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Abstract


Climate change, driven by natural factors and human activity, produces significant environmental changes worldwide. One consequence is increased rainfall, which leads to intense and increasingly frequent storms, sudden increases in river flows, and increased likelihood of emergencies linked to natural disasters. This framework proposes a model based on the System Dynamics (SD) approach that aims to monitor the increase in flow in rapid-response catchments (RRCs). The model evaluates humanitarian logistics strategies to manage supplies during emergency situations and it is based on dynamic simulation, whose advantages are the analysis of causal relationships between variables and their behavior over time, mathematical support during the creation of the simulation model, and the creation of a graphical interface that allows the user to carry out a visual analysis of the variables involved in the model. The results show, through a case study, the implementation of a containment plan based on early decision-making from rapid-response catchment monitoring to generate humanitarian logistics strategies preventing material and human damage. Therefore, the main contribution of this framework is the creation of a simulation model that involves the synergy between two different systems: the analysis of RRC behavior and the humanitarian logistics plan to establish provision policies (food, water and medicine) based on the number of people at risk.
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1. Introduction


In recent years, the Earth has experienced various climate changes, some due to natural causes and others due to human factors [1]. Climate change’s effects include more intense and recurrent rainfall [2], droughts [3], melting glaciers [4,5], more destructive hurricanes [6], and extreme heat waves [7,8]. Climate change produces global warming that leads to an increase in the Earth’s temperature [9]. This temperature increase impacts the water cycle, generating heavy rainfall and affecting the natural balance [10]. Greater intensity of rainfall increases flow in all rivers [11]. However, some rivers contain rapid-response catchments (RRCs) whose growth in their channel is faster and more sensitive to changes caused by storms and hurricanes [12]. Because of this ease of growth, RRCs require special attention and constant monitoring due to changing climatic conditions. Sudden and unexpected flow increases in RRCs are a priority issue in several mountainous regions with very steep slopes. This natural physical condition causes water velocity to increase and accelerate, resulting in reduced soil infiltration capacity and excess water, which can cause flooding and become a hazard for cities [13]. Hence, elaborating models and monitoring natural disaster risk are becoming increasingly important [14,15]. Containment strategies and prior decision-making in the face of emergencies caused by natural disasters are relevant factors for governments, civil protection departments, fire departments, and citizens in general [16,17].



For the above reasons, this framework aims to generate provision-sourcing strategies based on humanitarian logistics by creating a dynamic simulation model that allows the flow of RRCs to be monitored. The current literature review describes some frameworks focused on analyzing natural disasters due to flooding caused by river overflow. The framework described by [18] shows the development of an approach transferred between two similar German river catchments: Ahr and Mulde. The data obtained from the flooding caused by the Ahr River were used to develop an approach—based on this information set—to observe possible consequences on the Mulde River and, thus, evaluate the results of possible floods. In turn, the framework proposed by [19] uses the catchment of the Meenachil River located in India as a case study. This research analyzes the impact of current and future urbanization and its relationship with floods generated by environmental damage from socioeconomic growth in the region. The results of the hydrological models enable the prediction of events in the coming decades. In addition, the research of [20] analyzes trends in climate variables, taking the Cross River basin in Nigeria as a case study. In this framework, the authors use correlation and segmented regression models to measure the impact of various variables related to climate change, including annual precipitation, to analyze trends in river catchment and future impacts of the El Niño–Southern Oscillation (ENSO) weather phenomenon. In addition to the case studies described above, there is more research focused on analyzing the increase in rainfalls generated by climate change [21,22,23], making it a relevant topic in preventing emergencies caused by natural disasters. Consequently, the previous state of the art shows the need to carry out strategic plans to prevent damage caused by increased flow in RRCs.



Due to the complexity of analyzing rainfall and flood behavior, it is necessary to implement complementary techniques such as machine learning [24] and multivariate analysis [25]. In addition, software plays a vital role in studying the behavior of RRCs. Specialized software is available for river modeling to analyze river behavior. Each software has different features that focus on different river modeling analyses. Table 1 briefly compares the main features of some software used in various frameworks.



However, the above software only involves river behavior analysis and does not include decision-making analysis regarding humanitarian logistics. This framework aims to show the development of a simulation model based on the Systems Dynamics (SD) approach that allows for the monitoring of the increase in flow in a rapid-response catchment due to intense rainfalls as well as making decisions based on humanitarian logistics based on the simulation model’s results, representing an original contribution. The SD approach is a suitable technique to achieve the objective of this framework due to its ability to model systems of all types. This technique has some relevant advantages:




	
Analysis of variables over time. The SD approach allows for the analysis of complex relationships between variables and the impact of their combination over time using mathematical models through continuous simulation [26].



	
Creation of graphical interface models. This technique allows the creation of interfaces that allow the user to visually analyze the behavior of the system through tables and graphs [27].



	
Policy setting. The results of a dynamic simulation model facilitate the user’s decision-making process [28].








For the above reasons, the SD approach is a tool that allows for the creation of a model that monitors the behavior of the flow increase in a rapid response catchment and provides humanitarian logistics provision-sourcing strategies in emergencies. This framework consists of five sections. Section 2 (Materials and Methods) describes the case study, its geographical context, and the research methodology. This methodology is based on the approach to create dynamic simulation models and involves the first two phases: Conceptualization and Formulation. Section 3 presents the complementary phases (Evaluation and Implementation), which involve the deployment of simulations, their validation, and decision-making. Section 4 and Section 5 discuss and conclude the case study and the methodology presented in Section 2 and Section 3.




2. Materials and Methods


The SD approach has a defined methodology for creating simulation models. This methodology, which consists of four phases and allows users to create continuous simulation models, was initially proposed by [29] and synthesized by [30]. The SD methodology has been applied in many investigations: design [31,32], sustaining natural resource systems [33], product analysis [34], logistics systems [35], and the health sector [36], among other applications. Our framework applies the SD methodology to monitor RRC behavior and support decision-making regarding humanitarian logistics. Table 2 shows some components of the SD methodology modified to solve the problem described in this paper.



Section 2 (Materials and Methods) shows two phases of the SD methodology: Conceptualization and Formulation. Section 3 (Results) shows the third and fourth phases, i.e., the Evaluation and Implementation, of the developed simulation model.



2.1. Conceptualization


This stage involves defining the context and purpose of creating the simulation model. In addition, this phase involves defining the variables involved in the system because, in the next stage, this will be used to create the corresponding diagrams. In turn, the user defines the time horizon for the simulation. The SD approach is a continuous simulation tool, so setting the time in the model is a determining factor.



2.1.1. Definition of the Scenario and Purpose of the Simulation Model


Pico de Orizaba is the highest volcano in Mexico. This mountain, whose summit reaches 5610 m above sea level, has perpetual glaciers that supply water to the surrounding ecosystems. The melting of the ice in the glaciers forms rivers that run hundreds of kilometers from their source to their mouth in the Atlantic Ocean. Orizaba River is a tributary that originates in Pico de Orizaba and flows approximately 36.5 km before joining the Rio Blanco River and continuing to the ocean. Along its route, the Orizaba River flows through Orizaba City. This city is in the province of Veracruz and has a population of approximately 120,000 inhabitants.



The case study of this framework presents the following problem: a greater intensity of rainfall causes a rapid and accelerated growth in the water level of the Orizaba River. Therefore, this river is classified as one of Mexico’s rivers with rapid-response catchments (RRCs). The sudden and accelerated increase in the depth of the Orizaba River represents a problem because the distance between the volcano and Orizaba City is very short. During the rainy season (June–October), rainfall is intense and random throughout the day. This intensity is due to the great height of Pico de Orizaba, which generates very changeable weather conditions. Figure 1 shows an edited satellite map that includes the top view of Pico de Orizaba, Orizaba River, and Rio Blanco River, as well as a scale to measure their distances.



This framework proposes monitoring the growth of the flow in the Orizaba River from a Remote Transmission Unit (RTU-01) using two Level Transmitters (LT-01 and LT-02) sensors to prevent an emergency caused by an overflow. Figure 2 shows a schematic of the location of the two LTs and the RTU. LT-01 is located closer to the volcano (5 km from it), and its primary function is to monitor the increase in river depth caused by snow and precipitation. This monitoring is very useful because it allows for early-stage analysis of flow growth. If LT-01 detects considerable growth, it preemptively alerts the RTU’s monitoring center.



On the other hand, LT-02 is located further from the volcano (15 km from it) but closer to the RTU. LT-02 is tasked with validating the information received from LT-01 and measuring the river’s depth at that location. Depending on the increase in the water level measured by LT-02, the RTU determines the severity of the problem and, in the case of an emergency, has a certain time to make decisions regarding humanitarian logistics before the accumulated water reaches Orizaba City.



The above is the actual use of Level Transmitters. However, this framework uses historical data to develop the case study.




2.1.2. Identification of Variables and Establishment of Time Horizon


A river has many physical variables that affect its flow. These variables contain many other sub-variables that interact with each other and affect the main variable. Below is a brief explanation of the main variables involved in the river’s behavior:




	
River depth: This is the variable of most significant interest in creating the simulation model. In the event of a rise in river level, the Level Transmitters send an alert signal to the Remote Transmission Unit to begin the containment plan with a humanitarian logistics approach.



	
Volumetric flow rate: This variable is the product of the multiplication between the cross-sectional area and the velocity of the fluid (this is measured through flow sensors). It consists of the volume of fluid that passes through a cross-section per unit of time. The volumetric flow rate involves complementary variables such as slope (if this is very pronounced, the speed increases, which therefore increases the acceleration of the fluid), river width, and river depth, among others [38].



	
Distance: It is the separation distance between the Level Transmitters and their position concerning Pico de Orizaba and the Remote Transmitter Unit located in Orizaba City.



	
Precipitation: Orizaba City is in a region with a warm-humid climate. In addition, the city is surrounded by high mountains that exceed 2000 m above sea level. These factors cause intense rainfall in June–October, the season with the highest probability of river overflow.








The variables described above correspond to the river flow. However, this framework also involves the analysis of humanitarian logistics. The main variables involved in this are as follows:




	
People at risk: These are the people who must evacuate. Activating this variable in the simulation model depends on the volumetric flow rate because if the amount of water flowing per unit of time is high, then the emergency probability increases, resulting in the evacuation of the population at risk.



	
Number of shelters required: This variable depends on the number of people undergoing evacuation. The location of shelters is strategic to ensure the survival of those at risk.



	
Provision demand: This variable consists of the logistics of supplying provisions to meet the number of people in the evacuation process.








Within the “provision demand” variable, there is a specific quantification for water, food, and medical provisions as follows:




	
Water provisions: To survive, a person requires three to four liters (one gallon) of drinking water daily. This amount is used for drinking, cooking, and personal hygiene [39].



	
Food provisions: An adult must consume approximately 2000 kcal daily. This diet consists of two meals made up of servings from different groups: fruit, vegetables, meat, bread, cereals, fish, and cheese, among others [40,41].



	
Medical provisions: The American Red Cross recommends that each aid kit for a family of four include absorbent compress dressings, adhesive bandages, adhesive cloth tape, antibiotic ointment packets, antiseptic wipe packets, packets of aspirin, an emergency blanket, sterile gauze pads, an oral thermometer, a roller bandage, and tweezers, among other medical provisions [42].








The main variable in a continuous simulation model is time. Therefore, it is necessary to establish the simulation horizon. In a disaster situation, the response time must be minimal. In addition, the short distance from the volcano to Orizaba City means the flow quickly reaches the city. For these reasons, the simulation time horizon is given in hours, which allows for the analysis of smaller time units (minutes) or larger ones (days).





2.2. Formulation


This phase consists of creating the basic diagrams for developing continuous simulation. The river and humanitarian logistics variables above are the basis for developing the Causal-Loop diagram (CLD) and Forrester Diagram (FD). The following subsections describe the function of both diagrams.



2.2.1. Elaboration of the Causal-Loop Diagram (CLD)


A CLD consists of an oriented graph containing arrows that relate one variable to another. These relationships have positive or negative polarities, indicating that increasing the values of one variable can increase or decrease the variable they affect. The relationship between variables generates closed causal circuits, resulting in balancing and feedback loops. Balancing loops stabilize the system and arise when there is at least one relationship with negative polarity, while feedback loops feed the other relationships, producing causal growth. Sometimes, adding extra variables to create a CLD to link some variables properly is necessary. Figure 3 shows the CLD.



The CLD has three main sections: river growth analysis, the supply of provisions, and the need to use shelters. In these sections, the CLD has six balancing loops and three feedback loops, making this system dynamic. Below is a brief description of these three sections:




	
River growth analysis: This section of the CLD involves loops B1, B2, B3, B4, and R1. These loops are related to the water cycle that produces river growth, and the variables associated with flow velocity and volumetric flow rate.



	
Supply of provisions: The variables involved form loops B6, B7, and R3. Causal relationships link variables focused on the analysis of the supply of provisions during the emergency.



	
Use of shelters: Loops R2 and B5 represent the dynamics of the need for shelters in an emergency, depending on the number of people at risk.








According to Figure 3, the most important variable in the CLD is “people at risk” because it relates to the abovementioned three sections. The decision-making process to open shelters and supply provisions directly depends on the number of people who must evacuate.




2.2.2. Creating the Forrester Diagram (FD) and Its Graphical Interface


After developing the CLD, the next step is creating the Forrester Diagram (FD). This diagram transforms the causal relationships found in the CLD into a dynamic simulation model. The transformation process consists of converting the loops into level variables (represented by stocks), information flow valves (input and output of mathematical relationships), and auxiliary variables that complement the programming. There are numerous software for creating the FD. Some of them are iThink Architect ©, Vensim ©, and Stella ©. Our framework uses Stella © to create the FD. Figure 4 shows this diagram.



The Forrester Diagram uses mathematical operations in its programming. The level variables (stocks), information flows (valves), and auxiliary variables have operation logic based on differential equations measured through time differentials. This differential consists of the difference between the information input and output valves, taking the level variables as the information stock. Auxiliary variables (represented by circles) provide complementary information to the stocks through the valves. This information includes mathematical relationships such as constant values, physical formulas, random numbers, and other operations. An example of this programming logic is the differential equation shown in Equation (1):


  F   t   = F     t   0     +   ∫  0   t    ( R − V )   d t ,  



(1)







Equation (1) represents the level variable Orizaba River flow (F(t)), and the input (rainfall—R) and output (volumetric flow rate—V) information flow. These flows change over time as a differential (dt), starting from an input value denoted by F(t0). This differential equation is represented in the Forrester Diagram, and the rest of the level variables also represent differential equations.



This framework uses datasets from the reported literature, such as the quantities of food, water, and medicines [39,40,41,42], physical measurements carried out with sensors in LT1 and LT2, and historical data collected by subject matter experts from the Civil Protection Department. This dataset results in the FD shown in Figure 4 and allows for the creation of a graphical interface. Stella © allows for the creation of graphical interfaces to more easily manipulate the Forrester Diagram. These interfaces allow for the insertion of buttons, graphs, tables, and numeric displays to analyze the dynamics in the simulation model. Figure 5 shows the graphical interface for analyzing river behavior and humanitarian logistics in emergencies.



The graphical interface has two displays to analyze the graphical behavior over time of the volumetric flow rate and the stock provisions variables. In addition, this interface has buttons and slider input devices to modify input variables and numeric displays to observe output data. The following section (Results) shows the application of the simulation model based on a case study.






3. Results


This section involves the SD methodology’s third (Evaluation) and fourth (Implementation) phases. The interface presented in this framework uses input data to carry out simulations. These data can be historical (information collected by the Comision Nacional del Agua [43] in Mexico), hypothetical, or obtained in real-time according to the measurement of speed and depth sensors (Figure 2).



The interface displays the graphical analysis of two variables: the volumetric flow rate and the stock provisions. The hydrograph is the typical archetype that describes the variations in water flow in a river over time [44,45]. Therefore, this simulation model is programmed to display a hydrograph to analyze the increase in flow in the Orizaba River. For the analysis of the supply of provisions, the interface displays a graphical behavior similar to the Economic Order Quantity (EOQ) model [46]. This behavior is suitable for supply because, in an emergency, continuous supply that varies depending on changing conditions and sudden rising needs is required. Therefore, a model similar to the EOQ model provides advanced strategies during an emergency. Section 3.1 shows some graphic examples of the volumetric flow rate and the stock provisions.



3.1. Evaluation


The third phase evaluates the simulation model created in the previous phase. The evaluation process consists of various simulations to analyze the system’s graphical behavior and visualize potential solutions for the implementation phase. In addition, the validation process occurs in this third stage to ensure that the simulation model provides reliable results.



3.1.1. Simulation of the Model Testing Different Scenarios


The graphical interface created in Stella © allows for model analysis by assigning different values to variables and observing different scenarios. These scenarios allow the user to understand the system’s behavior and facilitate decision-making. Figure 6 shows an example: Entering 3.1 m/s as the flow velocity and considering the 120,000 inhabitants in Orizaba City, the 15 km distance of LT2 from Pico de Orizaba, and an increase in the river depth of 1.1 m above its normal level, the graphical interface generates a hydrograph that represents the increase in the amount of water. The input variables for flow velocity and river depth were obtained from sensor measurements. Specifically, LT1 and LT2 are responsible for measuring depth. These input data generate output values represented through numerical displays, which include the water arrival time in Orizaba (time to activate the emergency containment plan), the number of people at risk, the people inside the shelter, and the supplies to assist the refugees.



The interface in Figure 6 shows the growth of the river through a hydrograph. However, it also shows a descending linear graph, representing the decrease in the initial stock of provisions over time. This behavior is linear because there is a direct proportional relationship between the number of people at risk and the number of supplies. One supply of provisions meets the basic needs of four people because it contains a one aid kit, 16 L of water (4.22 gallons), and eight food rations (considering two daily mealtimes per person and providing 2000 kcal of energy per two rations). It is important to mention that the case study shelter has a capacity of 600 people. Therefore, the initial stock is 150 provisions. For this reason, it must be continually replenished depending on the number of days the shelter is occupied.




3.1.2. Validation of the Simulation Model


The validation process is important before the implementation phase. This process involves verifying the results through expert review, some of whom are Mexican Civil Protection Department members, to ensure that the simulation model produces results that reflect reality. The paired-t confidence interval is a statistical test to validate simulation models by comparing real and simulated data [47]. The water arrival time is the variable of priority interest in this framework because these data are critical for decision-making in the humanitarian logistics plan. Table 3 shows the comparison between real and simulated data regarding water arrival time using a paired-t confidence interval test.



Equations (2) and (3) are necessary to calculate variance and confidence intervals:


  V a r     Z  ¯    =      ∑  j = 1   n          Z   j   −   Z  ¯      2       n ( n − 1 )    ,  



(2)






    Z  ¯  ∓   t   n − 1,1 −    α   2       V a r     Z  ¯     ,  



(3)







The t-statistical value for a 95% confidence interval is     t   9,0.05   = 2.2622   (   t   n − 1 ,   1 − α / 2   )  . Applying Equation (2), the variance is


  V a r     Z  ¯    =      ∑  j = 1   n          Z   j   −   Z  ¯      2       n ( n − 1 )    =    109.6   10 ( 10 − 1 )    = 1.2177  











The confidence intervals use Equation (3):


    Z  ¯  ∓   t   n − 1,1 −    α   2       V a r     Z  ¯     = 0.80 ∓ 2.2622  1.2177   











The operations above produce the following confidence interval:


  0.80 ∓ 2.2622   1.1035   = 0.80 ∓ 2.4963 = ( − 1.6963,3.2963 )  











The confidence interval above includes the value of zero. This test demonstrates that the water arrival time programmed in the simulation model is statistically valid and has a reliability of 95%.



Another way to validate this simulation model is by comparing results concerning the software used by El Instituto Nacional de Estadistica y Geografia (INEGI) in Mexico. This institute uses software that simulates water flows in hydrographic basins in Mexico named SIATL v4 © [48]. The results from SIATL v4 are similar to those obtained using this simulation model. However, a more practical method for validating simulation models is through extreme conditions testing. This test aims to determine whether the simulation model generates consistent results from extreme input values entered by the user [49]. Figure 7 shows an example of the application of this test. There are rivers whose streams during floods exceed 25 km per hour (6.94 m/s) [50]; considering a speed of 6.5 m/s and 4.2 m as the river depth as extreme conditions, and leaving the variables of population and distance constant, the volumetric flow increases rapidly.



Figure 7 shows the water arrival time with a value of 52 min. According to the regional Civil Protection Department, the minimum time required for the humanitarian logistics plan is 60 min. This is the reason why the variables people at risk, people inside the shelter, and the supply of provisions all have zero values, and the stock provisions graph is empty. In other words, the simulation model is programmed not to respond to this situation since it is not feasible to prepare for these conditions due to resource and infrastructure issues. Therefore, the simulation model reacts appropriately to an extreme conditions test.





3.2. Implementation


Orizaba City is in a region with high levels of rainfall from June to October. During these months, rainfall is abundant in the city and surrounding areas. However, global warming has produced significant changes in climatic conditions in recent years, some reflected in lack of rain and others in increased and more intense rainfall.



Hurricane Ernesto was a devastating tropical cyclone that affected several areas of the Caribbean and Central America in 2012. This hurricane was the fifth named storm and the second hurricane of the season. On 9 August 2012, it affected the Orizaba region, causing two rivers to swell: the La Carbonera River and the Orizaba River. This incident affected 140 houses; one person went missing and was not found [51,52]. Hurricane Ingrid entered Mexico from the Atlantic and Hurricane Manuel from the Pacific Ocean. This hurricane collision left 157 people dead, more than a million people affected, nearly 40,000 tourists stranded in Acapulco, Mexico, and more than 150,000 hectares of agricultural land damaged [53]. The Orizaba region was also affected by this meteorological event. The Orizaba River’s water level rose rapidly (approximately 4 m) and overflowed its banks [54]. This flooding affected dozens of homes in Orizaba City. In addition, this flood resulted in the death of some animals at the city zoo, which is located just a few meters from the river [55].



Implementing the dynamic model proposed in this framework simulates a situation similar to 2013, offering a previously unconsidered humanitarian logistics plan. For this reason, the framework’s main contribution is to integrate a humanitarian logistics plan into monitoring a rapid-response catchment through the SD approach.



3.2.1. Simulation of the Model to Establish Policies


The case study presented in this section operates with variables that represent conditions like those that occurred in 2013; however, the simulation model is not limited to simulating past events; it can also use variables that represent current or simply hypothetical conditions to assist in the decision-making process in the face of possible future emergencies.



According to historical data, the population of Orizaba City has seen slight variation in recent years (approximately 120,000 inhabitants). Records indicate that during the 2013 emergency, the river level reached 4 m, and the estimated river velocity was approximately 3.9 m/s. Figure 8 shows the behavior of the hydrograph using the above values in a fragment of the created interface.



Figure 8 shows the behavior of the volumetric flow rate, whose maximum is approximated at 160 cubic meters per second. This hydrograph represents the growth of the river flow measured through LT2. For this reason, the flow does not begin at the axis origin of the graph but rather at a value close to 25 cubic meters per second since it considers the flow coming from the previous section and already measured by LT1.



The graph shown in Figure 8 has a maximum period of 80 min. During this time, LT2 alerts the RTU by sending emergency signals and initiating the humanitarian logistics containment plan, considering that the minimum time required to carry out the containment plan is at least one hour.




3.2.2. Decision-Making Based on Simulation Model Results


The graphical interface makes the decision-making process based on previously entered data much easier. The input data allow for a simulation of the system’s behavior as river flow increases along with an analysis of output data involving humanitarian logistics. Figure 9 shows these results.



According to Figure 9, the water arrival time is 77 min. This time is sufficient to prepare a containment plan because the minimum time needed to implement the humanitarian logistics plan is one hour. The simulation model shows that 492 people are at risk because their homes are too close to the Orizaba River, or the building structure was not designed to withstand heavy rain or severe flooding. The rest of Orizaba’s population is at low risk of flooding because the city’s drainage infrastructure is efficient, and their homes are far from the river. This situation is due to several factors: some are issues of lack of awareness, others lack information, and others are because some residents can seek shelter elsewhere than the municipal shelter. The last indicator displayed through the graphical interface is the supply of provisions. This shows a quantity of 118 provisions. According to Section 2.1.2, this quantity satisfies the 471 people in the shelter because one supply contains sufficient food, drinking water, and medication to sustain four people in an emergency, as reported in the literature. In Orizaba City, there are two shelters near the Orizaba River. However, one is considered a temporary shelter (equipped only for sudden emergencies and with limited response capacity), while the other has the necessary infrastructure to serve the affected population. This shelter can serve 600 people, and its stock of supplies is 150. Since the number of people who will use the shelter is 471 inhabitants, the number of provisions required is 118, so the total inventory is left with 32 provisions, as shown in Figure 9.



The graphical behavior of the stock provisions shown is linear since the number of provisions is directly proportional to the people inside the shelter. However, this supply only includes an initial stock of 150 supplies to protect a maximum of 600 people. This stockpile can assist people inside shelters for just one day because the weather phenomenon is relatively short-lived, as storms are dynamic and move constantly. Nevertheless, people inside the shelter may need to stay longer than a day. Consequently, the stock provisions will reach zero and need to be replenished. Implementing the EOQ model is an appropriate strategy for addressing the need for provisioning when people stay inside the shelter for longer than a day. Figure 10 shows the replenishment of stock provisions under the assumption of a more extended stay of people inside the shelter.



Figure 10 shows the classic behavior of the EOQ model. The initial value of provisions is 150, and as the hours pass, the amount of food, drinking water, and medicine decreases. However, before the end of the day or before the provisions run out, the replenishment policy sends an order to the Civil Protection Department to ensure sufficient provisions for the following day, even requesting an extra amount to meet the needs of the victims.






4. Discussion


A dynamic simulation model allows the user to analyze a system’s behavior over time and explore multiple scenarios in complex systems, overcoming some of the limitations of analytical models. The main advantage of the SD approach is its ability to model complex systems and analyze the interrelationship of their variables without affecting usability. The use of the graphical interface is an important advantage due to the visual results it generates and the easy manipulation of data. An adequate design allows any user to manipulate the simulation model without needing to be an expert in programming. Furthermore, the simplified interface created in Stella © has important advantages since, although the software shown in Table 1 is more specialized in river analysis, the large quantity of variables and technical information generates a limitation of use for non-expert users. Therefore, a simplified interface that summarizes the most important output values is more efficient in emergencies since time is the most valuable resource for preparing humanitarian logistics strategies and making appropriate decisions.



An important feature of the SD approach is the ability to integrate systems with different purposes, unifying them in a single diagram that varies over time. The literature reports that most software are focused on the analysis of the physical and chemical behavior of rivers (Table 1), and each city, region, or country has its emergency containment plans for natural disasters. However, despite the existence of extensive software specialized in river monitoring and developing strategies to contain emergencies caused by natural disasters, these programs operate independently. For this reason, the main contribution to knowledge is the integration of two simulation models operating simultaneously. In other words, existing software that analyze river behavior focus solely on measuring their physical and chemical properties to understand their characteristics and the potential effects they can have if they flood and affect a region. It does not include a humanitarian logistics plan that proposes the number of provisions and their supply for a given number of people within a shelter. This synergy between a river behavior analysis model and a humanitarian logistics model is feasible because, although both are independent systems, they co-occur over time. As the volumetric flow of the river increases, the humanitarian logistics containment plan simultaneously goes into effect. Therefore, the SD methodology through Stella © is the best approach to integrate both systems. Hence, the time variable allows for unifying many systems with diverse variables into a single system with more components and greater dynamism.



This simulation model has another important advantage: the flexibility to evaluate past events, such as the case study presented in this framework, analyzing real-time data, or experiment with hypothetical data to gather information on non-historical scenarios. This advantage is of great interest to countries with emerging economies, such as Mexico. Significant technological delays exist in various lines of research due to a lack of data or resources. For this reason, in 2012 and 2013, when the events described in this framework occurred, the Orizaba region did not have an adequate strategy to address climate events of this magnitude. However, the simulation model’s results will positively impact urban planning and the development of more detailed emergency containment plans. The flexibility of the simulation model, which displays different scenarios depending on the initially programmed variables, allows for decision-making to address an emergency with the current infrastructure. However, the model can include more variables to explore hypothetical scenarios, such as the construction of more shelters, the placement of supply distribution centers to meet demand, the construction of dikes to reduce velocity, and excavation to increase the depth of the river within the city to contain the impact.



Due to climate change in various parts of the world, these simulation models are becoming increasingly relevant, as monitoring enables timely decision-making. Furthermore, the concept of unifying the dynamic analysis of river flow increases and the containment strategies of a humanitarian logistics plan addressed in this framework can contribute to analyzing the behavior of other rapid-response catchments in other regions or countries.



The simulation model presented in this framework is pioneering because it encompasses the two systems described, thus representing an opportunity for further development. Some recommendations for future work are the following:




	
Incorporation of more variables. The simulation model considers the most important variables for analyzing river flow and preparing the humanitarian logistics plan. However, the software review shown in Table 1 shows that there are many physical and chemical variables involved in fluid mechanics. Furthermore, the humanitarian logistics model presented generally considers the contents of supplies but not the specific type and quantity of food that meets the 2000 kcal requirement, representing an improvement over the simulation model. The model presented assumes that the shelter has sufficient capacity to serve 100% of the affected population since the number of victims is less than 600. However, there is a possibility that the shelter will not be able to meet the needs, and a second or third shelter will need to be built in areas near the Orizaba River. This framework presents an interface for the simulation process, assuming that Orizaba City has only one shelter. Mexico is an emerging economy, and the financial resources to invest in the construction of multiple shelters are limited. However, emergencies often exceed initial expectations, and climate change causes more frequent and destructive flooding. For this reason, additional shelters will likely need to be built in the short to medium term. In the hypothetical case of having more shelters in Orizaba City, or applying this simulation model to another region, the interface would have some modifications. Figure 11 shows the hypothetical case of an emergency where the number of people at risk exceeds the capacity of the current shelter in Orizaba City (1350 victims) and the city’s infrastructure has three shelters.








	
Figure 11 shows the distribution of victims in the three shelters. The capacity of each shelter is 600, 800, and 400 people, respectively. The graph shows a similar behavior to Figure 9 on stock provisions, and the numeric displays show the number of people in each shelter as well as the number of provision supplies needed to care for victims during the emergency.



	
Involve artificial intelligence technologies. In recent years, the inclusion of artificial intelligence technologies in various areas of knowledge has grown significantly. Including these technologies allows for exploring complex scenarios that traditional tools’ algorithms cannot easily address. Incorporating Data Science would be a beneficial contribution because this tool allows large volumes of data to be processed in real-time. The main advantage of this is the direct monitoring of current system conditions, resulting in a faster decision-making process and, consequently, a reduction in the time required to prepare for an emergency, as established in this framework (one hour). On the other hand, a challenge faced by this framework is using existing historical data to create the simulation model, as this factor could limit the accuracy of the simulation results due to increasingly unpredictable weather patterns. To overcome this limitation, it is recommended that climate prediction models based on artificial intelligence be incorporated, such as recurrent neural networks (RNNs), specifically the LSTM (long short-term memory) type. These architectures are effective in analyzing nonlinear and nonstationary time series and have been effective in analyzing meteorological phenomena [56,57]. Its main strength is that this technique is trained with historical and real-time data and incorporates highly variable variables that are difficult to predict with traditional techniques, such as accumulated precipitation, temperature, relative humidity, and atmospheric pressure. LSTM networks can anticipate extreme rainfall events anticipating possible flooding. The output data can be incorporated into the simulation, providing more accurate, adaptive, and up-to-date weather forecasts, resulting in the use of real-time data and improving the ability to anticipate and respond to sudden events. Furthermore, incorporating LSTM networks provides another benefit: the ability to adapt this model to other regions of the world. While the case study for this framework focuses on the Orizaba region, the integration of artificial intelligence allows the model to be replicated in other regions of the world with different and rapidly changing climatic conditions.



	
Inclusion of forecast models for weather prediction. The root cause that underpins this framework is closely related to the water cycle because the growth of the river flow depends directly on rainfall. The water cycle is a complex and changing system, so it is difficult to model. However, this process is facilitated by focusing on a particular region if historical data allow for the analysis of weather behavior. Including climate data from climate forecast models in the simulation model is an opportunity to improve the precision of the results. This addition of data would impact the CLD, specifically loops R1, B1, B2, and B3 (Figure 3).



	
Add other techniques. A simulation model is not considered an optimization model because it numerically analyzes various scenarios but does not analytically determine the best of them. Some techniques focused on optimization indirectly complement the simulation model. The swarm intelligent clustering algorithm is a technique for grouping a set of objects and for problems of locating distribution centers. Implementing this algorithm helps to establish additional shelters in the event of population growth in the coming years or in an emergency that exceeds the current capacity of existing shelters. In addition, some classic Operations Research techniques, such as the p-median algorithm, help minimize costs or distances in humanitarian logistics.







5. Conclusions


The simulation model presented in this framework is a pioneer in linking a dynamic simulation model that monitors the growth of a rapid-response catchment and a humanitarian logistics model. The main compatibility between these two models is that they run simultaneously, and their main advantage is the analysis of results through an interface that displays the behavior of variables using graphs and numerical displays, facilitating decision-making. The importance of creating these simulation models lies in analyzing the consequences of emergencies such as those shown in the case study. In emerging economies such as Mexico, timely planning is crucial because many people lack the resources to cope with and recover from natural disasters. The Orizaba region has a current emergency response guideline [58]. However, this document contains limited information. For this reason, the simulation model proposed in this framework represents an opportunity to explore scenarios and strengthen this document. The Systems Dynamics approach is beneficial for modeling complex systems; however, implementing the models created requires the joint participation of the government, the Civil Protection Department, researchers, and the public to achieve successful results. Furthermore, continuously updating values, adding variables, and incorporating other auxiliary techniques will contribute to better decision-making.
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Figure 1. Edited satellite map [37]. 
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Figure 2. Schematic of the location of the two LTs and the RTU. 
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Figure 3. Causal-Loop diagram (CLD). 
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Figure 4. Forrester Diagram (FD). 
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Figure 5. Graphical interface. 
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Figure 6. Testing different scenarios. 
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Figure 7. Extreme conditions testing. 
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Figure 8. Volumetric flow rate analysis. 
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Figure 9. Stock provisions’ supply analysis. 
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Figure 10. EOQ model. 
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Figure 11. Multiple shelters. 
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Table 1. Comparison between characteristics of specialized software for river modeling.
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	Software
	Hydrogeological Analysis
	Flood Analysis
	Fluid Dynamics
	Chemical

Analysis





	HEC-RAS ©
	X
	X
	X
	X



	IRIC ©
	-
	X
	X
	-



	HEC-HMS ©
	-
	-
	X
	X



	PRMS ©
	X
	-
	-
	X



	SWAT ©
	X
	X
	-
	X



	MODFLOW ©
	X
	-
	X
	-



	MT3DMS ©
	X
	-
	-
	X



	OpenFOAM ©
	-
	-
	X
	X










 





Table 2. The SD methodology.
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	Conceptualization
	Formulation
	Evaluation
	Implementation





	1. Definition of the scenario and purpose of the simulation model.
	1. Elaboration of the Causal-Loop diagram (CLD).
	1. Simulation of the model testing different scenarios.
	1. Simulation of the model to establish policies.



	2. Identification of variables and establishment of time horizon.
	2. Creating the Forrester Diagram (FD) and its graphical interface.
	2. Validation of the simulation model.
	2. Decision-making based on simulation model results.










 





Table 3. The paired-t confidence interval test.
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Scenario (n)

	
      X   j      

	
      Y   j      

	
      Z   j   =   X   j   −   Y   j      

	
          Z   j   −   Z  ¯      2      






	
1

	
72

	
74

	
−2

	
7.84




	
2

	
73

	
69

	
4

	
10.24




	
3

	
73

	
68

	
5

	
17.64




	
4

	
75

	
74

	
1

	
0.04




	
5

	
74

	
70

	
4

	
10.24




	
6

	
71

	
72

	
−1

	
3.24




	
7

	
74

	
72

	
2

	
1.44




	
8

	
74

	
71

	
3

	
4.84




	
9

	
75

	
77

	
−2

	
7.84




	
10

	
73

	
79

	
−6

	
46.24




	
Arithmetic mean for     Z   j     (    Z  ¯   ):

	
0.80

	




	

	

	

	
   ∑        Z   j   −   Z  ¯      2      :

	
109.6
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