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Abstract: This paper analyzed the evolution of climate data in the Rio Bravo Basin in Mexico
from 1980–2009 and projects future climate conditions in this region. Then, the potential impacts
of climate change on water resources for crops in the nine irrigation districts (IDs) of the Rio
Bravo Basin were evaluated. Specifically, climate data on precipitation, maximum and minimum
temperatures, and evapotranspiration from the baseline period of 1980–2009 were compared with
projected climate conditions for 2015–2039, 2045–2069, and 2075–2099. The projections were based on
two representative concentration pathways (RCPs) of greenhouse gases in the atmosphere (RCP4.5
and RCP8.5). Patterns in the behavior of the analyzed climate variables over the past ten decades
were examined and compared to the projected evolution of these variables through to the end of the
century. Overall, in the future, temperatures, rates of evapotranspiration, and crop water demand
are expected to increase. Also, the future precipitation patterns of all IDs were modified under the
considered scenarios. Finally, the IDs of Acuña-Falcón and Delicias will be the most impacted by
climate changes, while Palestina will be the least affected.

Keywords: climate change; RCP; crop water requirements; Rio Bravo; Rio Grande

1. Introduction

The integration and availability of spatial-temporal series of high-resolution climate data [1]
enable the study of climate variability, climate changes, or even future climate scenarios. Time series
data play an important role in the assessment and monitoring of various phenomena such as
desertification [2], forest fires [3], water resources [4], flooding [5], food security, and climate change [6].
Understanding the magnitude and extent to which systems will be affected by climate change is
critical in order to design policies that outline effective adaptation strategies [7]. To analyze potential
climate changes in the future, the Intergovernmental Panel on Climate Change (IPCC) has used
models to project possible climate conditions based on different levels of greenhouse gas (GHG)
concentrations in the atmosphere [8]. Most recently, in the Fifth Assessment Report (AR5), several
trajectories for GHG concentrations were published. These representative concentration pathways
(RCPs) describe possible scenarios for 2100 that are characterized by a total radiative forcing between
2.6 and 8.5 Wm−2 [9]. In particular, four scenarios were presented: one scenario in which mitigation
efforts lead to a low radiative forcing (RCP2.6), two scenarios of GHG stabilization (RCP4.5 and
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RCP6.0), and one final scenario reflective of a very high GHG concentration (RCP8.5). By the end
of the 21st century, the average global temperature is likely to increase 1 ◦C with respect to the
1850–1990 period in the RCP2.6 scenario, 1.8 ◦C in the RCP4.5 scenario, 2.2 ◦C in the RCP6.0 scenario,
and 3.7 ◦C in the RCP8.5 scenario.

Climate change has been identified as a major socioeconomic challenge both globally and
regionally. As the effects of climate change become increasingly evident, the future availability of water
for human consumption and for agricultural and industrial production is increasingly uncertain [10].
The resulting changes to the water cycle will not be uniform across regions, as changes in the short
term and at regional scales will likely be associated with local climate variability [8]. Additionally,
climate change will likely have consequences for food security in developing countries.

Changes in temperature and precipitation related to climate change will likely threaten
agricultural production and compromise food security in numerous ways. Agricultural production is
directly linked with environmental conditions [11] because the production, storage, and distribution
of crops, as well as agricultural markets, are sensitive to climate fluctuations, and especially,
the availability of water resources [12,13]. In particular, temperature is a primary factor affecting
the rate of plant development. High temperatures generally have a negative effect on plant
growth, pollination, and reproductive processes and also increase soil water evaporation and crop
transpiration [14], which can potentially lead to catastrophic losses in crop productivity and result in
widespread famine [15]. Several studies have shown that the phenology of wild and crop plants has
evolved with climate changes [16–20]. Even so, increased frequency of elevated temperatures and the
resulting stress on plants can cause significant yield losses depending on timing (sensitive growth
stages), intensity, and duration. Grain crops are generally more sensitive to elevated temperatures
during the reproductive rather than vegetative stages of crop development [17]. Schlenker and
Roberts [21] found that yields increase at temperatures up to 20 ◦C for corn, 30 ◦C for soybean,
and 32 ◦C for cotton, yet temperatures above these thresholds are harmful. In face of climate changes,
agricultural producers must begin to consider variations in temperature as part of their production
systems to ensure food security and to meet the rising food demand of the increasing population.

The current water panorama in Mexico which could be greatly affected by several aspects,
including: (1) 22.7% of surface water is heavily contaminated; (2) drinking water and sewage coverage
are not universal, as coverage remains at 91.6% and 90.2%, respectively; (3) the agricultural sector
consumes 77% of the water; (4) 16.2% of aquifers exhibit overdraft conditions; (5) a large portion
(40%) of water is lost through system leaks; and (6) less than 50% of waste water is treated [7].
Furthermore, 75% of the national territory is arid or semi-arid, mainly in the central and northern
regions, and economic and agricultural development is also concentrated in these areas. Thus, the arid
and semi-arid regions have the greatest proportion of hectares destined for agricultural use; however,
only one-third of Mexico’s water resources are in these regions. Therefore, the spatial and temporal
distribution of water resources is a challenge because regional water availability does not match
regional water demand. Agricultural production represents around 3% of GDP and encompasses
22.2 million hectares. Of this area, 15 million hectares are rainfed (67.5%), and 7.2 million hectares are
irrigated (32.5%). The yield per hectare of crops such as maize, sorghum, and beans under an irrigated
regime is 2.2–3.3 times higher than that of rainfed agriculture [22]. Accordingly, irrigated crops cover
only 50% of the area of rainfed crops yet generate 60% of the value of agricultural production in
Mexico [23].

Comparatively, irrigated fields are more vulnerable to temperature variations, while rainfed fields
are vulnerable to precipitation changes and extreme weather events. Considering a temperature rise of
2.5 ◦C and a 10% reduction in precipitation, irrigated systems may experience losses of 26–55%. A rise
of just 1 ◦C could reduce net revenue per hectare by USD 403 (403 USD/ha/◦C) [24]. Additional factors
such as crop choice, land quality, fertilizer, seeds, and irrigation practices differ in developing countries
and may influence the effects of climate changes on net agricultural revenues [25].



Water 2018, 10, 258 3 of 20

With respect to irrigated agriculture in Mexico, 3.3 million hectares are under the jurisdiction
of 86 irrigation districts (IDs), and 3.9 million hectares form part of 47,000 irrigation units (IUs,
smaller public irrigation schemes). Fresh water use in these IDs and IUs represents 76% of total water
use in Mexico. The IDs have been developed by the federal government since 1926 for managing
and implementing irrigation infrastructure in agricultural areas. Overall, Mexico is ranks seventh
worldwide in terms of irrigation infrastructure per surface area, following India, China, United States,
Pakistan, Iran, and Indonesia [26].

In irrigation Region VI (Rio Bravo), precipitation is expected to reduce 5–20% over the next 70 years
with respect to the current average of 438 mm/year. At the US-Mexico border region, the water quality
and quantity of the Rio Grande/Rio Bravo Water Basin will be affected in numerous ways by climate
change. This region will experience a water deficit by 2040, and water will be contaminated by 2028,
and strongly contaminated by 2047. In this region, water quality was predicted to be more sensitive
to the level of GHG in the atmosphere than water quantity [27]. Also, the effects of climate change
on reference evapotranspiration (ET) in Mexico were analyzed by Mundo-Molina [28], who projected
that ET will increase nearly 7% in the Rio Bravo Basin by 2030. Under this scenario, the water demand
of crops may increase 2% to more than 7%. This latter finding supports the need to carry out further
in-depth analyses and to store a greater volume of water in the dams or reservoirs of the IDs in the Rio
Bravo Basin. Given this context, a complex analysis is required to determine the extent to which climate
variability affects different crops in Mexico. Changes in temperature, rainfall, and evapotranspiration
affect crops, although plant phenology, crop patterns, and the adaptation capacity of farmers are also
important factors [29].

For this reason, considering that the effects of GHGs have not been fully investigated at
regional scales, the present study incorporated spatial-temporal series of high-resolution climate
data for the Rio Bravo Basin into the projection of future climate changes scenarios (RCP4.5 and
RCP8.5) [30] to determine potential future changes in rainfall, temperature (maximum and minimum),
and evapotranspiration under these scenarios. Ultimately, the goal was to analyze the possible effects
of the considered climate change scenarios on the water requirements of crops in the IDs of the Rio
Bravo Basin (RBB) in Mexico.

2. Materials and Methods

2.1. Study Area

The RBB is located within the hydrological administrative Region VI of Rio Bravo in northern
Mexico along the United States border and it represents one of the largest watershed areas in Mexico.
Mexico and the United States share the watershed of Rio Grande-Rio Bravo, conferring it with
international status. The watershed spans an area of 455,000 km2, and 49.4% of the watershed
area is in Mexico, including portions of the states of Coahuila, Durango, Chihuahua, Tamaulipas,
and Nuevo León. The Mexican portion of the watershed contains a population of more than 9 million
inhabitants. The average annual precipitation of the region is 480 mm, and annual evapotranspiration
ranges from 2000 to 2400 mm. Two historical dry periods within the last 100 years can be identified:
1952–1957 and 1993–2002. The main land uses are xeric shrubland (56.2%), grassland (24.7%), forest
(10.6%), crops (4.5%), and urban areas and bare soil (4%). Economically, this region contributed 14.29%
to the gross domestic product (GDP) of Mexico in 2016, making this region the third most important
economic region in the country. The tertiary sector contributed 60% of regional GDP, followed by
the secondary (38%) and primary sectors (2%). Crops in this region of the country have the lowest
productivity with respect to water consumed (USD 0.13 were generated per m3 of water consumed
in 2009) [31].

Also, urban and industrial growth have considerably increased the demand for water in the
RBB and have led to intense exploitation of the aquifers in this watershed. As a result, diverse and
complex problems exist with respect to the management of regional water resources. For example,
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43,439 concession titles were granted for water use, which is the largest number of concessions at
the national level, including 6046 concessions for surface water and 37,393 concessions for ground
water [22]. The agricultural sector consumes 82% of the water. Consequently, of the 102 aquifers in the
region, 34 aquifers are depleted of groundwater, and 18 aquifers are overexploited [22].

The IDs located in the region are Don Martín (004), Las Delicias (005), Palestina (006),
Valle de Juárez (009), Bajo Río San Juan (026), Las Lajas (031), Acuña-Falcón (050), Bajo Río Conchos
(090), and Río Florido (103) (Figure 1).
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The IDs with the largest harvested area in the 2015–2016 period are Bajo Río San Juan and Delicias
(Figure 2), where more than 60,000 hectares were harvested, followed by Valle de Juárez, where slightly
more than 10,000 hectares were harvested. In the remaining IDs, less than 5000 hectares were harvested.
Although Bajo Río San Juan had the largest harvested area, the value of crops produced in Delicias
was three times greater; this is due to differences in the dominant crops and the output of each district
(Appendix A).

Water 2018, 10, x FOR PEER REVIEW  4 of 20 

 

The IDs located in the region are Don Martín (004), Las Delicias (005), Palestina (006), Valle de 
Juárez (009), Bajo Río San Juan (026), Las Lajas (031), Acuña-Falcón (050), Bajo Río Conchos (090), and 
Río Florido (103) (Figure 1). 

 
Figure 1. Location of the study area. 

The IDs with the largest harvested area in the 2015–2016 period are Bajo Río San Juan and 
Delicias (Figure 2), where more than 60,000 hectares were harvested, followed by Valle de Juárez, 
where slightly more than 10,000 hectares were harvested. In the remaining IDs, less than 5000 
hectares were harvested. Although Bajo Río San Juan had the largest harvested area, the value of 
crops produced in Delicias was three times greater; this is due to differences in the dominant crops 
and the output of each district (Appendix A). 

 
Figure 2. Harvested area in hectares per irrigation district of the Rio Bravo Basin for the 2001–2016 
crop years. 

Figure 2. Harvested area in hectares per irrigation district of the Rio Bravo Basin for the
2001–2016 crop years.



Water 2018, 10, 258 5 of 20

2.2. Database of Past Climate Data

To determine changes in the climate conditions of the RBB over time, the monthly averages for
precipitation (P), maximum temperature (Tmax), and minimum temperature (Tmin) for the baseline
period (1980–2009) were downloaded from Daymet Version 3 (https://daymet.ornl.gov/). This data
set provides gridded estimates of monthly precipitation for Mexico over a continuous surface at a
spatial resolution of 1 × 1 km [1].

2.3. Analysis and Projection of Climate Data

The monthly climate surfaces of P, Tmax, and Tmin for the 1980–2009 period were used as a basis
for generating the RCP4.5 and RCP8.5 emission scenarios in the AR5 of the IPCC for the three analysis
periods (2015–2039, 2045–2069, and 2075–2099) (Figure 3: Step 2) [30].
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Scenarios of climate change induced by different GHG concentrations (RCP4.5 and RCP8.5) were
generated using the climate change adaptation modeler (CCAM) in the TerrSet software [32]. A model
for generating regional climate change scenarios (MAGICC/SCENGEN) was also incorporated [33].
In this study, the RCP2.6 scenario was not considered because it is optimistic and therefore
improbable [34]; in addition, RCP6.0 was not considered because it represents an intermediate scenario
between RCP4.5 and RCP8.5.

First, the climate conditions for each scenario were obtained. Then, evapotranspiration
(mm/month) was calculated according to the following formula (Figure 3, Step 3 [35]):

ET = (0.0135(Tmed + 17.78)Rs)× #days in the month (1)

where Tmed is the average daily temperature in ◦C (Tmed = [Tmax + Tmin]/2), and Rs is the incident
solar radiation on day 15 of the month in mm/day, which was calculated using the formula proposed
by Zomer et al. [36]:

Rs = 0.16 Ra RT0.5 (2)

where Ra is the extraterrestrial solar radiation in mm/day obtained from the Consortium for
Spatial Information (http://www.cgiar-csi.org/) [36], and RT is the daily temperature range in ◦C
(RT = Tmax − Tmin).

https://daymet.ornl.gov/
http://www.cgiar-csi.org/
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Then, the monthly crop coefficients (Kc) [37] were calculated for the distinct crop types reported
in the study area for the 2015–2016 agricultural period (Appendix B). These values were then used to
obtained crop evapotranspiration under standard conditions (ETc) according to the following equation:

ETc = ET × Kc (3)

The ETc values for each crop were used to obtain the respective crop water requirements (CWR)
for each irrigation district as follows:

CWR =
N

∑
i

ETci × Harvested areai (4)

where N is the sum of the different crops (i) reported for the 2015–2016 agricultural period for each
irrigation district (Appendix A). The data reported for the 2015–2016 agricultural period were also used
as a basis for projecting the RCP4.5 and RCP8.5 scenarios. Based on these results, the volumetric water
requirement of the source (VWRS) was calculated by dividing the CWR by the irrigation efficiency (IE);
according to Magaña [38], the average IE for Mexico is 0.45. In this case, the IE was assumed to remain
constant through 2100.

To identify climate similarities between IDs, a spatial cluster analysis [39] was performed using
the P, Tmax, Tmin, and ET of the baseline period. Also, to analyze changes in climate conditions,
the average monthly behavior of Tmax, Tmin, P, ET, CWR, and VWRS was extracted from the polygons
of the IDs, and monthly changes in the variables per projected scenario and time period were compared
to the baseline scenario (Figure 3: Step 4). For all scenarios, the aridity index (AI = P/ET) proposed by
the United Nations Environment Programme (UNEP) [40] and the difference between precipitation and
evapotranspiration (P-ET) were also calculated on an annual basis. Both parameters were considered
to be important indicators of the interaction between the atmosphere and the land surface and to be
representative of any overall changes in the regional water balance. Likewise, in the case of semi-arid
regions, such as those of the study area, these parameters can be used to confirm the presence of water
deficits [41–43].

3. Results

3.1. Changes in Climate Conditions

Three main regions can be identified according to climate behavior (Figure 4). The maximum
temperature (Tmax), minimum temperature (Tmin), precipitation (P), and evapotranspiration (ET)
behaved distinctly across the study region during the analyzed time periods (Figures 5–7).

Region 1 contains the IDs of Delicias and Río Florido. This region presents a marked
rainy (June–October) and dry season (November–May). The average annual conditions for
1980–2009 correspond with a P = 367 mm, ET = 1626 mm, Tmin = 8.9 ◦C, and Tmax = 26.2 ◦C.
Under the RCP4.5 scenario, P is expected to decrease 35 mm by 2069 but return to the baseline average
by 2100. The ET is expected to increase 182 mm by 2100. Under the RCP8.5 scenario, average annual
P is expected to decrease 83 mm and average annual ET to increase 334 mm by 2100. The annual
average Tmin and Tmax are expected to increase 2.9 ◦C and 3.2 ◦C, respectively, by 2100 under the
RCP4.5 scenario and 5.9 ◦C and 6.3 ◦C, respectively, under the RCP8.5 scenario.

Region 2 contains the IDs of Valle de Juárez and Bajo Río Conchos. This region receives the least
amount of P per year (barely 215 mm). The average annual conditions for 1980–2009 correspond with an
ET = 1676 mm, Tmin = 10 ◦C, and Tmax = 27 ◦C. This is the only region where an increase in precipitation
is expected by 2100 under the RCP4.5 scenario; meanwhile, under the RCP8.5 scenario, changes in
baseline P are not observed. The ET is expected to rise to 274 mm by 2100 in the RCP4.5 scenario and to
419 mm in the RCP8.5 scenario. The Tmin is expected to reach 2.8 ◦C in the RCP4.5 scenario and 5.9 ◦C
in the RCP8.5 scenario. The Tmax is expected to increase by an annual average of 4.9 ◦C and 8.0 ◦C



Water 2018, 10, 258 7 of 20

in the RCP4.5 and RCP8.5 scenarios, respectively. Under these scenarios, this region demonstrates
the greatest increases in the average maximum and minimum temperatures of the daily temperature
range (Tmax–Tmin); these values increased by approximately 1.6 in both scenarios.

Region 3 contains five IDs: Palestina, Don Martín, Las Lajas, Bajo Río San Juan, and Acuña Falcón.
This region experiences a rainy season that begins in April or May and ends in October and also
presents the highest average annual P (485 mm). This region has a period of heat-wave during the
months of June and July that is characterized by a marked decreased in P, an increase in Tmin and
Tmax, and, consequently, an increase in ET. This region is also the warmest and has an annual average
Tmin = 15 ◦C, Tmax = 28.5 ◦C, and ET = 1603 mm. Under the RCP4.5 scenario, P is expected to decrease
55 mm by 2069 yet to once again increase 60 mm by 2100. However, under the RCP8.5 scenario,
the current average P is expected to remain constant. Undoubtedly, the greatest impact in this region
by 2100 will be related to the expected increases in Tmin (RCP4.5 = 3.3 ◦C and RCP8.5 = 6 ◦C) and
Tmax (RCP4.5 = 3.8 ◦C and RCP8.5 = 6.6 ◦C). Finally, by 2100, the ET is expected to increase 181 mm
and 297 mm for the RCP4.5 and RCP8.5 scenarios, respectively.
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3.2. Aridity Index and Precipitation Minus Evapotranspiration

The projected changes to the aridity index (AI) and the difference between precipitation and
evapotranspiration (P-ET) provide a general overview of the future water balance in the IDs.
As observed in Figure 7, some IDs in regions 1 and 2 are classified as arid and others as semi-arid
according to the baseline conditions (1980–2009). Meanwhile, all IDs in region 3 currently present
semi-arid conditions. Under the RCP4.5 scenario, the IDs will experience changes in the AI, yet these
will not vary significantly from the baseline conditions. However, under the RCP8.5 scenario, all IDs
of regions 1 and 2 will be classified as arid, and Delicias will experience the most drastic change. Also,
all IDs in region 3 are expected to have lower AI values but will continue to be semi-arid.
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Figure 7. Spatial changes of average annual precipitation (P), evapotranspiration (ET), minimum
temperature (Tmin), and maximum temperature (Tmax) for the 1980–2009 base scenario and for the
2075–2099 period under the RCP4.5 and RCP8.5 climate change scenarios in the Rio Bravo Basin.

According to baseline conditions, the annual average P-ET in all IDs is negative, indicating that
surface water is unavailable. As observed in Figure 8, monthly ET is always higher than monthly P.
Under the RCP4.5 scenario, by 2100, the annual average water deficit will increase proportionally for
regions 1 and 3 by approximately 140 mm, and will increase by more than 200 mm for region 2. Finally,
under the RCP8.5 scenario, the P-ET indicator demonstrates the greatest water deficit (420 mm) in
region 2; while the water deficits in regions 1 and 3 will be 393 mm and 299 mm, respectively.
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Figure 8. Changes in the aridity index (AI) and the difference between precipitation and
evapotranspiration (P-ET) under the RCP4.5 and RCP8.5 climate change scenarios in the irrigation
districts of the Rio Bravo Basin.

3.3. Potential Impact on the Irrigation Districts

According to Prasad [17], temperature increases will negatively impact crop production to the
greatest extent when such increases coincide with critical crop periods, such as flowering and grain
formation. As a result of high temperatures, crops experience stress and have less time to absorb
nutrients, intercept solar energy, and carry out metabolic activities. In the harvested area in the RBB
(Table A1), maize, sorghum, and alfalfa are the principal crops. These crops are most sensitive to
high temperatures during their reproductive stage. However, crop phenology is simultaneously
affected by crop management, including cultivar shift and date of sowing, which can also be
adjusted to cope with climate variability. In fact, the planting of shorter-duration crops could be
an effective means of adapting to climate change, as crops with earlier anthesis or sowing dates can
avoid extreme heat stress [44] and be less exposed to drought [45] during the grain-filling period,
which consequently benefits yield. Cammarano and Tian [46] found that for each 1 ◦C increase in
air temperature, maize yield decreases on average by 4.6%. Moreover, Liu et al. [20] found that the
relative contribution of different climate factors to phenological changes varied given the phenological
stage and growing period. In this respect, different phenological stages had distinct sensitivities to
climate factors, and distinct climate trends during the analyzed periods also differentially affected
crops. Among the three analyzed climatic factors, average air temperature had the greatest impact
(>50%) on most phenological stages and growing periods. Our results also support that changes
in air temperatures are the main driver of impacts on crop phenology, as similarly found in earlier
studies [47,48]. Additionally, cumulative sunshine hours are the greatest driver of changes to the
length of the vegetative growth period. The impacts of cumulative precipitation on plant phenology
seemed very slight when compared to average daily air temperature over the upper threshold and
cumulative sunshine hours.
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Also, crop production in the IDs is dependent on availability of water for satisfying the CWRs.
The effects of climate change on the IDs of the study area will likely be reflected as changes in the
variables analyzed herein, including P, ET, Tmin, and Tmax, and in the indicators of water balance such
as the AI and P-ET (Figure 7). Ultimately, the resulting effects on crops will depend on the tolerance of
specific crops to such climate changes.

Based on this information, the monthly changes in the CWR and the VWRS in the IDs
were analyzed and compared between the baseline period and the projected scenarios (Figure 9).
The projections through to 2100 show that region 1 will have the greatest CWR, which will
increase 27.9 hm3 under scenario RCP4.5 and 55.8 hm3 under scenario RCP8.5, with respect to the
1980–2009 baseline period. The estimated CWR for region 1 will be nearly three times greater than
that of regions 2 and 3, which will both have a CWR of 10.5 hm3 under scenario RCP4.5 and a CWR of
16 and 18 hm3, respectively, under scenario RCP8.5. The changes in the VWRS also indicate increased
future water demand for crop production. Under scenario RCP4.5, region 1 will require 62 hm3 more
water by 2100 compared to the 1980–2009 period, whereas regions 2 and 3 will require a water increase
of 23 hm3. Under scenario RCP8.5, the VWRS will increase by 124 hm3 in region 1 and by 35 and
40 hm3 in regions 2 and 3, respectively.

The IDs that experience the greatest changes per variable and RCP scenario between the
1980–2009 base period and the projected 2075–2099 period, can be observed in Table 1. Under the
RCP4.5 scenario, Acuña-Falcón will be the most affected ID; under the RCP8.5 scenario, Delicias will
be the most affected. On the other hand, the least affected ID under both scenarios will be Palestina.

Notably, the VWRs of all IDs are fulfilled from different sources. Some water is supplied from the
surface water ceded by the U.S. portion of the Rio Grande Watershed to Mexico. Additional water is
supplied by local aquifers, national surface waters, and reservoirs. Therefore, the projected increases
in VWRs will undoubtedly impact the production and output of crops and this will be reflected in the
national GDP. Additionally, increasing demand for water could potentially lead to conflicts between
Mexico and the United States with respect to the Treaty of 1949, which determines the water volumes
allocated to each country, and could lead to an even greater depletion of aquifers that are currently
experiencing deficits.

4. Conclusions

The present study shows that temperature and precipitation patterns in the RBB have changed
over the last 30 years and will continue to change incrementally under the RCP4.5 and RCP8.5 climate
change scenarios (Table 2). Distinct patterns in the analyzed climate variables were observed among
the IDs, yet the IDs were able to be grouped into three regions of similar climate behavior: region 1
(Delicias and Río Florido), region 2 (Valle de Juárez and Bajo Río Conchos), and region 3 (Palestina,
Don Martín, Las Lajas, Bajo Río San Juan, and Acuña Falcón).
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water requirements of the sources (VWRS) for the 1980–2009 baseline period in comparison to the
RCP4.5 and RCP8.5 climate change scenarios projected for 2015–2039, 2045–2069, and 2075–2099 periods
based on the harvested crop areas of the 2015–2016 agricultural cycle.
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Table 1. Extent of climate change effects on the IDs between the 1980–2009 base period and the 2075–2099 period projected according to the RCP 4.5 and RCP8.5 climate
change scenarios.

Irrigation
District

P ET Tmin Tmax CWR P-ET AI Total

Diff. mm R. Diff. mm R. Diff. ◦C R. Diff. ◦C R. Diff. hm3 R. Base 2100 Diff. mm R. Base 2100 Diff. R. Sum R.

RCP 4.5

Delicias 13.54 9 143.0 2 2.91 2 3.18 1 49.44 9 −1300.2 −1429.7 129.46 5 0.22 0.21 −0.01 8 36 4

Valle de
Juárez 48.56 6 264.0 8 2.34 1 4.69 7 14.52 7 −1440.6 −1656.1 215.51 8 0.11 0.12 0.01 4 41 7

Bajo Río
Conchos 70.31 3 284.5 9 3.30 6 5.16 9 6.33 6 −1507.3 −1721.6 214.24 7 0.13 0.15 0.02 2 42 8

Río Florido 55.47 4 222.0 6 3.00 3 4.21 6 6.29 5 −1179.7 −1346.3 166.53 6 0.27 0.27 0.00 6 36 5

Palestina 117.41 1 137.1 1 3.34 5 3.43 2 1.66 2 −1108.8 −1128.5 19.69 1 0.31 0.35 0.04 1 13 1

Don Martín 73.25 2 196.5 5 3.13 4 3.92 5 4.37 4 −1228.1 −1351.3 123.29 3 0.25 0.26 0.01 3 26 2

Las Lajas 31.30 8 160.5 4 3.49 9 3.69 3 1.36 1 −1193.1 −1322.4 129.29 4 0.29 0.28 −0.01 7 36 6

Bajo Río
San Juan 50.83 5 155.8 3 3.45 7 3.76 4 41.09 8 −1057.7 −1162.7 104.97 2 0.33 0.33 0.00 5 34 3

Acuña-Falcon 31.63 7 258.7 7 3.36 8 4.84 8 3.62 3 −1098.6 −1325.7 227.09 9 0.30 0.27 −0.03 9 51 9

RCP 8.5

Delicias −83.60 9 289.1 4 6.11 7 6.39 4 100.82 9 −1300.2 −1673.0 372.72 5 0.22 0.14 −0.08 9 47 9

Valle de
Juárez −2.70 4 404.6 8 5.39 1 7.76 8 22.04 7 −1440.6 −1847.9 407.31 7 0.11 0.08 −0.02 1 36 5

Bajo Río
Conchos 1.09 3 434.0 9 6.38 9 8.34 9 9.61 5 −1507.3 −1940.3 432.99 9 0.13 0.11 −0.03 2 46 8

Río Florido −35.01 8 378.8 6 5.90 4 7.35 6 10.72 6 −1179.7 −1593.6 413.86 8 0.27 0.20 −0.07 8 46 7

Palestina 23.97 1 264.1 2 5.99 5 6.30 2 3.39 2 −1108.8 −1349.0 240.15 1 0.31 0.28 −0.03 3 16 1

Don Martín 15.88 2 324.3 5 5.84 2 6.78 5 7.33 4 −1228.1 −1536.5 308.42 4 0.25 0.21 −0.03 4 26 2

Las Lajas −11.70 5 266.9 3 6.18 8 6.34 3 2.34 1 −1193.1 −1471.7 278.68 3 0.29 0.24 −0.05 5 28 4

Bajo Río
San Juan −21.57 7 249.3 1 5.88 3 6.19 1 72.19 8 −1057.7 −1328.6 270.91 2 0.33 0.27 −0.06 6 28 3

Acuña-Falcon −17.71 6 381.1 7 6.06 6 7.67 7 5.45 3 −1098.6 −1497.5 398.81 6 0.30 0.23 −0.07 7 42 6

Diff. = Difference between the baseline period (1980–2009) and the 2075–2099 period; R. = Ranking of the effects on variables per irrigation district; 1 = less affected; 9 = more affected.
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Table 2. Current and projected changes per ID in climatic variables and water requirements.

Region P (mm/decade) ET (mm/decade) Tmin (◦C/decade) Tmax (◦C/decade) CWR (hm3) VWRS (hm3)

1980–2009
1 7.10 1.75 −0.02 0.02 317.83 706.29
2 0.23 2.53 0.03 0.04 66.21 147.14
3 −0.92 −0.97 −0.02 −0.02 119.11 264.68

RCP 4.5
1 3.4 18.25 0.29 0.37 345.70 (8.8%) * 768.21
2 5.9 27.43 0.28 0.49 76.63 (15.7%) * 170.30
3 6.09 18.17 0.33 0.39 129.53 (8.7%) * 287.84

RCP 8.5
1 −5.93 33.39 0.60 0.69 373.60 (17.5%) * 830.23
2 −0.08 41.93 0.59 0.80 82.03 (23.9%) * 182.30
3 −0.22 29.71 0.60 0.67 137.25 (15.2%) * 304.99

* Percentage with respect to the baseline period.

Agriculture is extremely sensitive to both climate variability and changes. Therefore, climate
changes will likely exert adverse impacts on agriculture and will increase the vulnerability of
agricultural production [46]. Projected future climate changes will increase the severity of dry periods
and heat stress during summer months, and such extreme climate events will likely impact crops
in the RBB. In this context, producers will have to consider variations in temperature as part of
their production system to ensure food security and to meet the food demands of an ever-increasing
population. Undoubtedly, most future production will come from irrigated agriculture, which requires
improved seeds, adequate inputs, and water and fertilizer at appropriate times for local climate
conditions. Therefore, to develop new policies in the face of climate uncertainty, different factors
involved in agricultural production should be examined given potential climate changes; there are
numerous opportunities for further research on this topic. Also, to build sustainable agricultural
policies, several key actions [7] must be considered, including (a) the development of clear national food
and nutrition policies and strategies that consider water and energy consumption (i.e., virtual trade of
natural resources); (b) the removal of subsidies for water, food, and energy, as these reduce resource
use efficiency and result in adverse impacts on the environment; (c) the development, implementation,
and dissemination of efficient technology (particularly technology that is affordable for poor people as
well as the monitoring of climate variates); (d) the strengthening of water and land tenure systems;
(e) continued agricultural research on crops that are tolerant to frequent drought and periods of heat
stress; (f) the simulation of the effects of climate change on crops using crop growth and water allocation
models [13] that consider different variants such as daily crop growth, development, and final yield,
which can be affected by water availability, weather, soil, crop characteristics, legal water rights,
and agronomic practices and management; and (g) the creation of markets and trade solutions to
ensure least-cost input flow for farmers and consumers.

The problems facing the IDs of the RBB as a result of climate change are far from being solved.
The formulation of new policies to address such challenges will require creativity and further
knowledge generation via scientific studies. However, the rates of change in the climate variables
analyzed herein and the effects of these changes on crop production and crop water requirements
constitute a useful reference for vital future research projects and public policy proposals oriented
toward reducing the vulnerability of the IDs in the RBB. Likewise, the design of climate adaptation
strategies and measures should consider the negative impacts on irrigated agriculture that will likely
result from climate change. Finally, based on future climate scenarios and related challenges, this study
establishes the need to form think tanks on climate change, hydro-meteorological disasters, and food
security in Mexico in order to build regional resilience strategies.
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Appendix A

Table A1. Crops reported for the 2015–2016 period in the IDs of the Rio Bravo Basin according to
harvested area, crop output, and production value in USD.

ID Crop
Harvested Surface Yield

(Ton/ha)
Production Value

ha % 1 Thousand USD 2 % 3

Acuña-Falcón Green buffel 1168.0 54.35% 41.9 6117.11 53.67%
Acuña-Falcón Sweet sorghum 540.0 25.13% 34.5 2328.57 20.43%
Acuña-Falcón Walnut 287.0 13.36% 1.7 2386.36 20.94%
Acuña-Falcón Green oat 64.0 2.98% 25.0 161.72 1.42%
Acuña-Falcón Field corn 60.0 2.79% 4.3 55.71 0.49%
Acuña-Falcón Watermelon 30.0 1.40% 46.0 348.70 3.06%

Bajo Río Conchos Green alfalfa 1428.5 38.66% 84.0 4191.83 30.30%
Bajo Río Conchos Cotton 649.3 17.57% 4.8 2276.35 16.45%
Bajo Río Conchos Sweet sorghum 513.2 13.89% 71.2 810.44 5.86%
Bajo Río Conchos Green oat 366.6 9.92% 31.0 503.98 3.64%
Bajo Río Conchos Walnut 248.6 6.73% 2.8 4749.00 34.33%
Bajo Río Conchos Rye grass 239.3 6.48% 75.0 1009.05 7.29%
Bajo Río Conchos Wheat 175.5 4.75% 4.3 171.61 1.24%
Bajo Río Conchos Small vegetables 59.3 1.60% 8.5 111.45 0.81%
Bajo Río Conchos Field corn 14.0 0.38% 1.4 3.82 0.03%
Bajo Río Conchos Melon 1.0 0.03% 27.5 6.51 0.05%
Bajo Río San Juan Field corn 55,493.3 82.75% 7.4 85,395.36 88.63%
Bajo Río San Juan Grain sorghum 10,351.9 15.44% 4.1 8048.74 8.35%
Bajo Río San Juan Cotton 893.2 1.33% 2.7 1951.07 2.02%
Bajo Río San Juan Green buffel 145.0 0.22% 5.5 60.58 0.06%
Bajo Río San Juan Popcorn maize 59.0 0.09% 4.0 95.67 0.10%
Bajo Río San Juan Soy 41.1 0.06% 3.1 60.04 0.06%
Bajo Río San Juan Bermuda for hay 24.0 0.04% 6.5 11.83 0.01%
Bajo Río San Juan Sweet sorghum 15.0 0.02% 20.0 18.57 0.02%
Bajo Río San Juan Green alfalfa 14.0 0.02% 17.3 53.39 0.06%
Bajo Río San Juan Watermelon 9.0 0.01% 20.0 39.80 0.04%
Bajo Río San Juan Cucumber 6.0 0.01% 50.0 180.99 0.19%
Bajo Río San Juan Melon 5.0 0.01% 20.0 23.25 0.02%
Bajo Río San Juan Eggplant 3.0 0.00% 80.0 333.54 0.35%
Bajo Río San Juan Green chile 3.0 0.00% 20.0 26.53 0.03%
Bajo Río San Juan Green tomato 2.4 0.00% 36.0 52.40 0.05%

Delicias Green alfalfa 28,657.7 46.64% 58.7 79,700.21 25.31%
Delicias Walnut 9809.8 15.97% 1.7 84,278.68 26.76%
Delicias Green chile 5370.4 8.74% 40.0 71,922.10 22.84%
Delicias Field corn 5290.7 8.61% 48.0 10,427.72 3.31%
Delicias Groundnut (peanut) 4642.2 7.56% 2.5 7441.35 2.36%
Delicias Watermelon 3874.0 6.31% 50.0 23,273.37 7.39%
Delicias Onion 1775.5 2.89% 70.0 21,198.68 6.73%
Delicias Other crops 1225.0 1.99% 35.0 14,896.56 4.73%
Delicias Cotton 796.6 1.30% 3.5 1773.49 0.56%

Don Martín Wheat 1198.0 26.16% 4.5 1359.16 13.56%
Don Martín Green buffel 875.1 19.11% 40.7 4454.84 44.43%
Don Martín Grain sorghum 836.2 18.26% 4.2 713.65 7.12%
Don Martín Soy 684.5 14.95% 3.1 1190.94 11.88%
Don Martín Corn 517.5 11.30% 4.3 481.23 4.80%
Don Martín Sweet sorghum 376.7 8.22% 34.5 1625.41 16.21%
Don Martín Sorghum foy hay 51.0 1.11% 1.1 84.34 0.84%
Don Martín Green oat 21.0 0.46% 24.1 51.17 0.51%
Don Martín Rye grass 20.0 0.44% 29.1 66.18 0.66%

Las Lajas Grain sorghum 594.0 36.86% 3.8 417.84 39.65%
Las Lajas Green buffel 446.3 27.69% 3.9 131.96 12.52%
Las Lajas Corn 388.7 24.12% 4.0 324.11 30.76%
Las Lajas Sweet sorghum 105.2 6.53% 4.4 73.61 6.99%
Las Lajas Soy 77.3 4.80% 2.9 106.18 10.08%
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Table A1. Cont.

ID Crop
Harvested Surface Yield

(Ton/ha)
Production Value

ha % 1 Thousand USD 2 % 3

Palestina Sweet sorghum 1511.4 51.77% 26.2 1358.40 54.29%
Palestina Green oat 450.8 15.44% 21.6 385.26 15.40%
Palestina Corn 281.0 9.63% 3.0 175.85 7.03%
Palestina Klein grass 171.5 5.87% 31.2 185.91 7.43%
Palestina Wheat 162.0 5.55% 3.0 107.68 4.30%
Palestina Oat 101.0 3.46% 2.2 35.09 1.40%
Palestina Bermuda for hay 79.5 2.72% 33.7 84.64 3.38%
Palestina Rye grass 47.5 1.63% 24.2 47.22 1.89%
Palestina Bean 25.5 0.87% 0.8 18.48 0.74%
Palestina Green alfalfa 25.0 0.86% 35.1 41.60 1.66%
Palestina Walnut 22.5 0.77% 0.8 28.43 1.14%
Palestina Watermelon 13.0 0.45% 8.8 15.65 0.63%
Palestina Green buffel 11.0 0.38% 24.5 8.51 0.34%
Palestina Green triticale for hay 11.0 0.38% 16.1 5.92 0.24%
Palestina Hay 3.5 0.12% 18.0 1.99 0.08%
Palestina Sorghum for hay 3.0 0.10% 3.0 1.42 0.06%

Río Florido Green alfalfa 2578.0 55.20% 40.0 3752.19 36.75%
Río Florido Walnut 594.0 12.72% 1.0 3805.43 37.27%
Río Florido Field corn 539.0 11.54% 45.0 766.11 7.50%
Río Florido Sweet sorghum 444.0 9.51% 38.0 532.91 5.22%
Río Florido Green oat 284.0 6.08% 38.0 340.87 3.34%
Río Florido Green chile 128.0 2.74% 24.7 898.29 8.80%
Río Florido Corn 93.0 1.99% 6.0 109.27 1.07%
Río Florido Bean 10.0 0.21% 0.8 6.06 0.06%

Valle de Juárez Green alfalfa 2578.0 55.20% 40.0 3752.19 36.75%
Valle de Juárez Walnut 594.0 12.72% 1.0 3805.43 37.27%
Valle de Juárez Field corn 539.0 11.54% 45.0 766.11 7.50%
Valle de Juárez Sweet sorghum 444.0 9.51% 38.0 532.91 5.22%
Valle de Juárez Green oat 284.0 6.08% 38.0 340.87 3.34%
Valle de Juárez Green chile 128.0 2.74% 24.7 898.29 8.80%
Valle de Juárez Corn 93.0 1.99% 6.0 109.27 1.07%
Valle de Juárez Bean 10.0 0.21% 0.8 6.06 0.06%

1 Percentage of total harvested area per ID; 2 Exchange rate = 15.83 pesos per dollar (average for the year 2015);
3 Percentage of total production value per ID.

Appendix B

Table A2. Average values of Kc per crop in the IDs of the Rio Bravo Basin [38].

Crop
Month

1 2 3 4 5 6 7 8 9 10 11 12

Green alfalfa 0.65 0.95 0.65 0.95 0.65 0.95 0.65 0.95 0.65 0.95 0.65 0.95
Cotton 0 0 0 0.35 0.75 1.2 1.2 0.5 0.5 0 0 0

Green oat 0 0 0 0.25 0.75 1.15 0.25 0 0 0 0 0
Eggplant 0.9 0 0 0 0 0 0 0 0 0.6 0.8 1.05

Green bermuda 0.55 1 1 0.85 0.55 1 1 0.85 0.55 1 1 0.85
Green buffel 0.55 1 1 0.85 0.55 1 1 0.85 0.55 1 1 0.85

Groundnut (peanut) 0 0 0 0 0.4 0.75 1.15 0.6 0 0 0 0
Onion 0 0 0 0 0 0 0 0 0 0.7 1 1

Green chile 1 1 1 0.8 0 0 0 0 0 0.15 0.6 1
Bean 0 0 0 0 0 0.4 1.15 0.35 0 0 0 0

Green corn 0 0 0 0 0 0 0 0 0 0.7 1.15 1.05
Corn 0 0 0 0.7 0.95 0.95 1.2 0.6 0 0 0 0

Popcorn maize 0 0 0 0 0 0 0 0 0 0.7 1.15 1.05
Melon 0 0 0.5 0.75 1.05 1.05 0.75 0 0 0 0 0
Walnut 0 0 0 0.5 1.1 1.1 1.1 1.1 0.65 0 0 0

Small vegetables 0 0 0 0.7 0.85 1 0.85 0 0 0 0 0
Other crops 0 0 0 0.7 1.05 0.8 0 0 0 0 0 0

Grass 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
Cucumber 0 0.6 0.8 1 0.75 0 0 0 0 0 0 0
Rye grass 5 0.55 1 1 0.85 0.55 1 1 0.85 0.55 1 1

Watermelon 0 0 0 0.4 0.52 1 0.75 0 0 0 0 0
Sorghum for hay 0 0 0 0.7 0.85 1 0.8 0 0 0 0 0
Green sorghum 0 0 0 0.7 0.85 1 0.8 0 0 0 0 0
Grain sorghum 0 0 0 0.7 0.85 1 0.8 0 0 0 0 0
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Table A2. Cont.

Crop
Month

1 2 3 4 5 6 7 8 9 10 11 12

Soy 0 0 0 0 0.5 0.8 1.15 1.15 0.5 0 0 0
Green sudan 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Green tomato 0.6 0.85 1.15 1.15 0.9 0 0 0 0 0 0 0

Wheat 0.75 0.75 1.15 1.15 0.4 0 0 0 0 0 0 0.4
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