open data gives this framework 

the potential to make resilience more equitable by empowering low-resource communities 

worldwide to make informed shelter allocation decisions. 

2. Methods 

We propose a multi-hazard SMCDA approach using global data for shelter allocation to address 

common failures of top-down, segmented, single-hazard approaches in disaster risk management. 

To the authors’ knowledge, utilizing a multi-hazard SMCDA for the purpose of shelter site selection 

is novel, as is relying on global, open data. This project seeks to create a methodology for disaster 

shelter planning that can be translated and adapted to different regions, countries, hazard scenarios, 

decision-maker preferences, and optimization goals. We approach shelter as a continuum or a 

process, as it is required to evolve through multiple phases of disaster risk management [45,46]. While 

we focus on emergency shelter, our approach has implications for long-term recovery and the 

inclusion of criteria around livelihood. 

Using Haiti as a case study, this paper demonstrates the decision process developed to identify 

optimal, safe locations for shelters following a disaster event. The study area, shown in Figure 1, was 

chosen to simulate the framework’s applicability in a developing country with high disaster risk 

whose resilience has been impacted by its lack of resources for effective disaster risk management. 

High-quality data is typically not available in low-resource communities such as Haiti. Haiti has been 

continually devastated by multiple types of disasters due to natural hazards throughout history 

including earthquakes, floods, landslides, and hurricanes [47]. 
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Figure 1. Study area for tool demonstration: The country of Haiti [48]. 

We utilize a geographic information system (GIS) to process and represent data that support 

planning recommendations [7,26]. It consists of two stages: Spatially explicit multi-objective decision 

analysis to identify suitable shelter locations, and a location-allocation algorithm to optimize selection 

among the suitable locations. The first stage relies on technical intelligence to characterize risk and 

serviceability of infrastructure at all alternatives, which are defined here as the locations being 

considered for a shelter site. This involves the integration of relevant datasets from different sources, 

and provenance through standardization procedures. The process of identifying suitable locations is 

designed to incorporate, although does not need to rely on, decision-maker preferences. 

The second stage utilizes a location-allocation algorithm to optimize selection among the 

suitable locations, identified in the first step, with respect to vulnerable populations and scenario-

specific, user-defined constraints. The location-allocation analysis is executed specific to the problem 

statement and what the decision-maker defines as “optimal” based on their goals and constraints. 

The framework is structured by the analytical hierarchy process, which organizes the criteria for site 

suitability and optimal location into a hierarchy for analysis. Figure 2 shows the hierarchy through 

which this decision-making process is completed. Attributes measure success of objectives by 

quantifying criteria for “low hazard risk” and “high serviceability”. The criteria, and how global 

datasets are transformed to measure them, are detailed in Table 1. Suitable alternatives are selected 

based on their performance on the objectives. User preferences can be utilized to weight criteria and 

objectives. The goal is achieved based on the definition of “optimal” through the location-allocation 

analysis. During this stage, decision rule is executed to select from the suitable alternatives to solve 

the problem presented. The goal of this hierarchy is open-ended to allow for decision-maker 

customization based on their limitations. 



Sustainability 2020, 12, 6252 6 of 20 

 

 

Figure 2. Decision-making hierarchy for spatial multi-criteria decision analysis (SMCDA) process, 

where blue arrows represent Stage 1 (site suitability) and red represent Stage 2 (site selection). 

Table 1. Processing of source datasets into attribute layers for each criterion. 

Criteria 
Source Global 

Dataset 
Processing Performed 

Attribute Raster 

(Metric of Criteria 

Success) 

Standardized 

Attribute Raster 

(Metric of 

Objective Success) 

Minimize hazard 

risk by minimizing 

landslide 

susceptibility 

Landslide 

Susceptibility, 

30” discrete 

raster [49] 

Project coordinate 

system and resample 

resolution 

Landslide 

susceptibility 
Landslide risk 

Minimize hazard 

risk by minimizing 

susceptibility to 

earthquake damage 

30 m Shear 

Wave Velocity 

(VS,30) [50], 

30” continuous 

raster, 

Peak Ground 

Acceleration 

(PGA) [51] 

3′ continuous 

raster 

Project coordinate 

system, resample 

resolution, reclassify 

and perform weighted 

overlay 

Seismic site 

conditions 

overlaid with 

expected ground 

acceleration 

Earthquake 

damage risk 

Minimize hazard 

risk by minimizing 

susceptibility to 

fluvial flooding 

Rivers, 

Vector polyline 

[52] 

Euclidean distance 

tool to estimate 

floodplains 

Distance to rivers Fluvial flood risk 

Maximize 

serviceability by 

maximizing 

accessibility by 

vehicle 

Roads, 

Vector polyline 

[53] 

Weighted road 

density by road type 

classification, 

discounting 

insignificant types 

such as footpaths 

Density of roads 
Accessibility by 

transportation 

Maximize 

serviceability by 

maximizing 

proximity to 

healthcare 

Healthcare 

Facilities, 

Vector point 

[53] 

Weighted point 

density of permanent 

healthcare facilities 

and field hospitals 

Density of 

healthcare 

facilities 

Accessibility to 

healthcare 

Maximize 

serviceability by 

maximizing 

Land Cover, 

500 m discrete 

raster [53] 

Project coordinate 

system and resample 

resolution 

Land cover 

Suitability of land 

cover for shelter 

site 
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suitability of land 

cover 

The tool is demonstrated through a simulated scenario. The scenario-specific goal, to optimize 

shelter locations, is achieved through the following problem statement: Minimize the number of 

facilities required, and maximize demand met by vulnerable populations in Haiti while limiting 

refugee driving time to 60 min. The decision-maker preferences used in this scenario are meant to 

represent the aggregated inputs of a group of hypothetical stakeholders that reflect their collective 

priorities. Spatial inputs are used to identify low risk areas (Objective 1) and areas of high 

serviceability and safety (Objective 2). Various attributes are considered for each objective. Landslide, 

earthquake, and flood susceptibility were examined to characterize hazard risk, while for 

serviceability and safety, landcover suitability, accessibility by vehicle, and accessibility of healthcare 

were considered. These results were then used to spatially identify vulnerable populations and 

suitable shelter locations, to ultimately select the most optimal shelter sites. 

Each attribute is defined to evaluate the criteria to achieve each objective. These criteria are 

detailed in Table 1 with an overview of the pre-processing completed to transform primary data into 

attribute layers that serve as a metric of success for their objective. The objectives are weighted, based 

on decision-maker preference, to optimize the overarching goal. For the development of the 

framework, only three attributes were selected to measure each objective. The attributes to measure 

serviceability were selected in accordance with the United Nations High Commissioner for Refugees 

(UNHCR) Emergency Handbook guidelines [1]. Susceptibilities to common hazards known to affect 

the area of interest in the demonstrated scenario were assigned as attributes to measure hazard risk. 

The framework was designed to be adaptable with evolution of data availability and accessibility; in 

other words, the source global open datasets used in this demonstration of the tool can be easily 

swapped out as more accurate, comprehensive data is published. 

This procedure was automated through ArcMap Model Builder so that this analysis can be 

completed for any given area of interest. The full workflow is presented in Figure S1a. Details on the 

components of the Model Builder tool are shown in Figure S1b–f. 
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2.1. Identifying Suitable Shelter Locations 

Attributes and objectives are integrated through the weighted linear combination (WLC) model 

in Esri ArcGIS 10.7.1 software. It consists of value functions by which each attribute is standardized 

onto a universal scale, and criteria weights by which stakeholder preferences are accounted for [26]. 

For this study, a discrete value function of 1–3 was assigned. For the hazard class of attributes, a value 

of 1 represents low risk, while a value of 3 represents high risk. For the serviceability class of 

attributes, a value of 1 represents most suitable infrastructure while a value of 3 represents least 

suitable infrastructure. Overall, the success of the objectives is optimized by low values on this scale. 

Figure 3 and Appendix A, Table A1 detail this process for addressing Objective 1, and Figure 4 and 

Table A2 detail the process for addressing Objective 2. Figure 3 and Figure 4 represent the bottom 

level of the hierarchy in Figure 2. 

 

Figure 3. Standardized attribute maps for the objective to minimize risk (Objective 1): (a) Reclassified 

landslide susceptibility to landslide risk; (b) reclassified earthquake susceptibility to earthquake risk; 

(c) reclassified fluvial flood susceptibility to flood risk. 

 

Figure 4. Standardized attribute maps for the objective to maximize serviceability (Objective 2): (a) 

Reclassified road density to accessibility by vehicle transport; (b) reclassified healthcare facility 

density to accessibility to healthcare; (c) reclassified land cover to suitability/serviceability of site land 

cover. 

Landslide classes were estimated from NASA’s predetermined susceptibility classes, which 

were established considering topography (slope), seismicity (distance to faults and geological 

classification), presence of roads, and forest loss [49]. The original global landslide susceptibility map 

was classified using fuzzy logic to develop a 1–5 scale of very low to very high susceptibility. This 

was standardized to be conservative of risk, the result shown in Figure 3a. 
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Earthquake susceptibility was estimated considering site conditions and expected ground 

accelerations. A global slope-based 30 m shear wave velocity profile (VS,30) was used as a proxy for 

seismic site conditions [50]. VS,30 was standardized onto a scale of 1 to 5, where 1 is lowest risk and 5 

is highest risk, based on typical shear wave velocities for site classes from hard rock to soft clay 

accepted by the American Society of Civil Engineers (ASCE) in design code ASCE 7-16 [54]. Rock, as 

opposed to soft soils, minimizes amplifications of shear waves from seismic activity that can cause 

large ground deformations and infrastructure damage [55]. Shear wave velocity does not consider 

the probability of seismic activity or its magnitude; it serves to predict how a site may respond in the 

event of an earthquake. Peak ground acceleration (PGA) at a 2% probability in 50 years is used as a 

metric for expected ground acceleration [51,56]. This data is specific to Haiti, but may be replaced 

with global models as spatial data is made available for download, such as the Global Earthquake 

Hazard Model [57]. PGA was standardized onto the same scale as VS,30, where the lowest accelerations 

correspond to low standardized values and very weak ground movement, while high values 

correspond to high standardized values and violent ground movement [56]. The PGA data is 

representative only of firm-rock site condition, and considers a 30 m averaged VS,30 of 760 m/s [51]. 

For this reason, PGA was considered with VS,30 to account for site-specific seismic response. These 

two metrics were aggregated to create an earthquake susceptibility map that was standardized onto 

the 1–3 risk scale, shown in Figure 3b. 

Flood susceptibility classes were estimated from distance to rivers, seen in Figure 3c. Floodplain 

delineation is a complex process that requires a high resolution digital elevation model (DEM) to 

determine the geometry of the river and the surrounding land [58]. Commonly in developing and 

data-sparse regions, a coarse global DEM is relied on for hydraulic modeling [58]. Distance to river 

is used here as a proxy and can be replaced with more comprehensive spatial flood susceptibility 

data when it becomes available. 

Accessibility by vehicle transportation was measured by density of the road network. This 

attribute serves to maximize accessibility during evacuation and supply delivery. UNHCR 

recommends that refugees should only be expected to walk short distances [1]. Therefore, an 

alternative with a high road density should require very little walking from the road, assuming 

vehicle transportation is available in this scenario. The density values were weighted to give greater 

priority to major roads. The standardization is shown in Figure 4a. 

Healthcare density is used to measure accessibility to healthcare. This criterion is important in 

minimizing casualties and thus maximizing safety, because disasters often result in injury, as well as 

illness from contaminated and compromised water sources, for example [59]. Serviceability classes 

were estimated with judgement based on the range of values in the area of interest for modeling 

purposes, seen in Figure 4b. Major hospitals were given greater weight than smaller, specialized 

facilities for standardization. 

Land cover classes were based on UNHCR guidelines for ideal shelter sites, seen in Figure 4c 

[1]. NoData represents a constraint, or a value for a given attribute that disqualifies a location from 

being suitable. In this case, land covers of inland water and wetlands were assigned as constraints, 

because those locations are unsuitable for shelter construction. 

Through the WLC method, an AHP employs a global method for constructing a priority rating 

[26]. The WLC model relies on the assumption that attributes are mutually preference independent. 

Even though this assumption can be problematic in complex spatial problems, this method is 

generally well accepted in practice [60,61]. It allows for consideration of preferences of multiple 

decision-makers, which is beneficial because it creates a platform for collaboration between different 

stakeholders that do not always share political or social initiative. Engaging with stakeholders is 

important to ensure that disaster planning considers the needs of all affected and relevant parties, 

including members of vulnerable populations, experts, and governments [5,16,62]. Through the WLC 

method, criteria are weighted by pairwise comparison. Each pair is compared on a scale of 1 to 9 

(Figure 5, Table A) in which the user ranks their preference of one, k, over the other, p [38,63]. A value 

of 1 signifies equal preference and 9 signifies that criterion k is of extremely greater importance than 

criterion p. The pairwise comparison values are organized into a matrix where the value ckp, the 
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preference of k over p, is the reciprocal of cpk, the preference of p over k. The user-defined pairwise 

comparison matrices for this scenario are shown in Table B and C of Figure 5. For example, the value 

of 2 (see highlighted in Figure 5, Table C) means that, according to the decision-maker, maximizing 

accessibility by vehicle transportation at a shelter location is slightly more important than 

maximizing access to healthcare facilities. The highlighted value of 1/5 means that maximizing 

accessibility by transportation, attribute p, has strong importance over maximizing land cover utility, 

attribute k, at a shelter location. For that reason, the value of ckp is less than one, calculated as the 

reciprocal of the preference value given to p over k, or cpk. In this scenario, all three hazards in 

consideration are assigned equal weight, represented by values of 1 in the matrix. This was chosen 

to show the conservative scenario that must meet equal risk requirements for each hazard in 

consideration. This process is performed separately to compare criteria for each objective, and then 

the criteria themselves are weighted against one another, in accordance with the hierarchy. The 

values in Table B and C (Figure 5) are standardized according to the equation shown for ���
∗ . The 

standardized values for this scenario are displayed in Table D and E of Figure 5. The weight given to 

criterion k is calculated according to the equation shown for wk, where n is the number of criteria. The 

scenario-based criteria weights, wk, are applied to the value function of each attribute k as the 

combination rule (Figure 5, Table F and G). These weighted value functions measure the success of 

their corresponding objective at each alternative site; the result corresponds to the second level from 

the bottom of the hierarchy in Figure 2. The same process is applied to those results, as displayed in 

Table H, I, and J, to evaluate overall suitability at each alternative. Like the criteria, the objectives are 

weighted according to decision-maker preference and aggregated. The result corresponds to the box 

titled “Select Suitable Sites” in Figure 2. In this scenario, minimizing hazard risk is slightly more 

important to the user than maximizing serviceability at shelter sites, signified by a value of 2 for ckp, 

where k is Objective 1, and p is Objective 2. The AHP structure combined with the WLC incorporation 

of user preference allows decision-makers to adjust to their limitations: For example, if funding and 

resources are no issue, the decision-maker may give strong preference to the “minimize hazard risk” 

objective because they are confident in the ability to build field hospitals, provide alternate forms of 

transportation for displaced persons, and supply imports. 
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Figure 5. Weighted linear combination process for demonstrated scenario [26,38]. 
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2.2. Site Selection Optimization 

The final step in the spatial multi-criteria decision analysis is the decision rule through which 

the goal is achieved. In this framework, the final alternatives are selected through a location-

allocation network analysis. Candidate shelters are identified from the suitable alternatives based on 

the user-specific goal—one could investigate all suitable alternatives in the area of interest, or the ten 

most suitable in each geographic region, for example. In this scenario, the most suiTable 10% of 

alternatives were analyzed as candidate shelter locations. Hazard exposure is used as an indicator of 

vulnerability: Population centers that fall within or close to areas experiencing moderate to high risk 

of all the hazards under consideration are characterized as demand points. Demand points, derived 

from population density, are used to represent populations to be accommodated by the shelter 

locations chosen [2,64]. The candidate shelters and demand points become inputs to the location-

allocation analysis. The shelter sites are selected from the candidate locations and vulnerable 

populations are allocated to the sites from the demand points. 

Optimal site selection is controlled by the AHP scenario-based, stakeholder-specific goal to 

“identify optimal shelter locations”. However, the rules for optimization must be defined by the 

decision-maker. ESRI ArcGIS Pro location-allocation tool was used to select optimal locations. The 

tool can solve a range of optimization problems, including minimizing impedance from demand 

points or allocating shelters to meet all demand. The problem type is defined based on limitations 

such as budget, shelter capacity, transportation, or local law and policy. For example, decision makers 

could allocate two shelters that meet maximum demand, minimize the number of shelters to meet all 

demand, or allocate one shelter per region that minimizes impedance. This depends on the decision 

maker preference and available resources. These considerations are typically 

country/community/organization specific and therefore are regarded as planning decisions that must 

be specified for this tool rather than universal parameters. In anticipation of long-term recovery and 

rehabilitation, decision-makers may limit shelters to a maximum distance from the community center 

so that members may eventually return to their schools, place of work, etc. In the scenario being 

demonstrated, the goal is to minimize the number of facilities needed while maximizing demand met 

within 60 min of driving from vulnerable population points. This scenario assumes that the shelters 

have no capacity limit for design and that there is access to vehicle transportation. 

3. Results 

3.1. Tool Outputs 

The result of the WLC, the first stage, is a suitability map for shelter site location, which is the 

representative measure of success of the objectives at each alternative. The suitability for the 

demonstrated scenario is shown in Figure 6. 
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Figure 6. Suitability map for demonstrated scenario. 

Figure 7 shows the resulting candidate shelter locations from the site suitability stage and the 

population demand points, both of which are inputs to the location-allocation analysis. 
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Figure 7. Candidate shelter and representative demand inputs to network analysis for given scenario 

[48,53]. 

Figure 8 shows the results of the second stage, location-allocation analysis for the demonstrated 

scenario: The recommended shelter sites and allocation of vulnerable populations to the shelter sites. 

Thirty shelters were selected, serving 97.5% of the demand. This scenario was country-wide and 

focused on major shelter location. 

 

Figure 8. Location-allocation network analysis results [65]. 

3.2. Sensitivity 

A sensitivity analysis was conducted to investigate the impact of decision-maker priority 

regarding the hazards under consideration on the resulting suitability of the alternatives. The goal 

was to explore the effect of stakeholder preference with regard to the hazards, over which they have 

no control, and speculate on the degree to which planning decisions should be informed by technical 

knowledge where risk is concerned. It is important for stakeholders to understand the impact of their 

preferences to use the tool effectively. The hazards were initially given equal weights, so for this 

analysis, each hazard was adjusted to have “strong importance” over the remaining hazards 

according to the scale in Table A of Figure 5, then that preference was inverted. This is essentially 

increasing and decreasing the importance of a single hazard with respect to the other hazard criteria. 

Increasing the priority of earthquake or landslide risk decreases suitable area, while decreasing their 

priority increases suitable area. As seen in Table 2, decreasing priority of landslide risk increased 

suitable area by a greater magnitude than decreasing the priority of earthquake risk. Increasing and 

decreasing the priority of flood risk with respect to the other hazards appears to have the most 

significant impact on the suitability results. It is important to note, however, that this model is a 

placeholder for a more comprehensive flood model. These results show that giving high priority to 

flood risk may yield misleadingly optimistic suitability results. 
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Table 2. Sensitivity of suitability to weights of hazard criteria. 

Scenario % Suitable Area 1 % Change in Suitable Area 

Original: All hazards equal importance 38.0 N/A 

Earthquake strong importance over flood and landslide 2 24.7 −35 

Flood and landslide strong importance over earthquake 46.8 23 

Landslide strong importance over flood and earthquake 25.1 −34 

Flood and earthquake strong importance over landslide 53.2 40 

Flood strong importance over earthquake and landslide 82.8 118 

Earthquake and landslide strong importance over flood 18.4 −52 

1 Percent of suitable area with a standardized suitability value < 2 on the scale of 1–3. 2 Strong 

importance as defined by Table A of Figure 5. 

A brief sensitivity analysis was also conducted on the site selection stage of the decision process 

to further explore the effect of stakeholder preferences on the resulting decision for shelter location 

and allocation. The maximum driving time for allocation of vulnerable population to a shelter site 

was adjusted from 60 to 30 min. The results are shown in Table 3. 

Table 3. Results of analysis of sensitivity to impedance cutoff. 

Max. Impedance (Driving 

Minutes) 

Number of Candidate 

Shelters 

Number of Shelters 

Chosen 

% of Demand 

Allocated 

30 552 73 85.4 

60 552 30 97.5 

On a scale of this size, increasing the tolerance for impedance made a significant impact on 

allocation results—less than half of the number of shelters were required, and almost all the demand 

was met. This poses the question: What is the maximum distance that a refugee should have to travel 

in a disaster? Further investigation into the results at other analysis scales may be required to 

understand the impact of maximum impedance in driving time on the location and allocation of 

shelters. When the threshold was set to 30 min, many demand points were not allocated. When this 

is the case, tolerance may need to be adjusted for impedance, criteria weights, or other components 

of the analysis that are specified by decision-makers. 

4. Discussion 

The framework developed in this study takes a deterministic approach to the shelter site location 

problem, with implications for disaster planning in the context of international development. It is 

adaptable to regions and scenarios around the world, and was designed to be adjustable to new 

datasets and risk models as they are published. The purpose of this work is to demonstrate a process 

that is feasible and accessible to decision makers anywhere in order to make resilience more equitable 

and empower low-income communities through a disaster shelter planning tool. The framework 

developed here seeks to address the limitations of top-down, segmented, single-hazard approaches 

to disaster risk management through the integration of data on multiple hazards, and the possibility 

to integrate input from stakeholders in multiple sectors and areas of expertise, including community 

members. The framework is applicable using global open data, but has the benefit of being able to 

implement or substitute local information that may provide higher resolution or stakeholder insight 

and information that is not represented spatially. The framework was applied in a case study of Haiti, 

a country susceptible to frequent and diverse natural hazards. The scenario demonstrated in this 

study was achieved through the optimized allocation of shelters to serve 97.5% of vulnerable 

population in Haiti. This outcome would vary in another scenario depending on stakeholder 

preferences, policy constraints, and assumptions on what it means to meet the needs of affected 

people, but through this demonstration, the framework was shown to be effective in allocating shelter 

to serve vulnerable populations under the hypothetical guidelines. 
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This study is constrained by data availability to characterize both risk and vulnerability, as well 

as its limited focus on only natural hazards that does not allow consideration of the potential 

amplification of natural hazards by anthropogenic hazards or the causation of anthropogenic hazards 

from a natural hazard event. Restrictions in global open data availability prevent this study from 

considering social or infrastructural dimensions of vulnerability. The ability to account for 

uncertainty is restricted by the deterministic nature of the framework [21,26]. In addition, there is 

uncertainty in human decision-making and interpretation. This limitation is addressed in this study 

through a sensitivity analysis that investigates the impact of variation in stakeholder input on the 

model output. 

In future development, the framework criteria can be expanded to better characterize the 

complexity of disasters and the associated decision-making. One major limitation is in the data 

available to characterize risk at a global scale. Data to characterize the infrastructure at a site must be 

detailed, and it is currently infeasible to collect this information on a global scale. Many of these 

datasets are not yet available locally in low-resource communities. A wider range of attributes is 

necessary to encompass the complexity of shelter site selection in disaster planning: Tsunami, coastal 

flood, and soil liquefaction risk to measure the objective to minimize hazard risk, and sanitation, 

electric utilities, and land ownership to measure the objective to maximize serviceability. Water 

source cannot yet be determined at a global scale due to potential water-quality issues, so this 

methodology assumes that a clean water source may be imported to shelters in the absence of local 

data availability. Risk exposure is used to represent vulnerability of the physical environment in this 

study, and should be integrated with a global indicator of social vulnerability in future work. Social 

vulnerability paired with the risk exposure used in this study to identify shelter demand could better 

predict populations in need of shelter following a disaster event. 

Further sensitivity analyses will be needed to evaluate the impact of user preferences on the 

resulting suitable alternatives. If there is high sensitivity, the weighted linear combination process 

may need to be altered to account for bias and varying interpretation of the comparison scale. The 

discrete nature of classification used in this framework poses a limitation by not allowing it to account 

for the uncertainty and ambiguity associated with natural hazards and disaster risk management 

processes, as well as uncertainty associated with the influence of a human stakeholder and varying 

interpretations of the priority ranking scale. A potential solution to this limitation is the 

implementation of fuzzy logic [26]. 

Based on current open global data availability, this framework is more suitable for the allocation 

of emergency shelters, but has implications for long-term recovery. As more global data is made 

available, it can be adapted to better address criteria for post-disaster recovery shelter across multiple 

sectors, particularly those associated with livelihood [66]. In future studies, the research will expand 

to examine additional scenarios and locations in order to understand the framework’s sensitivity to 

different factors and promote reliable adaptation to communities around the world. In addition, this 

framework has potential for future application in post-disaster reconnaissance missions to enable 

users to focus on areas of potential significant damage and their accessibility. 

5. Conclusions 

There have been many studies utilizing SMCDA for shelter allocation in recent years [33–35,41], 

but these are all single-hazard studies. They do not address the reality that disasters are not always 

isolated incidents or the implications of a multi-hazard approach for resolving issues with the 

traditional segmented approach to disaster risk management. A multi-hazard approach to disaster 

risk management is promoted by the United Nations [4], and in recent years, this has been reflected 

in research [38–40]. Through this study, we applied a multi-hazard approach to the disaster risk 

management task of shelter site selection. The framework described here was designed to facilitate 

the allocation of emergency shelters with long term post-disaster shelter in consideration, particularly 

safety from multiple hazards. As a result, this framework has the potential to promote resilience. The 

novel use of global open data can make that resilience equitable to low-income communities 

everywhere. 
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The framework developed in this study leverages advancements of global data for disaster risk 

management, but while creating a platform for integrating critical local information through 

stakeholder participation and collaboration. The framework strengthens resilience by addressing the 

issues of top-down, segmented, single-hazard approaches to disaster risk management. While the 

framework was applied to case study, the scenario analyzed in Haiti demonstrated the feasibility and 

broad applicability of this global, multi-hazard approach to the spatial multi-criteria method for 

shelter site selection. Ultimately, the goal of the framework developed in this study is to empower 

community members and aid stakeholders in making disaster planning decisions. 
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Figure S1: Automated AHP. (a) Model Builder tool; (b) corresponding hierarchy components; (c) detail of Model 
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Builder section D. 
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Appendix A 

Table A1. Standardization of attributes for the objective to minimize risk. 

Attribute 

Standardized Value 
Standardized Attribute 

Meaning 
1 = Low 

Risk 

2 = Moderate 

Risk 

3 = High 

Risk 

Landslide susceptibility 
1 

1 2, 3 4, 5 Landslide risk 

Earthquake 

susceptibility 2 
2–5 6–7 7–10 Earthquake risk 

Distance to river 3 >500 150–500 <150 Fluvial flood risk 

1 Unitless susceptibility value, 1 being very low and 5 being very high. 2 Unitless susceptibility value 

established in preprocessing, 2 being very low and 10 being very high. 3 Units = meters. 

Table A2. Standardization of attributes for the objective to maximize serviceability. 

Attribute 

Standardized value Standardized 

Attribute 

Meaning 

1 = High 

Serviceability 

2 = Moderate 

Serviceability 

3 = Low 

Serviceability 

Unsuitable 

(NoData) 

Road density 
1 

>2 0.5–2 <0.5 N/A 

Accessibility by 

vehicle 

transportation 

Healthcare 

facility 

density 2 

>0.5 0.1–0.5 <0.1 N/A 
Accessibility to 

healthcare 

Land cover 3 

Grassland, 

Non/sparsely-

vegetated 

Cropland, 

Agriculture 
Forest 

Wetland, In-

land water, 

Ocean 

Serviceability of 

land cover 

1 Units = kilometers of road per square km. 2 Units = facilities per square km. 3 Land use class. 

  



Sustainability 2020, 12, 6252 18 of 20 

 

References 

1. Shelter Solutions—UNHCR Emergency Handbook. Available online: 

https://emergency.unhcr.org/entry/254351/shelter-solutions (accessed on 22 April 2020). 

2. Giovene di Girasole, E.; Cannatella, D. Social Vulnerability to Natural Hazards in Urban Systems. An 

Application in Santo Domingo (Dominican Republic). Sustainability 2017, 9, 2043, doi:10.3390/su9112043. 

3. De Silva, M.M.G.T.; Kawasaki, A. Socioeconomic Vulnerability to Disaster Risk: A Case Study of Flood and 

Drought Impact in a Rural Sri Lankan Community. Ecol. Econ. 2018, 152, 131–140, 

doi:10.1016/j.ecolecon.2018.05.010. 

4. The United Nations Office for Disaster Risk Reduction Sendai Framework for Disaster Risk Reduction; UNDRR: 

Geneva, Switzerland, 2015. 

5. Twigg, J.; Choularton, R. The Asian Tsunami: The Implications for Preparedness and Contingency Planning; 

Humanitarian Practice Network: London, UK, 2005. 

6. Toya, H.; Skidmore, M. Economic development and the impacts of natural disasters. Econ. Lett. 2007, 94, 

20–25, doi:10.1016/j.econlet.2006.06.020. 

7. Guha-Sapir, D.; Lechat, M.F. Information systems and needs assessment in natural disasters: An approach 

for better disaster relief management. Disasters 1986, 10, 232–237, doi:10.1111/j.1467-7717.1986.tb00594.x. 

8. Abrahams, D. The barriers to environmental sustainability in post-disaster settings: A case study of 

transitional shelter implementation in Haiti. Disasters 2014, 38, S25–S49. 

9. Leon, E.; Kelman, I.; Kennedy, J.; Ashmore, J. Capacity building lessons from a decade of transitional 

settlement and shelter. Int. J. Strateg. Prop. Manag. 2009, 13, 247–265, doi:10.3846/1648-715X.2009.13.247-265. 

10. Tatem, A.J.; Noor, A.M.; Hagen, C. von; Gregorio, A.D.; Hay, S.I. High Resolution Population Maps for 

Low Income Nations: Combining Land Cover and Census in East Africa. PLoS ONE 2007, 2, e1298, 

doi:10.1371/journal.pone.0001298. 

11. Hosseini, S.M.A.; de la Fuente, A.; Pons, O. Multicriteria Decision-Making Method for Sustainable Site 

Location of Post-Disaster Temporary Housing in Urban Areas. J. Constr. Eng. Manag. 2016, 142, 04016036, 

doi:10.1061/(ASCE)CO.1943-7862.0001137. 

12. Imperiale, A.J.; Vanclay, F. Command-and-control, emergency powers, and the failure to observe United 

Nations disaster management principles following the 2009 L’Aquila earthquake. Int. J. Disaster Risk Reduct. 

2019, 36, 101099, doi:10.1016/j.ijdrr.2019.101099. 

13. Blackman, D.; Nakanishi, H.; Benson, A.M. Disaster resilience as a complex problem: Why linearity is not 

applicable for long-term recovery. Technol. Forecast. Soc. Chang. 2017, 121, 89–98, 

doi:10.1016/j.techfore.2016.09.018. 

14. United Nations International Strategy for Disaster Risk Reduction 2009 UNISDR Terminology on Disaster Risk 

Reduction; UNDRR: Geneva, Switzerland, 2009. 

15. McLoughlin, D. A Framework for Integrated Emergency Management. Public Adm. Rev. 1985, 45, 165–172, 

doi:10.2307/3135011. 

16. Strong, K.; Carpenter, O.; Ralph, D. Scenario Best Practices: Developing Scenarios for Disaster Risk Reduction; 

University of Cambridge: Cambridge, UK, 2020. 

17. Jordan, E.; Javernick-Will, A. Measuring Community Resilience and Recovery: A Content Analysis of 

Indicators. In Proceedings of the Construction Research Congress 2012, West Lafayette, IN, USA, 21–23 

May 2012; American Society of Civil Engineers: West Lafayette, IN, USA, 2012; pp. 2190–2199. 

18. Rizzi, P.; Porębska, A. Towards a Revised Framework for Participatory Planning in the Context of Risk. 

Sustainability 2020, 12, 5539, doi:10.3390/su12145539. 

19. Ainuddin, S.; Routray, J.K. Community resilience framework for an earthquake prone area in Baluchistan. 

Int. J. Disaster Risk Reduct. 2012, 2, 25–36, doi:10.1016/j.ijdrr.2012.07.003. 

20. Joerin, J.; Shaw, R.; Takeuchi, Y.; Krishnamurthy, R. Assessing community resilience to climate-related 

disasters in Chennai, India. Int. J. Disaster Risk Reduct. 2012, 1, 44–54, doi:10.1016/j.ijdrr.2012.05.006. 

21. Ozbay, E.; Çavuş, Ö.; Kara, B.Y. Shelter site location under multi-hazard scenarios. Comput. Oper. Res. 2019, 

106, 102–118, doi:10.1016/j.cor.2019.02.008. 

22. The Internal Displacement Monitoring Centre. GRID 2020 Global Report on Internal Discplacement; IDMC: 

Geneva, Switzerland, 2020. 

23. The World Bank. What Did We Learn? The Shelter Response and Housing Recovery in the First Two Years after 

the 2010 Haiti Earthquake; The World Bank: Washington, DC, USA, 2016; p. 220. 



Sustainability 2020, 12, 6252 19 of 20 

 

24. Turner, J.F.C. Housing as a Verb. In Freedom to Build: Dweller Control of the Housing Process; Turner, J.F.C., 

Fichter, R., Eds.; Macmillan Company: New York, NY, USA, 1972; pp. 148–175. 

25. Ian, D. Shelter after Disaster; Oxford Polytechnic Press: Oxford, UK, 1978. 

26. Malczewski, J.; Rinner, C. Multicriteria Decision Analysis in Geographic Information Science; Advances in 

Geographic Information Science; Springer Science+Business Media: New York, NY, USA, 2015. 

27. Hanssen, F.; May, R.; van Dijk, J.; Rød, J.K. Spatial Multi-Criteria Decision Analysis Tool Suite for 

Consensus-Based Siting of Renewable Energy Structures. J. Environ. Assess. Policy Manag. 2018, 20, 1840003, 

doi:10.1142/S1464333218400033. 

28. Marzocchi, W.; Garcia-Aristizabal, A.; Gasparini, P.; Mastellone, M.; Ruocco, A. Basic principles of multi-

risk assessment: A case study in Italy. Nat. Hazards 2012, 62, 551–573, doi:10.1007/s11069-012-0092-x. 

29. Ismail-Zadeh, A.T.; Cutter, S.L.; Takeuchi, K.; Paton, D. Forging a paradigm shift in disaster science. Nat. 

Hazards 2017, 86, 969–988, doi:10.1007/s11069-016-2726-x. 

30. Jiang, Z.; Yu, L. Performance evaluation of emergency risk management under group decision making: An 

approach of incorporating fuzzy AHP and fuzzy TOPSIS. Int. J. Fuzzy Syst. 2013, 8, 845–854. 

31. Sahay, B.S.; Menon, N.V.C.; Gupta, S. Humanitarian Logistics and Disaster Management: The Role of 

Different Stakeholders. In Managing Humanitarian Logistics; Sahay, B.S., Gupta, S., Menon, V.C., Eds.; 

Springer India: New Delhi, India, 2016; pp. 3–21 ISBN 978-81-322-2416-7. 

32. Jelokhani-Niaraki, M.; Malczewski, J. The decision task complexity and information acquisition strategies 

in GIS-MCDA. Int. J. Geogr. Inf. Sci. 2015, 29, 327–344, doi:10.1080/13658816.2014.947614. 

33. Kar, B.; Hodgson, M.E. A GIS-Based Model to Determine Site Suitability of Emergency Evacuation Shelters. 

Trans. GIS 2008, 12, 227–248, doi:10.1111/j.1467-9671.2008.01097.x. 

34. Alçada-Almeida, L.; Tralhão, L.; Santos, L.; Coutinho-Rodrigues, J. A Multiobjective Approach to Locate 

Emergency Shelters and Identify Evacuation Routes in Urban Areas. Geogr. Anal. 2009, 41, 9–29, 

doi:10.1111/j.1538-4632.2009.00745.x. 

35. Xu, J.; Yin, X.; Chen, D.; An, J.; Nie, G. Multi-criteria location model of earthquake evacuation shelters to 

aid in urban planning. Int. J. Disaster Risk Reduct. 2016, 20, 51–62, doi:10.1016/j.ijdrr.2016.10.009. 

36. Redshaw, P.; Boon, D.; Campbell, G.; Willis, M.; Mattai, J.; Free, M.; Jordan, C.; Kemp, S.J.; Morley, A.; 

Thomas, M. The 2017 Regent Landslide, Freetown Peninsula, Sierra Leone. Q. J. Eng. Geol. Hydrogeol. 2019, 

52, 435, doi:10.1144/qjegh2018-187. 

37. Jibson, R.W.; Harp, E.L. Field Reconnaissance Report of Landslides Triggered by the January 12, 2010, Haiti 

Earthquake; U.S. Geological Survey: Hunter Mill, VA, USA, 2011; p. 19. 

38. Karaman, H. Integrated Multi-Hazard Map Creation By using AHP and GIS. Recent Adv. Environ. Life Sci. 

2015, 10, 101. 

39. Skilodimou, H.D.; Bathrellos, G.D.; Chousianitis, K.; Youssef, A.M.; Pradhan, B. Multi-hazard assessment 

modeling via multi-criteria analysis and GIS: A case study. Environ. Earth Sci. 2019, 78, 47, 

doi:10.1007/s12665-018-8003-4. 

40. Gallina, V.; Torresan, S.; Zabeo, A.; Critto, A.; Glade, T.; Marcomini, A. A Multi-Risk Methodology for the 

Assessment of Climate Change Impacts in Coastal Zones. Sustainability 2020, 12, 3697, 

doi:10.3390/su12093697. 

41. Akamatsu, T.; Yamamoto, K. Suitability Analysis for the Emergency Shelters Allocation after an 

Earthquake in Japan. Geosciences 2019, 9, 336, doi:10.3390/geosciences9080336. 

42. Linders, D. Towards open development: Leveraging open data to improve the planning and coordination 

of international aid. Gov. Inf. Q. 2013, 30, 426–434, doi:10.1016/j.giq.2013.04.001. 

43. Hristidis, V.; Chen, S.-C.; Li, T.; Luis, S.; Deng, Y. Survey of data management and analysis in disaster 

situations. J. Syst. Softw. 2010, 83, 1701–1714, doi:10.1016/j.jss.2010.04.065. 

44. Mann, L. Left to Other Peoples’ Devices? A Political Economy Perspective on the Big Data Revolution in 

Development. Dev. Chang. 2018, 49, 3–36, doi:10.1111/dech.12347. 

45. Opdyke, A.; Javernick-Will, A.; Koschmann, M. A Comparative Analysis of Coordination, Participation, 

and Training in Post-Disaster Shelter Projects. Sustainability 2018, 10, 4241, doi:10.3390/su10114241. 

46. Fan, L. Shelter strategies, humanitarian praxis and critical urban theory in post-crisis reconstruction. 

Disasters 2012, 36, S64–S86, doi:10.1111/j.1467-7717.2012.01288.x. 

47. The History of Natural Disasters in Haiti; uFondwa-USA, Inc.: Houston, TX, USA, 2018. 

48. Esri World Street Map; Esri: Redlands, CA, USA, 2020. 



Sustainability 2020, 12, 6252 20 of 20 

 

49. Stanley, T.; Kirschbaum, D.B. A heuristic approach to global landslide susceptibility mapping. Nat. Hazards 

2017, 87, 145–164, doi:10.1007/s11069-017-2757-y. 

50. Allen, T.I.; Wald, D.J. Topographic Slope as a Proxy for Seismic Site-Conditions (VS30) and Amplification around 

the Globe; U.S. Geological Survey: Hunter Mill, VA, USA, 2007; p. 69. 

51. Frankel, A.; Harmsen, S.; Mueller, C.; Calais, E.; Haase, J. Seismic Hazard Maps for Haiti. Earthq. Spectra 

2011, 27, S23–S41, doi:10.1193/1.3631016. 

52. Andreadis, K.M.; Schumann, G.J.-P.; Pavelsky, T. A simple global river bankfull width and depth database. 

Water Resour. Res. 2013, 49, 7164–7168, doi:10.1002/wrcr.20440. 

53. Humanitarian OpenStreetMap Team (HOT)—Humanitarian Data Exchange. Available online: 

https://data.humdata.org/organization/225b9f7d-e7cb-4156-96a6-44c9c58d31e3 (accessed on 22 April 2020). 

54. ASCE/SEI (ASCE/Structural Engineering Institute). Minimum Design Loads for Buildings and Other Structures; 

American Society of Civil Engineers: Reston, VA, USA, 2016. 

55. Martin, A.J.; Diehl, J.G. Practical Experience Using A Simplified Procedure To Measure Average Shear-

Wave Velocity To A Depth Of 30 Meters (VS30). In Proceedings of the 13th World Conference on 

Earthquake Engineering, Vancouver, BC, Canada, 1–6 August 2004. 

56. Foust, B.; Ihinger, P.; Jeffery, T. Modeling Earthquake Risk; CoreLogic: Irvine, CA, USA, 2016. 

57. Giardini, D.; Grünthal, G.; Shedlock, K.M.; Zhang, P. The GSHAP Global Seismic Hazard Map. Ann. 

Geophys. 1999, 42, 6. 

58. Azizian, A.; Brocca, L. Determining the best remotely sensed DEM for flood inundation mapping in data 

sparse regions. Int. J. Remote Sens. 2020, 41, 1884–1906, doi:10.1080/01431161.2019.1677968. 

59. Chen, W.; Zhai, G.; Ren, C.; Shi, Y.; Zhang, J. Urban Resources Selection and Allocation for Emergency 

Shelters: In a Multi-Hazard Environment. Int. J. Environ. Res. Public Health 2018, 15, 1261, 

doi:10.3390/ijerph15061261. 

60. Drobne, S.; Lisec, A. Multi-attribute Decision Analysis in GIS: Weighted Linear Combination and Ordered 

Weighted Averaging. Informatica 2009, 33, 459–474. 

61. Velasquez, M.; Hester, P. An analysis of multi-criteria decision making methods. Int. J. Oper. Res. 2013, 10, 

56–66. 

62. Documet, P.I.; McDonough, B.L.; Van Nostrand, E. Engaging Stakeholders at Every Opportunity: The 

Experience of the Emergency Law Inventory. Am. J. Public Health 2018, 108, S394–S395, 

doi:10.2105/AJPH.2018.304615. 

63. Saaty, T.L. The Analytic Heirarchy Process: Planning, Priority Setting, Resources Allocation; McGraw: New York, 

NY, USA, 1980. 

64. UNISDR Hyogo Framework for Action 2005–2015: Building the Resilience of Nations and Communities to 

Disasters; United Nations Office for Disaster Risk Reduction: Geneva, Switzerland, 2007. 

65. Esri World Topographic Map; Esri: Redlands, CA, USA, 2020. 

66. Bauer, R. Guidelines for Post-Disaster Housing; Oxfam: Oxford, UK, 2003. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


