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Abstract- The research presents the multi-criteria analysis approach (MCA) to describe the effective use of geospatial 

techniques for the reduction of geohydrological risk and its relationship with urban territorial development at the local level, 

in the case of the La Paz Basin, Baja California Sur., Mexico. In addition, Geology is presented as a tool to identify areas of 

geohydrological risk, useful to determine the close relationship between the geological space and the sustainable urban 

development of a city. From this interaction, it is possible to respond to the growing demand for environmental and urban 

solutions. Today's cities are characterized by rapid and poorly planned urbanization, which, together with climate change, has 

exacerbated the risk of flooding in urban and rural areas globally, resulting in devastating loss of human life and property.At 

the national, regional and local level where the study area is located, floods are one of the most susceptible geohydrological 

hazards. The objective of this research is to identify these areas of risk of susceptibility to flooding and to make known the 

factors that influence it, such as the growing number of new urban areas, which are not linked to an adequate analysis of the 

hydrological geographic environment and little knowledge of the main factors that control these risk conditions.The 

methodology was based on a characterization of the geological and hydrogeological conditions of the basin of the city of La 

Paz; Mexico. The methodology of the Analytical Hierarchy Process (AHP) applied to generate the flood susceptibility map was 

built based on thirteen influencing parameters, that is, elevation, slope, distance from the drainage network, geomorphology, 

drainage density, flow accumulation, rainfall, land use / vegetation, geology, stream power index, topographic moisture index, 

and topography curvature. All this, through geographic information systems (Arcgis). The results represent the first stage of a 

larger-scale project with the purpose of updating the knowledge of vulnerability and geo-hydrological risks of the study area. 

Therefore, it is possible to contribute new knowledge to be used in a sustainable growth of the city's population, the 

improvement of current construction standards and the corresponding zoning to anticipate its development in an orderly 

manner. Finally, it is considered that this type of zoning of areas susceptible to risks (urban settlement scale) provides an 

analysis of the risk conditions where the citizen of any city can be located in his own community and know his own conditions 

of civil protection. Knowledge that currently most risk studies only offer large-scale results and a broader vision. 
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I.INTRODUCTION 
 

Natural hazards are phenomena that can cause significant 

damage to both natural and man-made environments, but 

their impact differs depending on the phenomenon, 

location, intensity, and frequency. The occurrence of 

floods is caused by abundant rains, but the potential effect 
of negative effects depends on the physical-geographical, 

geological, topographic, edaphological, vegetative and 

anthropological characteristics.  

 

Geological and hydrometeorological risks are considered 

multi-risk hazards and are currently responsible for high 

rates of damage and destruction in urban areas, only in the 

20th century it is estimated that more than a million people 

around the world have died as a result of them. 

 

The United Nations (UN, 2002) has made known the 

importance of the multi-risk hazard assessment and 

affirms that this provides "An essential element for 

shaping a safer world in the 21st century". Within these 

natural phenomena: Floods are considered the most 

recurrent and disastrous phenomena in almost all parts of 
the world (Doocy et al., 2013; Das, 2018a; Termeh et al., 
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2018). In Mexico annually more than 50% of the disasters 

that occur in the country are triggered by phenomena of 
hydrometeorological origin, including hurricanes and 

other types of torrential rains, floods, droughts, frosts and 

hailstorms, among others (Oropeza, 2008), being Low 

Southern California is the entity with an average cyclone 

incidence of a tropical cyclone in the Northeast Pacific and 

2 approaches less than 300 km. Between 1966 and 2010, 

39 cyclones have reached the entity, 20 of which have 

arrived in September (Vadillo, et al., 2014).  

 

Conditions that place La Paz, Baja California Sur, Mexico 

as one of the states with the highest danger (Figure 1).  

  

 
Fig 1. Mapa de peligros por huracanes (Modified 

CENAPRED, 2016) 

 

In addition, considering that the volume of runoff (11 

Mm3 / year, product of a precipitated volume of 351 Mm3 
/ year) by the streams that make up the La Paz Basin, 

BCS, extend and cross the urban center at low speeds 

(Monzalvo, 2010). However, it is impossible to prevent 

catastrophic floods and the implementation of appropriate 

methods can provide geomorphological efficiency, 

magnitude, and frequency (Wohl, 1992; Rajaguru et al., 

1995; Gupta et al., 1999).  

 

Furthermore, through these analyzes, disaster management 

can be made easier (Cloke and Pappenberger, 2009). 

Therefore, flood risk management must overcome 
geographic locations and socioeconomic constraints 

(Degiorgis et al., 2012; Kazakis et al., 2015). 

 

Currently, when it comes to climate change, the 

occurrence of floods is highly dynamic and catastrophic. 

Variations in climatic circumstances strongly affect the 

runoff of river currents, the rate of a thaw in the glacial 

region, evapotranspiration (Dobler et al., 2013; Fischer et 

al., 2016), and, therefore, the frequency and magnitude of 

floods (Kundzewicz, 2002; Pilling and Jones, 2002; 
Köplin et al., 2014). 

 

In this context, various studies have focused on the 

assessment of multiple hazards using GIS methods that 

allowed the analysis of different data, the development of 

natural hazard models, and the estimation of vulnerability 

and risk for a particular region (El Morjani et al., 2007; 

Kappes et al., 2011; Schmidt et al., 2011; van Westen et 

al., 2008). 

 

There are several heuristics, statistical and deterministic 

approaches that can be applied in natural hazard 
estimation and land-use suitability analysis (for example, 

Ayalew and Yamagishi, 2005; Guzzetti et al., 1999; 

Papadopoulou-Vrynioti et al., 2013b) In recent years, 

many researchers have performed hazard mapping and 

flood susceptibility analysis using remote sensing and GIS 

tools that provided considerable accuracy (Pradhan et al., 

2009; Bates, 2006; Rahmati et al., 2016a, 2016b; Wanders 

et al., 2014; Fekete, 2009; Nikoo et al., 2016).  

 

Examples of geospatial models in flood studies include 

analytical hierarchy processes (Chen et al., 2013; Kazakis 
et al., 2015; Rahmati et al., 2016b). Therefore, it is 

essential to understand the dynamics of floods.  

 

Recent studies are based on the use of GIS tools and the 

application of the Analytical Hierarchy Process (AHP) in 

the evaluation of the land's susceptibility to natural 

hazards and the analysis of territorial favorability in the 

context of sustainable territorial development. The AHP is 

a weight evaluation process that combines qualitative and 

quantitative factors to classify and evaluate alternative 

scenarios, among which the best solution is finally chosen 

(Saaty, 1990; Saaty, 2004).  
 

Thus, an integrated approach to AHP within a GIS 

environment has gained wide application in the assessment 

of a single natural hazard (Fernández and Lutz, 2010; 

Karaman and Erden, 2014; Rozos et al., 2011), and 

multiple hazards. (Peng et al., 2012; Karaman, 2015), 

along with site selection and land-use suitability analysis 

(Bathrellos et al., 2012; Dai et al., 2001; Marinoni, 2004; 

Panagopoulos et al., 2012; Thapa and Murayama, 2008; 

Youssef et al., 2011). However, the AHP method has some 

disadvantages that lead to the decision-making process.  
 

The application of AHP and GIS in an integrated way has 

been successful in several studies such as flood 

susceptibility mapping (Kazakis et al., 2015), delimitation 

of landfall, natural hazards (Fernandez and Lutz, 2010; 

Singh et al., 2011), and geoenvironmental studies (Singh 

et al., 2016; Patra et al., 2018). Recently, this methodology 

has been applied in areas of local scale (urban settlement) 

in the capital city of La Paz with the characterization of 

the susceptibility of geo-hazards in different urban areas 
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(Hirales-Rochin, and Cazares-Urcadiz, 2018, Hirales-

Rochin, 2019, Hirales-Rochin, 2020).  
 

Key factors contributing to flood susceptibility are 

elevation, slope, and distance from drainage network, 

geomorphology, drainage density, flow accumulation, 

rainfall, land use, geology, stream power index, 

Topographic moisture index, and curvature of the 

topography.  

 

Based on the results obtained from the sustainability 

analysis, it is advisable to consider six or more 

susceptibility factors when developing flood susceptibility 

maps, especially factors related to surface runoff and flow 
accumulation. Therefore, the purpose of the study is to 

apply a flood risk assessment model correlated with all the 

geo-hydrological characteristics of the La Paz Basin, Baja 

California Sur., Mexico. 

 

II. METHODS AND DATA 
 

1. Study Zone: 

La Paz basin is located in the southern part of the Baja 

California peninsula, Mexico where the city of La Paz is 

located (Figure 2). Within the Köppen classification, the 

dominant climates in the study area are very dry and very 

hot, with an average annual temperature that ranges 

between 22 ° C and 24 ° C.  

 

The average annual precipitation in the basin is 265 mm 

(CNA 2005) that occurs intensely mainly during the 

summer, with the highest values in August and September 
with great influence from cyclonic-type atmospheric 

disturbances originating in the Pacific Ocean.  

 

Geomorphologically it is characterized by a morphology 

dominated by basins and mountains, the result of the 

interaction of magmatic-tectonic processes, which is based 

on Holocene deposits that correspond to alluvial material 

(varying from sand to sandy gravel) of active streams, 

where the thickness of the material varies and can reach a 

few meters in the main streams (INEGI, 1995).  

 
Geologically in the area, volcanic and volcanoclastic rocks 

(sandstones and volcanoclastic conglomerates, rhyolitic 

tuffs, andesitic lahars and lava flows) are represented by 

the Comondú Formation with an age between 30 and 12 

Ma in the central portion (Aranda-Gómez and Pérez- 

Venzor, 1988, 1989 a and Ortega-Gutiérrez et. al., 1992; 

Pérez-Venzor, 2013).  

 

2. La Paz basin: 

A watershed is defined as a surface in the form of a 

"depression" that captures rainwater. Part of the water that 

falls to the ground evaporates, another infiltrates the 
subsoil, and the rest, once the subsoil is saturated, drains to 

the same place in the lower parts, which can be a lake, 

river, or the sea (Cruz -Falcón, 2007), in the case of the La 

Paz basin, the delimitation is between 580000-600000 and 

2650000-2670000 UTM that covers an approximate area 
of 1,275 km2 to 1,571 km2 (Cruz-Falcón et al., 2011. , 

CONAGUA 2002). 

  

 
Fig 2. Regional location of La Paz basin, Baja California 

Sur., Mexico. 

 

3. Surface Flows and Floods: 

In the La Paz Basin, there are no rivers that have 

permanent surface flows; however, the extension of the 

basin is defined by the intermittent streams originating in 

the Sierras de Las Cruces and El Novillo and the plain in 
which these are distributed runoff until it empties into the 

Bay of La Paz. Although the estimated area of the basin 

varies by study (CONAGUA 2002, Cruz-Falcón et al., 

2007).  

 

 
 

Fig 3. Hypsometric map showing the urban settlement 

with flood risks identified by the local authorities (Civil 

Protection) of the capital city of La Paz, Mexico. 

 

The La Paz Basin includes the aquifer of the same name, 

extending beyond its limits to the waters of the mentioned 
mountains. These runoffs produce rapid drainage, which 

discourages infiltration and generates sudden runoffs that 
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put those who live downstream of the streams at risk 

(Figure 3). 
 

The city of La Paz, during the decades of the '70s-'80s 

suffered periodic flood events due to the overflow of the 

El Cajoncito and El Piojillo streams, due to the occurrence 

of hurricanes.  

 

Therefore, the construction of protection works was 

carried out, the purpose of which was to divert the flow of 

the El Cajoncito stream to the El Piojillo stream within the 

capital city of La Paz, Mexico.  

 

However, this led to the growth of human settlements on 
the banks of the mentioned streams and, on September 30, 

1976, the presence of Hurricane Liza produced an avenue 

that caused a failure of a board that protected the 

urbanized area, located within the old channel (El 

Cajoncito stream- Figure 4), thus causing a flood of 

serious consequences that caused the loss of human life 

and material damage of considerable importance.  

 

Sudden runoff that reached a flow that exceeded 600 m3 / 

s in a very short time. Another factor for flooding is the 

urban growth of the city of La Paz in a southerly direction, 
all in a disorderly manner, without considering the surface 

hydrology that is already part of the urban area, where 

sudden runoff occurs and flood zones are generated. 

  

 
 

Fig 4. Hurricane Liza caused great damage and loss of life 

in La Paz city, Baja California Sur., Mexico. https://nave 
gantecalifornio.wordpress.com/2013/09/23/ciclon-liza-

1976-yo-sobrevivi-al-ciclon-liza-30-de-septiembre-1976/. 

 

The City of La Paz registers an average of 18 rainy days 

per year for an average of 169.2 mm of rain, most of 

which occur in July, August, and September. Monsoons 

are mainly driven by the El Niño Southern Oscillation 

(ENSO) phenomenon (Cavazos and Hastenrath 1990), 

which averages 14.6 storms per season (Farfa´n and Fogel 

2007) (Figure 5). 

 
The mountainous area southeast of the city receives more 

rain per year than the City of La Paz, with 440 mm at the 

highest elevations (Sierra Las Trincheras-Sierra El 

Novillo) (Figure 5-6). 

Fig 5. Map showing elevation (green), basin boundary 

(dark blue), roads (gray), and mean annual precipitation 

(high red, medium orange, low yellow) (Taken from 

Haeffner, Melissa, 2016)., & total precipitation captured 

per year for the La Paz basin, Mexico (Torres-Martinez et 

al., 2019). 

 

 
 

Fig 6. Floods effects differentlocalities of La Paz city. 

 

III. DATABASE AND WORKING 

METHODS 

 
Information was collected from different data sources and 

the database was developed in a geospatial environment 

(Arcgis). Thirteen susceptibility factors were selected 

based on literature reviews, which are flow accumulation, 

flow direction, distance to drainage network, elevation, 

annual precipitation, geology, slope, maximum slope, 

vegetation/land use, density of drainage, topographic flood 
index (TWI), river erosion index (SPI) and curvature.  
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These factors were then characterized based on a field 
study and flood records. Based on previous studies 

(Fernandez and Lutz, 2010; Elkhrachy, 2015; Bathrellos et 

al., 2012; Hong et al., 2018), the importance of each class 

of susceptibility to flooding is based on parameters such as 

flow accumulation, Annual precipitation, geology, 

distance from the drainage network, slope, runoff, soil 

type, elevation, SPI, TWI, and drainage density that are 

taken into account for the present study of the La Paz 

basin (Figure 7).  

  

 
 

Fig 7. Flow diagram of the methodology used. 

 

1. Analytical Hierarchy Process: 
Saaty (1980) introduced the analytical hierarchy process 

(AHP) which is a semi-quantitative decision-making 

approach that uses weights by pairwise comparison 

between different factors without inconsistencies.  
 

According to Saaty and Vargas (2001), the AHP method 

comprises several stages:  

 Breakdown of a decision-making problem into 

component factors;  

 (preparation of the components in hierarchical order;  

 Based on the relative importance of each factor, assigning 

numerical values according to their relevance;  

 Build a comparison matrix; and  

 Calculation of normalized eigenvectors that determine 
the weights of each component.  

 

The comparison of the different components is made by 

assigning scores based on their relative influences and 

relative importance (that is, 1. Equally significant; 3. 

Moderately more significant; 5. Strongly more significant; 
7. Very strong-most significant; 9, 10, 11, 12extremely 

significant, and 2, 4, 6 and 8 are the transition scores). In 

the pairwise comparison matrix, the rows follow the 

inverse score of each component and its significance with 

another factor (Figure 7). For example, for the flood 

susceptibility model, elevation is slightly more important 

than slope; therefore, the elevation score is 1 and 2 for 

slope.  

 

Therefore, in the following the maximum slope is scored 

½ and a similar method is applied to all components. After 

that, a standardized pairwise comparison matrix is 
constructed where the diagonal elements are equal to 1, 

using the following expression:  

 

(1) 

 

The scores of the pairwise comparisons are normalized to 
calculate the standard pairwise comparison matrix using 

the weighted arithmetic method of the mean (Equation (1)) 

(Figure 7). Determinations of weights for all components 

are determined by the mean rows method on the standard 

pairwise comparison matrix. The maximum characteristic 

root can be expressed as: 

 

(2) 

 

The consistency of the AHP method is made by the 

following expression (Saaty, 1980): 

 

(3) 

 

While 

(4) 

 

Where CR is the consistency index (Equation (3)), CI 

represents the consistency index, RI represents the random 

index, λmax is the main eigenvalue of the matrix and n is 

the number of total components in the matrix (Equation 
(4)). 

 

According to the article by Saaty (1980), the values of the 

random index (RI) are implemented to calculate the 

consistency relationship. The random index depends on 

the number of components in the comparison matrix. For 

this case study of the La Paz Basin, Mexico, and the 

number of parameters of 13, the RI value is 1.67 (Figure 7 

and Figure 8) referring to the article by Saaty (1980). 
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In this study, if the value of the consistency index (CR) is 

<0.10, the calculation is accepted and indicates a 
reasonable precision for the pairwise comparison matrix. 

In case the CR is> 0.10, the comparison matrix indicates 

inconsistency, and the scores are readjusted according to 

Saaty (1977).  

 

In the last phase, all the components contemplated in this 

research are evaluated separately and classified in 

subcategory orders. Therefore, it indicates that the CR 

values for all components are less than 0.10, which 

indicates that the preferences made in this study are very 

consistent (Figure 9). Finally, integration of all the 

components and their weights in the Flood Susceptibility 
Index (FSI) is based on the weighted linear sum in the 

ArcGIS environment with the following expression: 

 

(5) 
 

Where FSI represents the flood susceptibility index, Wi is 

the weight value of each component, Ri is the weighted 

value of the component subcategory, n is the number of 

factors (Equation (5)).  

 

There are several advantages to implementing the AHP 

method for flooding. Susceptibility analysis:  

 The decision rules are based on the experience and 

knowledge of experts;  

 All the information is taken into account for the structural 

judgment;  

 The weights of each component are automatically 

calculated based on the principal eigenvector when 

consensus is reached and  

 By using coherence index values, inconsistency can 

easily be detected and the entire calculation can be 

reviewed. The only disadvantage of the ahp method is 

that the factor ranking preference may differ from one 

investigator to another based on their knowledge, 

expertise, and experience. 
  

Table 1. Rate values of each class for the adopted factors 

in flood hazard assessment. 

 

 

Table 2. Normalized and the weight values in the 
standardized pair-wise comparison matrix.

 
 

2. Thematics Maps: 

2.1 Elevation:  
The elevation is the main factor in controlling flooding in 

an area (Botzen et al., 2012; Mojaddadi et al., 2017). 

Water that flows continuously from higher elevations to 

lower, flatter areas of the lowlands can flood faster than 

locations at higher elevations (Fernández and Lutz, 2010; 

Dahri and Habib, 2017). The elevation map is prepared 

based on SRTM DEM of 15 m spatial resolution and the 

classification is performed based on the natural Jenks 
break in ArcGIS (Figure 10). 

 

2.2 Geology:  
The temporary flooding of an area has a great capacity to 

affect the profile currently due to the variation of the 

geology (Reneau, 2000) and can be considered as an 

important factor since it amplifies the degree of flooding 

event (Xu et al., 2001; Kazakis et al., 2015). In addition, 

the geology of an area can provide substantial information 

on the occurrence of paleo-flood events. 

 
In general, the geology that covers the La Paz-El Carrizal 

basin is characterized by a sequence of marine sediments 

and recent alluvial fans, made up of conglomerates and 

little consolidated and unconsolidated sediments of sands, 

silts and mudstones, conglomerate sandstones, and layers. 

intercalated phosphorite; the San Isidro formation (early 

Miocene) made up of glauconitic sandstones, conglo 

merates, shales, and some layers of pinkish rhyolitic tuffs; 

and the Comondú Formation (Upper Miocene) formed by 

sandstones and volcanoclastic conglomerates, rhyolitic 

tuffs, andesitic lahars, and lava flows.  

 
Towards the northeast, there is a series of rocks from the 

Cretaceous to the Recent that form the Las Cruces and El 

Novillo mountain ranges (Figure 10), the first consisting 
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of intrusive igneous rocks, mainly granite and tonalite, and 

the second consisting of gabbro. 

2.3 Slope:  

In hydrological evaluation, the slope of an area plays a 

fundamental role in regulating surface discharge. In such a 

hydrological study, it is a very important topographic 

factor (Pradhan, 2009; Tehrany et al., 2013; Manandhar, 

2010,). Furthermore, the gradient partially controls the 

infiltration process. Surface runoff increases significantly 

as the slope increases; consequently, infiltration decreases 

(Das and Pardeshi, 2018b). 

 

As a result, regions with a sudden decrease in slope, which 

have a higher probability of flooding due to massive 
volumes of water becoming stationary, causing a severe 

flood situation (Pradhan, 2009; Li et al. ., 2012). 

 

2.4 Maximum Slope:  
The aspect defines the direction of the downward slope of 

the maximum rate of change or the direction of the 

steepest slope in the x-y plane. The slope aspect values 

indicate the directions that slopes face. We can classify the 

aspect directions based on the angle of the slope with a 

descriptive direction. The aspect is important to 

understand the stability of the slope. In general, slopes 
from the northwest (NW) to southwest (SW) are relatively 

more susceptible to slope failure and landslide activities.  

 

The classes of aspects were classified according to the 

stability of the slope. The current aspect of the study area 

was classified into 10 classes divided into geographic 

quadrants, with the aspect dominating the E-NW 

orientation with 60% of the area and a lower percentage 

(40%) appearance in NE-SE orientation (Figure 10). 

 

2.5 Distances from Streams:  
Distance to streams is vital in the level of sensitivity to 
flooding in the study area. Also, the distance from the 

drainage network data layer streams was compiled by 

using geoprocessing buffer routines. This factor is crucial 

for flood susceptibility mapping because areas that are 

closer to streams are more likely to flood during a flood 

event. Being in the La Paz basin the areas with the highest 

probability of flooding at distances of 50 to 100m (Figure 

11). 

 

2.6 Drainage Density: 

A higher probability of flooding is strongly associated 
with higher drainage density, as it indicates higher surface 

runoff. It is the parameter that quantifies the degree of 

development of a hydrographic system and allows 

knowing its complexity (Fuentes Junco, 2004; Delgadillo 

and Páez, 2008). It is the relation between the total length 

(Lt) of the perennial, intermittent, and ephemeral 

watercourses, of a basin and its area (A) (Horton, 1932, 

1945). 

 

The higher the density of drainage, the runoff time is 

shorter, which is why it is considered as another indicator 
of danger and/or vulnerability. 

2.7 Drainage Density: 

The drainage density map of the La Paz basin, Mexico was 

calculated from the drainage network map using the line 

density command in ArcGIS. Kumar et al. (2011) 

indicated that greater surface runoff is generated in regions 

that have a higher drainage density compared to areas with 

low drainage density. Being for the case study an average 

density of the drainage network throughout the basin and 

presents some high variants in the elevated relief (Figure 

10). 

 
It is the essential element for the runoff to take place, since 

it depends on the intensity and frequency, the speed with 

which the soil saturates and the runoff begins. 

 

A large number of previous pieces of works of literature 

establish the relationship between rainfall and the 

occurrence of floods in an area (Zhang and Smith, 2001; 

Rozalis et al., 2010). It cannot be determined exactly to 

what extent an increase in rainfall will cause a flood 

situation. 

 
Instead, it can be said that rain is the main factor for the 

occurrence of floods in any environmental condition. For 

the flood potential mapping, rainfall was selected as one of 

the components influencing the principle by numerous 

researchers, worldwide (Tehrany et al., 2013a). 

 

In the state of Baja California Sur, Mexico, two 

precipitation regimes are defined: The first includes its 

occurrence in July to October, seasonally that concentrates 

75% of the total annual precipitation, and the remaining 

25% is concentrated in December, January, and February 

where precipitation in the La Paz Basin, Mexico is 
seasonal and highly influenced by the presence of 

hurricanes from the Pacific Ocean. 

 

2.8 Flow Direction: 

Hydrologists use flow direction maps to help model how 

surface runoff contributes to flooding. Flow Direction 

calculates the direction the water will flow using the slope 

of the neighboring cells. The direction of flow is 

determined by the direction of the steepest descent, or the 

maximum fall, when the direction of the steepest descent 

is found, the output cell is encoded with the value 
representing that direction. 

 

The direction of flow is based on a digital elevation model 

(MED), where the direction in which the water will flow 

in a given cell is determined, based on the direction of the 

steepest descent in each cell, formed in the MED the 

direction of flow. In addition, the difference of the Z-value 

and the slope (slope) is calculated between neighboring 

cells (Figure 10). 
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2.9 Vegetation / Land Use: 

The most abundant soil in the state is regosol, it is 
distributed throughout the entire state. In most cases, it 

presents a lithic-type physical phase, shows a coarse 

texture in the high topographic areas, and a medium 

texture when it decreases. These soils have high 

permeability (Figure 9). 

 

The frequency of flooding in an area can be strongly 

influenced by the land use pattern and its temporal 

evolution (Benito et al., 2010). According to García-Ruiz 

et al. (2008), the land use of an area is of paramount 

importance for hydrological responses in different periods.  

 
Consequently, Beckers et al. (2013) showed that changes 

in land use can accelerate the probability of flooding in an 

area. In the case study, the use of land due to the 

disorderly urban development of the towns of the La Paz 

Basin, Mexico. 

 

The vegetation cover is a factor considered in the 

evaluation of the runoff units, so its correct classification 

allows to obtain reliable results in the application of the 

respective method, the density, and type of vegetation 

cover intervene in the amount of runoff, acting as a 
retarder of this or promoting infiltration (Figure 11) The 

most outstanding plant communities in the study area are 

sarcocaule scrub, haze Sarco-crasicaule scrub, Sarco-

crasicaule scrub, halophilic vegetation, sandy desert 

vegetation.  

 

The most representative species are: Burserahindsiana 

(Copal), Burseramicrophylla (Torote colorado), 

Burseraodorata (Torote blanco), Jatropha cinérea 

(Lomboy), Jatrophacuneata (Matacora), Ambrosia dumosa 

(Herba del burro), Cercidiumfloridum (Palo green), 

Encelia farinosa (Frankincense), Fouquieria'spp. (Ocotillo, 
Palo adán), Larrea tridentata (Gobernadora), Olneyatesota 

(Palo fierro), Opuntiacholla (Choya), Pachycereuspringlei 

(Cardón), amongothers.  

 

2.10 Curvature: 

Topographic curvature is of crucial importance in the 

runoff and infiltration process of an area. Also, the vertical 

plane in a flow line; influences flow acceleration, erosion, 

and deposition rate. A convex curvature accelerates the 

process of flow and erosion, while a concave one 

influences the sedimentation process. 
 

A study by Hudson and Kesel (2000) found that curvature 

between 1.0 and 2.0 has a higher probability of flooding. 

In the present study, the curvature is calculated in the 

ArcGIS environment using surface tools (Figure 11). 

 

2.11 Flow Accumulation: 

According to Kazakis et al. (2015) flow accumulation is 

one of the most essential parameters in flood mapping. 

The basic criterion used for its evaluation establishes that 

the greater the Accumulation of Flow in a given area 

(generally manifested as linear patterns associated with the 
drainage network), the greater the susceptibility to 

flooding; likewise, the lower the Flow Accumulation at a 

specific site, the lower the susceptibility to flooding. 

 

In this article, the flow accumulation is generated from the 

elevation model in ArcGIS, using the flow accumulation 

command after calculating the flow direction for the La 

Paz Basin, Mexico (Figure 11). 

 

2.12 Topographic Moisture Index (TWI): 

Precipitation occurs irregularly in the entity; the 

pluviometric records annually average higher values in the 
southeast of the entity and as one ascend from the coast to 

the mountains, the maximum monthly precipitations. 

 

The value of the isohyets increases towards the areas of 

greater height, therefore, it is directly proportional to the 

height. 

 

The topographic moisture index is a physical 

representation of flood areas, which is an important 

component of a river catchment (Soulsby et al., 2010). As 

is the specific catchment area and is a measure of shallow 
surface or underground runoff at a given point in the 

landscape and angle that is the slope in degrees. 

 

TWI of a basin indicates two types of measurements; they 

are flatlands and hydrographic positions (Papaioannou et 

al., 2015). There is a strong relationship between the 

geomorphology and the TWI of an area. TWI values are 

generally higher in floodplain environments.  

 

Thus, the higher the value of this index, the more humidity 

the cell must present depending on its topographic 

configuration. TWI can be calculated using the following 
expression given by Moore et al., (1991):  

  

2.13 Current Power Index (SPI): 

This parameter has been widely used in erosion, sediment 

transport, and geomorphology studies as a measure of the 

erosive power of running water; discharge is assumed to 

be proportional to the drainage area. 

 

According to Knighton (1999), the current power index is 

significantly important for many processes in the river 

environment. The catastrophic transformation of the 
channel, due to the high flow power is found in the study 

by Fuller (2008).  

 

The current power index can be described as a significant 

behavior of streambed erosion and sediment transport 

(Barker et al., 2009; Hong et al., 2018a). Calculation of the 

power index of the current is based on the equation given 

by Moore et al. (1991): Where, as indicates the specific 

catchment area, and β represents the slope gradient.  
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In the present study, the SPI calculation is performed 

directly in SAGA GIS using a digital elevation model of 
the study area (Figure 11). 

 

 
 

Fig 8. Thematic maps of the factors involved in the flood 

hazard analysis. A: Elevation, B: Geology, C: Slope, D: 

Maximum slope, E: Distance from streams, F: Drainage 

network, G: La Paz basin (MDE). 

  

 
 

Fig 9. Thematic maps of the factors involved in the flood 

hazard analysis. H: Rainfall, I: Flow direction, J: 

Vegetation/ land use, K: Curvature, L: Accumulated flow, 

M:TWI (Topographic wetness index), N:SPI (Stream 

power index). 

 

IV. RESULTS AND DISCUSSIONS 
 

In this study, a flood hazard map was created for the La 

Paz Basin, B.C.S, Mexico, using AHP analysis. In the 

analysis, 13 factors were selected that play an important 

role in the occurrence of flash floods. The identified 

factors were included in a pair comparison matrix within 

an AHP, to determine their weights. 

 
The flood susceptibility map of the La Paz basin, Mexico, 

presents different zones of spatial distribution throughout 

the study area according to the geo-hydrological 

conditions ((Figure 12-13-14). 

 

The areas of the basin with ranges of susceptibility to 

floods vary from very high to high, it is greater in the 

Northeast and Northwest, western and central (67.89% -

18.38%), of the basin with areas up to 288.87 Km2 (Figure 

12). These zones coincide mainly along the main streams 

of the drainage network that dissect most of the basin and 
at their confluence with the main tributaries.  

 

It is notable to note that in the NW portion mentioned 

there is no urban development to date, while in the NE 

portion it is characterized by the same dendritic drainage 

system formed by tributary streams that reach the central 

part of the basin very close to the city capital of La Paz, 

Mexico. 

 

In turn, the southern and northern portion of the basin 

shows the medium to low ranges where the elevation and 

slope are lower, however, in the southern part the drainage 
density is high, which gives it a high potential for flooding 

by the accumulated flow. These characteristics represent a 

3.20% to 6.64% and with area ranges from 50.32 to 60.69 

Km2 of the total La Paz basin (Figure 14). 

 

The municipality of La Paz is made up of the city of the 

same name, the towns of Todos Santos and El Centenario, 

the hamlets of El Pescadero, Chametla, Colonia Calafia, 

MelitónAlbáñezDomínguez, Los Barriles, El Sargento, 

San Juan de Los Planes, General Juan Domínguez Cota, El 

Cachanilla, El Carrizal and San Pedro, as well as 1,030 
rancherías ranging from 1 to 463 inhabitants. Within the 

La Paz Basin, there are 15 of these main populations that 

have a majority distribution throughout the hydrographic 

network of the same basin. Therefore, the risk of floods is 

an important issue for these communities, and this type of 

threat must be taken into account when implementing 

territorial development strategies focused on aspects of 

risk susceptibility.  

  

In general, the runoff produced in B.C.S., Mexico, and the 

La Paz basin are produced by a regime of normal rains, 

which infiltrate along the channels, so they do not reach 
the sea or only discharge into it, insignificant flows; on the 

contrary, cyclonic rains originate large avenues that flow 

into the sea. 
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Table 3. Table of susceptibility ranges.  

 

 
 

The hydrological response of a basin depends on its 

physiographic characteristics. Two groups have been 

defined: slow floods and fast floods. This means that in 
basins whose hydrological response is slow, floods are 

generated in a relatively long time (on the order of several 

hours or days); material damage occurs mainly in them. 

Whereas when the flood forms in a short time (from a few 

minutes to a couple of hours) it is called a flash flood, 

causing, mainly, the loss of human life in populated areas.  

 

In summer Baja California Sur is subject to the action of 

tropical storms and cyclones; in much of its territory; 

coupled with the cold fronts that occur in winter. They 

produce very intense precipitations, although, of short 
duration and extension, this diversity of meteorological 

conditions produces extreme runoffs and floods.  

 

The urbanization of a basin modifies the hydrological 

response to a specific rainfall, due to the construction of 

houses, streets, sidewalks, and parking lots that increase 

waterproofing. The effects of this waterproofing are 

several, for example, the rain no longer infiltrates, and 

therefore the volume of runoff increases, the surface is 

smoother, so it transports the flow more efficiently and 

there is less storage.  

 

 
Fig 10. The flood hazard assessment map. 

This leads to the alteration of the natural drainage 

networks, such as the construction of collectors and 
canalizations that increase the speed of runoff downstream 

of the basin and increase the impervious areas on the 

surface, all with the criterion of draining as much as 

possible efficient and fast as possible in the urbanized 

area. This dynamic affects the hydrology of the basin and 

especially the downstream areas. Upstream urbanization 

modifies the hydrograph that these areas receive, in such a 

way that the volume of runoff and the maximum flow 

increase (Figure 13).  

  

 
Fig 11. Flood susceptibility Distribution table. 

 

V. CONCLUSION 
 

AHP has gained wide application in site selection, 

suitability analysis, regional planning, and landslide 

susceptibility analysis. To apply this approach, it is 

necessary to divide a complex unstructured problem into 
its component factors, organize these factors in a hierarchy 

of order, assign numerical values to subjective judgments 

about the relative importance of each factor, and 

synthesize these judgments to determine the factors  

priorities be assigned to these factors (Saaty& Vargas, 

2001). 

 

Comprehensive flood risk and vulnerability analysis 

require detailed information on field conditions, 

hydrological statistics, and characteristics of flood defense 

structures for analysis and results can indicate the extent 

and severity of flood impact in specific areas. 
 

This research presents an empirical approach to map flood 

susceptibility in urban and rural areas by integrating AHP 

and GIS techniques. The proposed approach can help 

decision-making and policymakers responsible for the 

rapid assessment and evaluation of the flood phenomenon 

in urban municipalities. To take action against the damage 



 

 

© 2021 IJSRET 
2325 

International Journal of Scientific Research & Engineering Trends                                                                                                         
Volume 7, Issue 4, July-Aug-2021, ISSN (Online): 2395-566X 

 

 

caused by floods, it is essential to take protective actions. 

These can be of two types: structural measures 
(construction of works), or non-structural measures 

(indirect or institutional). The objective of the structural 

measures is to avoid or mitigate the damage caused by a 

flood, through the construction of works (usually carried 

out by government agencies, since heavy investments are 

required).  

 

For example, to protect an urban area crossed by a river, it 

is possible to propose as structural measures the retention, 

storage, and diversion of water, make modifications to the 

channel (channel it or pipe it), build banks or channeling 

walls and modify bridges or culverts. On the other hand, 
among the non-structural measures are those whose 

purpose is to timely inform riverside populations of the 

occurrence of a possible flood, so that there are no deaths 

and damage is minimized.  

 

This item includes land use regulations, alerting and social 

communication and dissemination programs, or the 

creation and implementation of an infrastructure 

construction program for flood control and flood 

protection according to comprehensive planning of basins. 

From the economic point of view, both structural and non-
structural measures have application in areas that are 

already developed; while in underdeveloped areas the 

latter often have the same or greater impact than the 

structural ones. 

 

For the study area, a flood risk map has been derived using 

a multi-criteria approach that combines geological, 

geohydrological, and edaphological factors, among others, 

measured in terms of variables according to the AHP 

methodology. Validation of the flood map using 

comparative area and depth measurements shows that the 

proposed approach is reliable with up to a 92% level of 
precision for decision-making for flood management 

planning. In addition, a coherence index of less than 0.10 

was determined from the trial process. This further 

validates the reliability of the approach and the proposed 

results. 

 

The results of this study confirm that the integration of 

AHP and GIS techniques provides a powerful tool for 

decision-making procedures in flood hazard mapping, as it 

allows consistent and efficient use of spatial data. The use 

of multi-criteria evaluation for different factors has also 
proven useful in defining risk areas for flood mapping and 

their possible prediction. Overall, the case study results 

show that the GIS-AHP-based category model is effective 

in flood risk zoning.  
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