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Abstract: Drought is one of the major threats to water and food security in many regions around the
world. The present study focuses on the evaluation of agricultural drought risk from an integrated
perspective, that is, emphasizing the combined role of hazard, exposure, and vulnerability to drought.
For this purpose, we used the Mexican state of Zacatecas as a case study. This state is one of the
most vulnerable to the adverse effects of agricultural drought in the country. The proposed method
includes three stages: first, we analyzed the risk of agricultural drought at the municipal scale using
the FAO Agricultural Stress Index System (ASIS) in its country version (Country-Level ASIS) and also
determined a Drought Hazard Index (DHI). Subsequently, we conducted a municipal assessment of
exposure and vulnerability to drought based on a set of socioeconomic and environmental indicators,
which we combined using an analytical procedure to generate the Drought Exposure Index (DEI) and
the Drought Vulnerability Index (DVI). Finally, we determined a Drought Risk Index (DRI) based on
a weighted addition of the hazard, exposure, and vulnerability indices. Results showed that 32% of
the state’s municipalities are at high and very high risk of agricultural drought; these municipalities
are located mainly in the center and north of the state, where 75.8% of agriculture is rainfed, 63.6% of
production units are located, and 67.4% of the state’s population depends on agricultural activity.
These results are in general agreement with those obtained by other studies analyzing drought in the
state of Zacatecas using different meteorological drought indices, and the results are also largely in
line with official data on agricultural surfaces affected by drought in this state. The generated maps
can help stakeholders and public policymakers to guide investments and actions aimed at reducing
vulnerability to and risk of agricultural drought. The method described can also be applied to other
Mexican states or adapted for use in other states or countries around the world.

Keywords: agricultural drought; integrated drought risk assessment; vulnerability; VHI; Country-
Level ASIS; food security

1. Introduction

Drought is one of the most complex natural phenomena and one of the most harmful
to populations throughout the world [1]. This slow-developing phenomenon is due in
part to natural climate variability and has negative impacts on around 60% of the global
agricultural and livestock sectors [2]. Due to their adverse effect on food production and
access to environmental resources (i.e, water, wildlife), droughts endanger the lives and
sustenance of millions of families, especially in rural environments.

However, as a result of the complexity of the phenomenon and the diversity of criteria
used by researchers to characterize it, a universally accepted definition of drought is
unviable [3]. However, specialized literature differentiates types of drought according to the
types of impact caused by the phenomenon. Drought is approached from meteorological,
hydrological, agricultural, and socioeconomic points of view (e.g., [4–6]). According to a
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widely accepted and widespread conceptual model [4,7], these types of droughts generally
occur in a particular sequence: climatic variability leads to a precipitation deficit resulting
in meteorological drought; the former, combined with high temperatures and low relative
humidity, results in increased evapotranspiration, which leads to agricultural drought, i.e.,
a soil moisture deficit results in reduced crop yield or total loss. Hydrological drought
occurs when a precipitation deficit persists over time and is combined with pressure on
surface and groundwater supplies due to human demand, which results in a considerable
reduction in the water supply to streams, lakes, reservoirs, and aquifers. Socioeconomic
drought is associated with the impact of an inadequate supply of economic goods as a
result of meteorological, agricultural, and hydrological drought. Thus, the different types
of drought are all consequences of a precipitation deficit or meteorological drought. When
agricultural and hydrological droughts persist over a long time, a series of economic, social,
and environmental impacts tend to follow [8].

In Mexico, droughts pose a serious threat to water and food security. This risk has been
confirmed during the many droughts recorded throughout the country’s history [9–11],
particularly in the recent past; for instance, the most severe drought period in the country
in 70 years, in terms of its negative effects on different socio-economic sectors, took place
between 2011 and 2012 [12,13]. This drought affected more than 80% of the national
territory and caused the loss of more than 800 thousand hectares of crops; it had adverse
effects on 1.3 million livestock (mainly cattle) [14] and caused serious water shortages
in cities and rural communities in the most arid and vulnerable regions in the country.
Climate models for the twenty-first century predict even harsher scenarios [15,16].

Given that the agricultural sector is essential for Mexico’s food security, the impact of
drought on agricultural production has received increasing attention in recent years [17];
moreover, agriculture is an essential economic activity in the country’s rural areas, home
to 22% of the national population [18]. Seventy-nine percent of cultivated surface area in
the state’s production units is rainfed (25.6 million hectares), while the remaining 21% is
irrigated (6.8 million hectares) [19]. In general, the first economic sector affected by drought
is rainfed agriculture because it depends entirely on rainwater for production, which makes
it highly vulnerable to meteorological drought. This type of agriculture is practiced mostly
by low-income farmers, the first among society to feel the effects of drought. They are small
producers who, with their work and that of their families, achieve just enough production
to support themselves, rarely more than that. In the event of a drought, their plants fail
to germinate or wither and die. In any case, they are unable to harvest: the first step into
disaster [20].

For its part, the Mexican government has considered making food production one
of the main drivers for economic recovery and growth at the state, regional, and national
levels. This makes guaranteeing self-sufficiency and food security in the country a priority
because these actions can have a profound impact on the country’s national sovereignty
and security [21]. Therefore, it is very important to carry out an accurate assessment of the
threats to food production, among which is the risk of agricultural drought—especially
rainfed agriculture—in the different states and regions in the country to provide public
policymakers with the knowledge to guide public programs aimed at preventing and
mitigating the impact of drought in the near future.

Understanding the risk factors associated with agricultural drought and the ways
in which their impact materializes is crucial to the improvement of evaluations and to
identify and plan the best alternatives to reduce the risk. It should be taken into account
that the risk of disaster due to drought depends not only on the degree to which rainfall
has decreased and the temporal or geographical extent of the phenomenon, but also on
the vulnerability of production systems and the farmers’ ability to cope with drought,
which in turn is affected by local socioeconomic, production, and technological condi-
tions [11,20]. As a type of hazard, drought is a product of climate-related factors such as
rainfall, moisture deficiency, and temperature, and is also influenced by anthropogenic
alterations in hydrological processes and the physical environment [22]. The mechanisms
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that lead to drought cannot be attributed solely to climate-related drivers; therefore, con-
sidering existing socio-economic conditions and using a perspective that combines human
and environmental systems is essential [23,24]. However, these fields are usually studied
independently, ignoring the complex feedback between natural and human factors [22].

Thus, numerous studies around the world have focused on the phenomenon of
drought from a purely physical perspective using different types of indices (meteorological,
hydrological, or related to vegetation or soil humidity) created to characterize and monitor
hazard [5,6,25], but far fewer studies have analyzed drought from a socioeconomic perspec-
tive, that is, from the point of view of vulnerability [26–28]. Nevertheless, in recent years,
the interest in studying drought risk from an integrated perspective has been growing,
emphasizing the combined role of drought hazard (the intensity, frequency, and duration
of the phenomenon) and exposure and vulnerability to drought (a series of socio-economic,
physical, and environmental factors present in the analyzed system) [28,29]. Interesting
research has been carried out in recent years in different parts of the world focusing
specifically on agricultural drought risk (i.e., [30–36]).

In the case of Mexico, there are very few comprehensive assessments of drought
risk using spatially and temporally consistent information on the possible hazard comple-
mented by exposure factors and drought vulnerability [37]. The vast majority of research
on drought carried out in the country has focused on evaluating the meteorological drought
hazard based on rainfall records obtained from weather stations (i.e., [38–42]). However,
weather stations are not evenly distributed in the country, and fewer and fewer stations
remain operational due to a lack of maintenance budget and personnel, which is why
historical climatological records are not spatially or temporally consistent and they must be
subjected to quality control, homogenization, and data filling processes [43,44]. Given these
circumstances, and despite the enormous potential of remote-sensing techniques based on
satellite imagery to monitor drought, remote-sensing techniques have rarely been used in
the country. These techniques can provide valuable, spatially, and temporally consistent
information on the different types of drought in quasi-real-time [33], which is very useful
for early warning purposes [45–47]. On the other hand, national studies on vulnerability
to drought have been carried out without explicitly defining the type of drought hazard
addressed (i.e., [20,48–50]) or by referring to vulnerability to climate change in general
(i.e., [51–54]). There is also very little research focused on the risk of agricultural drought
in the different states or regions in the country [55–57]. Therefore, it is essential to further
advance our knowledge in this field.

In this context, the present study sought to address the gaps described above by
using a multidimensional approach to assess agricultural drought risk (focused on rainfed
agriculture), which can be applied to the different states and regions in Mexico. The
method uses spatially and temporally consistent information on the hazard calculated using
vegetation indices obtained from satellite imagery and phenological information about the
crops; these data are complemented by socioeconomic and environmental indicators of
exposure and vulnerability to drought, and all information is compiled into a municipal
drought risk index. We used the state of Zacatecas as a case study and an example of the
study method. The state is located in a semi-arid region of national agricultural importance,
and it suffers the effects of drought with some regularity [41,42]. For instance, Zacatecas
lost 478 million dollars in rainfed agricultural production due to drought in 10 years
(2005–2014); 2005, 2009, and 2011 were the most critical, with economic losses of 47%,
39%, and 63%, respectively [58]. The results of the present study are useful to construct
a precise image of the spatial distribution of hazard, exposure, vulnerability, and risk of
agricultural drought; this image can be used to make decisions on which prevention and
mitigation measures could be implemented to reduce vulnerability and achieve adequate
risk management.
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2. The Concept of Risk and Its Reference Framework

The concept of risk, associated with the idea of an uncertain future, has always been
present in human societies [59]. The Office of the United Nations Disaster Relief Coordi-
nator (UNDRO) used two concepts of risk that are still the basis for current definitions:
Specific risk (Rs), which refers to the degree of expected losses due to the occurrence of
a particular event, is calculated as a function of hazard and vulnerability, and Total risk
(Rt), which refers to the number of human casualties and injuries, property damage, and
adverse effects on economic activity due to a disaster, that is, a product of specific risks
(Rs) and elements at risk (E) [60]. Subsequently, the United Nations Office for Disaster Risk
Reduction (UNISDR) defined risk as the possible losses that could result from a disaster
in terms of lives, health conditions, livelihood, and availability of goods and services in
a particular community or society at a specific time in the future [61]. More recently, the
Intergovernmental Panel on Climate Change (IPCC) has referred to risk as the possible ad-
verse consequences of situations where something of value is endangered and the outcome
is uncertain. This definition recognizes the diversity of values: life; means of subsistence
health; ecosystems and species; economic, social, and cultural assets; services (including
environmental services); and infrastructure [62].

The drought risk analysis described in the present study is based on the classic risk-
assessment approach proposed by the IPCC [62], stating that risk is a function of three
components: hazard, exposure, and vulnerability (Figure 1). From a meteorological point
of view, a hazard is, in general, a weather or climate condition (frost, hailstorms, drought,
hurricane, torrential rain, etc.) that can have adverse effects on a vulnerable system, and
given its random nature, it is measured as the probability of a particular phenomenon to
occur [63]. In the present study, we focused on the phenomenon of drought hazard and its
impact on rainfed agricultural areas; therefore, we will refer to agricultural drought hazard
as the probability of a drought event to occur within a definite timeframe, in a specific
space, and with enough intensity to cause damage (partial or total losses) to rainfed crops.
Exposure is defined as the presence of people, properties, livelihoods, and systems prone
to potential damage and loss. In the context of agricultural drought, exposure includes
the crops, the farmers, and other people working in the agricultural sector who are at
risk of losing their jobs, food sources, or income [64]. Vulnerability refers to someone’s or
something’s propensity to be adversely affected; it includes various concepts and elements,
including sensitivity or susceptibility to damage and lack of adaptive capacity. In the
case of agricultural drought, vulnerability describes how sensitive (susceptible) soil and
agricultural production are, as well as the people who depend on exposed agriculture, to
the impacts of drought hazard (susceptibility), and which resources can be used by people
or the agroecosystem to reduce the impact of the hazard (coping capabilities) [65].

Figure 1. Classic approach to drought risk assessment.

Under this approach, the magnitude of a drought event, in addition to exposure and
vulnerability data, can be used to determine the potential impact of a specific drought
event [66]. In other words, drought risk can be expressed mathematically by the following
functional relationships:

R = f (H + E + V) (1)
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V = f (S− AC) (2)

where R = Drought risk, H = Hazard E = Exposure, V = Vulnerability, S = Sensitivity, and
AC = Adaptive capacity.

Several risk assessments have been carried out using the conceptual framework
described above and different methods to quantify and analyze the concepts involved
(e.g., [29,32]). Drought hazard is often evaluated using historical, hydrological, or climate
information to characterize the frequency, severity, duration, and geographical extent of the
phenomenon and determine its probability of occurrence using a series of indices designed
to analyze different types of drought [25]. In the case of agricultural drought, soil moisture
and vegetation health indices are usually obtained and processed by remote sensors
(satellite images) [46,47]. Methods based on socioeconomic and environmental indicators
are the most widely used to evaluate exposure and vulnerability [20]; these indicators
are often combined to produce composite indices representing the different components
of vulnerability, exposure, and risk [28]. This methodological approach contributes to
understanding the multidimensional nature of these variables better; this is especially
useful in decision-making processes aimed at managing risk [20].

Thus, based on this reference framework, we determined hazard, exposure, vulnera-
bility, and risk indices for each of the municipalities in the state of Zacatecas and generated
the corresponding state maps using the materials and methods described below.

3. Materials and Methods
3.1. Study Area

The state of Zacatecas is located in Mexico’s north-central region, in the Mexican
Plateau physiographic region (Figure 2a); it has a surface area of 75,284 km2, which
represents 3.8% of the national territory, and is divided into 58 municipalities (Figure 2b),
whose main characteristics (area, population, rainfed agricultural area) are presented in
Table S1 (Supplementary Materials). The state is characterized by its arid zones (dry or semi-
dry climates) covering more than 75% of its territory (Figure 2c). Average annual rainfall
varies from 300 mm per year in the north to 800 mm per year in the south (Figure 2d).
These climatic conditions contrast with those of the southern and southeastern states of
the country, which are characterized by warm and rainy climates, with rainfall ranging
between 1000 and 3000 mm per year. Therefore, the state of Zacatecas is highly vulnerable
to the presence of drought and has been one of the most affected by this phenomenon
over the past years. Agriculture and stockbreeding are the 2 main economic activities
in Zacatecas; 79% of its surface area presents favorable conditions for these activities
(Figure 2e). An average of 1.24 million hectares of crops was sown from 1985 to 2019, 88%
of which (1.09 million hectares) were rainfed, and the remaining 12% (0.15 million hectares)
were irrigated. Of the total area devoted to crops, 57.9% is used to grow beans, making the
state the first bean producer in the country. This is followed by maize, with 27.3% of the
planted surface, forage oats, with 4.9%; chili, with 2.6%—and the remaining percentage
(7.3%) is distributed among other crops such as wheat, sorghum, and fruits [67].
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Figure 2. Maps of the state of Zacatecas: (a) Geographical location in Mexico; (b) Municipal division;
(c) Types of climate; (d) Annual isohyets; (e) Potential soil use. Source: Prepared by the authors based
on [68].

3.2. Methodology

The proposed method was conducted in 3 stages (Figure 3). First, we analyzed
agricultural drought hazard at the municipal level using the Agricultural Stress Index
System (ASIS), specifically, its country version (Country-Level ASIS), which is based on
satellite information and was developed by the UN’s Food and Agriculture Organization
(FAO), which supports countries in the monitoring and early warning of drought affecting
agriculture [69]. Subsequently, we assessed exposure and vulnerability to drought based on
a set of socioeconomic and environmental indicators obtained from databases operated by
recognized Mexican institutions and combined these indicators using an analytic procedure
to generate exposure and vulnerability indices [20,50]. Finally, we determined agricultural
drought risk indices utilizing a weighted addition of hazard, exposure, and vulnerability
indices. The following sections describe these phases in detail.
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Figure 3. Methodological workflow to determine hazard, exposure, vulnerability, and agricultural
drought hazard indices.

3.2.1. Agricultural Drought Hazard Analysis

Having recognized that the problem of drought is significant for agriculture due to
its impact on world food security, the FAO has developed a global tool based on satellite
imagery to monitor and detect agricultural areas where crops could be affected by drought.
This tool is called the ASIS system and is operational in FAO-Rome at the global level
as technical support for the Global Information and Early Warning System (GIEWS) [69].
Based on the general methodological principles of the Global ASIS system, and with the
purpose of supporting countries to strengthen their agricultural drought-monitoring and
early-warning systems, the FAO developed a Country-Level ASIS, which simulates the
analysis that a remote sensing expert would carry out and simplifies the results in the form
of maps for end-users [70]. The tool is freely accessible and should be calibrated using
field information (maps of current soil use, sowing dates, length of crop cycle, and crop
coefficients); it is also more accurate than the global tool for detecting water stress in crops.
Drought monitoring is continuous; FAO provides free satellite data every 10 days, an ideal
period for monitoring annual crops because it considers the amount of water in the soil
(probability calculations are based on a historical record of 35 years of satellite images, also
freely available from FAO). The final results of the Country-Level ASIS are summarized in
maps, which can be easily interpreted by decision-makers so that drought prevention and
mitigation activities can be timely implemented [70].

• Fundamentals of Global ASIS and Country-Level ASIS

The ASIS tool uses the Vegetation Health Index (VHI) to assess agricultural drought [69,70].
This index is the result of work carried out by Kogan [71,72] in the National Oceanic and
Atmospheric Administration (NOAA) in the United States and has been successfully applied
in numerous studies and environmental conditions around the world, including Asia, Africa,
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Europe, and the Americas. It represents one of the first attempts to monitor and detect
the effects of drought in agriculture using data obtained by remote sensing [25]. To obtain
this information, satellite images in the visible and near-infrared channels obtained by the
Advanced Very High-Resolution Radiometer (AVHRR) sensor are used to detect and classify
vegetation stress caused by drought.

The VHI is a combination of the Vegetation Condition Index (VCI) and the Tempera-
ture Condition Index (TCI). The VCI is in turn derived from the Normalized Vegetation
Difference Index (NDVI) [73]. The latter is an indirect measure of primary production
as a function of its relationship with photosynthetically active radiation [74]. The VCI
locates the NDVI between the maximum and minimum of the historical series of satellite
information and is expressed as

VCIi =
NDVIi − NDVImin

NDVImax − NDVImin
(3)

where VCIi = Vegetation Condition Index for 10 i (10-day period i), NDVIi = Normalized
Vegetation Difference Index for 10 i, NDVImax = Absolute maximum value of the historical
series of NDVI indices, and NDVImin = Absolute minimum value of the historical series of
NDVI indices.

The VCI was designed to separate the climate component from the ecological com-
ponent that affects the value of the NDVI vegetation index. In general, VCI captures
precipitation dynamics better than NDVI, especially in heterogeneous geographical areas.
VCI reflects not only the spatial and temporal variability of vegetation but also quantifies
the impact of climate on vegetation [73,75].

For its part, the Temperature Condition Index (TCI) is calculated in a similar way
as the VCI, but it relates the temperature estimated by the infrared band of the AVHRR
sensor (channel 4). Kogan [71] proposed this index to remove the confounding effect of
clouds in the satellite evaluation of vegetation conditions due to the fact that channel 4 of
the AVHRR sensor is less sensitive to water vapor in the atmosphere than to visible light.
High temperatures in the middle of the cropping cycle indicate unfavorable or drought
conditions, whereas low temperatures indicate favorable conditions [71]. Consequently,
the expression of the index is

TCIi =
Tmax − Ti

Tmax − Tmin
(4)

where TCIi = Temperature Condition Index for 10 i; Ti = Temperature of 10 i; Tmax = Maximum
absolute temperature value in historical series; Tmin = Minimum absolute temperature value in
historical series.

Finally, the Vegetation Health Index (VHI) is calculated based on these 2 indices, which
is mathematically expressed as follows:

VHIi = aVCIi + bTCIi (5)

Thus, VHI is the additive combination of VCI and TCI for each 10-day period (10 i),
with values varying between 0 and 1. Parameters a and b are the weighting coefficients
(a + b = 1). In approximately normal conditions, vegetation is more sensitive to humidity
during leaf formation and to temperature during flowering [70]. According to [76], since
moisture and temperature contribution during the crop cycle is currently unknown, the
share of 10-day period VCI and TCI was set equally (a = b = 0.5) in Global ASIS. How-
ever, in some studies, different weighting coefficients were assigned to VCI and TCI; for
example, [75] determined the weights based on the correlation between VCI and TCI with
corn yield anomalies. In the present study, we carried out a preliminary correlation study
to determine the values of the coefficients that more accurately represented agricultural
drought conditions in the studied area, and we found that these values were a = 0.7 and
b = 0.3 [77]; therefore, we used these values when calculating the VHI index.
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This index is the most elementary indicator and the main entry for the Country-Level
ASIS tool, and it is available by pixel and 10-day period. The basic idea of the index is as
follows: the lower the observed VCI (relative lack of green color in vegetation) and the
higher the observed TCI (relatively warm temperature), the lower the VHI. Low VHIs are
indicators of drought, especially when they persist for long periods of time [74].

Based on the VHI, the Country-Level ASIS introduces the Mean Vegetation Health
Index (M-VHI) [78]. To incorporate different crop phenological sensitivities to water stress
over the crop-growing phases, crop coefficient (kc) [79] values were used for weighting the
temporal integration of VHIs during the crop-growing season (denoted as µVHI):

µVHI =
n

∑
d=1

kc(d) ∗VHI(d) (6)

where µVHI is the temporal weighted VHI by kc, with values ranging from 0 to 1; d is the
season in a year when a crop grows (season is defined by the start of the season (SOS) and
end of the season (EOS)); and kc is the crop coefficient, a series of values specific to the crop
of interest through its growing season.

M-VHI results are obtained from the average of these integrated µVHI values
(Equation (6)) within the spatial analysis dimension, which can be an administrative di-
vision or any specific area of interest [76]. Based on these data, the Country-Level ASIS
evaluates the severity (intensity, duration, and spatial extent) of agricultural drought and
presents final results at the administrative unit (state, municipality, district) or agroe-
cological level, which allows for comparisons with agricultural statistics in the studied
area [70,80].

The first step of the Country-Level ASIS is to calculate the M-VHI as crop development
progresses (time scale), which allows for the evaluation of intensity and duration of dry
periods within the crop cycle at the pixel level (see Figure 4a). The system is based on a
historical record of 35 years (1984–2019) of satellite information on VCI and TCI indices.
This record period guarantees that the series contains extreme drought events, which is
often not the case when using short series. To achieve this series of satellite data, an “inter-
calibration” study was carried out using data produced by the NOAA-AVHRR (available
since 1984 and has a 16-km resolution) and METOP-AVHRR (available since 2007 and has
a 1-km resolution) satellites [70,76,78].

Figure 4. Graphic representation of the temporal and spatial integration of the VHI in a dummy region of 10x10 pixels for
calculating the Agricultural Stress Index (ASI): (a) The M-VHI per pixel for the crop cycle was obtained based on a historical
series of VHI images of the study area taken every 10 days; subsequently, (b) A spatial integration using only the cultivated
area was carried out based on the M-VHI raster image. The ASI index is the percentage of the cultivated area within the
administrative area with M-VHI values lower than 0.35. All the pixels in the administrative area acquire the ASI value.
Source: Adapted from [70,80].
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The second step consists of calculating the percentage of agricultural area affected
by drought (pixels with M-VHI < 0.35, a value identified as critical in previous stud-
ies [71,74,75]) to evaluate the spread of the phenomenon (spatial scale) (see Figure 4b).
Therefore, the tool determines the Agricultural Stress Index (ASI), an indicator of anomalies
in vegetation growth and potential droughts in cultivated areas during a given agricultural
cycle [70,76,78]. The index represents the percentage of pixels of a specific type of crop or
land use within each administrative area affected by drought throughout the agricultural
cycle. Pixels with an M-VHI value below the 35% threshold are identified as drought sites.
When more than 50% of the cultivated area is affected by drought, an extreme drought
event can be assumed to be taking place along with a serious impact on food security [74].
Figure 4 illustrates the ASI calculation using a dummy example of a 10 × 10 pixel region.

Following the recommendations from FAO experts, the calibration and implementa-
tion of the system require the definition of a study area of agricultural importance that is
prone to suffering the effects of drought with some frequency. Ideally, the study area can
be, for example, a state, a watershed, an irrigation district, or a rural development area.
In this case, we took the first option and selected the state of Zacatecas as the study area,
which meets the requirements mentioned above.

• Calibration and adaptation of Country-Level ASIS in the study area

The protocol to calibrate and adapt the Country-Level ASIS was carried out based on
recommendations by [80–82], who describe the necessary steps for the implementation of
the system in a given country (or part of a country) and the necessary calibration to achieve
accurate monitoring and a probabilistic prediction of agricultural drought. The method is
described in the following paragraphs.

(a) Information gathering and geographic data preparation

System input data consist of 3 basic types: vector data (shapefile type), raster data
(georeferenced images), and data tables. To use them with the Country-Level ASIS, it is
first necessary to carry out conversion processes to obtain the required image formats. The
Country-Level ASIS performs all parameter and output data calculations using raster files.

The required information is as follows: (a) Administrative division map (states, mu-
nicipalities, rural development districts, etc.); (b) Land use coverage map (crop mask);
(c) Data on the phenology of selected basic crops (sowing and harvesting dates and cultiva-
tion coefficients).

The administrative division map for Zacatecas was obtained from the Mexican Geosta-
tistical Framework prepared by INEGI [68]; the map is a vector file (shapefile) that contains
information on state and municipal geostatistical areas, as well as polygons of urban and
rural areas, among other data. In this case, the administrative unit of interest is the mu-
nicipality, since statistical information on agricultural production is available at that level;
therefore, only the municipal division was employed, as shown in Figure 2b (described
in the previous section). This file was converted to raster format by geoprocessing using
SPIRITS (Software for the Processing and Interpretation of Remotely Sensed Image Time
Series) per the procedure described by [81].

The land use/cover map (crop mask) is considered the fundamental input for mon-
itoring agricultural drought because it pinpoints the location of the basic crops being
monitored. The crops considered by the present study were rainfed beans and grains
(maize, wheat, and sorghum); according to the FAO, these crops are important for food
security to guarantee an elemental diet. The crop mask for the study area was provided
in vector format (shapefile) by SIAP [83]; it was converted to a raster format (similar to the
administrative division map) to create the map shown in Figure 5.



Water 2021, 13, 1431 11 of 35

Figure 5. Mask of rainfed basic crops for the study area.

As can be appreciated in this map, the predominant crop in the state of Zacatecas is
bean; this produce is planted mainly in the central part of the state, and to some extent,
in the northwest and southeast parts of the state. Grain maize is mainly grown in the
southeast; however, scattered cultivation areas can be observed in the center, north, and
south. Grain sorghum and grain wheat are grown on a small scale in the state’s central
and southern parts. The Country-Level ASIS can be used for the independent analyses of
agricultural areas where, for example, maize or bean is grown.

The phenology of the selected crops refers to data on crop coefficients (kcs) and sowing
and harvesting dates. kcs are used to assign a different weight to the different phenological
phases. For example, in cereals, the phenological phase of flowering and grain filling is
more sensitive to water stress; therefore, this phase is given a high kc value so that the
phase acquires a predominant weight when integrating the VHI. The FAO recommends
using general kc values published in the literature when lysimeter studies determine that
kcs are unavailable for a given area. The present study used values indicated in FAO
Irrigation and Drainage Paper No. 56 [84] as shown in Table 1.

Table 1. Crop coefficients (kc) for selected basic crops.

No. Crop kc ini kc med kc end Max. Height (m)

1 Bean 0.4 1.15 0.35 0.40
2 Grain maize 0.7 1.2 0.60–0.35 2.00

3 Grain
sorghum 0.7 1.0–1.10 0.55 1.00–2.00

4 Grain wheat 0.7 1.15 0.40–0.25 1.00

In addition to crop coefficients (whose values generally vary between 0.3 and 1.2),
the sowing and harvesting dates of the crops must be determined based on the duration
of each crop’s vegetative cycle. These data were obtained from the document prepared
by INIFAP [85] and from a report by INEGI [86] on bean cultivation. These dates may
vary a few days or weeks depending on the municipality, but the present study considered
an average date for all municipalities in the state based on the planting and harvesting
periods for the entire state. The Country-Level ASIS requires these dates to be expressed
as a 10-day period counted since the first day of the year (i.e., 1–10 January). For instance,
if the sowing date for a crop were 25 January, it would be in the third 10-day period of
the year, and if it were 5 April, it would be in the tenth 10-day period of the year. Table 2
presents the sowing and harvesting periods of the selected crops expressed as calendar
dates and their corresponding average 10-day periods.
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(b) System installation and calibration

Table 2. Sowing and harvesting dates of basic crops in Zacatecas.

No. Crop Sowing Period

Average
Sowing Date

Expressed as a
10-Day Period

of the Year

Vegetative
Cycle (Days) Harvesting Period

Average
Harvest Date

Expressed as a
10-Day Period

of the Year

1 Bean 15 June–15 July 18 95 15 October–15 December 32
2 Maize 15 June–15 July 18 153 15 November–15 December 33
3 Sorghum 15 June–15 July 18 110 15 October–15 November 30
4 Wheat 15 June–15 July 18 120 20 October–20 November 31

The previously specified calibration protocol [82] indicates that the installation and
processing requirements of the Country-Level ASIS include a computer with an ideal hard
disk capacity of 10 TB dedicated exclusively to the agricultural drought monitoring system.
The required computer was acquired via an investment expense from the National Council
for Science and Technology (CONACYT), and the software was provided free of charge
by FAO. The system was installed and calibrated using advice from FAO experts, who
provided technical support during the process as well as manuals on how to use the tool.
The 35-year historical record (1984–2019) was downloaded via FTP (file transfer protocol)
from FAO HQ (Rome); the dataset was updated every 10 days via the same connection.
The essential vegetation indices to download were the VCI and TCI indices. These indices
were intended to calculate the VHI index, as previously mentioned. Figure 6 presents an
example image, including the VCI and TCI indices for the study area.

(c) Probabilistic analysis of agricultural drought

Figure 6. VCI (a) and TCI (b) indices for the second 10-day period of June 2011.

The ASIS-País system allows for 10-day and annual operations. Ten-day operations
are used mainly to analyze drought behavior during the crop cycle and early warning
purposes, whereas annual operations are used for historical drought, retrospective, and
probabilistic analyses. In this study, we employed annual operations to calculate the ASI
index by municipality and by year based on the 35-year historical record (1984–2019). The
ASI index’s annual operations show the status at the end of the year and the selected
agricultural cycle, which in this case corresponds to the spring-summer cycle. Thus,
based on the ASI index, we determined the degree of drought hazard (i.e., probability of
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agricultural drought by municipality) as follows: first, we calculated the drought hazard
index (DHI) using the following equation:

DHI = ∑n
i=1 ASIi

n
(7)

where ASI is the percentage of cultivated area affected by drought in each municipality
(including all selected crops) for a specific year i and n is the total number of recorded years.

After that, we fit a probability distribution function (PDF) to the sample data, i.e., to all
calculated DHI values for the state’s municipalities. For that purpose, we used the EasyFit®

software, which allows for the automatic fitting of more than 50 distributions to the sample
data and to select the best model in seconds based on the results of 3 goodness of fit
tests: Kolmogorov–Smirnov, Anderson–Darling, and Chi-square. Thus, of all the analyzed
PDFs, there were at least 10 that fit well to the sample data, from which we selected the
Generalized Extreme Value (GEV) distribution since it is one of the most widely used to
model and analyze the risk of extreme natural phenomena [87]. The cumulative distribution
function (CDF) of the GEV distribution is

F(x) = exp

[
−
(

1 + k
(

x− µ

σ

))− 1
k
]

for k 6= 0 (8)

F(x) = exp
[
−exp

(
− x− µ

σ

)]
→ for k = 0 (9)

where k, µ, and σ represent the shape, location, and scale parameters of the distribution
function, respectively. Note that σ and 1+k(x-µ)/σ must be greater than 0. The shape and
location parameters can take any real value. The resulting PDF for 2 categories of the shape
parameter (i.e., whether it is equal to 0 or not) is

f (x) =
1
σ

exp

[
−
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))− 1
k
][

1 + k
(
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)]− 1
k

for k 6= 0 (10)

f (x) =
1
σ

exp
[
−
(

x− µ

σ

)
− exp

(
− x− µ

σ

)]
for k = 0 (11)

Figure S1 (Supplementary Materials) presents a summary of the results obtained
by fitting the GEV distribution to the ASI index data sample. This summary includes
PFD and CDF charts; the calculated parameter values k, µ, and σ; and results of the
Kolmogorov–Smirnov, Anderson–Darling, and Chi-squared goodness of fit tests.

Subsequently, we grouped the standardized indices into 5 percentile categories of
equal size (20% each); in this way, we defined 5 degrees of drought hazard, as indicated in
Table 3. This classification into 5 categories is taken from our previous work [20,50] because
it has the advantage that it allows us to easily display and distinguish the different degrees
of hazard that municipalities have when they are represented on a map.

Table 3. Agricultural drought hazard classification categories.

Degree of Hazard Value of Percentile

Very low 0 < DHIi ≤ 20
Low 20 < DHIi ≤ 40

Moderate 40 < DHIi ≤ 60
High 60 < DHIi ≤ 80

Very high 80 < DHIi ≤ 100
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Finally, we developed an agricultural drought hazard map for the state of Zacatecas
using the ArcGis® software using the National Geostatistic Framework as a base map [68],
which outlines state and municipal divisions.

3.2.2. Evaluation of Exposure and Vulnerability to Drought

The procedures used for the construction of municipal indices of exposure and vul-
nerability to agricultural drought are very similar in both cases and are based on our
previous work [20,50]; the only differences are the indicators used in each case and the
corresponding index calculation formula, as described below.

• Selection of indicators and information processing

For an index to be easy to use and process, its formulation should rest on a small
number of indicators reflecting relevant and guiding aspects of the type of action to be
carried out by decision-makers [88]. This set of indicators, by themselves and especially
when disaggregated at the local level, could facilitate the identification and orientation
of actions to be promoted, strengthened, or prioritized in order to achieve a higher level
of safety from hazard. Consequently, a small number of all possible indicators must be
selected based on data availability, personal judgment, or previous research [89].

In this study, we took into account previous research when selecting indicators
(i.e., [20,50,54,90,91]), as well as data validity and direct relevance to the indicators to
be measured; however, the determining criterion was that data were open access, available
at the municipal level, and based on figures or proportions in databases generated by
recognized Mexican institutions [20,37,50], such as the National Institute of Statistics and
Geography (INEGI), and the Agri-Food and Fisheries Information Service (SIAP). There-
fore, we chose a set of 16 indicators, 6 of which are part of the Drought Exposure Index
(Table 4), and the remaining 10 make up the Drought Vulnerability Index (Table 5). The
exposure index is based on indicators reflecting the presence of agricultural systems (pro-
duction units), values (land, harvests), and people (farmers, day laborers, and producer’s
relatives) who are prone to damage and potential loss due to the hazard. On the other
hand, the vulnerability index is based on sensitivity indicators (reflecting the difficulties
and problems associated with agricultural production) and adaptive capacity (availability
of technical assistance and technology for production).

Table 4. Indicators of the degree of exposure to drought in agricultural systems.

Indicator Name Description Unit of Measurement Data Source

E1 Production units

Number of production units *
including rainfed agriculture as part of
the activities carried out within their
surface areas.

Adim. INEGI (2017)

E2 Rainfed agricultural
surface

Agricultural area in production units
where the water needed for crop
development comes directly from rain.

ha SIAP (2019)

E3 Value of agricultural
production

Value obtained from the production of
rainfed crops (beans, maize, wheat,
and sorghum).

Thousands of MXN SIAP (2019)

E4 Hired personnel

Number of people hired (day laborers)
for 6 months or more to carry out
agricultural activities in production
units.

Adim. INEGI (2017)

E5 Producer’ relatives
Number of producer’s relatives who
participate in agricultural activity in
production units.

Adim. INEGI (2017)

E6 Producer’s dependents
Total number of people who depend
economically on the producer,
regardless of age and sex.

Adim. INEGI (2017)

* A production unit is an economic unit consisting of 1 or more land portions located in the same municipality where at least 1 of them
carries out agricultural or forestry activities under the control of the same administration. If the administration includes land located in
another municipality, it is considered part of another production unit; that is, there will be as many production units as municipalities
occupying their lands.
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Table 5. Indicators of the degree of vulnerability to drought in agricultural systems.

Component
of Vulnerability Indicator Name Description Unit of

Measurement Data Source

Sensitivity

S1 Difficulty to access
credit and insurance

Percentage of agricultural
production units that have difficulty
accessing credit and insurance to
support their activities.

% INEGI (2017)

S2 Commercialization
problems

Percentage of production units with
agricultural activity that have
problems commercializing their
products (i.e., lack of means of
transportation).

% INEGI (2017)

S3
Unsuitable
organization for
production

Percentage of production units
where agricultural activity is carried
out and IS not part of producers’
organizations to access different
supportS or services.

% INEGI (2017)

S4
Insufficient
production
infrastructure

Percentage of agricultural
production units lacking sufficient
infrastructure to develop their
economic activities.

% INEGI (2017)

S5
Surface eroded or
impregnated with
saltpeter

Percentage of production units
surface suffering from erosion
problems and saltpeter presence in
their plots that negatively affect
their agricultural productivity.

% INEGI (2017)

Adaptive capacity

AC1 Technical assistance

Percentage of planted agricultural
surface that was counseled by
qualified technical personnel to
optimally carry out agricultural
tasks (soil preparation, sowing,
fallowing, tracing, fertilization, etc.)

% SIAP (2019)

AC2 Agricultural
technification

Percentage of sowed surface in
which any type of agricultural
machinery (tractors, harrows,
seeders, graders, threshers, etc.)
were used for soil preparation,
sowing, fruit harvesting, etc.

% SIAP (2019)

AC3 Fertilization

Percentage of the planted area that
includes chemical fertilizers or
agrochemicals in its production
process to improve soil nutrient
content.

% SIAP (2019)

AC4 Use of improved
seeds

Percentage of agricultural surface
planted with cyclic crops with
variety seeds obtained by highly
selective breeding or selection
process.

% SIAP (2019)

AC5 Phytosanitary
measures

Percentage of the planted
agricultural area receiving plant
health treatment to prevent the
appearance and spread of pests and
diseases that could affect crops.

% SIAP (2019)

Thus, once we selected the indicators and grouped them as indicated in the tables
above, we collected the information about them at the municipal level and built a database
using an Excel® spreadsheet. Subsequently, we performed a multicollinearity analysis
using SPSS® to avoid overrepresenting the selected indicators [33]. Overrepresentation
occurs when the variables involved in a model carry redundant data and the information
from 1 or more variables is also conveyed by others; that is, there are independent variables
that are strongly related to one another [92]. If 2 datasets have values showing a correlation
coefficient (r) higher than 0.90 (in the case of a positive correlation) or lower than −0.90
(in the case of a negative correlation), at least 1 of the variables must be eliminated, or
otherwise, both are merged and a new indicator is created [93]. In the present study,
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although some indicators showed a high positive correlation (see results in Figures S5–S7
in the Supplementary Materials section), the correlation was not strong enough to discard
or merge the indicators, so all the selected indicators were included in the evaluation and
normalized.

• Normalization of Indicators

Given that indicators were expressed in different units of measurement (%, ha, MXN,
etc.), their values were normalized so that all of them were expressed as dimensionless
values between 0 and 1 [20,50]. To carry out this procedure, we used the linear scaling
technique (LST) as defined by [94]; linear scaling is a widely used technique for constructing
synthetic social and economic indices. Thus, in the case of exposure and sensitivity
indicators that have a direct functional relationship with risk, we used the expression

Xi =
xi − xmin

xmax − xmin
(12)

In the case of adaptive capacity indicators, whose functional relationship with risk is
inverse, we used the following formula:

Xi =
xmax − xi

xmax − xmin
(13)

In both equations: Xi is the normalized value of variable xi and xmin and xmax are the
minimum and maximum values of dataset xi, respectively.

• Weighting of indicators

After obtaining normalized indicator values, we calculated their weights using the
method proposed by [95], which uses the following expression:

Wi =
1

(σi)
(

∑n
i=1

1
σi

) (14)

where Wi is the normalized indicator weight i, σi is the standard deviation of the set of
values for indicator i, and n is the number of selected indicators.

This weighting method prevents abnormally large variations in 1 or many indicators
from overshadowing the contribution of the rest of the indicators [20,50].

• Calculation of exposure and vulnerability indices

The following formula is used to calculate drought exposure indices (DEI):

DEI =
n

∑
i=1

XiWi (15)

where Xi is the normalized value of indicator i, Wi is the weight of normalized indicator i,
and n is the number of drought exposure indicators.

To calculate vulnerability indices, we first determined their components, i.e., sensitiv-
ity index (SI) and adaptive capacity index (ACI) using the following expression:

SI = ACI =
m

∑
i=1

XiWi (16)

where Xi is the normalized value of indicator i, Wi is the weight of normalized indicator i,
and m is the number of indicators associated with the respective component (sensitivity or
adaptive capacity).

Subsequently, we calculated drought vulnerability indices (DVI) by integrating the
2 previous indices and assuming a weight Wi of 12 for each of them (Equation (17). In
this case, we adjusted the ACI index by inverting its sign (according to the functional



Water 2021, 13, 1431 17 of 35

relationship expressed in Equation (2) to indicate that the higher the adaptive capacity, the
lower the vulnerability; for this reason, we subtracted this index from that in Equation (17):

DVI =
SI + (1− ACI)

2
(17)

• Fitting of exposure and vulnerability indices to a probability distribution

To classify the exposure and vulnerability indices divided into 5 equally-sized cate-
gories, we tested different PDFs to fit the data using the EasyFit® software and found that,
similarly to hazard indices, the General Extreme Value distribution fits well to the sample
values in both cases (see Figures S2 and S3 in the Supplementary Materials section).

Subsequently, we multiplied the values of the standardized indices by 100 to express
them as percentages and then grouped them into 5 percentile categories of equal size
(similar to the drought hazard indices), as shown in Table 6. This classification into 5
categories is taken from our previous work [20,50] because it has the advantage that it
makes it possible to easily display and distinguish the different degrees of exposure and
vulnerability that municipalities have when they are represented on a map.

• Mapping of exposure and vulnerability indices

Table 6. Categories to classify the degree of exposure and vulnerability to drought.

Degree of Exposure or Degree of Vulnerability Value of Percentile *

Very low 0 < Ii ≤ 20
Low 20 < Ii ≤ 40

Moderate 40 < Ii ≤ 60
High 60 < Ii ≤ 80

Very high 80 < Ii ≤ 100
* Where Ii refers to the exposure index or the vulnerability index accordingly.

We created maps to graphically represent exposure and vulnerability to agricultural
drought using a similar procedure as in the case of the drought hazard maps using the
ArcGis® software and the National Geostatistic Framework as a base map [68].

3.2.3. Determination of Agricultural Drought Risk Indices

Once the hazard, exposure, and vulnerability to agricultural drought indices were
calculated, we determined drought risk indices (DRI) at the municipal level based on the
additive combination of the 3 previous indicators, which were then weighted equitably
assuming a weight Wi of 13 for each of them:

DRI =
DHI + DEI + DVI

3
(18)

Subsequently, we adjusted risk indices to a probability distribution using EasyFit®

software and found that similar to the hazard, exposure, and vulnerability to drought
indices, the GEV distribution fit well with risk indices (see Figure S4 in the Supplementary
Materials); therefore, we used this probability distribution and classified the standardized
indices. Thus, we grouped the drought risk indices into 5 categories (analogous to the
hazard, exposure, and vulnerability indices), each of them representing a 20-percent range,
and classified them as follows: very low (0–20), low (21–40), medium (41–60), high (61–80),
and very high (81–100). Based on this classification, we proposed that the criteria for
risk acceptability would be as follows: if the level of risk was low or very low, it was an
acceptable risk; if the level of risk was moderate, it was improvable; and if the level of
risk was high or very high, it was not acceptable and measures should be put in practice
to reduce it. Finally, we developed the agricultural drought risk map at the municipal
level using the ArcGis® software, using the National Geostatistical Framework as a base
map [68].
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4. Results
4.1. Agricultural Drought Hazard
4.1.1. Areas Affected by Agricultural Drought

Figure 7 shows annual maps of Zacatecas according to mean annual VHI values
(1985–2019); these maps show the intensity of water stress in the agricultural areas where
the crops of interest are grown for each year in the series. The maps reveal five episodes of
severe drought: 1989, 1995–1997, 1999–2001, 2005, and 2011–2012. The last event has been
the most profusely documented concerning the repercussions of the most severe drought
in the country’s central and northern states since 1941; the event took place in 2011–2012,
affecting 1,213 municipalities in 19 states [12,13]. The maps also show that agriculture is in
constant hazard of drought in the state of Zacatecas; the crops of interest present a water
stress trend (M-VHI < 0.35) in at least 50% of the analyzed years.

Figure 7. Mean annual VHI values for selected crops in Zacatecas (1985–2019).

Similarly, Figure 8 allows for quantitative analysis of the percentage of agricultural
surface affected by drought (ASI) at the municipal level for the same analysis period
(1985–2019). Considering the years when vegetation health was poorest (1989, 1995–1997,
1999–2001, 2005, and 2011–2012), the ASI index showed that, in the worst years (1997, 2005,
and 2011), more than 50% of the agricultural areas of most municipalities in the state of
Zacatecas were affected by drought. In at least 40% of the analyzed years, at least one
municipality presented a percentage of agricultural surface affected by drought between
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30 and 50%. In general, the studied area is characterized by frequent and, in some cases,
severe drought intensity in the central and northern parts of the state, where the main
agricultural areas are located.

Figure 8. Evolution of average percentage of area affected by drought (ASI) in Zacatecas (1985–2019).

These results are in general agreement with those obtained by other studies analyzing
drought in the state of Zacatecas using different meteorological drought indices, among
them the Standardized Precipitation Index (SPI) [42,58,96], the Reconnaissance Drought In-
dex (RDI) [42,58], and the Standardized Precipitation-Evapotranspiration Index (SPEI) [42].
These studies found that the most severe droughts occurred during the study period be-
tween 2005 and 2011 [58,96], and they also identified the most important dry periods, such
as 1995–1997, 1999–2001, and 2011–2012 [41,42].
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The results of our investigation are also largely in line with data on agricultural
surfaces affected by climatic and hydro-meteorological phenomena (drought, frost, snow,
hailstorms, etc.) in the state of Zacatecas, which are reported annually by SIAP [67]
(Figure 9). This figure shows the evolution of the affected area and the damage caused by
this type of phenomenon from 1985 to 2019 for the rainfed crops analyzed in the present
study (bean, maize, sorghum, and wheat). In some years, the impact on crops could be
caused by one or more climatic phenomena, but unfortunately, the statistics reported
by SIAP fail to differentiate the damages attributed to each phenomenon; however, in
Zacatecas, the main climatic disaster is known to be drought [97,98]. Thus, Figure 9 shows
the years in which severe agricultural drought occurred in most of the state (1989, 1997,
2005, and 2011) in red (Figure 8); the figure shows a trend toward an increase in both
affected area and economic losses as a result of this phenomenon. As can be observed,
a severe drought event occurs approximately every 8 years. In the last 2 years of severe
drought (2005 and 2011), the affected area was more than 350 thousand hectares, and the
damage caused was more than 1 billion MXN (approximately 50 million USD); 2011 saw
the most considerable economic losses throughout the study period: more than 1.2 billion
MXN (approximately 60 million USD).

Figure 9. Affected agricultural surface and amount of annual damage to rainfed crops in Zacatecas
(1985–2019). Source: prepared by the author using information from SIAP [67].

According to the National Center for Disaster Prevention (CENAPRED), more than
40% of rainfed agricultural land in the spring–summer cycle was lost in the state of Zacate-
cas in 2005, specifically, maize, bean, and oatmeal, and thousands of livestock were affected
because the pastures were not fully developed and the drinking troughs were dry [99].
Similarly, CENAPRED reported that drought affected more than 267 thousand hectares in
2011 and that more than 160 thousand livestock were lost, equivalent to 1.7 billion MXN
(approximately 88 million USD) [14]. Although the damage was probably more intense,
42 of the 58 municipalities in the state were officially declared as disaster areas due to
severe drought from May 1 to November 30, 2011 [100], which allowed them access to the
economic resources of the Natural Fund for Disasters (FONDEN). Moreover, the drought
period lasted until 2012 (although the damaged area decreased considerably in comparison
with the previous year, as can be observed in Figures 8 and 9), which resulted in a new
declaration of natural disaster due to atypical, unpredictable, and non-recurrent droughts
from June 1 to August 31, 2011, for the vast majority of the state’s municipalities [101].

4.1.2. Degree of Drought Hazard by Municipality

Figure 10 shows the agricultural drought hazard map at the municipal level in Zacate-
cas obtained from the DHI values (proposed in this study), which was calculated using
the historical values of the ASI index. As can be observed in this map, the municipali-
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ties with the highest degrees of hazard are located in the north and center of the state,
precisely in the arid and semiarid regions, which are regularly affected by droughts of
different intensities [58]. In order of size, municipalities with a very high degree of drought
hazard are Mazapil, Villa de Cos, Gral. Fco. R. Murguía, and Melchor Ocampo, among
others. However, although the largest municipality in the state is Mazapil (16.1% of the
state surface), only 1.3% of its agricultural surface is rainfed, and therefore, the effects of
drought in this municipality have a minor impact on the state as a whole. On the other
hand, the seven municipalities with the largest agricultural surface (Sombrerete, Fresnillo,
Río Grande, Villa de Cos, Miguel Auza, General Fco. R. Murgía, and Sain Alto, which
account for 50.3% of the sown area per year) have high and very high degrees of drought
hazard. Therefore, given that practically half of the state’s agricultural activity occurs in
these municipalities, if they are affected by drought, the negative impacts on regional and
national economies are severe since it affects not only agriculture but also the livestock and
services sectors [97].

Figure 10. Agricultural drought hazard map.

This distribution of agricultural drought hazard is in marked agreement with the
distribution of total annual precipitation in the state of Zacatecas [102,103]. Municipalities
with a very high degree of agricultural drought hazard are located in the Semi-desert region
and have the lowest annual precipitation, ranging from 300 to 400 mm; municipalities
with a high degree of drought hazard are located in the Highlands region and have
annual average precipitation of 400–500 mm; municipalities with medium and low degrees
of drought hazard are located in the Mountains region, and their annual precipitation
ranges from 500 to 700 mm; municipalities with a very low degree of drought hazard are
located in the Canyons region, and their precipitation is over 700 mm per year. In other
words, the degree of agricultural drought hazard is inversely related to the amount of
rainfall in each region, which is greatly influenced by relief. Thus, relief and rain patterns
define the production activities carried out by the inhabitants of each region. As expected,
the municipalities with the highest agricultural potential are located in the Highlands
region, characterized by extensive grasslands and low-slope plains [104] favorable for the
production of beans and forage crops such as corn and oats, as well as horticultural species
such as pepper, onion, chili, and garlic. Goat-rearing is common in the Semi-desert region
to produce meat and milk; the Mountains region is characterized by forestry activities; and
the main activities in the Canyons region are the production of calves, guava, tequila agave,
and a great variety of vegetables and flowers [102].
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4.2. Exposure to Agricultural Drought

Drought exposure is defined as the presence of people, property, livelihood forms,
and systems that are prone to potential damage and loss due to the hazard [62]. In this
case, exposure includes rainfed cultivated areas, agricultural production units, and farmers
themselves, as well as their dependents and other people working in the agricultural sector
who are at risk of losing their jobs, food sources, and economic income. Figure 11 presents
a map of agricultural drought exposure at the municipal level for the state of Zacatecas.
This map shows that most of the municipalities in the center region (the Highlands region)
have a very high degree of exposure to agricultural drought since this is where the main
rainfed maize- and bean- producing municipalities are located (Fresnillo, Sombrerete, Río
Grande, Sain Alto, General Fco. R. Murgía, and Villa de Cos, among others). The southeast
municipality of Pinos is also important for agriculture in the state.

Figure 11. Exposure to agricultural drought map.

Table 7 presents the distribution of the number of municipalities, rainfed agricultural
surface, production units, and people who depend on agriculture by the degree of agricul-
tural drought exposure. The table shows that 34.5% of the state’s municipalities have high
and very high degrees of drought exposure and account for 78.6% of rainfed agricultural
land and 75.6% of production units; 75.5% of people who depend on agricultural activity
work, including day laborers, farmers, and their families live in these municipalities. There-
fore, given that practically three-quarters of the population who depend on agriculture lives
in these municipalities, the presence of drought in these regions has severe socioeconomic
impacts throughout the state. This is because producers of staple crops such as maize and
beans often use family labor to carry out agricultural work and, as a complement, hire
personnel over the agricultural cycle. Most hired laborers come from communities in the
same municipality or neighboring ones and form crews to reduce transportation costs. An
evident shortage of day laborers has been identified in certain municipalities, especially for
the harvest, since they prefer to provide their services to producers who grow more than
20 hectares to guarantee their occupation for the longest time possible [105].
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Table 7. Distribution of the number of municipalities, rainfed agricultural surface, production units, and people who
depend on agriculture by the degree of agricultural drought exposure.

Degree of
Exposure

Municipalities Rainfed Agricultural
Area Production Units People Who Depend on

Agriculture *

No. % ha % No. % No. %

Very high 12 20.7 720,729 68.4 78,926 59.9 336,528 59.7
High 8 13.8 107,245 10.2 20,704 15.7 88,901 15.8

Medium 14 24.1 138,365 13.1 17,809 13.5 81,172 14.4
Low 10 17.2 57,500 5.5 7,885 6.0 32,479 5.8

Very low 14 24.1 29,969 2.8 6,373 4.8 24,648 4.4

Total 58 100.0 1,053,807 100.0 131,697 100.0 563,728 100.0

* Includes farmers, hired day laborers, and family members who depend economically on the farmers.

In the main agricultural municipalities, producers used to own an average of 40 hectares.
Over the past decades, the surface area per farmer has decreased because the land is being
sold or inherited (quite common in the region). The consequences of reducing arable land per
producer are: (1) Unemployment because large producers often use technological solutions and
employ fewer day laborers; (2) Productivity becoming increasingly more difficult to achieve
because small producers cannot afford technification [106]. Therefore, small producers are
more likely to lose their crops and economic income due to drought.

4.3. Vulnerability to Agricultural Drought

Vulnerability to agricultural drought describes, on the one hand, how susceptible
rainfed agricultural production systems are to the impacts of drought hazard, and on the
other hand, what skills or resources (adaptive capacities) the systems have to cope with the
impact. Figure 12 presents a map of the degree of vulnerability to agricultural drought in
Zacatecas. It shows that highly vulnerable municipalities are located mainly in the center,
many of them characterized by their large size, especially in the case of Sombrerete, Río
Grande, Fresnillo, and Villa de Cos. There are other large municipalities with a high degree
of vulnerability throughout the state, such as Mazapil, Gral. Fco. R. Murgía, Juan Aldama,
and Miguel Auza in the north; Sain Alto and Valparaíso in the center, and the municipality
of Pinos in the southeast, among others.

Figure 12. Vulnerability to agricultural drought map.

Table 8 presents a summary of sensitivity indicators in agricultural production systems
according to their degree of vulnerability to drought. From this table, it can be deduced
that, in sum, 45.68% of production units with high and very high degrees of vulnerability
have difficulty accessing loans and insurance; 37.12% have problems commercializing their
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products; 27.43% lack sufficient production infrastructure, and 18.22% are unsuitable for
production. These four characteristics are the main determinants of their high degree of
vulnerability. Production units where the surface is eroded and rich in saltpeter represent a
minimum percentage (less than 1.00%); this percentage is not significant for the entire state
of Zacatecas.

Table 8. Average value of sensitivity indicators according to the degree of vulnerability to agricultural drought.

Degree of
Vulnerability

Difficulty of
Access to Credit
and Insurance *

Problems in
Commercialization *

Unsuitable
Organization for

Production *

Insufficient
Production

Infrastructure *

Surface Eroded or
Impregnated with

Saltpeter *

Very high 25.99 21.40 11.76 17.73 0.28
High 19.69 15.72 6.46 9.70 0.05

Medium 18.55 5.40 5.28 6.91 0.29
Low 10.56 6.81 2.17 5.95 0.09

Very low 6.23 3.42 0.97 2.04 0.02

Average 16.20 10.55 5.33 8.46 0.15

* In all cases, the value represents the average percentage of production units presenting the specified problem.

Table 9 presents the strengths (adaptive capacities) of agricultural production systems
according to their degree of vulnerability to drought. This table shows that, regardless
of the degree of vulnerability, the adaptive capacities of agricultural production systems
in the state of Zacatecas are very low, since, in the vast majority of cases, less than 2.00%
of the agricultural surface used technical assistance, agricultural machinery, and other
technologies (fertilizers, improved seeds, and plant health treatments) to produce crops.

Table 9. Average value of adaptive capacity indicators according to the degree of vulnerability to agricultural drought.

Degree of
Vulnerability

Technical
Assistance *

Agricultural
Mechanization * Fertilization * Use of Improved

Seeds *
Phytosanitary

Measures *

Very high 3.60 2.63 4.58 0.07 6.81
High 2.47 2.46 2.09 0.01 0.74

Medium 0.68 1.15 0.33 0.02 1.46
Low 0.77 1.17 0.68 0.01 1.05

Very low 0.66 0.61 0.24 0.01 1.36

Average 1.73 1.68 1.70 0.02 2.28

* In all cases, the value represents the average percentage of planted agricultural area in which the specified feature was used.

Apparently, production units with very high vulnerability use more technology than
the rest (since they have the highest percentages of adaptive capacity indicators), which
may seem paradoxical. However, the reality is that these production systems are located in
the main agricultural municipalities in the state and, consequently, are technically more
advanced than the rest; nevertheless, these municipalities are equally vulnerable because,
as described above, their weaknesses far outweigh their strengths.

In the main agricultural municipalities, large producers have successfully adapted
to technological change and trade liberalization derived from the North American Free
Trade Agreement (NAFTA), signed in 1992 between Mexico, the United States of America,
and Canada. Since 1993, when the agreement was signed, Mexican farmers (especially
low-income farmers whose production is mostly used for self-consumption) have received
annual economic support through the Direct Agricultural Support Program (PROCAMPO)
as a compensatory aid before the commercial opening of NAFTA, which entailed a com-
petitive disadvantage for national producers given the high subsidies granted to their
counterparts in the partner countries. However, despite the government’s intentions,
resources were not invested in inputs or agricultural machinery because many farmers
used them to help their families survive or to pay debt [106]; the technological level of
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agricultural production is still very low and, therefore, highly vulnerable to climate events
such as drought and other extreme phenomena.

4.4. Agricultural Drought Risk

The integration of municipal indices of hazard, exposure, and vulnerability to agricul-
tural drought resulted in risk indices whose spatial distribution in the state of Zacatecas
can be appreciated in Figure 13. This map is congruent and consistent with the previous
maps; municipalities at very high drought risk (Sombrerete, Fresnillo, Río Grande, General
Fco. R. Murgía, Villa de Cos, and Miguel Auza) are mainly located in the center and north
of the state, and they are the most important to agriculture.

Figure 13. Agricultural drought risk map.

These results are in line with records of agricultural surface affected by weather
phenomena (droughts, frosts, hailstorms, etc.), published annually by SIAP [67] and
available at the municipal level from 2003 to 2019. Figure 14 shows the total affected area
surface and the total amount of damage caused by these phenomena over the period to
the rainfed crops considered in the present study (beans, maize, wheat, and sorghum). In
some years and municipalities, the impact on crops could have been due to one or more
climatological phenomena, but the SIAP statistics fail to differentiate the damage caused
by each phenomenon. However, the municipalities that the present study found to be at a
very high risk of agricultural drought are shown in red in Figure 14; these municipalities
are also the ones reporting the highest economic losses and the largest affected areas due to
climate-related phenomena. The following were the most affected municipalities arranged
from the least to the most affected: Fresnillo, Villa de Cos, Gral. Fco. R. Murguía, Río
Grande, Sombrerete, and Miguel Auza. Similarly, the same figure shows that the affected
areas in these municipalities during the 2003–2019 period were larger than 80 thousand
hectares in each (more than 160 thousand hectares in Fresnillo), and economic losses in
all cases were higher than 250 million MXN (approximately 12.5 million USD) and higher
than 500 million MXN (approximately 25.0 million USD) in the municipality of Fresnillo.
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Figure 14. Sum total of damaged agricultural area and the total amount of damage per municipality for rainfed crops in
Zacatecas from 2003 to 2019.

Table 10 presents the distribution of the number of municipalities, rainfed agricultural
surface area, production units, and people who depend on agriculture by their degree of
agricultural drought risk. The table shows that 32.7% of the state’s municipalities have a
high and very high degree of drought risk; 75.8% of the state’s rainfed agricultural land and
63.6% of its production units are located in these municipalities, and 67.4% of the people
who depend on agricultural work, including day laborers, farmers, and their dependents
live there. Therefore, the state’s agricultural activity is at risk of facing the adverse effects of
drought. Livestock grazing is another economic activity at risk because drought decreases
the production of pasture, and water becomes scarce at livestock troughs [97].

Table 10. Distribution of the number of municipalities, rainfed agricultural surface, production units, and people who
depend on agriculture by their degree of agricultural drought risk.

Risk
Degree

Municipalities Rainfed Agricultural Area Production Units People Who Depend on
Agriculture *

No. % ha % No. % No. %

Very high 6 10.3 497,925 47.3 38,030 28.9 169,496 30.1
High 13 22.4 300,763 28.5 45,702 34.7 210,542 37.3

Medium 17 29.3 164,954 15.7 28,742 21.8 106,571 18.9
Low 19 32.8 84,518 8.0 18,138 13.8 71,951 12.8

Very low 3 5.2 5,648 0.5 1,085 0.8 5,168 0.9

Total 58 100.0 1,053,807 100.0 131,697 100.0 563,728 100.0

* Includes farmers, hired laborers, and family members who depend economically on farmers.

The high risk of agricultural drought in the most important bean-producing municipal-
ities of Zacatecas is especially important for regional and state food security; in severe cases,
it can have national repercussions because the state is Mexico’s main bean producer [67].
This legume is essential in the national diet and is the primary protein source for a large
part of the population; it cannot be replaced by a similar low-priced food [107]. Therefore,
any effect on the state’s bean production will have adverse effects beyond the local or
regional scale. When bean production decreases as a result of drought, legume prices tend
to increase at the national level and imports increase, especially from the United States of
America [107].
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5. Discussion

The results of this study should be discussed within the broader context of natural
climate variability, global climate change, national vulnerability to drought, and public
policies implemented by Mexico to reduce vulnerability.

Concerning natural climate variability, it is important to highlight that the geograph-
ical location of the state of Zacatecas makes it particularly prone to drought with some
frequency since it is located between the interior basins of the center-north region (i.e.,
the Mexican Plateau) characterized by low precipitation and general aridity due to its
location with respect to the subtropical high-pressure zone and the general orientation of
its geographical barriers [96]. Other precipitation phenomena, such as El Niño-Southern
Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) also influence precipita-
tion: they tend to produce above-average rainfall in Zacatecas in their positive (warm)
phases [103,108]. However, the effects of El Niño are not always associated with higher
rainfall, since, for example, when this phenomenon occurred in 1997, its effects on national
agriculture (including Zacatecas) were low rainfall and crop losses of up to 50%, mostly
rainfed maize and bean [109]. Thus, although some relationships between El Niño, La Niña
(ENSO’s cold phase), and Mexico’s precipitation variability have been found, this infor-
mation is insufficient to predict the magnitude and severity of a drought event, much less
to determine its potential effects on different economic activities such as agriculture [110].
This is because the intensity of the El Niño phenomenon has been observed to be unrelated
to the severity of drought in Mexico and other parts of the world. [111]. An example of this
lack of an association is the 2011–2012 drought that affected most of the national territory
and could not be related to the El Niño phenomenon because the cold phase of ENSO (La
Niña) was taking place during those years [110].

In fact, climate variability in the state of Zacatecas has increased over the past years.
Recent research shows an increase in both dry and wet periods, i.e., increasing extreme
weather over time [96]. According to a study by [41], from 1950 to 2014, extreme severe
meteorological droughts occur in the state of Zacatecas around every 10 years. In the
present study, severe agricultural droughts were observed to occur every 8 years from 1935
to 2019, increasing in frequency in recent decades. According to research by [42], total
annual precipitation as wet days decreased by 6.20 mm per decade in the state from 1961 to
2014. This reduction was mainly concentrated in the center and south of the state and was
associated with a decrease in autumn and summer rain; the number of consecutive dry
days (annual regional average) tended to increase, with 58.6% being statistically significant,
especially in central and southern Zacatecas. In this regard, in a study by [102], trends
estimated by the SPI index were found to be predominantly negative toward the end of the
study period (1964–2014), which indicates lower-than-mean precipitation throughout the
state. Other studies have found no decrease in total precipitation in the state, but rainy days
are most certainly less frequent and more intense [108]. Temperature changes have also
been observed: maximum temperatures have increased significantly, and minimum tem-
peratures have decreased, resulting in an amplification of thermal oscillation [108]. These
temperature changes (especially those associated with higher maximum temperatures) are
consistent with nationwide [15,112] and global [62,113] observations, an indication that lo-
cal and regional trends reflect climate change taking place at the planetary scale [62]. In this
context, the changes in precipitation and temperature patterns in Zacatecas represent a risk
of adverse conditions for agricultural production because these changes affect the duration
of the crop’s phenological cycle, increase potential evapotranspiration, and consequently,
plants have higher requirements to meet their demands, which can have a negative impact
on rainfed crop production [114], hence the need for management practices and systems
capable of maintaining agricultural production and avoiding food security problems [115].

However, as described in the present article, the socioeconomic and environmental
conditions of agricultural production systems, which determine the degree of exposure and
vulnerability to agricultural drought in the state, are quite unfavorable. However, these
conditions are not unique to the state of Zacatecas: high economic, social, and environmen-
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tal vulnerability indices prevail in other parts of the country. It is estimated that 24.7% of
Mexican municipalities are highly or very highly vulnerable to drought; these municipali-
ties represent 52.2% of the national territory and are home to 43.7 million people, 38.9% of
the national population [20]. The socioeconomic and environmental characteristics of these
municipalities make them especially susceptible, for example, poverty, marginalization,
and social backwardness; their agricultural and stockbreeding activities are sensitive and
exposed to climate variations due to the lack of an adequate infrastructure; they suffer
from severe deterioration of natural resources due to deforestation, soil degradation, and
aquifer overexploitation, among others [20]. Vulnerability to drought is inversely related
to the degree of economic and social development in the affected areas, whereas drought is
rarely a serious threat to the more-developed regions because they have the economic and
structural means to cope with the phenomenon; in the less-developed areas, drought is
frequently followed by hunger, poverty, migration, and reduced well-being and quality
of life, situations against which local inhabitants have very few elements to cope [20,116].
The technological level of a region or country, as well as its organizational, institutional,
and social profiles, are key elements in vulnerability to drought. A clear example of these
differences in vulnerability can be observed when comparing Mexican and American
farmers living near the border between their countries: they share similar physical and
biological conditions compared to their different social, political, economic, and histor-
ical backgrounds [116,117]. The former are clearly more vulnerable than the latter. In
Mexico, water availability is a decisive factor for populations and small communities to
be abandoned by an economically active population who seek opportunities elsewhere,
either in large cities or in the neighboring country to the north. These circumstances often
exacerbate the social effects of the phenomenon; they create “ghost towns” where only
women, children, and old people remain, living off the meager products of their lands
and the resources sent by their young who have migrated and are irrefutable proof of
the scope and impact of drought [118]. Recent research demonstrates that when crop
production—mostly corn—is reduced due to drought, a significant increase in migration
from Mexico to the United States often follows [119]. Zacatecas is the Mexican state with
the highest rates of migration to the United States [120].

Therefore, it is necessary to implement actions, strategies, and preventive and miti-
gation measures via public policies and social programs to reduce the vulnerability and
risk of the rural sector to the presence and recurrence of drought events, especially consid-
ering the consequences of climate change. Although historically, different social groups
in Mexico have had the ingenuity and organization to face drought [9–11], its adverse
effects inevitably need to be systematically addressed using a proactive risk management
approach [13,116]. In other words, state policies are needed for each of the affected sectors,
especially agriculture, stockbreeding, and water resources [112]. The role of the state in the
distribution of resources and the strengthening of local response capacities (under a proac-
tive approach) is widely acknowledged as one of the most important determinants of the
severity of the effects of drought [121,122]. In Mexico, drought is traditionally addressed
using a reactive approach where the focus is facing the crisis rather than managing risk.
When severe drought occurs, federal support is provided to affected farmers and livestock
breeders via the Natural Disaster Fund (FONDEN) and the Fund to Support Population
Affected by Climate Contingencies (FAPRACC), and state governments often implement
emerging humanitarian and agricultural support programs—for example, the delivery of
water by tankers to affected communities, food to rural populations, food supplements
for livestock, and checks or cash to affected people—but all of these programs lack a well-
defined and far-reaching purpose and, therefore, are not designed as comprehensive plans
with specific strategies that could be replicated in future drought events [12,13,116]. As a
result of the 2011–2012 drought, the federal government launched the National Program
Against Drought (PRONACOSE), which sought to change the traditional approach to
coping with the effects of this phenomenon by moving from reactive emergency responses
to a proactive approach focused on risk management; the Mexican Drought Monitor (MSM)
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and the Drought Prevention and Mitigation Measures Programs (PMPMS) were created
to support PRONACOSE in each of the 26 Watershed Councils into which the country is
divided [12,13,123]. However, since their inception, these programs have lacked sufficient
budgets and adequate follow-up strategies, mainly due to the constant rotation of the
people responsible for their implementation in federal and state government agencies, and
because there have been no severe drought conditions in the country in recent years.

On the other hand, although the Mexican Drought Monitor is useful to provide an
overview of the national drought profile, it has several disadvantages that prevent it from
being fully functional for real-time decision-making. First, it fails to use an objective
and systematized method to assign specific weight to each of the indicators and indices
comprising the MSM for the design of the drought map published every 2 weeks; therefore,
the outlines of areas presenting drought responds to the criteria of the experts who design
the maps. Additionally, the inclusion and combination of different types of drought indices
(meteorological, agricultural, and hydrological) prevent the differentiation and recognition
of the impact of the phenomenon on the different sectors of water users (industrial, urban
public, farmers, etc.); this shortfall makes the system inadequate for decision-making in
specific sectors such as agriculture, stockbreeding, or drinking water systems because it
fails to consider the relationship between water supply and demand (water balance) for
the different types of consumptive uses. The indices used to monitor vegetation conditions
(VHI and NDVI) are useful to determine drought conditions in agriculture; however, these
are based on satellite images and are not calibrated with field data (e.g., phenological
stages of crops and sowing and harvesting dates), which makes it impossible to estimate
the probability of agricultural drought or to issue timely warnings for the sector with
any degree of reliability. For these reasons, we recommend the complementary use of
specific tools for drought monitoring and early warning in agriculture, such as the FAO
Country-Level ASIS system that we used in this research.

In this context, it is evident that much work remains to be completed in terms of
reducing drought vulnerability and managing drought risk in Mexico, especially in rural
areas where a significant part of the population lives and works and whose main economic
activity is rainfed agriculture. Therefore, due to its economic and social relevance, this
production activity must have adequate measures and strategies to cope with the high
probability of significant drops in precipitation volumes expected as a result of climate
change [15,51,52,97,113]. In this regard, some of the agricultural drought risk management
and climate change adaptation strategies that must be adopted and implemented by public
policies and government programs such as PRONACOSE or the various rural support
programs are:

# Improving the capabilities of the National Meteorological Service to conduct drought
early-warning and monitoring activities by expanding and equipping the national
network of weather stations, investing in state-of-the-art technology, and collaborating
with national and international institutions to exchange and disseminate information;

# Establishing a communication strategy to disseminate rainfall and drought seasonal
early-warning measures for agriculture using different national and local media
(radio, television, press, internet, etc.);

# Promoting the modernization of production units by providing drought-tolerant
improved seeds, fertilizers, and agrochemicals (preferably organic) for pest and
weed control;

# Promoting production reconversion in regions where water is scarce, i.e., encourage
the use of crops and varieties with low water requirements to replace crops with
higher demand;

# Providing technical assistance to production units by qualified technical staff to im-
prove cultivation practices (sowing, fertilizing, harvesting, etc.) and help to optimize
the use and management of available resources;

# Encouraging the diversification of agricultural production systems by introducing
forestry and livestock species (agro-silvopastoral systems);
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# Promoting preventive grain storage for times of poor harvest;
# Granting credit and insurance to agricultural production units, especially small pro-

ducers, for the acquisition of adequate infrastructure and machinery to carry out
their activities;

# Facilitating the access of production units to local and regional markets by improving
communication channels and transportation;

# Providing advice on the organization of production units to civil associations and
commercial corporations so that they can have easier and faster access to loans and
insurance provided by financial institutions.

6. Conclusions

Agricultural drought risk assessment is one of the fundamental pillars of integrated
drought risk management. This article presents a method to conduct such assessment from
an integrated perspective, that is, by emphasizing the combined role of hazard, exposure,
and vulnerability to drought. This method is based on an objective analytical procedure
that identifies which municipalities are at greatest risk in the event of agricultural drought.
This information is especially useful for decision-makers and public policymakers to reduce
the risk and vulnerability associated with drought.

The FAO ASIS-Country tool, used in this work to assess agricultural drought hazard
(based on the VHI and ASI indices, and the DHI index proposed in this paper), when
calibrated with field information at the state and municipal levels (crop coverage map,
sowing and harvesting dates, and crop coefficients), allows for fairly accurate detection
of periods of water stress, identifying the agricultural areas with the highest probability
of drought occurrence, which are illustrated by maps that are easy for decision-makers
to interpret. Likewise, the indices we developed in this work to assess drought exposure,
vulnerability, and risk (DEI, DVI, and DRI) can be represented in maps that allow the rapid
identification of municipalities with higher degrees of exposure, vulnerability, and risk in
such a way that they are especially useful for those policymakers aimed at reducing the
risk associated with drought. These indices and maps can also be useful for the timely
implementation of drought mitigation and preventive measures such as the purchase of
agricultural insurance, public or private investments in water harvesting systems, irrigation
systems, water reserves, etc.

The state of Zacatecas was used as a case study. We confirmed that drought is one
of the greatest threats to water and food security in the state due to its environmental
and socioeconomic conditions. These conditions (among others: more than half of the
territory is arid and the vast majority of production units lack adequate infrastructure,
machinery, technical assistance, financing, and insurance to optimally carry out their
production activities) make it particularly exposed and vulnerable to agricultural drought.
These conditions are especially pronounced in the central and northern regions, where the
agriculturally most important municipalities are located. These municipalities suffer from
serious water imbalances when drought takes place, and highly rain-dependent sectors
such as agriculture face frequent disasters.

Consequently, the implementation of actions, strategies, and preventive and mitiga-
tion measures to strengthen the water and food security of the state (and the country)
must be further developed through public policies aimed at the integrated management of
drought risk and adaptation to climate change. These actions will help to reduce the vul-
nerability of the state’s population and production systems and to strengthen community
and institutional capacities to cope with these climate anomalies.

Based on the experiences and limitations of this work, it is recommended that research
related to the topic of agricultural drought risk management be carried out, taking into
account some aspects that were not considered in this article, such as the following: generate
various drought scenarios, i.e., model the possible behavior of agricultural production
systems in the face of different degrees of water deficit; address and deepen the study
of natural phenomena that explain climate variability (e.g., ENSO and PDO) and their
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relationship with agricultural drought; develop and apply methods for short- and medium-
term drought forecasting, as early warning tools for agriculture; in the case of irrigated
agriculture, generate and implement models for optimizing water use, from supply sources
to crops, including service costs, water conduction, and application efficiencies, etc.; among
many other lines of research that could be implemented.
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