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Abstract: Arid and semiarid regions are geographic units that cover approximately 43% of the earth’s
surface worldwide, and conditions of extreme drought and reduced vegetation cover predominate in
these regions. In Mexico, arid and semiarid ecosystems cover more than half of the territory, with
desertification, mainly caused by anthropogenic activities and climatic events, as the main problem
in these regions. The present research aimed to assess, identify, and classify arid and semiarid
zones by employing a methodology based on multicriteria evaluation analysis (MCA) using the
weighted linear combination (WLC) technique and geographic information systems (GIS) in the
hydrological administrative regions (HARs) of the North Pacific, Northwest, and Baja California
Peninsula, located in Northwest Mexico. Data related to aridity, desertification, degradation, and
drought were investigated, and the main factors involved in the aridity process, such as surface
temperature, soil humidity, precipitation, slopes, orientations, the normalized difference vegetation
index (NDVI), and evapotranspiration, were obtained. For the standardization of factors, a fuzzy
inference system was used. The weight of each factor was then determined with the analytical
hierarchy process (AHP). To delimit arid regions, the classification of arid zones proposed by the
United Nations Environment Program (UNEP) was used, and the result was an aridity suitability
map. To validate the results, the sensitivity analysis method was applied. Quantitative and geospatial
aridity indicators were obtained at the administrative hydrological level and by state. The main
results indicated that semiarid and dry subhumid zones predominated, representing 40% and 43% of
the surface of the study area, respectively, while arid regions represented 17%, and humid regions
represented less than 1%. In addition, of the states for which 100% of the surface lay in the study
area, it was observed that Baja California and Baja California Sur had the largest arid and semiarid
zones, while subhumid regions predominated in Sonora and Sinaloa.

Keywords: aridity; arid zones; multicriteria evaluation; GIS; weighted linear combination; standardization

1. Introduction

Arid regions cover approximately 43% of the world’s land surface [1–3]; they are
characterized by limited water availability [4], increased temperature, and decreased
precipitation [1]. However, despite the fact that dryland ecosystems play an important role
in maintaining the balance of atmospheric components [5], most drylands are found on
degraded soils [6].

A serious problem these types of ecosystems face globally is desertification caused by
factors related to climatic events and human actions [3,7,8] such as the use of fire, grazing,
timber harvesting, and land cultivation [9].

Arid zones are regions that receive an annual precipitation of less than 200 mm, and
semiarid regions receive between 200 and 500 mm [3,5]. In both cases, there is a scarcity of
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water or humidity in the air and soil [10,11] in addition to high solar radiation, causing high
temperatures and evapotranspiration rates higher than the volume of available water [12].

In Mexico, arid and semiarid ecosystems cover more than half of the territory [13–16].
More than 40% of the national population inhabits these regions [13]. These ecosystems are
being endangered by anthropogenic activities that cause desertification, such as overgraz-
ing, land use change, deforestation, postharvest tillage, and poor soil management, causing
59% of the surface of the Mexican Republic to be desertified by soil degradation [16].

One means of obtaining indicators about the degree of aridity is the aridity index (AI),
which expresses the relationship between potential evaporation (PET) and precipitation
(PET/P) [17] and is widely used to estimate the hydric deficit conditions of drylands [18].
Through the usage of this index, it is possible to compare hydric conditions [19], with the
potential to detect the presence and length of wet and dry periods [20] and thus quantify
the deficit of precipitation in function with atmospheric water demand [21].

In these regions, it is essential to be able to determine diagnoses and prognoses that
can help in the management of water resources, mainly for the evaluation of long-term
water availability and the monitoring of hydrological and climatic events, which is why AI
has been widely used.

AI has its beginnings in research on desertification under climate change [17] and
has been widely used by the UNEP to classify aridity [6,7]. AI has also been included
in several reports from the Intergovernmental Panel on Climate Change (IPCC) [8,9].
Similarly, based on the Consortium for Spatial Information (CGIAR-CSI) through the Global
Aridity and PET databases [22], projections have indicated possible increases in aridity and
desertification as well as serious negative impacts on natural and socioeconomic systems.

In this context, multiple criteria techniques have been widely used to make decisions
in evaluating the suitability of land [23] and to solve the difficulties that decision makers
encounter when handling large amounts of complex information [24].

The integration of MCE with GIS has advanced considerably thanks to two important
characteristics: the capabilities in the GIS environment for the acquisition, storage, retrieval,
manipulation, and analysis of data, and the ability to perform multicriteria decision making
(MCDM) to combine geographic data [25].

The AHP is another structured method utilized in decision-making strategies used for
complex decisions. The AHP is based on the weighting model and has been widely used
in GIS to derive importance weights of criteria and establish comparisons of alternatives
by pairs [24]. It can also superimpose all the standardized criteria that help to make
classifications over a given area [26].

Another widely used method for evaluating the suitability of land considered appro-
priate for combining a set of criteria maps is WLC, which is used to standardize suitability
maps, assign them relative importance weights, and combine them to obtain an overall
suitability score [25,26].

According to the literature reviewed, it can be argued that a contribution in this context
is to identify and classify arid areas using GIS based in MCA, as these techniques have
been used to define criteria involved in decision making and to determine the suitability of
land in spatial planning in arid regions [24,25,27].

In this vein, and given the need of different sectors to have updated maps of arid and
semiarid regions in Mexico, the main objective of this study was to identify and classify
arid zones in the northwest region using a methodology, which included multicriteria
evaluation, a weighted linear combination technique, and geographic information systems,
that can be applied at the national level.

With the purpose of determining the main factors causing aridity, environmental
and territorial variables of free discharge were used (surface temperature, soil moisture,
precipitation, slopes, orientations, the NDVI, and evapotranspiration), chosen based on a
bibliographic review and expert opinion.
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The year of evaluation for this study was 2019, since it was the most recent year with
complete data available at the time this analysis was started; however, it is possible to
process the data for any year as long as there are data available.

The arid zone model was based on EMC techniques and expert opinion. Therefore,
the model and its parameters needed to be validated. One way to attribute certainty to the
results of the model was the application of sensitivity analysis (SA).

The techniques used in this study indicated the influence of each of the parameters on
the variation of the results, individually and in association. In addition, these techniques
helped simplify the model, allowing optimization of resources, time, costs, and effort
involved in data acquisition and the creation of model factors [28].

2. Materials and Methods
2.1. Study Area

The study region was constituted by three HARs located in Northwestern Mexico:
North Pacific, Baja California Peninsula, and Northwest, located between the geographical
coordinates 32◦39′ and 21◦22′ North latitude and 118◦52′ and 103◦20′ West longitude
(Figure 1).
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These regions border the Pacific Ocean to the west, the United States of America to
the north, Chihuahua and Durango to the east, and Nayarit to the south. They encompass
the states of Baja California, Baja California Sur, Chihuahua, Durango, Nayarit, Sinaloa,
Sonora, and Zacatecas, which represent approximately 25.7% of the Mexican territory [29].
The environmental characteristics of the study region can be seen in Table 1.
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Table 1. Environmental characteristics. Source [30–32]. Region I, Baja California Peninsula; Region II, North Pacific; Region
III, Northwest.

Region Number of
Municipalities

Surface Area
km2 Climates Average Annual

Precipitation
Average Annual

Temperature

I 11 145, 344 Semidesertic; temperate; humid and
temperate; desertic. 169 mm 10–24 ◦C

II 75 197, 586
Dry; semidry; subhumid and

temperate; warm and subhumid;
semicold.

368 mm 20 ◦C

III 95 152, 013 Temperate subhumid; warm
subhumid. 747 mm 10–26 ◦C

In the northwestern region of Mexico lies the Sonoran Desert, which is under oceanic
and atmospheric influences that determine its arid climate [33]. Similarly, in Baja California
Sur, very dry, semiwarm, and warm climates prevail in addition to extreme daytime
temperatures, environmental dryness, and scarce precipitation [10].

2.2. Data

Data preparation was the first fundamental step in our aridity vulnerability analysis.
Our methodology was based on GIS analysis and applied EMC techniques. The selection
of variables was based on an exhaustive literature review [12,34–39] of studies on aridity,
drought, and desertification (Table 2). The year 2019 was selected as the evaluation
period because of the fact that, at the time of this study, it was the most current year with
available data.

Table 2. Variables, data types, spatial resolutions, and data sources.

Data (Year 2019) Data Type Spatial
Resolution

Temporal
Resolution Units Source Link

Precipitation Raster 4 km Monthly, 2019 Millimeters TerraClimate
Dataset

https://app.climateengine.org/
climateEngine (accessed on

15 October 2021).

Temperature Raster 1 km 8 days, annual
average 2019

◦K MODIS/USGS https://earthexplorer.usgs.gov/
(accessed on 15 October 2021).

Evapotranspiration Raster 4 km Monthly, 2019 Millimeters TerraClimate
Dataset

https://app.climateengine.org/
climateEngine (accessed on

15 October 2021).

DEM Raster 90 m Year 2008 Meters SRTM https://srtm.csi.cgiar.org (accessed
on 15 October 2021).

NDVI Raster 500 m 16 days NDVI MODIS/USGS https://earthexplorer.usgs.gov/
(accessed on 15 October 2021).

Humidity Raster 9 km Monthly, 2019 Millimeters FLDAS Dataset
https://app.climateengine.org/

climateEngine (accessed on
15 October 2021).

Slopes Raster 90 m Year 2008 Degree Generated from
DEM

https://srtm.csi.cgiar.org (accessed
on 15 October 2021).

Aspect Raster 90 m Year 2008 Degree Generated from
DEM

https://srtm.csi.cgiar.org (accessed
on 15 October 2021).

The data were standardized according to the technical specifications of the study area,
i.e., a spatial resolution of 250 m, Lambert conformal conic cartographic projection, and the
same number of columns and rows. The data are described in the following paragraphs.

Precipitation. The mean annual precipitation was obtained from the TerraClimate
datasets, which provided climate information derived from WorldClim data at a resolution
of 4 km and expressed in units of millimeters (mm). Minimum and maximum annual

https://app.climateengine.org/climateEngine
https://app.climateengine.org/climateEngine
https://earthexplorer.usgs.gov/
https://app.climateengine.org/climateEngine
https://app.climateengine.org/climateEngine
https://srtm.csi.cgiar.org
https://earthexplorer.usgs.gov/
https://app.climateengine.org/climateEngine
https://app.climateengine.org/climateEngine
https://srtm.csi.cgiar.org
https://srtm.csi.cgiar.org
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average precipitation values of 43 and 1436 mm, respectively, for the study area were found
(Figure 2a).
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Temperature. The temperature map was obtained from the MOD11A2 dataset of
the MODIS sensor, with a spatial resolution of 1 km and a temporal resolution of 8 days.
Monthly average temperature maps, and subsequently the annual average temperature
map, were generated. The temperature unit was converted from Kelvin to Celsius, and a
scale factor of 0.02 was applied. The mean annual temperature of the study area ranged
between 15.52 and 46.82 degrees (Figure 2b).

NDVI. The NDVI map was obtained from the MOD13A1 dataset from the MODIS
sensor with a spatial and temporal resolution of 500 m and 16 days, respectively. This index
has been used throughout the world because of its efficient and precise estimation and
monitoring of the vegetation cover [40,41]. This index represents more saturation at higher
levels of biomass [40]; this did not affect the analysis or the results of this investigation.
Monthly mean maps and an annual mean NDVI map were generated. A scale factor of
0.0001 was applied to obtain values between −1 and 1 (Figure 2c).

Evapotranspiration. The annual mean evapotranspiration map was obtained from
the TerraClimate dataset, which was calculated using the Penman–Monteith method [42]
at a resolution of 4 km and in units of mm. This map represented the loss of water
with respect to the normal average values of rainfall. For the study area, a mean annual
evapotranspiration was obtained ranging between 906 and 1922 mm (Figure 2d).

Humidity. The annual mean humidity map was obtained from the Land Data Assimi-
lation System (FLDAS) dataset. Humidity here represents the amount of water found in
the soil [43]. This data had a resolution of 9.6 km and was expressed in mm. For the study
area, minimum and maximum humidity values of 8.9 and 40 mm, respectively, were found
(Figure 2e).

Slope. This thematic layer was derived from a digital elevation model (DEM) obtained
from the Shuttle Radar Topography Mission (SRTM). Slope here represents the shape of
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the relief with a resolution of 90 m using the spatial analysis component of GIS. The study
area was nearly flat, with a maximum tilt angle of approximately 59◦ (Figure 2f).

Aspect. The aspect map was generated from the SRTM DEM, which represented each
pixel according to the aspect or the direction of the slope [6] based on its orientation in
degrees (from −1◦ to 360◦) and is classified into 10 classes (Figure 2g), measured clockwise
from north. Thus, a value of 0◦ indicated that the slope was headed north, 90◦ indicated
east, 180◦ indicated south, and 270◦ indicated west; in addition, −1◦ indicated a flat area
with zero slope.

2.3. Methodology

The methodology applied in this research to obtain arid zones established a geospatial
model based on MCE, which began with a definition and the download of data necessary
for processing.

Subsequently, standardization of the factors was carried out by applying a fuzzy
inference system, and the level of importance of the factors was established, which entailed
weighing them and obtaining the weights for each. This procedure was based on the AHP.

A WLC was used to integrate the variables. An aridity map was created, and the
classification based on the AI proposed by the UNEP was applied to it to obtain a map of
arid zones indicating the level of aridity for the study region (Figure 3).
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2.4. Geospatial Model of Arid Zones Using EMC

The geospatial model developed to obtain arid zones was based on the EMC and
applied the WLC, which was used to determine which areas were most prone to aridity
based on weighted factors and constraints [44,45]. For this analysis, as a restriction, the
study area mask, a binary map in which a value of 0 indicated areas excluded from the
analysis and a value of 1 corresponded to locations with different levels of aridity, was used.
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The integration of MCE with GIS has significantly advanced map overlay techniques
for land suitability analysis. The two processes combine data evaluation (input) into a
resulting decision (output), i.e., the relationship that exists between the input maps and the
output map. MCE/GIS-based land use suitability assessment techniques are expressed by
Equation (1):

S = f (x) (1)

where S is the suitability level; x is the evaluation index (factors), which has a strong
influence on the level of suitability; and f (x) indicates the decision rule [46].

2.4.1. Standardization of Criteria

The standardization of factors is the process of setting the relative importance of each
criterion. A pairwise comparison technique is typically used for rating and standardizing
the values [44,45,47,48]. A fuzzy set that used a scale from 0 to 1 bytes to indicate sus-
ceptibility to aridity was applied. Table 3 shows the maximum and minimum values for
each factor.

Table 3. Standardization of factors.

Factor Minimum
Value

Maximum
Value Units Function

Minimum
Standardized

Value

Maximum
Standardized

Value

Precipitation 45 1436 Millimeters Decreasing Linear 0 1
Temperature 15.52 46.84 ◦C Increasing Linear 0 1

NDVI −0.12 0.86 NDVI Decreasing Linear 0 1
Evapotranspiration 906.8 1922.1 Millimeters Decreasing Linear 0 1

Humidity 8.98 40.04 Millimeters Decreasing Linear 0 1
Slopes 0 144.96 Degree Increasing Linear 0 1
Aspect 0 359.97 Degree Increasing Linear 0 1

Table 3 also shows the belonging function used. An increasing linear function means
that higher values of the scale indicate a greater susceptibility to aridity. On the contrary, a
decreasing linear function means that lower values indicate a greater possibility of extreme
aridity. Through the aforementioned standardization of the variables using the fuzzy logic
method, the standardized factors were determined (Figure 4).

2.4.2. Assessing the Weights through AHP

The AHP is the method most widely used to organize factors in a hierarchical struc-
ture [49]. Environmental and territorial factors were selected and used to identify areas
vulnerable to aridity. The factors were classified based on the fundamental scale suggested
by Saaty (2008) with values 1–9 (Table 4).

This method applies a pairwise combination in which only two criteria are considered
at a time and thus establish a level of relative importance between each factor [44,50]. The
AHP calculates through a comparison matrix pair and is expressed by Equation (2):

n

∑
j=1

si = 1 (2)

where si is the weighting for each criterion, established by taking the eigenvector corre-
sponding to the largest eigenvalue of the matrix, and n represents the number of indexes.
The sum of the standardized values must be equal to 1.
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Table 4. Fundamental AHP judgment scale with integers 1–9 [51].

Intensity of Importance Definition Description

1 Equal importance Two activities contribute equally to the objective.
3 Moderate importance Experience and judgment slightly favor one activity over another.
5 Strong importance Experience and judgment strongly favor one activity over another.

7 Very strong importance An activity is favored very strongly over another; its dominance is
demonstrated in practice.

9 Extreme importance The evidence favoring one activity over another is of the highest
possible order of affirmation.

2,4,6,8 Intermediate values between
the two adjacent judgments A compromise is needed.

We noted expert opinions from various personnel: 5 from the Geomatics Laboratory
of the Faculty of Earth and Space Sciences, 3 from the Autonomous University of Sinaloa,
3 from the National Forestry Commission (CONAFOR), 3 from the Ministry of the Envi-
ronment and Natural Resources (SEMARNAT), and 2 from the National Commission of
Arid Zones (CONAZA). A literature review was also performed. These opinions were
used to determine the levels of importance and the weights of factors for the assessment of
suitability for aridity such that the sum of the weights was equal to 1.

2.4.3. Weighted Linear Combination

Over the past decades, multicriteria assessment methods have been proposed for
GIS-based land suitability analysis. Among these, WLC is the most common for land
suitability assessment and consists of combining a set of criteria maps [25].



www.manaraa.com

ISPRS Int. J. Geo-Inf. 2021, 10, 720 9 of 17

Once the relative importance levels of the criteria were determined, the WLC method
was used to identify arid regions. WLC calculates the suitability of a potential region using
Equation (3) [44,52]:

R =
n

∑
j=1

wivi (3)

where R is the weighted variable, defined as the target; wi is the weight of the factor; vi
is the weighted value of alternative i of factor j; and n represents the number of indexes.
Based on Equation (3), there are four steps in WLC: selecting the index (i), providing the
index value (vi), determining the index weight (wi), and employing the overlaying rule [25].

2.4.4. Classification Criteria

The results obtained with the aridity vulnerability map were classified based on the
classification proposed by the UNEP [53,54], which defines arid regions in five classes as
shown in Table 5.

Table 5. Classification of the aridity index of the UNEP.

Index Climate

>0.65 Humid
0.65–0.5 Subhumid–dry
0.5–0.2 Semiarid

0.2–0.05 Arid
<0.05 Extremely arid

2.4.5. Verification and Validation

To attribute certainty to the results of the model, a sensitivity analysis (E-Fast) was
carried out to examine in detail the components of the model and the degree of influence
on the variation of the results [55].

With this application, first-order and total effect sensitivity indices can be obtained. A
Monte Carlo simulation was used under one sample, taking independent input factors and
a number of samples into account.

The E-Fast technique was implemented in SimLab 2.2.1, which was used to carry out
the AS under the following procedure:

I. The frequency distribution of the factors and weights was established, and a varia-
tion of ±25% was defined.

II. A sample of the different factors of the model was extracted (factors themselves
and weights assigned to them), and the model was executed a significant number of times.

III. Finally, the values reached in the sensitivity indices of the input factors of the
model were analyzed, and the results and impact were described.

3. Results
3.1. Weights Obtained from the AHP

As a result of the weighting of factors obtained by applying the AHP according to the
level of importance of each criterion with respect to the others, a matrix of the final weights
was obtained. This matrix is shown in Table 6.
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Table 6. Matrix of weights generated for each factor.

Factor Reclassified
Value 7 6 5 4 3 2 1 Weights

Orientation 7 1 0.03
Slope 6 2 1 0.06

Humidity 5 3 1.5 1 0.09
Evapotranspiration 4 4 2 1.33 1 0.13

NDVI 3 6 3 2.00 1.5 1 0.19
Temperature 2 7 3.5 2.33 1.75 1.17 1 0.22
Precipitation 1 9 4.5 3.00 2.25 1.5 1.286 1 0.28

3.2. Aridity Vulnerability Map

Using this technique, each factor involved in the aridity process was evaluated within
the established criteria, which were used as input data for each of the factors with their
respective weights. In the EMC results for arid zones (Figure 5), the highest values represent
the zones with the greatest vulnerability to developing arid conditions.
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3.3. Spatial Distribution of Aridity

To obtain the map of arid zones, classifications based on the AI proposed by the UNEP
were used (Figure 6). The temporal analysis and the data obtained showed that 43% of
the study area consisted of dry, subhumid zones, which were mostly located in the North
Pacific and Northwest HARs. This was due to the fact that these zones include the Sierra
Madre Occidental, which is considered a highly diverse region in terms of vegetation,
temperature, and precipitation.

Meanwhile, semiarid regions covered 40% of the surface area and were located mostly
to the northwest of the Northwestern RHA, covering part of the Baja California Peninsula
and North Pacific HARs, where dry and semidry climates predominated.

The arid regions covered 17% of the study area, comprising most of the Baja California
Peninsula HAR and the northern part of the Northwest HAR, which are characterized
by their dry and warm climate with some temperate parts. Finally, humid regions were
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represented in less than 1% of the study area and were located in the southern part of the
North Pacific HAR (Figure 7 and Table 7).
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Table 7. Aridity percentage and surface area of arid regions.

Regions km2

Region Arid Semiarid Subhumid–Dry Humid

I 111,111 32,917 358 0
II 42,635 117,668 45,829 0
III 1279 48,532 98,609 158

17% 40% 43% <1%
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3.4. Quantitative and Geospatial Indicators in Arid Zones at a State Level

In order to obtain quantitative and percentage information on the level of aridity, an
analysis at a state level was conducted. The results indicated that the most arid zones were
found in the states of Baja California and Baja California Sur, where they comprised 45%
and 52% of the surface area, respectively, while the states with the largest semiarid zones
were Zacatecas, Sonora, and Baja California, where semiarid zones comprised 69%, 54%,
and 51% of the surface area, respectively.

The dry subhumid zones were found mostly in Nayarit, at 93%; Chihuahua, at 96%;
and Sinaloa, at 83%. The only states with humid zones were Durango and Nayarit. It is
important to mention that for the states of Zacatecas, Durango, Chihuahua, and Nayarit,
only a portion of the total surface area was included in the study area (Table 8 and Figure 8).

Table 8. Aridity percentage at a state level.

Regions (%)

State
Surface Area of the
State in the Study

Area (Km2)

Surface Area of
the State in the
Study Area (%)

Arid Semiarid Subhumid–Dry Humid

Baja California 73,120 100 45.92 51.36 2.72 0
Baja California sur 71,035 100 52.04 46.92 1.05 0

Chihuahua 54,463 22 0.15 3.27 96.58 0
Durango 51,422 42 0.36 26.53 73.10 0.003
Nayarit 8851.3 32 0.34 3.76 93.76 2.134
Sinaloa 54,884 100 0.24 17.05 82.71 0
Sonora 180,301 100 7.21 54.71 38.08 0

Zacatecas 4458.6 6 2.12 69.83 28.05 0
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3.5. Validation of Results Using the Sensitivity Analysis Method

The order of importance of the factors according to E-Fast was precipitation (47%),
NDVI (17%, and temperature (15%). The first-order sensitivity indices of these three factors
were responsible for 78% of the output variability of the model. The influence of weights



www.manaraa.com

ISPRS Int. J. Geo-Inf. 2021, 10, 720 13 of 17

and other factors was nearly negligible, confirming that the weights established for these
factors were robust, and the addition of small variations did not influence the final results
of the model.

In addition, the difference between the total effect sensitivity index (St) and the first-
order sensitivity index (Si) is a measure of the extent to which each factor is involved in
interaction with other factors in the model. For significant differences, the value should be
greater than 0.2. In these models, the differences were never higher than 0.0286 (Table 9).

Table 9. Results of the E-Fast method.

Factors First Order
(Si)

Total
(St)

Difference
(St-Si)

F1 Precipitation 0.4709 0.4995 0.0286
F2 Temperature 0.1447 0.1548 0.0101

F3 NDVI 0.1669 0.1803 0.0134
F4 Evapotranspiration 0.0121 0.0216 0.0095

F5 Humidity 0.0136 0.0256 0.0120
F6 Slope 0.0016 0.0072 0.0056

F7 Aspect 0.0078 0.0151 0.0073
w1 0.0240 0.0421 0.0181
w2 0.0240 0.0342 0.0102
w3 0.0289 0.0420 0.0131
w4 0.0288 0.0373 0.0085
w5 0.0094 0.0193 0.0099
w6 0.0091 0.0174 0.0083
w7 0.0008 0.0095 0.0087

Therefore, the variation in the results was due to the action of the factors individually
and not in combination with the others. This circumstance was corroborated through the
sum of all St values, which was almost equal to 1, showing that potential interactions
present in the model had no influence on the variability of the outcome.

4. Discussion

Changes in temperature and precipitation in the arid regions of Northwestern Mex-
ico favor the increased occurrence of droughts, which has great social, economic, and
environmental impacts [56,57].

The main negative impacts that are related to drought events in arid regions are, in the
agricultural sector, soil humidity and water deficits, a reduction of pasture and livestock,
and a decrease in feed and water. In the nonagricultural sector, natural water bodies and
ecosystems are affected, impacting important sectors such as municipal water supply and
tourism [58].

Other problems affecting these regions are soil degradation and desertification due
to the anthropogenic impacts derived from agriculture and livestock farming, which is
why these ecosystems are very sensitive to climate variability and global environmental
change [59].

Various studies of arid zones have used aridity indices and climatic classification
in arid regions such as the Martonne [12,60] and Köppen aridity indices [61], which use
precipitation and temperature as main data. Another aridity index used was proposed by
the FAO [62,63], and the UNEP [64,65]; those index requires precipitation and evapotran-
spiration as the main data.

However, no studies to date have integrated, in addition to the variables of precipita-
tion, temperature, and evapotranspiration, other environmental and territorial variables
of equal relevance such as the NDVI, humidity, slope, and aspect, and none have applied
evaluation techniques of multiple criteria to obtain a map of vulnerability to arid zones, as
presented in this work.
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The results obtained from the geospatial model for arid zones applied in this study
provide useful information on the different levels of aridity in the study region. The
variables used proved to be ideal for integration into the aridity model at the regional level
and were extrapolated to the global level.

This study enabled us to obtain multilevel indicators for arid zones. The level of aridity
was determined at the pixel scale (vulnerability maps), and the impact was determined at
the level of the administrative hydrological region and by state, which allowed for a more
detailed understanding of the aridity problem in the northwestern region of Mexico.

This study also provided an important opportunity to advance the application of
decision making through the development of a multicriteria evaluation method based on
the AHP, WLC, and GIS to determine aridity suitability and classify arid regions from local
to global.

The methodology developed is presented as an alternative for the continuous and
dynamic study of the arid regions of the world and as support in territorial decision
making and the development of public policies designed to mitigate the impact of aridity
on climate change. It will also allow for effective adaptation measures to ensure human,
environmental, economic, and social welfare in these regions, allowing also for great
scientific progress in studies on climate change.

In future work, this methodology can be improved with more environmental data
and a higher-quality resolution. Dynamic analyses of aridity can also be expanded to a
national level.

5. Conclusions

Increases in aridity inevitably cause desertification, either indirectly through greater
rainfall variability or directly through prolonged droughts. For this reason, several studies
have relied on climate data to identify the global distribution of arid regions.

Such conditions endanger many places in the world, including Mexico. The severity
of aridity in the present study area is high, since most of the arid regions are located on
degraded soils that threaten to expand if the same land use and water resource management
practices continue in these regions.

This research employed a geospatial model based on a multicriteria evaluation method
that used weighted linear combination for the identification of arid and semiarid regions at
the local level with global climatic, environmental, and territorial variables, which were
integrated to obtain an aridity vulnerability map.

As an evaluation period, the year 2019 (the most recent year with data available at the
time of this study) was used; however, this analysis can be conducted for any year as long
as data are available.

The resulting map of arid zones provided relevant information on the current con-
dition of these regions. The results showed that, in the northwestern region of Mexico,
semiarid and subhumid–dry zones predominated, which is consistent with previous stud-
ies on arid zones including the Atlas of Arid Zones in Mexico [15], the INEGI climate
map [66], and the map of humidity ranges of the CONABIO geoinformation portal [67].

At the administrative hydrological level, the results showed that the most affected
regions with arid and semiarid conditions were found in the HARs Baja California Penin-
sula and Northwest. At the state level, the most affected states with such conditions were
the states of Baja California, Baja California Sur, and Sonora, as well as parts of Sinaloa
and Durango.

The validation of the arid zone geospatial model through the sensitivity analysis
method proposed here indicated that the order of importance of the factors was perfectly
suited to the model, which confirms that the precipitation, temperature, and NDVI indica-
tors are the main factors that influence the aridity process.

It will be important to accurately model each of the variables with respect to their
impacts on aridity hazards. Moreover, future studies should focus on a more detailed
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assessment that considers vegetation cover, water resources, local climates, and other
socioeconomic indicators in the evaluation of aridity hazards.

Therefore, this research will be useful in helping researchers and political decision
makers to contribute to the use of natural terrestrial water resources in a sustainable manner
to protect the ecosystem and improve the economy of the region.

Finally, we consider it important to know the levels of aridity in the Mexican territory.
Thus, the results obtained in this study could be used to establish priorities in the fight
against desertification, to improve the sustainable management of hydrological and soil
resources, and to guarantee food security for the population.
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