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ABSTRACT
Prolonged droughts severely affect the economic, social, and environmental sectors in Mexico. The interest
in reducing the costs of drought is now focused on prevention by means of vulnerability reduction. The
present study proposes a methodology to estimate vulnerability and risk to drought, considering the physical,
economical, and social factors that make regions of Mexico prone to experiencing hydrological and agricultural droughts. Recognizing that there is no universally accepted way to describe vulnerability, the proposed method defines the object under study, the natural hazard, and vulnerability factors by means of
indicators. The vulnerability factors are related to water infrastructure, the condition of aquifers or water
reservoirs, the levels of wastewater treatment, water productivity in agriculture, hydraulic infrastructure, and
water tariffs. A drought vulnerability model for each Hydrological Administrative Region (RHA) in Mexico
is obtained by combining the vulnerability indicators. The product of vulnerability and hazard results in risk
estimates that are compared with impact data to validate the approach. Information on agricultural or hydrological drought is used as impact data. The validation process is an important step in the methodology,
since it allows examination of the causes of disasters by the vulnerability factors and leads to risk management
strategies. It is found that although vulnerability to meteorological drought in the agricultural and hydrological sectors in Mexico has decreased in recent years, the drought risk is still high and results in severe
economic losses, such as those registered in central and northern Mexico during the 2011–12 prolonged
drought.

1. Introduction
Droughts are one of the major climatic hazards
around the world. Their impacts range from reductions
in water supply to famine and even death. Frequently,
responses to drought are oriented to optimize the use of
water in households, agriculture, livestock, and industry,
or to increase water storage capacity and distribution
infrastructure (UNISDR 2011). Public policies have
been developed to reduce the magnitude of drought
impacts in countries like the United States, Australia,
and South Africa (Wilhite and Rhodes 2005; Howden
et al. 2014; Wilhite et al. 2014). Most of them focus
on the postimpact interventions mainly by means of
economic assistance to those affected by severe water
deficit. There are also programs intended to reduce
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vulnerability by means of prevention, using early
warning systems with improved seasonal forecasts and
drought risk awareness and education (Wilhite et al.
2014; Steinemann 2014). But even with recent advances
in the understanding and prediction capacity of climate
variability (CLIVAR 2011), risk to drought appears to
be reaching critical levels more frequently (UNISDR
2013). This appears to be related to increased vulnerability rather than signals of climate change (Liverman
1990; Burton et al. 2002; ISDR 2003; IPCC 2012).
Therefore, international programs like the National
Drought Management Policy initiative (WMO and
GWP 2014) promote the creation of public policies and
strategies to face droughts based on vulnerability analysis and risk management.
Meteorological droughts in arid and semiarid regions
have resulted in significant losses in the agriculture and
livestock sectors. The impacts of drought may even lead
to migration and abandonment of subsistence activities
(Feng et al. 2010), as in central-northern Mexico (García
1993; Magaña and Neri 2012). The 1998–2002 hydrological drought, for instance, resulted in difficulties for
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Mexico in complying with the 1944 Mexico–U.S. Water
Rights Treaty (Sánchez 2006). Even short-term (seasonal) droughts associated with El Niño–Southern Oscillation have had negative consequences, mainly in
rain-fed agriculture and for control of forest fires
(Delgadillo et al. 1999).
During the 2011–12 prolonged drought, one of the
most severe and damaging in recent decades, 86% of
Mexican territory experienced a severe water crisis
(SMN 2011). Reports indicate that the drought affected
around 310 000 people in the agricultural and cattle
ranching sectors, 800 000 agricultural hectares, and 1.3
million head of livestock (CENAPRED 2013). Economic losses exceeded $1.2 billion (U.S. dollars) in the
agriculture sector alone (Langner 2012). Additionally,
insufficient municipal water supplies resulted in substantial reductions in the water provision service for
more than 2000 communities, approximately 2 million
people (DOF 2012). Some states were more severely
affected than others, which had to do with the level of
preparedness and vulnerability to drought. Most governmental actions against drought focused on providing
financial assistance to those affected in the agricultural
and cattle ranching sectors. The severe impacts of the
recent drought event led the Mexican authorities to
launch the National Program Against Drought (Programa Nacional contra la Sequía, also known as
PRONACOSE; Korenfeld Federman et al. 2014). This
program requires identifying effective actions aimed at
managing drought risk by reducing vulnerability factors.
An adequate characterization and quantification of
vulnerability may serve to reduce the hazard-oriented
perspective of disaster risk management and may help to
better understand the causes of disasters (Hewitt 1983;
Maskrey 1993; Lavell 1996). However, there are no
universally accepted methodologies to characterize and
quantify vulnerability (Birkmann 2006; Eakin and Luers
2006; Cardona et al. 2012). By looking at various approaches aimed at quantifying vulnerability, one can
construct a methodology based on the use of indicators
that can be combined into a single index to represent the
dynamical and multifactorial essence of vulnerability.
The drought vulnerability index may also serve to guide
the definition of measures aimed at reducing vulnerability and managing risk and, consequently, to reduce
the socioeconomic and environmental costs of drought
(Dessai et al. 2003; Birkmann 2006).
The main goal of the present study is to propose a
methodology to evaluate vulnerability and risk to meteorological drought in a quantitative manner that can
explain the spatial and temporal contrasts in the hydrological and agricultural droughts in Mexico. The
paper is outlined as follows: the conceptual framework
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to quantify vulnerability and risk to drought is presented
in section 2. The methodology proposal is described in
the section 3. The application of the methodology to
determine vulnerability and risk to drought at a regional
level in Mexico is presented in section 4. Conclusions are
given in section 5.

2. Conceptual framework
a. Vulnerability and risk assessment
Various methodologies have been proposed to characterize and evaluate vulnerability in the disaster risk
and climate change fields (Downing 1990; Cutter 1996;
Turner et al. 2003; UNDP 2004; Luers 2005; Eakin and
Luers 2006; Cardona et al. 2012). Most approaches are
based on the description of the socioeconomic factors
that make a sector vulnerable (Blaikie et al. 1994; Cutter
et al. 2000; Kelly and Adger 2000). Others propose to
estimate vulnerability as a function of exposure, adaptive capacity, and sensitivity (Luers et al. 2003; IPCC
2007; O’Brien et al. 2008). The United Nations International Strategy for Disaster Reduction (UNISDR
2004) defines vulnerability as ‘‘the conditions determined
by physical, social, economic and environmental factors
or process, which increase the susceptibility of a system or
community to the impact of hazards.’’ This is the approach we follow in the present study, since it allows for
examination of a broader spectrum of vulnerability factors, which in turn can be represented as indicators and,
later on, as indices (Carreño et al. 2004; Birkmann 2006;
Cardona 2006; UNISDR 2009; USAID 2014).
A vulnerability assessment is adequate as long as it
serves to estimate risk that, in turn, explains disasters in
their spatial or temporal context. Therefore, it is necessary to analyze whether the vulnerability description
serves to obtain risk assessments that compare well with
recent impacts. Risk may be defined as the interaction
between a potentially damaging event (hazard) and the
vulnerable conditions of a society or element exposed
(UNISDR 2004; Grossi and Kunreuther 2005; IPCC
2007; Cardona et al. 2008; UNISDR 2011). We consider
that risk is actually the element that serves to estimate the
chances of a disaster, and consequently, it may be compared with impact data. If risk and recent impact data are
coherent, the vulnerability estimates (i.e., the vulnerability model) capture the contexts in which the hazard
(e.g., meteorological drought) results in disasters. The
validation of the risk estimates is crucial to determine if
the vulnerability model modulates the magnitude of the
impacts. Only a few studies validate their vulnerability
models by comparing risk and impact data. The present
methodological proposal considers the evaluation of risk
to be a crucial step.
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FIG. 1. Relation between annual precipitation (solid line) and dam
levels (gray bars) in La Boquilla, Chihuahua.

b. The concepts of hazard and hazard event
(meteorological droughts)
Weather and climate events outside of their normal
range of variability are natural hazards whose magnitude or frequency may result in disasters in vulnerable
regions. Meteorological or climatic hazards are usually
given in terms of probability, calculated from historical
data. Hazard probability changes with climate change;
for instance, extreme weather phenomena have become
more frequent in recent decades (Aguilar et al. 2005).
However, it is not clear if this is the case for meteorological drought (Méndez and Magaña 2010; Sheffield
et al. 2012). The chances of a meteorological drought
(i.e., the hazard) as a recurrent condition that results in
agricultural or hydrological droughts (i.e., the impacts)
may be characterized in terms of probabilities. Hazard
(probability) times the vulnerability (index) results in
risk (probability of a disaster). In the present case, disaster corresponds to a hydrological or an agricultural
drought. Risk among regions may be compared to determine if higher (lower) risk matches the observation of
higher (lower) frequencies of disasters.
On the other hand, historical events of drought are
actual manifestations of a hazard. They had a magnitude
and duration that was measured as a precipitation deficit
for particular years. When the magnitude or duration
of a drought is described for a specific time, it is an actual
manifestation of the hazard, and it can be called a hazard
event. When vulnerability and hazard event information
are combined, risk is given as an actual (deterministic)
value that should be proportional to the impact. The use
of a hazard event concept allows evaluation of risk to be
compared with actual information about impacts and
examined to see if there is coherence between the two
signals. A similar type of drought in two different time
periods may have different impacts depending on the
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FIG. 2. Relation between annual precipitation (solid line) and
streamflow (gray bars) in the San Fernando River, Tamaulipas.

vulnerability context, which modulates the magnitude of
the impact. We will refer to the actual manifestations or
specific events of drought (on a yearly basis for instance)
as a hazard event.

c. Hydrological and agricultural droughts
Hydrological or agricultural droughts correspond to
the impacts of a meteorological drought in a context of
vulnerability. Their magnitudes may be the result of a
severe precipitation deficit or large vulnerability conditions. For example, at La Boquilla Dam in Chihuahua in
northern Mexico, water levels vary, slightly lagging annual precipitation (Fig. 1). Years with negative (positive) precipitation anomalies in the region result in low
(high) dam levels in the following season or year. In this
case, meteorological droughts are the main driver of
hydrological droughts as in the 1950s or 1990s. However,
hydrological droughts may also be the result of a high
vulnerability context, particularly related to inadequate
water management practices (Ortega-Gaucin 2012). In
the San Fernando River in Tamaulipas in northeastern
Mexico, hydrological droughts—determined, for instance, by low streamflow—may occur even when precipitation remains within its normal range of variability,
as in the late 1980s (Fig. 2). Here, vulnerability related to
inadequate water management practices is the key element in explaining hydrological droughts.

3. Proposed methodology to quantify vulnerability
and risk
To examine the risk of hydrological or agricultural
droughts in Mexico, a methodological framework to
quantify vulnerability is proposed. It includes a characterization of the elements of the study, the quantification
of the vulnerability factors, the development of risk
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FIG. 3. Flow chart of a four-phases methodology to estimate vulnerability and risk to drought.

estimates (model), and a validation of the risk model
(Fig. 3).

a. First phase: Vulnerability characterization
In the first phase, it is necessary to define what is
vulnerable. It may be a region, a social group, or a socioeconomic sector. In each case, one should have in
mind what aspect of the object under study may be affected by the hazard. This is related to recent impact
measures used as reference. Therefore, it is necessary to
determine the natural phenomenon defined as the hazard and characterize it. The characterization depends on
the probability of occurrence (hazard) or its magnitude,
or its occurrence in specific times (hazard event) that
leads to impacts at a particular time in recent years. For
instance, drought as a hazard may correspond to the
chances of net precipitation less than 140 mm yr21 in the
Baja peninsula (around 25% in the 1900–2010 period).
This threshold of precipitation is estimated as the minimum required for having enough water for various
sectors in the region. The hazard event corresponds to the
times in recent years when this condition (,140 mm yr21
of precipitation) has been met.
In the latter part of this phase, it is necessary to determine some of the main factors that make the object
under study vulnerable. They correspond to physical,
social, or economic conditions that show high- and lowfrequency variations and vary from one region to
another. This implies that in the risk management

process, a measure aimed at reducing a vulnerable factor
with dominant low-frequency variations may take time
to show, but it may be more robust than targeting a
factor with high-frequency variations (i.e., that is ‘‘flexible’’) since it may easily change from one year to
another.

b. Second phase: Vulnerability estimation
The second phase of the process characterizes vulnerability factors by means of data or indicators. The
Organization for Economic Cooperation and Development (OECD 2003) defines an indicator as a ‘‘parameter, or a value derived from parameters, which points to,
provides information about, describes the state of a
phenomenon/environment/area, with a significance extending beyond that directly associated with a parameter value.’’ The combination of various indicators
represents the multifactorial characteristic of vulnerability. There are no generally agreed upon rules for the
construction of vulnerability indicators (Tate 2012).
Thus, a vulnerability index may simply be the result of
averaging indicators. It is advisable to select clear, robust, representative, and easily understandable indicators to make them meaningful to public policy
makers (Carreño et al. 2007; OECD 2008; USAID
2014). Indicators may describe aspects of the population
(e.g., population density), economy (e.g., poverty
levels), or physical conditions (e.g., land use changes). It
is advisable that indicators, constructed from data,
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express a condition of the object of study for a period to
observe how they change in time.
Once the indicators are identified, they are normalized so they can be compared with each other and aggregated into an empirical–quantitative expression of
vulnerability. The normalized indicators for each region
(Vr) are constructed with the following equation:
Vr(t) 5

ai (t) 2 min(a)
,
max(a) 2 min(a)

(1)

where ai (t) is a vulnerability factor (indicator), as a
function of time t, and max(a) and min(a) are its maximum and minimum values. Therefore, 0 # Vr # 1
where the lowest (highest) vulnerability values are 0 (1).
A weighted average of normalized vulnerability indicators results in an average or compound vulnerability
index (VI):
n

å wiVri (t)

VI(t) 5 i51

n

,

(2)

where n is the number of indicators and wi is the
weighting factor that represents the importance of vulnerability factor i in the average or compound vulnerability
index. The weights for every indicator may be adjusted until
an adequate fit between risk and impact data is reached. For
instance, a hydrological drought may require giving more
weight to the condition of the aquifers and pollution levels
than those factors related to agricultural drought.

c. Third phase: Risk quantification
The third phase corresponds to risk determination by
combining vulnerability and hazard information. This
relationship is described as
Risk 5 Hazard 3 Vulnerability:
If hazard (probability) information is used, a risk
value (probability) for the entire period of time and a
given region or sector is obtained. Risk estimates between regions may be compared to determine if the
higher risk regions or sectors correspond to regions
where disasters are more frequent or with higher
magnitude.

d. Fourth phase: Risk model validation
The fourth phase corresponds to the comparison of
risk and impact data. Risk estimates obtained with event
hazard information may be compared with time series of
impact activity or magnitude to determine if vulnerability
actually modulates impacts (frequency or magnitude).
This is an indirect form of validating vulnerability
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assessments, since vulnerability is not a directly observable phenomenon (Tate 2012). If risk and impact data
for a particular region show coherency over time, the
vulnerability estimate may be considered adequate. In a
particular place, similar hazards may have different impacts depending on the level of vulnerability at that
specific moment.
If the risk model describes the recent impacts or disaster
activity, one may use it, for instance, in combination with a
seasonal climate forecast to estimate the potential impacts
of a climate event in the near future. However, if the risk
model does not even approximately describe impact or
disaster activity, or risk contrasts among regions, the vulnerability factors should be reviewed and a new vulnerability index (model) constructed.
A critical level of risk may be estimated by determining past situations when a disaster occurred. The
determination of the critical risk level may serve for a
number of purposes: it can be used in early warning
systems, as a guide for the need of structural vulnerability reduction measures, or a guide to the amount of
adaptation needed for climate change.

4. Risk and vulnerability to meteorological drought
in Mexico
a. First phase: Vulnerability characterization
Meteorological droughts (hazard) may be described in
terms of negative values of the so-called standardized
precipitation index (SPI; McKee et al. 1993; Keyantash
and Dracup 2002). Méndez and Magaña (2010) have
found that prolonged meteorological droughts extend to
spatial scales of thousands of square kilometers and are
adequately represented with SPI-12. The Hydrological
Administrative Regions (RHAs) of Mexico (Fig. 4) approximately correspond to large basins. For each RHA, a
group of water stakeholders defines water management
policies. The Climate Assessment for the Southwest
(CLIMAS) group has worked with some of these stakeholders on binational water activities (Wilder et al. 2010).
There are subdivisions of the RHAs into subbasins, but
information to document the impacts of drought or the
vulnerability factors is not always available at these
finer scales.
Several factors make RHAs vulnerable to meteorological drought (e.g., Breña 2004; Jiménez Cisneros et al.
2010), including increasing demands for water that frequently exceed water availability; overexploited aquifers and salinity intrusion in coastal aquifers; low
wastewater treatment levels; low water prices relative to
its actual economic value; low agricultural water productivity; and insufficient, obsolete, or inoperative water

Unauthenticated | Downloaded 01/09/23 04:23 AM UTC

100

WEATHER, CLIMATE, AND SOCIETY

VOLUME 8

FIG. 4. Hydrological-Administrative Regions (RHAs) in Mexico.

infrastructure. Various water managers in the RHAs
consider these factors as the important ones that make
regions vulnerable to drought. Data representing these
factors for a selected period of time were obtained from
official sources, such as the Mexican Water Agency
(CONAGUA), for the 2002–12 period. The drought
vulnerability indicators are defined as follows.

1) PRESSURE ON WATER RESOURCES (PW)
The PW indicator shows the water consumed with
respect to water availability. The economic and demographic growth in recent decades has increased the
demands for water. The available water is used for
agricultural activities (76.6%), for the urban water
supply (14.5%), for industry (4%), and for hydropower generation (4.9%; CONAGUA 2013). In recent years government actions have been aimed at
reducing water supply and water demands. However,
during periods of drought, water deficits are exacerbated, and the lack of appropriate policies frequently
results in crisis in the agricultural and hydrological
sectors.

2) CONDITION OF AQUIFERS (CA)
Aquifer overexploitation is one of the major problems in several regions of Mexico. According to
CONAGUA (2013), 106 of 653 aquifers are overexploited. In coastal regions, seawater intrusion in
aquifers is becoming a problem, mainly because of sea

level rise (Moreno Vázquez et al. 2010). The recovery
of an overexploited aquifer may take several years or
even decades.

3) WASTEWATER TREATMENT (WT)
According to CONAGUA (2013), 47.5% of water
used in the cities during 2012 was treated. This is relatively low compared to wastewater treatment levels in
developed countries; in Canada this value is around
87%, in Denmark it is 90%, and in Germany it is 97%
(OECD 2013). This water is not necessarily potable, but
it may be used for irrigation.

4) WATER TARIFFS IN URBAN AREAS (WTU)
Only 76% of water in urban areas is charged, at an
average cost of $0.30 per m3 (Sandoval Minero 2010).
The total revenue for the water services is insufficient
to maintain a high level of efficiency in the sector;
consequently, the federal government finances most
urban water services and projects (Pineda Pablos
2011). At the city level, water leakage is a common
problem because of limited financial capacity. The
WTU indicator makes reference to the financial deficit
in the RHAs, considering that the average international price of water in urban areas is around
$2.5 per m3 (OECD 2009). In Mexican metropolitan
areas, the cost of water varies from around $0.14 to
$2 per m3 (CONAGUA 2013).
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TABLE 1. Factors that result in vulnerability to drought.
Vulnerability factor
1. Level of pressure on water resources (PW)

2. Condition of aquifers (CA)

3. Level of wastewater treatment (WT)
4. Water tariff in urban areas (WTU)
5. Water productivity in irrigation districts (WP)

6. Water storage (WS) capacity in major
reservoirs

Concept

Indicator

Proportion of water withdrawals for
consumptive use with respect to
renewable water
Percentage of overexploited aquifers or
with seawater intrusion problems
Proportion of municipal waste water
treated
Water tariff in cities compared with
a reference price of $2.5 per m3
Cost of the water allocated ($ per m3) in
terms of the total agriculture
production (tons)
Proportion of water storage capacity
with respect to water actually stored

5) WATER PRODUCTIVITY IN IRRIGATION
DISTRICTS (WP)
Irrigated agriculture is the largest water user. The
efficiency in irrigation districts has been around 37%
(Arreguín et al. 2011). However, WP is increasing in
recent years thanks to the introduction of new irrigation
technologies (Palerm Viqueira et al. 2010). The situation for the (rain-fed and irrigation) agricultural sector
becomes critical under prolonged meteorological
droughts. Rising water productivity in agriculture, instead of allowing overpumping, constitutes one of the
major challenges to guarantee food security and reduce
pressure on water resources at a low environmental cost
(Rijsberman 2006; FAO 2013).

6) INFRASTRUCTURE AND WATER STORAGE (WS)
The 2011–12 drought in northern Mexico showed that
regions with adequate water levels in dams and reservoirs
managed to mitigate the impacts of precipitation deficit.
Since the 1940s, the development of hydraulic infrastructure has increased. The volume of water stored
annually in 172 major dams corresponds to almost 80% of
the total water storage capacity of the country, which is
around 150 hm3 (CONAGUA 2013). The WS indicator is
calculated only for RHAs where large dams exist and
takes into account the annual mean water level in the
dam, since there may be several half empty dams that
make a region vulnerable to meteorological drought.
In summary, six drought vulnerability factors have
been considered (Table 1), represented by indicators

PW 5 total volume of water used/
renewable water
CA 5 number of overexploited
aquifers or intruded seawater
problems/total number of aquifers
WT 5 1 2 (water treatment volume/
urban water supply volume)
WTU 5 1 2 [water tariff in cities/
($2.5 per m3)]
WP 5 average rural price/(total
water allocated/total agriculture
productivity)
WS 5 Volume stored in reservoirs
(1)/total volume surface water
consumptive (2)
(1) 5 (% annual volume stored 3
maximum water storage capacity)/
100%
(2) 5 Total volume consumptive 3
% surface water source

constructed from data of CONAGUA for the 2002–12
period. Indicators for each RHA have been normalized
and their temporal behavior analyzed.

b. Second phase: Vulnerability estimation
The vulnerability to drought factors continuously
changes, which is apparent in the fluctuations and trends
of each indicator (Fig. 5). The higher the value of the
indicator, the more vulnerable an RHA is because of this
factor. Regions where pressure on water resources is high
usually correspond to arid regions, as in the northern part
of Mexico or in regions where demands are high, as in the
Mexico City region. The pressure on water resources
vulnerability indicator has been increasing mainly because of higher water consumption and population increases. In some cases, the pressure on water resources
remains almost constant in spite of increased demands,
thanks to creation of water programs (Fig. 5a).
Most RHAs are moderately vulnerable to drought
based on the condition of their aquifers. However, in
several parts of northern and central Mexico, aquifers
are critically overexploited and polluted. This indicator
may be considered ‘‘rigid’’ since it takes several years for
an aquifer to recover. Public policies to reduce aquifer
overexploitation have been put forward but are still insufficient. Aquifer overpumping increases during
drought periods, as during 2010–12 in northern Mexico
(Fig. 5b).
The water deficit for irrigation may be relieved by
the use of treated water (Hamdy 1992). This is not a
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FIG. 5. Dynamic vulnerability indicators for RHAs from 2002 to 2012: (a) PW resources, (b) CA, (c) WT, (d) WTU
areas, (e) WP in irrigation districts, and (f) WS capacity in major reservoirs.

common practice in Mexico, as the wastewater treatment indicator shows high levels of vulnerability for
most of the RHAs. The percentage of wastewater
treatment and reuse is less than 20% on average.
However, most regions show a slow but constant improvement (vulnerability reduction) in terms of wastewater treatment. For instance, RHA I has invested in
wastewater treatment plants since the beginning of the
twenty-first century, and it shows a corresponding reduction in the wastewater treatment vulnerability indicator (Fig. 5c). This indicator may also show negative
changes when water treatment plans are out of order for
long periods of time.
The water tariffs in the urban areas indicator relates to
the financial efficiency in the RHAs. Higher water tariffs
in urban areas values lead to more consciousness by

citizens of the actual cost of potable water or to additional resources to maintain water infrastructure. Insufficient revenue leads to inefficiencies in the water
system and reduces the financial capacity to respond to
crises during meteorological droughts (Fig. 5d).
Similar to most of the world, water in Mexico is used
mainly for agricultural purposes. The efficiency in irrigation practices varies from place to place, depending on
the technologies available, the type of crop, standard
practices, etc. (FAO 2003). Most of the RHAs have
improved water productivity by establishing regulations
for groundwater extraction and by using pressurized irrigation systems in large areas. However, this has not
necessarily resulted in water consumption reductions
since data indicate water demands in the sector remain
the same or even increase. This becomes a serious
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problem during drought periods as low levels in dams
are compensated for by increased overpumping from
aquifers. The water productivity in irrigation districts
provides a measure of the efficiency of water use in the
agricultural sector (Fig. 5e). In the northern part of
Mexico water productivity is high, but the real cost of
crop production is high as well, given the energy subsidies for water pumping (Quadri de la Torre 2011).
During the second half of the twentieth century, numerous dams were built in Mexico, mostly for irrigation
projects (Aboites 2009). However, the dependency of
this sector on this source of water makes it highly vulnerable to prolonged droughts. Below-average dam
levels may lead to crises in agricultural and cattleranching activities. Therefore, it is not only the existence of water reservoirs or infrastructure that reduces
vulnerability to drought, but also adequate management
practices. The water storage capacity in the major reservoirs indicator refers to the ratio of the mean annual
volume of water stored (with respect to maximum water
storage capacity) and the amount of water consumed in
the RHAs. Regions with the highest water storage capacity in major reservoirs vulnerability are RHA I,
RHA III, RHA VII, RHA VIII, and RHA XIII
(Fig. 5f). In the Baja California region, dams have not
been a solution to water scarcity since precipitation is
so low that the infrastructure, such as the Abelardo
L. Rodríguez Dam in the Tijuana River, fills up approximately once every decade, typically during an intense El Niño winter (Magaña 1999). In the Mexico City
metropolitan area, almost 30% of water is supplied by
the Cutzamala system of water reservoirs. When the
Cutzamala levels are below normal, even a minor precipitation deficit may result in a hydrological drought in
the Mexico City metropolitan area.
There are certainly other vulnerability factors that
may contribute to explaining drought impacts in Mexico,
including poverty, which may limit access to water in the
agricultural sector during drought periods. For the time
being, the six previously defined factors are combined
into a single vulnerability index with an equally
weighted average (Fig. 6). However, it is possible to use
different weights for each indicator, depending on what
may be the most important water use, the sector under
consideration, or the impact. The time evolution of the
vulnerability index can be interpreted as the context in
which precipitation deficit (meteorological drought)
may occur and result in a hydrological and agricultural
drought (impact).
In general, drought vulnerability is decreasing, but in
some RHAs it is still high, as in northern Mexico (e.g.,
RHA VII) or in the Mexico City metropolitan area
(RHA XIII), which may be the region most vulnerable
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FIG. 6. Drought vulnerability index for each of the 13 RHAs in 2002
and in 2012.

to drought in the entire country (VI 5 0.76). However, it
is risk that matters when estimating the impacts of
drought. The adequacy of the vulnerability estimate in
combination with hazard information should be evaluated to compare the risk values with agricultural or hydrological drought information.

c. Third phase: Risk quantification
Some indices of drought severity, such as the North
American Drought Monitor, refer to negative anomalies of precipitation and to the potential impacts in regions or sectors. But at least for Mexico, they appear to
estimate the risk of agricultural or hydrological drought
without an actual quantification of vulnerability. To
characterize the critical magnitude of a drought (or
event hazard), it is necessary to estimate the amount of
precipitation that would result in insufficient water for
human activities and environmental requirements. Meteorological drought information, such as the SPI-12,
only gives an idea of the magnitude of the precipitation
deficit that could cause agricultural or hydrological
droughts, but in some highly vulnerable regions, a slight
reduction in precipitation (e.g., 0 . SPI-12 . 21) may
result in hydrological or agricultural droughts.
When risk is evaluated using the hazard (probabilities
of negative precipitation anomalies), the corresponding
water deficit should be estimated. For example, RHA I
has an average annual rainfall of around 165 mm. Considering the entire area of RHA I and that a high percentage of precipitation evaporates, this amount of rain
results in an average water availability of approximately
4625 hm3 yr21. Since the water concession volume (to
2010) is 3733 hm3, a rain reduction of 19% or more would
reduce water availability to a critical level. Thus, an accumulated annual rainfall of 133 mm or less is considered
the critical level of drought or the event hazard that
results in hydrological and/or agricultural droughts. The
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(ii) Examining the temporal behavior of risk and impacts. If a region experiences similar meteorological
droughts in different periods of time under changing
vulnerability conditions, the risk and negative impacts should reflect this change. For instance, some
RHAs of northern Mexico experienced similar
meteorological droughts in 2002 and in 2011, but
the magnitude of the hydrological and agricultural
droughts varied since vulnerability to drought
changed between these periods.

FIG. 7. Standardized Precipitation Index (SPI-12) in the RHAs of
northern Mexico.

probability that this condition occurs (the hazard) is about
36%, (approximately SPI-12 , 21). In RHA I, drought
risk 5 hazard 3 vulnerability 5 36% 3 0.55 5 19.8%.
Drought indices are important and useful elements for
monitoring and assessing since they simplify complex
interrelationships between many climate and climaterelated parameters (Tsakiris et al. 2009). The negative
SPI-12 provides information of the intensity of droughts
in terms of standard deviations of the negative precipitation anomalies. If a SPI-12 of less than 21 is considered a
threshold for intense meteorological droughts, then there
were two prolonged drought periods in northern Mexico
during for the period of analysis: around 2002 and around
2011 (Fig. 7). SPI-12 data were obtained from the Data
Library of the International Research Institute for Climate
and Society (IRI).
A drought risk index obtained by multiplying an annual value of SPI-12 for each RHA times its annual
vulnerability for the 2002–12 period may be compared
between regions or with impact information for the
entire period of analysis. Risk values are in the range
between 0 and 1, with 1 corresponding to intense
drought and vulnerability to drought conditions.

d. Fourth phase: Risk model validation
There are at least two methods to validate the vulnerability estimates (model):
(i) Comparing risk levels between regions with an
equivalent hazard. If, for the same magnitude of
hazard, two regions with different vulnerabilities
exhibit a proportional level of impact, then vulnerability estimates may be considered adequate. For
instance, regions in northern Mexico may all experience an intense drought (e.g., SPI-12 5 22), but
hydrological or agricultural droughts may be different if their vulnerabilities are different.

Information on hydrological droughts is available in the
Mexican surface water database known as BANDAS
(Banco Nacional de Datos de Aguas Superficiales),
obtained from the Mexican Institute for Water Technology (IMTA-CONAGUA). Hydrological droughts
may also be described in terms of water storage levels
in dams. On the other hand, the agricultural sector in
Mexico issues seasonal reports at the state level on
productivity (tons of production per hectare) and on the
percentage of area affected by natural phenomena for
the most important crops. Negative impacts in agriculture may occur from meteorological (e.g., hail storms,
freezing temperatures) or climatic hazards such as
drought. Agricultural drought is documented with data
from the Agricultural Data Archives [Sistema de Información Agroalimentaria de Consulta (SIACON)] of the
Ministry of Agriculture, Livestock, Rural Development,
Fisheries and Food (SAGARPA).
The high-frequency variations of risk are usually
related to interannual climate variability, while its lowfrequency component corresponds to vulnerability. In
general, hydrological or agricultural drought activity is
related to the hazard, while the magnitude of the impact is related to the vulnerability level. In 11 of the 13
regions, the percentage of area affected by drought in
rain-fed or irrigated agriculture compares well with
risk levels (positive correlation). For instance, when
one considers the impact of similar droughts in the
RHAs, as Río Bravo (RHA VI) and Cuencas Centrales del Norte (RHAVII), the risk to drought and the
percentage of area affected by drought are larger in
RHA VII than in RHA VI (validating the first criterion) since vulnerability and risk to drought are
smaller in the former (Fig. 8). Vulnerability in RHA
VI is lower since its water storage capacity (WS) and
water productivity in irrigation districts (WP) are
larger than in RHA VII.
In the Yucatán peninsula (RHA XII), the magnitude
of agricultural drought shows a negative trend (validating the second criterion) in relation to decreasing
vulnerability (Fig. 9). Here, the agricultural sector has
managed water resources more efficiently even under
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FIG. 8. Drought hazard, vulnerability, risk index, and percentage of agricultural area affected in (a) RHA VI Río
Bravo and (b) RHA VII Cuencas Centrales del Norte between 2002 and 2012. Note that areas affected in 2004 were
related to a flood in RHA VI.

drought conditions, as in 2009, mainly through improved
water productivity in irrigation districts (WP). A meteorological drought in 2008 had smaller negative impacts
than a similar drought in 2002 because of the reduced
drought vulnerability. In 2005 and in 2008 there were
also losses in the agricultural sector of this region, but
they were related to other meteorological phenomena
(intense winds and precipitation). Figure A1 in the appendix shows the results of all other RHAs.
Hydrological droughts are related to reductions
in dam water level (Fig. 10). Data on water storage
in October correspond to maximum values of water
storage after the summer rainy season. They serve to
estimate the impact of a meteorological drought in
four of the six regions (negative correlation). For instance, in RHA VI Río Bravo and RHA IX Golfo
Norte, drought risk was high in 2005, 2009, and 2011,
which resulted in negative water storage anomalies
(Fig. 10). Risk of hydrological drought was particularly
high in northern Mexico (RHA VI) during 2011 given
the severe prolonged drought. But in RHA IX, the
Gulf of Mexico states, the risk was lower since the
vulnerability is less than in RHA VI. This resulted in
weak or no hydrological droughts in RHA IX even
during recent drought periods, as in 2009 or 2011.
Figure A2 in the appendix shows the results of all
other RHAs.
Drought risk estimates from six vulnerability indicators in conjunction with meteorological drought
information characterized by SPI-12 show a correspondence with impacts for hydrological and agricultural
drought over 76% of the regions in Mexico for the 2002–
12 period. There are some discrepancies between the
RHA VIII and RHA X regions that may be explained
by insufficient vulnerability indicators, by the averaging
method used to construct the vulnerability index, and at

times because of insufficient impact data. In any event,
vulnerability acts as a low-frequency modulator of the
magnitude of the impact.

5. Conclusions
Quantifying vulnerability to drought at the RHA level
using the proposed methodology has proved to be useful
in explaining the spatial and temporal contrasts for hydrological and agricultural droughts in northern Mexico
in recent years, that is, the semiarid regions, where water
deficit is a constant problem. In most regions in southern
Mexico, the evaluation of the risk model was complicated since the water management conditions are contrasting to those in northern Mexico in the hydrological
and agricultural sectors. Therefore, the proposed vulnerability indicators work better for central and northern
Mexico.

FIG. 9. As in Fig. 8, but for RHA XII Frontera Sur. Data correspond to Yucatan state. Note that in 2005 areas were affected by
Hurricane Emily, and in 2008 areas were affected by strong winds
from tropical wave No. 8.

Unauthenticated | Downloaded 01/09/23 04:23 AM UTC

106

WEATHER, CLIMATE, AND SOCIETY

VOLUME 8

FIG. 10. Risk of hydrological drought (solid line) and water storage levels in dams in October (bars), used as
a measure of hydrological drought impacts for (a) RHA IX Golfo Norte and (b) RHA VI Río Bravo between 2003
and 2011.

A risk analysis approach to identify solutions for dealing with meteorological drought should be based on an
adequate identification of the vulnerability factors. The
use of seasonal climate forecasts and drought outlooks
may help to define contingent actions to reduce the risk of
drought and its negative impacts. The analysis of drought
risk should also be useful in defining structural measures
to reduce vulnerability. The identification of vulnerability
factors may help to identify adaptation to climate change
measures, mainly to meteorological drought.
The proposed methodology tests vulnerability factors
by comparing risk estimates with impact data. This
methodology focuses on meteorological drought; however, it can be applied to other natural hazards. It is
found that vulnerability tends to modulate the lowfrequency component of risk and disaster activity. The
hazard generally corresponds to high-frequency component since it is related to interannual (or higher frequency) climate variability.
The use of hazard information in the risk assessment
may serve to define structural measures against meteorological drought. On the other hand, the use of hazard
value in the risk evaluation may serve to implement
nonstructural risk management measures such as
drought early warning systems, for instance. This approach could also prove to be useful for estimating the
impacts of drought in Mexico and can serve as a guide
for drought monitoring efforts, such as those in the
North American Drought Monitor.
A comparison of drought risk between regions and the
analysis of how vulnerability has evolved in each one of
them in recent decades may serve to influence public
policies in Mexico aimed at preparing for prolonged
meteorological droughts, changing the tradition of
responding to the disaster rather than preventing it. A
more proactive practice for risk management could be

to change from climate forecasts only (e.g., Lyon et al.
2012; Quan et al. 2012) to risk scenarios that include
mitigation actions.
The analysis of drought at the RHA spatial scale is
useful since it combines the hydrologic basin structure
and the administrative decision level for planning and
public policy definition. The RHA is the spatial level at
which CONAGUA intends to implement the PRONACOSE program to reduce the impacts of drought.
The vulnerability index and consequently the risk model
may be further adjusted and refined to make them more
adequate at finer spatial scales if necessary.
Finally, communicating risk to stakeholders is an additional challenge to implement a disaster risk management scheme (Steinemann 2014). Some initiatives,
such as the NOAA-funded Regional Integrated Sciences and Assessment (RISA) CLIMAS program in
Arizona, have established a significant collaboration
with stakeholders in northern Mexico, which may assist
the PRONACOSE efforts. Better ways of communicating risk are necessary to transform risk management
proposals into actions. Exploring new avenues to better
understand and communicate the potential impacts of
drought should also be considered as an adaptation to
climate change in arid regions (Meadow et al. 2013). The
construction of drought impact scenarios following a
methodology such as the one presented here could also
be implemented around the world if creative ways of
representing the vulnerability factors are found. As
some studies show, it would be more significant if participatory consultation and expert opinion become part
of the process of defining actions (Brooks et al. 2005).
This requires clarity of the risk associated with drought.
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FIG. A1. Drought hazard, vulnerability, risk index, and percentage of agricultural area affected in RHAs
between 2002 and 2012.
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FIG. A2. Risk of hydrological drought (solid line) and water storage levels in dams in October (bars), used as
a measure of hydrological drought impacts for RHAs where data was available between 2003 and 2011.
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APPENDIX
Risk Model Validation in Other Regions
Figure A1 shows the analysis of the risk index validation in agriculture drought for all regions following the
representative examples shown in Fig. 8. The results in
hydrological drought for additional regions are presented
in Fig. A2 following the same approach as in Fig. 10.
REFERENCES
Aboites, L., 2009: La Decadencia del Agua de la Nación: Estudio sobre Desigualdad Social y Cambio Político en
México, Segunda Mitad del Siglo XX. El Colegio de
México, 145 pp.
Aguilar, E., and Coauthors, 2005: Changes in precipitation and
temperature extremes in Central America and northern South

America, 1961–2003. J. Geophys. Res., 110, D23107, doi:10.1029/
2005JD006119.
Arreguín, F., M. López, and H. Marengo, 2011: Mexico’s water
challenges for the 21st century. Water Resources in Mexico:
Scarcity, Degradation, Stress, Conflicts, Management, and
Policy, U. Oswald, Ed., Springer, 21–39.
Birkmann, J., 2006: Measuring vulnerability to promote disasterresilient societies: conceptual frameworks and definitions.
Measuring Vulnerability to Natural Hazards: Towards Disaster
Resilient Societies, J. Birkmann, Ed., United Nations University Press, 9–54.
Blaikie, P., T. Cannon, I. Davis, and B. Wisner, 1994: At Risk:
Natural Hazards, People’s Vulnerability and Disasters.
Routledge, 284 pp.
Breña, A. F., 2004: Precipitación y Recursos Hidráulicos en México.
Universidad Autónoma Metropolitana, 319 pp.
Brooks, N., W. N. Adger, and M. Kelly, 2005: The determinants of
vulnerability and adaptive capacity at the national level and
the implications for adaptation. Global Environ. Change, 15,
151–163, doi:10.1016/j.gloenvcha.2004.12.006.
Burton, I., S. Huq, B. Lim, O. Pilifosova, and E. L. Schipper, 2002:
From impacts assessment to adaptation priorities: The shaping
of adaptation policy. Climate Policy, 2, 145–159, doi:10.3763/
cpol.2002.0217.
Cardona, O. D., 2006: A system of indicators for disaster risk
management in the Americas. Measuring Vulnerability to
Natural Hazards: Towards Disaster Resilient Societies,
J. Birkmann, Ed., United Nations University Press, 189–209.
——, M. G. Ordaz, L. E. Yamín, M. C. Marulanda, and A. H.
Barbat, 2008: Earthquake loss assessment for integrated disaster risk management. J. Earthquake Eng., 12, 48–59,
doi:10.1080/13632460802013495.

Unauthenticated | Downloaded 01/09/23 04:23 AM UTC

APRIL 2016

NERI AND MAGAÑA

——, and Coauthors, 2012: Determinants of risk: Exposure and
vulnerability. Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation, C. B. Field
et al., Eds., Cambridge University Press, 65–108.
Carreño, M. L., O. D. Cardona, and A. H. Barbat, 2004: Metodología para la Evaluación del Desempeño de la Gestión del
Riesgo. Monografía Cimne IS-51, Universidad Politécnica de
Cataluña, 98 pp.
——, ——, and ——, 2007: A disaster risk management performance
index. Nat. Hazards, 41, 1–20, doi:10.1007/s11069-006-9008-y.
CENAPRED, 2013: Impacto Socioeconómico de los Principales
Desastres Ocurridos en la República Mexicana en el Año 2011.
Serie Impacto Socioeconómico de los Desastres en México,
No. 13, Secretaria de Gobernación, 403 pp.
CLIVAR, 2011: Project report on WCRP Workshop on Drought
Predictability and Prediction in a Changing Climate. WCRP
Informal Rep. 21/2011, International CLIVAR Publication
Series 162, 33 pp. [Available online at http://eprints.soton.ac.
uk/189815/9/ICPO_162_WCRP_drought_Report.pdf.]
CONAGUA, 2013: Estadísticas del Agua en México. SEMANART,
176 pp.
Cutter, S. L., 1996: Vulnerability to environmental hazards. Prog.
Hum. Geogr., 20, 529–539, doi:10.1177/030913259602000407.
——, J. T. Mitchell, and M. S. Scott, 2000: Revealing the vulnerability of people and places: A case study of Georgetown
County, South Carolina. Ann. Assoc. Amer. Geogr., 90, 713–
737, doi:10.1111/0004-5608.00219.
Delgadillo, M. J., O. T. Aguilar, and V. D. Rodríguez, 1999: Los
aspectos económicos y sociales de El Niño. Los impactos de El
Niño en México, V. Magaña, Ed., Centro de Ciencias de la
Atmósfera, Universidad Nacional Autónoma de México y
Secretaría de Gobernación, 181–210.
Dessai, S., W. N. Adger, M. Hulme, J. Kohler, J. Turnpenny, and
R. Warren, 2003: Defining and experiencing dangerous climate
change. Working Paper 28, Tyndall Centre for Climate Change
Research, University of East Anglia, 11 pp. [Available online at
http://www.tyndall.ac.uk/sites/default/files/wp28.pdf.]
DOF, 2012: Acuerdo por el que se instruyen acciones para mitigar
los efectos de la sequía que atraviesan diversas entidades
federativas. Diario Oficial de la Federación, accessed 30 December 2015. [Available online at http://dof.gob.mx/nota_
detalle.php?codigo55231010&fecha525/01/2012.]
Downing, T., 1990: Assessing socioeconomic vulnerability to
famine: Frameworks, concepts and applications. Final Rep.
U.S. Agency for International Development Famine Early
Warning System Project, 196 pp. [Available online at http://
pdf.usaid.gov/pdf_docs/pnabj875.pdf.]
Eakin, H., and A. Luers, 2006: Assessing the vulnerability of socialenvironmental systems. Annu. Rev. Environ. Resour., 31, 365–
394, doi:10.1146/annurev.energy.30.050504.144352.
FAO, 2003: Unlocking the water potential of agriculture. Natural
Resources and Environment, UN-FAO, 62 pp. [Available
online at ftp://ftp.fao.org/agl/aglw/docs/unlocking_e.pdf.]
——, 2013: Afrontar la escasez de agua: Un marco de acción para la
agricultura y la seguridad alimentaria. FAO Informe Sobre
Temas Hídricos 38, FAO, 97 pp. [Available online at http://
www.fao.org/docrep/018/i3015s/i3015s.pdf.]
Feng, S., A. B. Krueger, and M. Oppenheimer, 2010: Linkages
among climate change, crop yields and Mexico–US crossborder migration. Proc. Natl. Acad. Sci. USA, 107, 14 257–
14 262, doi:10.1073/pnas.1002632107.
García, V., 1993: Las sequías históricas de México. Desastres Soc., 1
(1), 83–96.

109

Grossi, P., and H. Kunreuther, Eds., 2005: Catastrophe Modeling: A
New Approach to Managing Risk. Springer, 245 pp.
Hamdy, A., 1992: Irrigation with treated municipal wastewater.
Medit, 3 (1), 50–54.
Hewitt, K., 1983. The idea of calamity in a technocratic age. Interpretations of Calamity from the Viewpoint of Human
Ecology. K. Hewitt, Ed., Allen and Unwin, 3–32.
Howden, M., S. Schroeter, S. Crimp, and I. Hanigan, 2014: The
changing roles of science in managing Australian droughts: An
agricultural perspective. Wea. Climate Extremes, 3, 80–89,
doi:10.1016/j.wace.2014.04.006.
IPCC, 2007: Climate Change 2007: Impacts, Adaptation and Vulnerability. Cambridge University Press, 976 pp.
——, 2012: Managing the Risks of Extreme Events and Disasters to
Advance Climate Change Adaptation. Cambridge University
Press, 582 pp.
ISDR, 2003: Drought—Living with risk: An integrated approach to
reducing societal vulnerability to drought. Discussion Group
Doc., International Strategy for Disaster Reduction, 41 pp.
Jiménez Cisneros, B., J. C. Durán Álvarez, and J. M. Méndez
Contreras, 2010: Calidad. El Agua en México: Cauces y Encauces, B. Jiménez Cisneros, L. Torregosa y Armentia, and L. Aboites
Aguilar, Eds., Academia Mexicana de Ciencias, 265–290.
Kelly, P. M., and W. N. Adger, 2000: Theory and practice in
assessing vulnerability to climate change and facilitating
adaptation. Climatic Change, 47, 325–352, doi:10.1023/
A:1005627828199.
Keyantash, J., and J. A. Dracup, 2002: The quantification of
drought: An analysis of drought indices. Bull. Amer. Meteor.
Soc., 83, 1167–1180, doi:10.1175/1520-0477(2002)083,1191:
TQODAE.2.3.CO;2.
Korenfeld Federman, D., F. I. Arreguín Cortés, and M. López
Pérez, 2014: Constructing a framework for National Drought
Policy: The way forward in Mexico. Wea. Climate Extremes, 3,
90–94, doi:10.1016/j.wace.2014.04.003.
Langner, A., 2012: La sequía provoca grandes pérdidas en
México. El Economista, 9 February. [Available online at
http://eleconomista.com.mx/finanzas-publicas/2012/02/09/
sequia-propicia-grandes-perdidas.]
Lavell, A., 1996: Degradación ambiental, riesgo y desastre urbano.
Problemas y conceptos: Hacia la definición de una agenda de
investigación. Ciudades en Riesgo, M.A. Fernández, Ed.,
RED-USAID, 21–59.
Liverman, D., 1990: Vulnerability to global environmental change.
Understanding Global Environmental Change: The Contribution of Risk Analysis and Management, R.E. Kasperson et al.,
Eds., Clark University, 8–23.
Luers, A. L., 2005: The surface of vulnerability: An analytical
framework for examining environmental change. Global Environ. Change, 15, 214–223, doi:10.1016/j.gloenvcha.2005.04.003.
——, D. B. Lobell, L. S. Sklar, C. L. Addams, and P. A. Matson,
2003: A method for quantifying vulnerability, applied to the
agricultural system of the Yaqui Valley, Mexico. Global Environ. Change, 13, 255–267, doi:10.1016/S0959-3780(03)00054-2.
Lyon, B., M. A. Bell, M. K. Tippett, A. Kumar, M. P. Hoerling,
X. W. Quan, and H. Wang, 2012: Baseline probabilities for the
seasonal prediction of meteorological drought. J. Appl. Meteor.
Climatol., 51, 1222–1237, doi:10.1175/JAMC-D-11-0132.1.
Magaña, V., 1999: Los Impactos de El Niño en México. Centro de
Ciencias de la Atmósfera, Universidad Nacional Autónoma
de México y Secretaría de Gobernación, 229 pp.
——, and C. Neri, 2012: Cambio climático y sequías en
México. Revista Ciencia, 63 (4), 26–35. [Available online

Unauthenticated | Downloaded 01/09/23 04:23 AM UTC

110

WEATHER, CLIMATE, AND SOCIETY

at http://revistaciencia.amc.edu.mx/images/revista/63_4/
PDF/sequiasMexico.pdf.]
Maskrey, A., 1993: Los Desastres No Son Naturales. Red de Estudios
Sociales en Prevención de Desastres en América Latina, 137 pp.
McKee, T. B., N. J. Doesken, and J. Kleist, 1993: The relationship
of drought frequency and duration to time scale. Proc. Eighth
Conf. on Applied Climatology, Anaheim, CA, Amer. Meteor.
Soc., 179–184.
Meadow, A. M., M. A. Crimmins, and D. B. Ferguson, 2013: Field
of dreams, or dream team? Assessing two models for drought
impact reporting in the semiarid Southwest. Bull. Amer. Meteor. Soc., 94, 1507–1517, doi:10.1175/BAMS-D-11-00168.1.
Méndez, M., and V. Magaña, 2010: Regional aspects of prolonged
meteorological droughts over Mexico and Central America.
J. Climate, 23, 1175–1188, doi:10.1175/2009JCLI3080.1.
Moreno Vázquez, J. L., B. Marañón Pimentel, and D. López
Córdova, 2010: Los acuíferos sobreexplotados: Origen, crisis y
gestión social. El Agua en México: Cauces y Encauces,
B. Jiménez Cisneros, L. Torregosa y Armentia, and L. Aboites
Aguilar, Eds., Academia Mexicana de Ciencias, 79–116.
O’Brien, K., and Coauthors, 2008: Disaster risk reduction, climate
change adaptation and human security: A commissioned report for the Norwegian Ministry of Foreign Affairs, Rep. 2008:
3, 76 pp. [Available online at http://www.preventionweb.net/
files/7946_GECHSReport3081.pdf.]
OECD, 2003: Environmental indicators: Development, measurement and use. OECD Reference Paper, 37 pp. [Available
online at http://www.oecd.org/environment/indicators-modellingoutlooks/24993546.pdf.]
——, 2008: Handbook on Constructing Composite Indicators:
Methodology and User Guide. OECD, 158 pp. [Available
online at http://www.oecd.org/std/42495745.pdf.]
——, 2009: Managing Water for All: An OECD Perspective on
Pricing and Financing. OECD, 151 pp. [Available online at
http://www.oecd.org/tad/sustainable-agriculture/44476961.pdf.]
——, 2013: Wastewater treatment. Environment at a Glance 2013:
OECD Indicators, OECD, 38–39, doi:10.1787/9789264185715-11-en.
Ortega-Gaucin, D., 2012: Reglas de operación para el sistema de presas
del Distrito de Riego 005 Delicias, Chihuahua, México. Ing. Agric.
Biosist., 4 (1), 31–39, doi:10.5154/r.inagbi.2011.12.11015.
Palerm Viqueira, J., J. Collado Moctezuma, and B. Rodríguez
Haros, 2010: Retos para la administración y gestión del agua
de riego. El Agua en México: Cauces y Encauces, B. Jiménez
Cisneros, L. Torregosa y Armentia, and L. Aboites Aguilar,
Eds., Academia Mexicana de Ciencias, 141–178.
Pineda Pablos, N., 2011: La cobranza renuente y el marco normativo de las tarifas de agua potable en México. Los Servicios
del Agua en el Norte de México: Gestión, Manejo Financiero y
Aspectos Ambientales, I. Aguilar-Benítez, Ed., El Colef y El
Colson, 185–215.
Quadri de la Torre, G., 2011: Subsidios vs medio ambiente en
México: El absurdo y las oportunidades. Cuaderno de Debate 7,
CIDE, 37 pp. [Available online at http://energiaadebate.com/
wp-content/uploads/2011/09/Quadri[1].pdf.]
Quan, X. W., M. P. Hoerling, B. Lyon, A. Kumar, M. A. Bell, M. K.
Tippett, and H. Wang, 2012: Prospects for dynamical prediction of meteorological drought. J. Appl. Meteor. Climatol.,
51, 1238–1252, doi:10.1175/JAMC-D-11-0194.1.
Rijsberman, F. R., 2006: Water scarcity: Fact or fiction? Agric.
Water Manage., 80, 5–22, doi:10.1016/j.agwat.2005.07.001.
Sánchez, A., 2006: 1944 Water treaty between Mexico and the
United States: Present situation and future potential. Frontera
Norte, 18, 125–144.

VOLUME 8

Sandoval Minero, R., 2010: La evolución del marco institucional
del agua potable y el saneamiento urbanos en México: In
análisis cognitivo preliminar. El Agua en México: Cauces y
Encauces, B. Jiménez Cisneros, L. Torregosa y Armentia,
and L. Aboites Aguilar, Eds., Academia Mexicana de
Ciencias, 625–646.
Sheffield, J., E. F. Wood, and M. L. Roderick, 2012: Little change in
global drought over the past 60 years. Nature, 491, 435–438,
doi:10.1038/nature11575.
SMN, 2011: Reporte del clima en México. Año 1, Núm. 6, Comisión Nacional del Agua, Servicio Meteorológico Nacional, 12
pp. [Available online at http://smn.cna.gob.mx/climatologia/
analisis/reporte/RC-Junio11.pdf.]
Steinemann, A., 2014: Drought information for improving preparedness in the western states. Bull. Amer. Meteor. Soc., 95,
843–847, doi:10.1175/BAMS-D-13-00067.1.
Tate, E., 2012: Social vulnerability indices: A comparative assessment using uncertainty and sensitivity analysis. Nat. Hazards,
63, 325–347, doi:10.1007/s11069-012-0152-2.
Tsakiris, D., A. Loukas, D. Pangalou, H. Vangelis, D. Tigkas,
G. Rossi, and A. Cancellier, 2009: Drought characterization.
Drought Management Guidelines Technical Annex, A. Iglesias,
M. Moneo, and A. Lopez-Francos, Eds., 85–102. [Available
online at http://www.iamz.ciheam.org/medroplan/guidelines/
complete_technical.html].
Turner, B. L., and Coauthors, 2003: A framework for vulnerability
analysis in sustainability science. Proc. Natl. Acad. Sci. USA,
100, 8074–8079, doi:10.1073/pnas.1231335100.
UNDP, 2004: Reducing Disaster Risk: A Challenge for Development. United Nations Development Programme, 146 pp.
UNISDR, 2004: Living with Risk: A Global Review of Disaster
Reduction Initiatives. United Nations Office for Disaster Risk
Reduction, 588 pp.
——, 2009: Terminology on Disaster Risk Reduction. United Nations Office for Disaster Risk Reduction, 30 pp.
——, 2011: Revealing Risk, Redefining Development. Global Assessment Report on Disaster Risk Reduction, United Nations
Office for Disaster Risk Reduction, 178 pp.
——, 2013: From Shared Risk to Shared Value: The Business Case
for Disaster Risk Reduction. Global Assessment Report on
Disaster Risk Reduction, United Nations Office for Disaster
Risk Reduction, 288 pp.
USAID, 2014: Design and use of composite indices in assessments
of climate change vulnerability and resilience. USAID Doc.,
60 pp. [Available online at http://community.eldis.org/.5b9bfce3/
Design_Use_of_Composite_Indices.pdf.]
Wilder, M., C. A. Scott, N. Pineda Pablos, R. G. Varady, G. M.
Garfin, and J. McEvoy, 2010: Adapting across boundaries:
Climate change, social learning, and resilience in the U.S.–
Mexico border region. Ann. Assoc. Amer. Geogr., 100, 917–
928, doi:10.1080/00045608.2010.500235.
Wilhite, D. A., and S. L. Rhodes, 2005: Drought mitigation in the
United States: Progress by state government. Drought Assessment, Management, and Planning: Theory and Case Studies.
D. A. Wilhite, Ed., Kluwer Academic Publishers, 237–251.
——, M. V. K. Sivakumar, and R. Pulwarty, 2014: Managing drought
risk in a changing climate: The role of national drought policy.
Wea. Climate Extremes, 3, 4–13, doi:10.1016/j.wace.2014.01.002.
WMO and GWP, 2014: National drought management policy guidelines: A template for action. IDMP Tools and Guidelines Series 1,
WMO and GWP, 48 pp. [Available online at http://www.gwp.org/
Global/About%20GWP/Publications/Integrated%20Drought%
20Management%20Programme/GWP_NDMPG_final_web.pdf.]

Unauthenticated | Downloaded 01/09/23 04:23 AM UTC

