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The Monterrey Metropolitan Area (MMA) is located in northeastern Mexico in a semi-arid

region. As in other areas of the world, prolonged and severe meteorological droughts

are recurrent. Meteorological droughts affect the level of dam reservoirs, rivers, and

groundwater (aquifers) in the region to the extent they become hydrological droughts

which in turn may contribute to socioeconomic droughts. The recent dry event

(2011–2013) in northern Mexico severely affected various socioeconomic sectors and

may serve as an example of future climatic and hydrologic conditions in this region.

Meteorological droughts in northeastern Mexico, mostly induced by anomalously intense

subsidence, frequently result in hydrological droughts and intense pressure in the water

resources services of the Monterrey Metropolitan Area (MMA), one of the largest cities

in Mexico. Landfalling tropical cyclones entering northeastern Mexico historically have

alleviated water crises during prolonged droughts. In 2013, the rains from tropical

cyclone Ingrid helped to recover water levels in the system of dam reservoirs that

provides water to the MMA. However, water management is only one part of a complex

socioeconomic system that must respond to the growing demands for water in a region

where aquifers are already overexploited. Trends in the atmospheric circulation indicate

that droughts in the region may become more severe in the coming decades. Improved

water management programs and protocols should be considered in addition to closer

reviews of the hydraulic infrastructure. Water transfers from one region to another should

be carefully planned because solving a problem in one place may adversely affect

another. The use of climate information may be critical to avoidance of water conflicts

in the future.

Keywords: water availability, dams, climate change, socioeconomic drought risk, meteorological drought

INTRODUCTION

Semi-arid climates are associated with relatively low precipitation, usually between 200 and 700
mm/year, with large climatic contrasts in alternating seasons and years. Water scarcity in these
regions has shaped the characteristics of socioeconomic activities. A large percentage of drylands
around the world are devoted to agricultural, cattle ranching, or industrial activities. However,
rapid demographic growth contributes to more intensive water- consuming activities, which turns
into a major problem during prolonged dry periods (UNISDR, 2009). Some water management
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practices aimed at responding to increasing water demands may
result in social, economic, and environmental problems (e.g.,
Monforte-García et al., 2012) related to over-exploitation of
surface water and aquifers. The problem may become more
difficult considering published scenarios of climate change for the
coming decades (IPCC, 2019).

Meteorological droughts always affect a large number of
people with a number of negative impacts (Singh et al., 2014;
Center for the Research of Epidemiology of Disasters (CRED),
2015) such as crop-yield failure, erosion of soils, unemployment,
lowered incomes, malnutrition, and even psychological problems
(Magaña, 2016). Planning water management in semi-arid
regions is particularly difficult during anomalous dry periods
due to the interests of various stakeholders (Madani et al.,
2016) mostly from the agricultural sector. Current drought risk
management strategies do not appear to provide an efficient
response to the problem (Wilhite et al., 2014) and consequently,
the challenges of water management become particularly difficult
when the effects of climate change are related to drier conditions
(IPCC, 2007; Abu-Allaban et al., 2015).

Water availability changes in time, mainly in relation to
low and very-low frequency climate variability, but also in
relation to water management practices. Various studies (e.g.,
Wilhite and Glantz, 1985; Madani et al., 2016) show that
meteorological droughts in a vulnerable context, such as that
found in semi-arid regions, may result in higher risks of
hydrological, agricultural or socioeconomic droughts. The latter
occur when water supply cannot meet the demands for water.
For example, during meteorological droughts, water shortages
in an urban sector increase the risk of socioeconomic droughts,
due to the combined effect of a climatic hazard (meteorological
drought) occurring in a vulnerable context. Since there is not
a universally accepted methodology to estimate vulnerability to
meteorological droughts or any other climatic hazard, numerous
approaches have been proposed to characterize socioeconomic
droughts, mainly based on indices (Eklund and Seaquist, 2015;
Shi et al., 2018; Tu et al., 2018). Some approaches specifically
concentrate on aspects of vulnerability and resilience of society
to meteorological droughts (Mehran et al., 2015; Liu et al., 2020)
and make use of indicators to describe socioeconomic droughts
by examining the role and condition of local reservoirs and
water demands (Huang et al., 2016; Neri and Magaña, 2016).
For instance, a region is considered to be more vulnerable to
meteorological droughts if aquifers are overexploited, if there are
no plans to reduce water consumption, or if there is no use of
climate information for prevention actions (CONAGUA, 2014).

In Mexico, the rapid urbanization, insufficient water
distribution infrastructure, water quality degradation,
competition for water between agriculture and urban
areas, and climate change have put more pressure on water
management agencies and their plans to prevent or ameliorate
the impacts of prolonged meteorological droughts (Magaña,
2016). Consequently, most actions to face drought still focus
on compensating economic sectors for their losses in the
aftermath of a disaster (Aguilar-Barajas et al., 2016). In the
context of a hydrological crisis, preparing for and recovering
from meteorological droughts is becoming more and more

difficult. Under climate change, northern Mexico will face
serious problems in responding to ever-growing water demands
(Magaña et al., 2012).

The Monterrey Metropolitan Area (MMA), located in
northeastern Mexico (Figure 1), is the nation’s third largest
urbanized region with a population of around 4.5 million people.
Its rapid economic expansion and demographic growth has
required increased use of land, infrastructure, and services, but
most importantly, water. From 2000 to 2013, water use in the
MMA grew by around 45%, while water supply only increased
by 12% (CONAGUA, 2014). The Monterrey Water Agency has
promoted programs for more efficient use of water resources
and constructed large water reservoirs such as El Cuchillo dam
reservoir to satisfy the city’s constantly growing demand for
water (Velasco et al., 2005). But the recent prolonged drought
episodes (e.g., 2011–2013) revealed the critical vulnerability of
the MMA to precipitation deficit. Recent water infrastructure
plans have been made to reduce the risk of socioeconomic
droughts including the construction of more dam reservoirs in
the zone and new infrastructure development for water transfers
from the Huasteca region near the City of San Luis Potosí
(around 540 km, from the MMA). The water transfers from
distant regions could have important social and environmental
(negative) consequences (SADM, 2012).

Prolonged and severe meteorological droughts in
northeastern Mexico have resulted in economic, environmental,
and social problems (Ortega-Gaucin, 2013) affecting, for
instance, water requirements for urban consumption (when
demands increase) and reductions in the productive capacity
of some of the providers of goods for the MMA (Sisto et al.,
2011). The risk of a severe socioeconomic drought appears to
be increasing (Sisto et al., 2016). In 1998 and again in 2013, the
MMA water supply system almost collapsed. In 2013 the region’s
main sources of urban water, the El Cuchillo dam reservoir
along with other reservoirs were almost depleted. It was only the
effect of extreme precipitation from tropical cyclone (TC) Ingrid
(more than 500 mm/3 days) that prevented a major disaster.
But the high risk of socioeconomic droughts remains as climate
change predictions presage a warmer climate with a possibly
worsening reduction of surface and groundwater availability.
Therefore, new water management plans and measures are
critically necessary to reduce the risks of socioeconomic drought
(CONAGUA, 2014). In particular, a better understanding is
needed regarding how meteorological droughts can evolve into
socioeconomic droughts in the MMA region so that a resilient
and preventive disaster risk management plan can be developed.

The high risk of the region’s vulnerability to socioeconomic
droughts is becoming better understood with recent insights
from studies of how prolonged meteorological droughts evolve
over northern Mexico (Méndez and Magaña, 2010) and on the
factors that create such hazards. This knowledge may enable
planners to propose better risk management and preventive
actions to reduce the negative impacts of droughts, particularly
in semi-arid urban centers and in view of climate change.
Therefore, the main objective of the present study is to document
how meteorological droughts in northeastern Mexico evolve to
become socioeconomic droughts affecting the MMA.
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FIGURE 1 | Northeastern Mexico, showing the Monterrey Metropolitan Area (red circle). El Cuchillo Dam reservoir, Marte R. Gomez dam reservoir, and the San Luis

Potosi Huasteca area constitute three reference locations for the present study. Shading indicates topography and the purple triangles correspond to the location of

the weather stations used in the study.

DATA AND METHODOLOGY

Characterizing the episodes of drought and impacts requires
making use of climatic, environmental, and socioeconomic
data. Meteorological droughts are described based on station

and gridded precipitation data. Daily precipitation data from
17 weather stations in the MMA and surrounding regions
were obtained from the Mexican National Water Commission
(CONAGUA) (CONAGUA, 2019) data base (Figure 1) for
the period 1960–2015. This information on precipitation is
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FIGURE 2 | (A) Climograph of the MMA based on CONAGUA weather station data. The red line corresponds to maximum temperature (◦C), the blue line corresponds

to minimum temperature (◦C), and the black line to the average number of days with precipitation. Monthly water demands in the MMA (hm3) are indicated with a blue

line with squares. Green columns indicate monthly accumulated precipitation (mm) (B) Annual precipitation over northeastern Mexico based on CMORPH data.

complemented with high spatial resolution analyses obtained
from the CMORPH data base (Joyce et al., 2004), corresponding
to monthly fields available on 8 × 8 km grids. Precipitation
anomalies were compared with gridded Standard Precipitation
Indices (SPI-12) available at the SPI-PRECL0p5_12-month
of the IRI data base. SPI-12 data have a spatial resolution of
0.5 km by 0.5 km for the 1948–2018 period and are available at:
https://iridl.ldeo.columbia.edu/SOURCES/.IRI/.Analyses/.
SPI/.SPI-PRECL0p5_12-Month/index.html. Precipitation
is significantly intense when tropical cyclones landfall over
northeastern Mexico, mainly between May and November
(Dominguez and Magaña, 2018). Information on landfalling
tropical cyclones is obtained from the NOAA tropical cyclone
archive (NOAA, 2019).

The dynamics of prolonged meteorological droughts are
analyzed in terms of the low-level moisture flux from the
Intra Americas Seas (IAS) into northeastern Mexico, and by
examining the intensity of subtropical atmospheric motions.
The moisture flux fluctuations are documented using North
America Regional Reanalysis (NARR) (Mesinger et al., 2006)
for the 1979–2018 periods and NCEP/NCAR Reanalysis data
(Kalnay et al., 1996) for the 1948–2018 period. The former allows
a high spatial resolution description of the low-level moisture
fluxes and atmospheric subsidence at 700 hPa, while the latter
allows a lower spatial resolution, but for a longer period. These
data are complemented with indices on very low frequency
variations of the sea surface temperature over the Atlantic
Ocean, corresponding to the Atlantic Multidecadal Oscillation

(AMO) (Schlesinger and Ramankutty, 1994). The AMO has
been shown to be related to fluctuation in water availability in
various regions of North America (Enfield et al., 2001; McCabe
et al., 2004) and to changes in hurricane activity over the IAS
(Goldenberg, 2001).

Hydrological data from CONAGUA (2020) were used
to document changes in monthly water availability at dam
reservoirs around the MMA. Water supply for the MMA comes
from two main sources: (i) surface water in a system of dam
reservoirs that provides almost 55% of water to the urban
area, and (ii) groundwater extracted from the aquifer (45%)
from more than forty wells in the zone. Water stored at El
Cuchillo reservoir (Figure 1) is compared with precipitation
data to examine the impacts of meteorological droughts. The
effects of water transfers to neighboring regions from El Cuchillo
reservoir are also analyzed as a factor that may affect water
provision for the urban sector. The case of the severe and
prolonged meteorological drought between 2011 and 2013 is
examined in detail to illustrate how both drier climatic conditions
and water management affected the water provision for the
region. This example may serve as a scenario of more frequent
conditions in the future under climate change. Estimates of
groundwater fluctuations are obtained using data from the
Gravity Recovery and Climate Experiment (GRACE) (Rodell and
Famiglietti, 2001) which corresponds to changes in equivalent
water thickness relative to a time-mean baseline. GRACE data is
used to document groundwater changes over the MMA region
for the 2000–2016 period.
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Finally, information on the demands and provision of water in
recent years in the MMA is obtained from the Regional Office of
Water in Nuevo Leon (Servicios de Agua y Drenaje deMonterrey).
These data serve to describe part of the vulnerability context of
the water sector in the MMA in relation to demands and supply.

RESULTS

Climate Variability and Trends
The MMA is located at the foot of the Sierra Madre mountains
in the central part of the state of Nuevo León, and the system of
dam reservoirs that provide water to the region are further east,
so water is pumped to Monterrey using hydraulic infrastructure.
Development of the region has taken place around a continuously
evolving hydraulic infrastructure, using water from the San
Juan River. Maximum temperatures in summer are above 30◦C
(Figure 2A) and may reach 40◦C during warm spells. Mean
minimum temperatures during winter, may be slightly above
5◦C, but during cold spells they may be close to 0◦C. It is during
the warmest months of the year, between June and August, that
the monthly demands of water in the MMA increase to more
than 30 hm3/month. Precipitation in the region is larger in
summer, when the interaction between the low-level moisture
flux and the Sierra Madre mountains results in precipitation
events. Annual precipitation over the region is usually between
400 to 600 mm/year and the orographic forcing determines its
large-scale spatial patterns (Figure 2B). The wettest years are
the result of sporadic intense rainfall events (Sisto and Ramírez-
Orozco, 2015) that serve to recover surface and groundwater
levels (Sisto et al., 2016). Even when atmospheric low-level
moisture into this region is high (as in July) rainy days are
scarce because atmospheric subsidence in the subtropics inhibits
deep convective activity (Herrera et al., 2015). In some years
though, the contributions of landfalling Tropical Cyclones (TCs)
result in large accumulated precipitation, since one single TC
may result in more than 300mm of rain in only a few days. It
has been estimated that during wet years, around 30% or more
of the total annual precipitation in the region comes from TC
rains (Dominguez and Magaña, 2018). However, meteorological
droughts continue to be one of the main climatic hazards for
the MMA.

Three prolonged drought periods affecting the MMA have
occurred in northern Mexico in recent decades (1998–2001,
2005–2006, and 2011–2013) (Figure 3) in relation to very
low frequency climate variability (Méndez and Magaña, 2010).
Most frequently, meteorological and hydrological droughts are
mitigated thanks to the effect of landfalling TCs (Figure 3) that
change the precipitation statistics andwater availability (Table 1).
In this way, the annual precipitation of dry years may be between
200 and 300 mm/yr, while wet years may be close to 1,000
mm/yr, due to the contribution of those landfalling TCs. This
form of climate variability makes seasonal climate forecasts
a challenge, consequently making long-term water availability
estimates difficult.

One of the most severe droughts in recent years occurred
between 2011 and 2013. During some months of the 2011 SPI-
12 < −2, which reflected a severe meteorological drought

(Figure 3), with important impacts in the streamflow and water
reservoirs. The droughts extended over a large part of North
America. The anomalously dry conditions lasted for more than
2 years and resulted in a reduction of water availability in the
dam reservoirs that provide water to the MMA. It was only
the effect of TC Ingrid on September 14-18, 2013, with more
than 300 mm/3 days, that mitigated the drought conditions
and helped to recover water storage levels, thus alleviating the
conditions of a socioeconomic drought (Ortega-Gaucin, 2013).
The socioeconomic costs of such dry conditions led the Mexican
water agency (CONAGUA, in Spanish) to define public policies
for reducing the impacts of drought. The National Program
Against Drought (PRONACOSE, in Spanish) defined several
actions to respond to socioeconomic droughts in major cities in
Mexico, such as the MMA. However, such initiatives lack specific
measures to make use of climate information for the prevention
or amelioration of the negative impacts of droughts (Magaña,
2016).

In Mexico, it is a common practice to use climate information
only to document the evolution of hazards that result in
disasters. For instance, meteorological droughts are monitored
but seldom predicted for planning water management with a
goal of avoiding the occurrence of hydrologic, agricultural, or
socioeconomic droughts. Identifying the factors that modulate
climate variability serves to increase climate predictability
(Krishnamurthy, 2019) which in turn may prove useful while
planning water management activities, among other things.
Méndez and Magaña (2010) found that very low-frequency
variations of climate in northernMexico were associated with the
phases of the Atlantic Multidecadal Oscillation (AMO) and
the Pacific Decadal Oscillation (PDO). In northeastern Mexico,
the combined effect of AMO and the Caribbean Low Level Jet
(CLLJ) modulate low-level moisture flux (Méndez and Magaña,
2010) and are key factors to explain prolonged dry and wet
periods over the MMA.

The core of the CLLJ is located over the central Caribbean Sea
but extends into the Gulf of Mexico and reaches northeastern
Mexico (Figure 4). Its maximum intensity is at 925 hPa
as observed in July (Amador, 1998) when the resulting
moisture flux over northeastern Mexico maximizes. However,
the intense subtropical atmospheric subsidence over this region
also maximizes during this time of the year, limiting the
favorable conditions for intense precipitation (Figure 5A). The
intense atmospheric subsidence results in a relative minimum
in precipitation during July, known as the Mid Summer
Drought (Magaña et al., 1999; Herrera et al., 2015). It is
not until September that atmospheric subsidence weakens and
conditions for precipitation become more favorable. More
intense precipitation during this time of the year is more probable
given the increased chances of landfalling TCs. In this way, it is
usually during the second half of the summer season when water
availability increases under enhanced runoff.

On interannual time scales, more intense atmospheric
subsidence and weak specific humidity flowing at low
atmospheric levels over northeastern Mexico combine to
produce meteorological droughts. Some of the more severe
droughts in this region show that such conditions were present
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FIGURE 3 | Precipitation anomalies (blue columns) and SPI-12 (green and brown columns) of the MMA. Red arrows correspond to the month when a landfalling TC

affected NE Mexico. Numbers in brackets indicate a period of prolonged and severe drought.

TABLE 1 | TCs affecting NE Mexico.

Year TC Name Period Precipitation

(mm/5 days)

Annual precipitation

(mm/year) around MMA

% From annual

precipitation

Change in water stored

El Cuchillo dam

(Mm3)*

1967 TC Beulah Sep 19–23 167 974 17

1988 TC Gilbert Sep 15–19 214 572 37

1993 TS Arlene Jun 20–24 124 722 17

1995 TS Gabrielle Aug 09–13 128 377 34

1996 TC Dolly Aug 21–25 270 501 54

2000 TC Keith Oct 06–10 81 602 13 0.186

2002 TS Fay Sep 07–11 191 702 27 0.337

2003 TC Erika Aug 13–17 119 934 13 0.021

2005 TC Emily Jul 18–22 248 842 29 0.38

2010 TC Alex Jun 29–Jul 03 537 1515 35 0.27

2013 TC Ingrid Sep 14–18 213 974 22 0.655

2014 TS Dolly Sep 01–05 40 738 5 0.28

Total precipitation for the year and estimated contribution of the TC to the annual precipitation.
Change in water storage at El Cuchillo dam reservoir from the month previous to the impact of TC to the month when the TC occurred.
*Mm3, millions of cubic meters.

in 1999–2002 or in 2011–2013 (Figure 5B). However, when the
moisture flux is strong and atmospheric subsidence weakens,
the chances of wet conditions increase. In recent decades (since
1970) such interannual variations are occurring in what appears
to be a positive trend of more intense atmospheric subsidence
(positive omega at 700 hPa) along with more low-level moisture
flow into northeastern Mexico. This trend may lead to more
frequent dry periods, but also higher chances of extreme
precipitation events, particularly in relation to TC occurrences in
the region. This tendency may be considered a regional climate
change scenario or it could be part of the very low frequency
climate variability of the region.

The modulation of climate phases by the AMO shows
that its positive phases in recent decades have coincided with
drier conditions in northern Mexico. A warmer tropical and

subtropical Atlantic is negatively correlated with the intensity
of the CLLJ, which in turn may modulate the formation of TCs
over the Intra Americas Seas. The chances of TC formation over
the IAS increase when the positive phase of the AMO is present
(Goldenberg, 2001). However, it is the intensity of the moisture
flux over northeastern Mexico that appears to be determinant
of a dry or wet period over northeastern Mexico (Figure 6). An
anomalously strong CLLJ induces more atmospheric humidity
conditions. Although a stronger CLLJ inhibits the formation of
TCs over the IAS due to vertical wind shear, it increases moisture
flow and the intensity of precipitation, as has been observed in
recent years.

Given the recent decadal variations and long-term trends
in atmospheric circulations in relation to the AMO and the
CLLJ, it is possible that drier conditions will be observed in
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FIGURE 4 | Climatology of the mean moisture flow at 925 hPa for the June-September period. Vector corresponds to moisture flux direction and shades of gray to

moisture flux magnitude (g/kg) (m/s).

northeastern Mexico in the coming decades. The intensity of the
CLLJ correlates with the phases of the AMO. A positive phase
of the AMO tends to increase the chances of a weak CLLJ and
more episodes of intense droughts in northeastern Mexico, only
to be alleviated by the occurrence of a landfalling TC over the
same region. However, predicting chances of landfalling TCs is
more difficult than an outlook of the positive phase of the AMO.
When the SPI-12 over northeastern Mexico is compared with
the Caribbean Low-Level Jet Index (CLLJI) (Wang, 2007) it is
observed that a weak (or intense) CLLJ is related to a dry (or
wet) summer over the region of the MMA, in agreement with
the results observed by Méndez and Magaña (2010). Therefore,
the positive trend to a warmer Atlantic Ocean may result in
higher chances of drought over NEMexico in the coming years or
decades with consequent impacts. The onset of a positive phase in
the AMO appears to occur previous to a weakening of the CLLJ
and the onset of the negative SPI-12 in northeastern Mexico,
providing some elements of predictability of meteorological
droughts. Closer re-analysis of very long-term AMO predictions
(e.g., Wei et al., 2017) may generate better estimates of possible
future prolonged droughts over the MMA, and, along with

adequate vulnerability analyses (Neri and Magaña, 2016), the
chances of socioeconomic droughts.

Water Availability and Management in the
MMA
Under average conditions, a water balance in a semi-arid zone
indicates that it is through sporadic intense precipitation events
that water availability in the region (infiltration and runoff)
increases. During prolonged meteorological droughts, as in
2011–2013, extreme precipitation events were scarce leading to
drier conditions and a marked decrease in water availability. In
Mexico, to avoid a socioeconomic drought when levels of the
dam reservoirs drop, greater extractions of water by means of
wells have been implemented. This has been the recurrent water
management policy of the MMA (CONAGUA, 2014).

The supply of water for the MMA depends on both surface
water from a system of dam reservoirs and ground water from
numerous wells: 43 deep-wells between 700 and 1,000m, 65
shallow-wells with depths of <100m, as well as one infiltration
gallery (SADM, 2012). La Boca dam, began operations in
1961 with capacity of 39.5 Mm3; Cerro Prieto dam, began
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FIGURE 5 | (A) Climatology of omega vertical velocity (Pa/s) at 700 hPa over the IAS, Mexico and Central America between June and September. Tan (blue) color

indicates regions of atmospheric subsidence (ascending) motions. Isolines correspond to specific humidity (g/kg) at 925 hPa for the same months. (B) Time series

(1948–2019) of vertical ascending motions (Pa/s) at 700 hPa (blue line) and specific humidity (g/kg) at 925 hPa (orange line) over NE Mexico (at 100◦W, 25◦N).
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FIGURE 6 | Time series of the smoothed (moving avg. 12 points) version of the: SPI-12 index around the MMA (green line) of the CLLJ index (red line) and the AMO

index (blue line).

operations in 1983 with capacity of 300.0 Mm3; and El Cuchillo
dam, began operations in 1995 with capacity of 1,123.0 Mm3.
The most important dam reservoir for water provision to the
MMA is El Cuchillo. It was built in 1995, but the filling of
this water reservoir was slow due to a prolonged and severe
drought between 1998 and 2001 (Figure 7). Since then, large
fluctuations in water availability in El Cuchillo have occurred
mainly in relation to wet and dry periods, but also in relation
to water management practices, such as transfers of water to the
neighboring dam reservoir, Marte R. Gomez. In 2013, El Cuchillo
levels dropped to levels that placed water supply for the MMA
at risk. The need to reduce the risk of socioeconomic droughts
in the MMA led to the development of public policies aimed
at maintaining water provision (CONAGUA, 2014). However,
rapid demographic and urban growth continues and has resulted
in difficulties in responding to water demands, particularly
during severe meteorological droughts. Water availability in
dam reservoirs is a crucial element in reducing vulnerability
to meteorological droughts (Mehran et al., 2015). Anomalous
low levels in dam reservoirs or aquifers make a region more
vulnerable to prolonged precipitation deficits (Neri and Magaña,
2016). Water transfers from the El Cuchillo dam reservoir to
the Marte R. Gomez dam reservoir (which is fed by the San
Juan river) (Figure 1) are a common practice, but during dry
years, they may produce major drops in the water levels in
the El Cuchillo dam reservoir (Figure 7), as happened in the
late summer of 2013. When precipitation is more than 100
mm/month, there are important increases in water levels in the El
Cuchillo and Marte R. Gomez dam reservoirs. However, after the
onset of severe and prolonged drought, as in 2011, water levels in

the El Cuchillo dropped from around 1,200 hm3 to around 800
hm3 in 2 years. In late 2012, in the middle of a severe drought, a
transfer of water of around 500 hm3 to the Marte R. Gomez dam
reservoir led to extremely low levels of water in the El Cuchillo
dam reservoir (<200 hm3) that almost made the surface water
supply system collapse. It was only the landfalling TC Ingrid,
which brought more than 300mm of rain in 3 days, that helped
the system to recover to levels of around 800 hm3 by the end of
that year. A steady recovery of the water levels in the El Cuchillo
dam reservoir took place after that thanks to a period of positive
anomalies in precipitation between 2014 and 2016.

The mean annual water provision to the MMA is around 380
hm3/yr. Around 55% of that water is obtained from the system of
dam reservoirs in the region, mostly from the El Cuchillo (64%
of the dam reservoir system). In 2013, the low water storage in
the El Cuchillo and in the other dam reservoirs almost resulted
in a severe socioeconomic drought. The situation was avoided
with increased groundwater exploitation. Using groundwater
estimates from remote-sensing monitoring applications such as
GRACE, it is possible to estimate the fluctuations in groundwater
levels in the regional aquifer over the MMA. The Water
Equivalent Thickness anomaly from a long-term average is
understood from a review of the GRACE inferred observations
of the sum of all the water storage compartments at and below
the Earth’s surface, including soil moisture, groundwater in
shallow and deep aquifers, canopy water, and also the content
of surface water bodies such as rivers, lakes and occasionally
flooded wetlands. The impact of the 2011–2013 meteorological
drought in the groundwater levels corresponded to a decrease of
around 50%, which was twice as large as in previous years. The
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FIGURE 7 | Monthly precipitation anomalies (mm/month) at El Cuchillo dam reservoir (green- brown bars) and monthly water storage (thousands of cubic meters) at El

Cuchillo and Marte R. Gomez dam reservoirs, between 1995 and 2016. The dashed line box indicates the periods of a prolonged meteorological drought between the

occurrence of landfalling TCs. (Data source: BANDAS, CONAGUA).

anomalously low levels of surface water led to increased pumping
of water from the aquifer that, along with reduced recharge,
resulted in a significant depletion of water in the aquifer. It was
only thanks to the impact of TC Ingrid that a partial recovery
of the aquifer took place (Figure 8). After Ingrid, ground water
levels recovered but not to average values, which places the region
in a highly vulnerable condition if a new severe or/and prolonged
meteorological drought occurs.

At the urban level, water provision, consumption, treatment,
and re-use have been increasing in recent decades along with
rapid demographic growth. Since the second half of the twentieth
century, the rapid increase in the demands for water have been
met by construction of new hydraulic infrastructure such as dam
reservoirs (Figure 9). Since the 1960s, part of the water supply
for the MMA has been provided by large water reservoirs. The
increasing water demands of recent decades are expected to be
satisfied by new hydraulic developments in the region. However,
during meteorological drought periods this source of water may
become limited and more groundwater extraction will have to
be used to compensate for the surface water deficit in dam
reservoirs. Precipitation in the region exhibits very low frequency
fluctuations throughout the decades. For instance, during the
1950s and early 1960s, northern Mexico experienced a severe
prolonged drought period when evaporation levels were high.

In theMMA during that period, annual precipitation was around
400 mm/yr and evaporation around 2,700 mm/yr, which implies
larger losses of surface water. From the early 1960s until the
late 1980s, wet periods were observed with annual precipitation
of between 600 and 700 mm/yr and potential evaporation
around 2,500 mm/yr. Since the mid-1990s until recently, a
new dry period has been experienced, with intermediate and
relatively short wet periods (2003–2005 and 2013–2015) and
where potential evaporation was relatively low, 2,200–2,400
mm/yr. Maximum temperatures in the El Cuchillo dam reservoir
region have not shown a trend to higher values in recent decades
(not shown) and this may control evaporation. The existence
of two large dam reservoirs in the region since 1983 and 1994
may be one factor causing the local temperatures to maintain
within a range (28◦-32◦C from 1950 to 2018) and relatively low
evaporation rates, factors which should be explored, since this
could be relevant for the water balance in large reservoirs.

A management strategy that depends on surface water
requires aquifers to be in good condition to make them a
resilience factor in case of drought. Therefore, more attention
should be given in developing plans for the use of surface and
groundwater, considering the very low frequency variability of
the climate, especially in relation to prolonged drought periods.
In one possible planning strategy, the water provision system for
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FIGURE 8 | Water equivalent thickness (cm) over the MMA (Data GRACE-JPL). The dotted line corresponds to a smoothed version of the original data, as mean of

interpolating missing data. The green bars correspond to monthly precipitation over the MMA. The dashed-line box indicates the periods of a prolonged

meteorological drought between the occurrence of TCs.

the MMA could rely more on surface water during wet periods,
thus allowing the aquifers to recover to average or above average
levels. And during dry periods, water provision for the MMA
would rely on groundwater, as has happened in recent decades.

During warm periods, domestic water consumption increases
by 10–15% (Figure 2A). For instance, during summer, water
demands in the MMA increase around 79.2 hm3 on average.
This implies that water demands rise as a function of maximum
temperature and therefore, it may be expected that in a warmer
climate, the provision of potable water increases, since, regardless
of the storage in water reservoirs, consumption will be higher.
The rapid demographic and economic growth in theMMA, along
with warmer temperatures due to climate change, have increased
the demand for water and have led to the development of
more hydraulic infrastructure. There are new hydraulic projects
to maintain the provision of potable water to the urban area,
since some consider that meteorological droughts constitute a
major hazard that cannot be successfully managed with the
current sources of water (CONAGUA, 2014). However, for
those projects to be efficient and resilient, climate information
schemes should be included during planning stages, mainly in
relation to very low frequency climate variability and prolonged
meteorological droughts.

DISCUSSION AND CONCLUSIONS

The recent experience of a severe prolonged drought during
the 2011–2013 period, and the impacts on the water supply for
the urban population have led water agencies to consider how

climate change increases the risk of socioeconomic droughts.
Current water management practices, including water transfers
from one region to another, should be carefully examined in
the coming years. Large scale water transfer projects such as
those from the Panuco river, near the San Luis Potosí Huasteca
region, could be only a partial solution to the potential impacts
of climate change, particularly when meteorological droughts
affect central and northern Mexico. This type of solution,
under the paradigm of more water to offer instead of new
water management strategies, may result in social conflicts with
neighboring states. Even though the Water Agency of Monterrey
has already implemented several water use efficiency measures,
new local strategies in water management are necessary, such as
the use of improved climate information for long-term planning.
The climatic conditions of northeastern part of Mexico exhibit
predictability on very long-term time scales, which may serve
to better define water management strategies combining surface
and ground water provision.

On interannual and interdecadal time scales, SST anomalies
appear to modulate atmospheric circulations that reflect as
enhanced subsidence larger low-level moisture flows over
northern Mexico (Méndez and Magaña, 2010). This is in
agreement with findings that show that in recent decades,
atmospheric subsidence in subtropical regions appears to be
more intense due to a stronger Hadley cell (Quan et al., 2004).
This may result in more frequent periods of drought for northern
Mexico which could be mitigated by the occurrence of intense
precipitation events (Figure 10) (e.g., landfalling TCs). But,
dependence on the occurrence of TCs to recover water levels in
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FIGURE 9 | Annual water supply (hm3) (yellow line) surface water supply (red line) and groundwater supply (blue line) for the MMA. The green dots indicate population

of the MMA and the purple dots correspond to years when hydraulic infrastructure was implemented for water supply for the MMA.

FIGURE 10 | Average number of days per year with precipitation above 15 mm/day in the MMA. The shading corresponds to the range in the number of days in 17

weather stations in the MMA. The gap around 2007 corresponds to missing (incomplete) daily data in most stations in the region.

Frontiers in Water | www.frontiersin.org 12 January 2021 | Volume 3 | Article 579564

https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles


Magaña et al. Socioeconomic Drought in a Mexican

dam reservoirs could place the regional water system at risk of
socioeconomic droughts. Seasonal climate predictions of climate
change scenarios of landfalling TCs are extremely uncertain.

It is necessary to incorporate a component of drought
risks in the region’s water management systems. Monitoring
and predicting the phases of the AMO and the intensity
of the CLLJ may serve to improve water management
practices. Meteorological droughts are slow-onset hazards,
whose impacts depend on people’s vulnerabilities (socioeconomic
conditions, lack of strategies and plans, limited institutional
capacities, and resources). Depending on the vulnerability
context, an anomalously prolonged precipitation deficit may
result in hydrological, agricultural, or socioeconomic droughts.
Understanding these vulnerabilities to drought may allow
government authorities and the public to undertake effective
drought mitigation and preparedness measures.

In addition to more efficient water use practices, new
alternatives to respond to the growing demands of water
in the MMA should be considered: (i) water management
planning cognizant of interannual and interdecadal climate
variability, (ii) long term water planning considering the
role of TCs as providers of water and the trends in the
hydrologic cycle and climate change adaptation measures, and
(iii) the use of seasonal and long-term climate prediction in
a socioeconomic drought risk model. The consideration of
such strategic measures may result in a new paradigm for
water management in Mexico and other semi-arid regions.
Water supply in a water crisis context is exacerbating social,
economic, and environmental problems. TheMMA could benefit
from novel approaches in finding alternative sources of water
that complement the existing ones. The advancement of water
technology in the near future may include: groundwater artificial
recharge (Jones, 2011), atmospheric water vapor processors
for potable water production (Wahlgren, 2001), or improved
refinement of water programs. The possibilities of reducing
the water crisis in these Mexican regions are still ample but
require accepting the existence of non-traditional solutions to the
water crisis.
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AUTHOR’S NOTE

The problem of socioeconomic droughts in large cities in
northern Mexico, a semi-arid region is acquiring more relevance
in the Agenda of Water Agencies in Mexico, considering the
growing water crisis in the country. Most water management
strategies to deal with meteorological droughts focus on
responding to the adverse climatic conditions, with a high
economic cost. Climatic information is usually referenced to
describe the adverse conditions in the water sector, but rarely
used to prevent the negative consequences of meteorological
droughts for instance. The present study analyzes the way in
which very low frequency climate variability results in droughts
in a semiarid region of Mexico, and how such knowledge
could be used to prevent some of the negative consequences
of droughts, for instance in large urban centers. The analysis
shows that it is not only the long period fluctuations in climate,
but also, the trends, probably related to climate change, what
should be addressed by water managers in the near future,
leading to potential adaptation measures at the regional level.
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