

  sustainability-15-00847




sustainability-15-00847







Sustainability 2023, 15(1), 847; doi:10.3390/su15010847




Article



The Impact of Climate Change on Evapotranspiration and Flow in a Major Basin in Northern Mexico



Aldo Rafael Martínez-Sifuentes 1, Ramón Trucíos-Caciano 1[image: Orcid], Víctor Manuel Rodríguez-Moreno 2, José Villanueva-Díaz 1 and Juan Estrada-Ávalos 1,*





1



Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias, CENID-RASPA, Gómez Palacio C.P. 35150, Durango, Mexico






2



Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias, Campo Experimental Pabellón, Km 32.5, Carretera Aguascalientes—Zacatecas, Pabellón de Arteaga C.P. 20660, Aguascalientes, Mexico









*



Correspondence: estrada.juan@inifap.gob.mx







Academic Editor: Yong Xiao



Received: 29 September 2022 / Revised: 13 December 2022 / Accepted: 26 December 2022 / Published: 3 January 2023



Abstract

:

Climate defines the hydrological cycle of each region and climate change will undoubtedly affect the recharge processes of the world’s water tables and the water resources currently available at the basin and microbasin scale. The objective of the present paper is to evaluate future changes in evapotranspiration and flows from the Sardinas River basin in North Durango, Mexico. The Rural Genius Model (GR2M) is an aggregated monthly hydrological model, which is used to reconstruct flows from precipitation and evapotranspiration by applying two functions: a production function and a transfer function. A transfer function has been used under four shared socioeconomic pathway scenarios (126, 245, 370, and 585). Pettitt and Mann–Kendall statistical tests were used to determine trends, which were identified by the breakpoint in the evapotranspiration and flow time series. Results showed that under climate change scenarios, evapotranspiration shows an increase over time. Under the climate scenario, SSP 126, and the application of the statistical test in the flow series show an increasing trend with a break in May for 2090, with a mean of 1658 mm before and 2238 mm after the break, with an excess of 34.98%. The flow under the SSP 245 climate scenario predicts a mean flow of 1703.11 mm and a break in May of the 2090 horizon, with a mean before and after the break of 1624 mm and 2168 mm, respectively, with an excess of 33.49%. Under the SSP 370 scenario, the mean is expected to be 1710.81 mm, with a break in May 2090, before and after means of 1633 mm and 2166 mm, respectively, with an excess of 32.63%. Under climate change scenario SSP 585, the mean expected will be 1701.43 mm and the break in the flow series will occur in May of the 2090 horizon, with a mean of 1628 mm before the break and 2132 mm after, with a flow excess of 30.95%. The results of this study can be a basis for decision-makers for better management and protection of water resources in northern Durango, Mexico.
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1. Introduction


Access to water has dramatically decreased for a large number of both human and wildlife populations due to overexploitation and mismanagement of the resource, especially in areas where water for agriculture and industry present the greatest challenges [1]. With the growing problem of water shortages and declining water quality, the impact on societies as a whole is notorious and events such as floods, droughts, and groundwater contamination have been compounded by global warming [2,3].



The period of insolation and the frequency and intensity of rainfall events in the Sierra Madre Occidental (SMO) physiographic province (located in the northwestern region of northern Mexico) are influenced by global climatic phenomena, such as the El Niño Southern Oscillation, and continental phenomena, such as the Pacific Decadal Oscillation and the North American Monsoon System. These phenomena cause significant annual precipitation (450–1500 mm) over the mountain range [4] and the North American Monsoon System by itself contributes approximately 70% of the total annual precipitation recorded in this region [5]. Although this climate system has significant effects in its area of influence (i.e., the southern United States and northern Mexico), its greatest activity is centered in the SMO, where most of the convective systems are formed and the greatest amount of precipitation falls [6].



This condition allowed the development of large irrigation districts on both slopes of the SMO, supplied by a large number of dams that were promoted by the agricultural policy of Mexico since the middle of the 20th century. Most of the runoff associated with monsoon rains occurs on the eastern slope of the SMO, where the Sextín River basin (SRB) and Irrigation District 017 are located.



Climate defines the hydrological cycle of each particular region on Earth and there is no doubt that climate change will affect the world’s water table recharge processes and the currently available water resources at the basin and micro-basin scale [7]. In Mexico, the impacts of climate change on the water cycle will be reflected by a decrease in the volume of surface water, and the level and quality of groundwater.



These impacts will be more evident in those regions where there is a greater demand for water resources (surface and groundwater) and in overexploited aquifers [8]. Given this situation, it is important to establish the impact that climate change will have on the variables and factors that define the hydrological cycle, and to develop strategies for the management of water resources. Therefore, knowledge of the functioning of the resource in water-producing basins is required.



In recent decades, several hydrological models have been proposed that address the rainfall–flow relationship along with improvements in flexibility and database management. Among these is the Rural Genius model developed by the French Research Institute for Agricultural and Environmental Engineering. Rural Genius is a test ecosystem that works with different database intervals (e.g., annual [GR1A], monthly [GR2M], and daily [GR4J]). This hydrological model has been widely used by several authors with satisfactory results [1,9,10]. In a study by Segura-Méndez [11], the GR2M model showed the best fit in semi-arid and sub-humid basins (the predominant climate of the Sextín River basin), with a correlation coefficient close to 0.90 compared to the monthly water balance simulation models Témez, ABCD, GUO5P, and Thornthwaite–Mather. The better performance of the GR2M model compared to the SWAT model has also been found, with Nash and R2 values of up to 0.66 [12]. A rainfall model is important to forecast the availability of the resource, and in conjunction with climate scenarios, the resource’s future availability.



Global climate models have been the primary tool for examining past and future climate. Recently, a new generation of global climate models has been developed in the operational framework of the Coupled Model Intercomparison Project Phase 6 (CMIP6 project) [13]. The key to the success of CMIP6 in representing simulations (e.g., the carbon cycle) is that it reduces duplication of effort, minimizes operational and computational burden, and delineates common practices in the generation and analysis of the resulting large databases [13]. The newer global climate models have an increased degree of complexity in physical processes and higher spatial resolution.



CMIP6 climate models are mostly used to assess changes in climate for past or future periods to obtain a more detailed understanding of the physical aspects and processes of climate change [14]. In the face of new and improved global climate models, some climate change scenarios (i.e., Shared Socioeconomic Pathways [SSPs]) have been calculated [15]. Along with a set of mitigations (e.g., the development of society, the regulatory framework, migration to urban centers, economic activities, and the sustainable use of natural capital), these SSPs will allow researchers and governments to examine how possible catastrophic scenarios can be avoided in the future.



Considering the above, the objective of this study was to evaluate the evapotranspiration trend and flow behavior for the 2030, 2050, 2070, and 2090 climate horizons under the SSP 126, 245, 370, and 585 scenarios with the GR2M monthly aggregated model and the Coupled Model Intercomparison Projects-6 Global Circulation Model CNRM-CM6-1.




2. Materials and Methods


2.1. Study Area


The SRB is located in the upper part of the Nazas River basin, north of hydrologic region No. 36, at extreme coordinates 25°34′–26°30′ N and 104°57′–106°20′ W in the state of Durango, Mexico (Figure 1). The SRB originates in the SMO to the east of the Balleza and Colorado River basins, to the south of the Sierra del Oso, and to the northwest of the Sierra la Candela. The surface area of the watershed is 4805 km2, with an elevation gradient from 1623 to 3164 masl [16]. Five types of climate prevail in the SRB: temperate sub-humid, semi-cold, temperate, semi-dry temperate, and semi-dry warm [17]. The average annual precipitation is 608 mm, the monthly mean minimum temperature is 6.42 °C, and the monthly mean maximum temperature is 24.98 °C [18]. Historically, the tendency of precipitation in the Sextín River basin has been decreasing, with minimum annual accumulated values from 366 mm to 906 mm, a situation similar to that of runoff with flows of 924 m3 s−1 to 2757 m3 s−1, with a tendency to decrease in recent years. The geological, geophysical, and hydrogeological evidence allows us to define the presence of a heterogeneous and anisotropic free type aquifer, constituted in its upper portion, by alluvial sediments of varied granulometry and conglomerates, whose thickness can reach several meters in the center of the valley. The hydraulic parameters establish that the aquifer has a transmissivity of 1.82 × 10−2 and 4.36 × 10 m2 s−1, with an average value of 8.28 × 10−3 m2 s−1, and the conductivity values vary from 1.42 × 10−4 and 1.76 × 10−5 m s−1, with an average value of 6.46 × 10−5 m s−1 for the recovery stage.




2.2. The GR2M Model and Hydro-Environmental Variables


The GR2M model was used to determine the impact of climate change on future runoff in the SRB under four climate change scenarios [i.e., Shared Socioconomic Pathways (SSPs 126, 245, 370, and 585)] from the CNRM-CM6-1 model. SSPs describe alternative futures of socioeconomic development and represent, based on narrative and quantitative variables, how the world might evolve in the coming decades and what challenges these changes pose for mitigation and adaptation. The SSP1 scenario combines low levels of mitigation and adaptation challenges, SSP3 assumes high population growth and low economic development, and SSP2 scenarios are set intermediate between those corresponding to SSP1 and SSP3. The SSP5 narrative maintains low population growth, this scenario assumes that this low population growth also includes rapid technological change, coupled with intensive use of fossil fuels. This scenario maintains high mitigation challenges, as the levels and type of energy assumed lead to a world of high emissions and a subsequent increase of about 5 degrees Celsius in temperature by 2010. The CNRM-CM6-1 model generates a better representation of the climate system in terms of the average state and variability. It was released in 2017 and includes the aerosol, atmos, Gaussian diminished, 91 levels, atmosChem, Surfex, Nemo, and Sea ice components. The scenarios were downloaded from the WorldClim interface (https://www.worldclim.org/data/cmip6/cmip6_clim2.5m.html accessed on 25 January 2021).



The downloaded images are in GeoTiff format and include the following variables: maximum average temperature (°C), minimum average temperature (°C), and accumulated precipitation in the month (mm). Four SSP scenarios were evaluated for the periods 2021–2040 (2030 horizon), 2041–2060 (2050 horizon), 2061–2080 (2070 horizon), and 2081–2100 (2090 horizon), with a spatial resolution of 2.5’ × 2.5’ (~19.87 km2) [19]. The GR2M monthly model was developed in France by Makhlouf and Michel [20] and is useful in arid and semi-arid areas [10,21]. It allows the reconstruction of historical series of streamflows from the rainfall and evapotranspiration data.



The model (Figure 2) assumes that in each basin there are two water storage reservoirs (i.e., the production store [maximum storage capacity of the soil] and the routing store [gravitational water storage]). The soil, represented by Si, controls for the coefficient X1 (in mm) and the groundwater storage, represented by Ri (mm), controls for the coefficient X2. In all stages of the model, Ri has a reference parameter of 60 mm, which is a reservoir with a maximum capacity of 60 mm that controls the transfer function [19]. Inputs to the model are the monthly precipitation value (P) and the monthly potential evapotranspiration value (PET); the resulting product is runoff (Q) in mm (units derived from the maximum Ri capacity (mm) and evapotranspiration (mm), which translates into a water flow sheet). To correct water balance errors, the GR2M model has an additional parameter X2 (dimensionless groundwater exchange coefficient in the basin), which allows the correction of possible biases due to historical climate and runoff conditions [20].



At each stage (red numbers) of the model, precipitation is channeled by infiltration to the production store (Stage 1), or directly to the routing reservoir through surface flow (P1; Stage 2). If the reservoir reaches the S1 level (mm), it loses part through evaporation (E) (Stage 3), until it reaches the S2 level (mm) and becomes part of the soil moisture P2 (mm) (the volume of the percolating water), and is then transferred to the routing reservoir by percolation through the soil (Stage 4).



The sum of P1 and P2 (P3; Stage 5) joins the routing reservoir until it reaches the Ri level (Stage 6). There will be a loss or gain of water in the routing reservoir by the exchange between the subsurface and surrounding areas outside the basin (Stage 7). If the coefficient X2 > 1, it means that there is an inflow of water from the outside to the inside of the basin, and if X2 < 1, there will be an outflow (Qi) from the routing reservoir to the surrounding basins (Stage 8). The GR2M hydrological model is subject to the premise that in the course of its stages, there may be processes of inflow or outflow of water from neighboring basins, and in such a situation, the parameters X1 and X2 are optimized.



To calibrate the model, monthly-observed data from January 1970 to December 1988 were used. The first two years were used for the warm-up period and the remaining years for the calibration period. The validation of the model was developed with monthly-observed data from January 1989 to December 2006.



To evaluate the performance of the GR2M model, the Nash criterion [23], the percentage bias PBIAS, and the absolute percentage bias APBIAS [24] were used, which are based on comparing the estimated and observed flow and are represented as follows:


  N a s h = 100 ×  [  1 −     ∑       (  Q o b s − Q e s t  )   2      ∑       (  Q o b s −  Q ¯  o b s  )   2     ]   



(1)






  P B I A S = 100  [      ∑     (  Q o b s − Q e s t  )      ∑    Q o b s    ]   



(2)




and


  A P B I A S = 100  [      ∑    a b s  (  Q o b s − Q e s t  )      ∑    Q o b s    ]   



(3)




where Qobs is the observed flow (mm), Qest is the estimated flow (mm), and   Q ¯  obs is the average observed flow (mm).



The performance of the GR2M model is considered sufficient when the estimated flow is close to the observed flow (i.e., when Nash is close to 100%). The model is insufficient when Nash < 0.2, satisfactory when Nash = 0.2–0.4, good when Nash = 0.4–0.6, very good when Nash = 0.6–0.8, and excellent when Nash > 0.8 [25]. For the PBIAS criterion, a percentage within the range from −25% to 25% is expected to classify it as correct in the calibration and validation stages. The optimal APBIAS value should be close to zero (a range of 0.0–0.5).



The observed flow (i.e., the monthly records from 1970 to 2006) information came from hydrologic station number 36,071, Sardinas (26°4′59.88″ N, 105°34′12.00″ W). It was downloaded from the National Surface Water Data Bank of the National Water Commission. Monthly potential evapotranspiration was estimated using the empirical model of Hargreaves and Samani [26], which is based on environmental variables, such as air temperature and extraterrestrial solar radiation. Maximum, minimum, and monthly mean air temperature and monthly mean cumulative precipitation were obtained from ClimateNA, which is based on the Climate Research Unit database (CRU TSA TS4.04), with a spatial resolution of 0.5° × 0.5° covering the period from 1970 to 2006 [18]. The equation for estimating PET is as follows:


  P E T =   0.0023  (  T m e a n + 17.8  )     (  T m a x − T m i n  )    0.5   R a  λ   



(4)




where Tmean is the monthly mean temperature (°C), Tmax is the monthly maximum temperature (°C), Tmin is the monthly minimum temperature (°C), Ra is the extraterrestrial solar radiation (MJ m−2 day−1), and λ is the monthly latent heat of vaporization (MJ Kg−1). Extraterrestrial solar radiation was estimated using the tables proposed by the Food and Agriculture Organization [27] using 26.052° N of the SRB centroid.



The monthly latent heat of vaporization was calculated with the following equation and was used to directly obtain PET in mm day−1:


  λ = 2.501 − 0.002361 T m e a n  



(5)







Under the same criteria used for the current scenario with the observed monthly data, the parameters X1 and X2 were transferred to the GR2M model for the future climate horizons in the calibration and validation stages. To estimate the direction in historical trends of the flows and the PET, as well as the break dates of these series, Pettitt tests and Mann–Kendall tests were performed using R software version 3.4.3 with the Trend and Kendall libraries [28].




2.3. Pettitt’s Test


The Pettitt test (p < 0.05) allows the examination of a breakpoint in a time series derived from a Mann–Whitney test [29] and is based on the calculation of Ut, which is defined by the following equation [30]:


   U  t =   ∑   i = 1  t    ∑   j = i + 1  n  s i g n  (   x t  −  x j   )     



(6)




where sign (xt − xj) = −1 if (xi − xj) > 0, Dij = 0 if (xi − xj) = 0, Dij = 1 if (xi − xj) > 0.




2.4. Mann–Kendall Test


We used the Mann–Kendall test (p = 0.05) to detect the presence or absence of a monotonic linear trend in a time series [31,32]. We used the series Ai (a1, a2, … an), where the multivariate standard UMK is calculated as follows:


   U  M K   =  S    V a r  ( s )       



(7)




with   S =   ∑   i = 1   n − 1     ∑   j = i + 1  n  s g n  (   a j  −  a i   )  ,   V a r  ( s )  =   n  (  n − 1  )   (  2 n + 5  )    18   ,   where n is the number of data in the series.



The existence of a trend in the time series is defined with the UMK coefficient; if U > 0, the trend is upward and if U < 0, the trend is downward.





3. Results and Discussions


3.1. Flow and Evapotranspiration Trends


The hydrologic result of the flow time series obtained from the Sardinas station located downstream of the SRB (Figure 3), using the Mann–Kendall test, shows a downward trend, with a multivariate standard UMK of −0.032. This trend is corroborated by the Pettitt test, which shows a break in the series in October 1992, with a mean before and after that date of 18.84 and 10.54 m3 s−1, respectively. Contributing factors in that decade (the 1990s) include an intense El Niño condition [33], as well as changes in rainfall regimes identified through the standardized precipitation index [34].



To analyze the effects of precipitation on the flow in the SRB, a relationship between precipitation and observed flow was generated (Figure 4). The close association between precipitation and flow allowed observation of the maximum values of runoff and rainfall in periods 1–7 (Figure 4a), a situation evidenced by an R-value of 0.80 (n = 444, p < 0.05; Figure 4b). The synchrony between maximum precipitation and runoff values occurs in the summer season (July, August, and September) when the maximum flow is caused by precipitation. These years were characterized by seasonal periods with extraordinary precipitation above the monthly average that were recorded in hydrological stations in the state of Durango in the years 1973, 1976, 1978, 1981, 1986, 1987, 1993, 1996, and 2006 [35].



These coincident maximum values are attributed to the high volume of precipitation because when the volume exceeds the infiltration capacity of the soil, the soil becomes saturated when it reaches its maximum storage capacity and favors surface runoff [36]. There are also other biophysical factors that generate a strong precipitation–runoff relationship, such as vegetation density and composition, soil roughness, slope, pedregosity (the presence on the surface of large fragments from 7.5 to 25 cm in diameter) of soil, and soil type, all of which influence the rate of water infiltration into the soil profile [37].



Outside of these coincident periods, the flow recorded at the Sardinas hydrometric station shows decreases and increases, where the average historical flow was 170.79 mm. The maximum flow recorded in July 1973 was 607 mm and the precipitation was 248.5 mm, which coincided with the North American Monsoon System, a climatic phenomenon that provides 70% of the annual precipitation in northern Mexico [38,39,40]. A minimum flow of 51 mm occurred in May 1995 and precipitation was 2.5 mm, a period that is known as the pre-monsoon season [5].



The potential evapotranspiration estimated by Hargreaves and Samani [24], with temperature data from re-analysis of the period 1970–2006, presented a historical mean of 134.00 mm, with a maximum PET of 209.38 mm for May 1989 and a minimum PET of 65.37 mm for December 1976. The Mann–Kendall analysis shows an upward trend over the 37 years of estimated PET with a slope of 0.02 mm/year, a trend corroborated by the Pettitt test, which shows a break in the series in February 1992, with a mean before and after that date of 131.86 and 137.20 mm, respectively (Figure 5), representing an increase of 4.04%.



This increased PET was due to the trend of increasing temperatures in northern Mexico, a condition that continues to exist in the SMO; it is a region with high climate variability and historical increases in temperatures [41]. Different ocean–atmosphere phenomena impact this region. For example, La Niña, which causes periods of severe droughts due to low precipitation and high temperatures [42] and results in changes in the parameters of the hydrological cycle, such as the PET [43]. A large number of studies have explained the mechanisms behind the change in the PET trend from the perspective of climatic conditions and the properties of the earth’s surface [44,45,46]. Studies suggest that changes in climatic conditions (e.g., warming, wind quenching, and changes in precipitation and relative humidity/vapor pressure deficit) drive PET variations in some regions by regulating water and energy conditions. In contrast, in other regions, land surface property factors predominated [45,47]. In addition, afforestation and deforestation are believed to have the functions of increasing and decreasing PET, respectively [48]. Some studies found that forestation could reduce water yield or runoff, generally through increased evaporation of canopy interception, transpiration, and the PET [47].




3.2. Performance of the GR2M Model


The GR2M model used in the analysis is based on the Nash criteria, PBIAS, and APBIAS and is used to evaluate the performance in the calibration and validation stages, as well as the coefficient of determination R2. Although the GR2M model only uses two input parameters, it has been shown to perform well compared to other similar hydrological models on a monthly scale [22]. When the model performance exhibits good calibration and validation characteristics, the parameters can be applied for series under climate change, as demonstrated by Okkan and Fistikoglu [49].



For the calibration process, the parameters X1 and X2 were adjusted to obtain the optimum Nash value and the coefficient of determination. For the present analysis, these values were 17.17 and 0.53, respectively, with Nash = 0.78, PBIAS = 0.36%, APBIAS = 21.93%, and R2 = 0.72), using monthly records from January 1970 to December 1988. For validation purposes, the data used were from January 1989 to December 2006. This resulted in Nash = 0.75, PBIAS = 2.93%, APBIAS = 23.26%, and R2 = 0.68, with parameters X1 and X2 of 15.84 and 1.20, respectively.



Hydrographs obtained during the calibration (Figure 6a) and validation (Figure 6b) processes of the GR2M model for the SRB show Nash and R2 evaluation criteria that classify the model as very good [25].




3.3. Evapotranspiration and Future Flow


According to Voldoire [19], the CNRM-CM6-1 model has applications for the northern region of Mexico because of its consistent simulated behavior for the North American monsoon region [50], where much of the annual precipitation is recorded for July and August [51]. Using the Mann–Kendall and Pettitt analysis, an increase of 0.40 °C in mean annual temperature is predicted for the SSP 126 scenario, 0.36 °C, 0.33 °C, and 0.48 °C for SSP scenarios 245, 370, and 585, respectively, for the 2030 climate horizon [19], as shown in Table 1.



For precipitation, an increase is shown for the SSP 126 scenario of 7.52%, 4.53%, 4.39%, and 5.88% for SSP scenarios 245, 370, and 585, respectively, for the 2030 climate horizon (Table 2). This trend of increasing annual precipitation is highly variable geographically, but there have been increases during the present century between 5% and 10% in the middle and high latitudes of the northern hemisphere. The region where the SRB is located and the evidence of this variability in precipitation are according to projections of the Intergovernmental Panel on Climate Change [52].



These changes in rainfall patterns are due to changes in continental and sea surface temperatures together with variations in wind patterns and ocean currents [53]. Variability was consistent with other research, which has predicted increases in precipitation for the North American monsoon zone of influence [54,55], and in the Asian monsoon region [56].



Under SSP climate scenarios 126, 245, 370, and 585, and the application of the Mann–Kendall statistical test on the future evapotranspiration series, an upward trend was shown with a slope equal to 0.00, 0.05, 0.06, and 0.09 mm/year, respectively. This trend is corroborated by the Pettitt test (Figure 7), which shows a break in the forward PET series in February 2070 for all four climate change scenarios in the study period (2021–2100). The mean monthly PET before and after the break date under the SSP 126 scenario was 132.131 mm and 142.236 mm, respectively, with an excess of 7.64%. For SSP 245, the mean before and after the break was 131.148 mm and 147.055 mm, respectively, with an excess of 12.12%; for SSP 370, it was 131.141 mm and 151.981 mm, respectively, with an excess of 14.15%; and for SSP 585, it was 134.472 mm and 158.407 mm, respectively, with an excess in PET of 17.79% (Figure 7).



As PET is related to air temperature, the changes that are expected in the future (increases or decreases in PET), will be due to changes in temperature under climate change conditions [57], as well as drought trends [58] or variability in the internal climate [59].



Under the climate scenario SSP 126, a mean future flow of 1742.98 mm is predicted and the application of the Mann–Kendall test in the flow series shows an increasing trend, which is corroborated by the Pettitt test. This trend shows a break in May for the 2090 climate horizon, with a mean of 1658 mm before and 2238 mm after the break, with an excess of 34.98% (Figure 8a). The flow under the SSP 245 climate scenario predicts a mean flow of 1703.11 mm and a break in May of the 2090 horizon, with a mean before and after the break of 1624 mm and 2168 mm, respectively, with an excess of 33.49% (Figure 8b).



Under the SSP 370 scenario, the mean is expected to be 1710.81 mm, with a break in May 2090 and before and after means of 1633 mm and 2166 mm, respectively, with an excess of 32.63% (Figure 8c). Finally, under climate change scenario SSP 585, the expected mean will be 1701.43 mm, the break in the flow series will occur in May of the 2090 horizon with a mean of 1628 mm before the break and 2132 mm after, with a flow excess of 30.95% (Figure 8d).



The observed average historical flow compared to the 2030, 2050, 2070, and 2090 horizons under the SSP 126 climate scenario is expected to have an upward trend with values of 2.70%, 2.39%, 0.84%, and 2.22%, respectively (Figure 9a). For SSP 245, percentages of 1.30%, −0.94%, −1.10%, and −0.41% are expected for the horizons analyzed (Figure 9b).



The SSP 370 scenario will present percentages of 1.24%, 2.02%, −1.72%, and −0.88%, respectively, for each climate horizon (Figure 9c). Finally, the SSP 585 scenario foresees increases and decreases compared to the observed average historical flow of 1.93%, 1.24%, −2.17%, and −2.53% for each of the climate horizons (Figure 9d). Given the climate change conditions for the SRB region, the downward trend in water resources under a very adverse scenario, such as SSP 585, compared to SSP 126, is of concern. The above results are similar to those reported in other regions but with the extreme scenarios of CMIP6 245 and 585 [60]. Precipitation is the main source of runoff replenishment in the SRB, so runoff is affected by the difference in the seasonal distribution of precipitation in the CNRM model. Therefore, the seasonal change patterns of runoff follow those of precipitation. The results also depended mainly on the global hydrologic model used (GR2M), which was relatively simple and worked with two parameters. Thus, these results can be improved by using a distributed hydrologic model.



The reduction in water resources in important water-producing basins under the effects of climate change has also been modeled for the Conchos River basin in Chihuahua in a study by Rivas and Montero [61,62], where they foresee a reduction in annual runoff of 25%. In the same study, runoff is expected to be reduced by 22% for the Lerma–Chapala basin and 14% for the Grijalva River basin.



As the frequency of droughts increase and surface runoff decreases, the availability of water for the urban and agricultural sectors is expected to decrease. The effect predicted by global circulation models will have a severe impact on agriculture, and adverse repercussions caused by climate change have been seen in the biophysical responses of crops [63]. The increase in temperature causes a decrease in crop productivity due to the reduction in growth periods and the presence of temperatures beyond plants’ optimal range of development [64]. Low water availability makes it necessary to implement actions to minimize losses and maximize the efficiency of its use, mainly in the sectors with the highest demand. Given the consequences of climate change on the agricultural sector, actions have focused on reducing irrigation demands by promoting the use of low-water crops that are tolerant to thermal stress, good tillage practices to maintain soil moisture, and encouraging the application of advanced irrigation techniques [65].



Irrigation District 017 has 38,035 thousand users and a surface area of 71,964 ha in the states of Durango and Coahuila, Mexico. The district depends on surface water runoff from the SRB to be used for surface irrigation through canals [66]. Climate change will have an impact on the ecological biodiversity of the SRB, as its resilience capacity will be exceeded by a decrease in surface flows, thus flora and fauna will be significantly affected because many species depend on water runoff from the highlands for their subsistence [67].



In general terms, the four climate change scenarios reflect flow peaks in August. However, in all scenarios, there are significant increases and changes in the seasonal flow cycle (Figure 8), mainly due to changes in the rainfall regime (frequency and intensity) [68]. Although studies have suggested that, the decrease in the intensity of precipitation causes greater impacts on flows compared to frequency [69]. The peak flows may be attributable to the passage of slow-moving baroclinic disturbances, which in turn, could allow for significant precipitation [6]. The reduced flow during April could be attributed to possible low soil moisture caused by the combination of high evaporation rates and low precipitation [6]. Previous studies that have projected small increases in precipitation in this area have not shown significant climate (precipitation and temperature) variability over time [54].



There were limitations to compare observed trends concerning other studies due to the lack of projections with the Coupled Model Intercomparison Projects 6 scenarios for northern Mexico, coupled with the lack of runoff simulation studies under this new generation of scenarios of the Sixth Assessment Report. However, it is possible to make a comparison between equivalent scenarios (e.g., by using the degree of intensity). In flow simulation studies, Cook and Seager [5] and Torres-Alavez et al. [55] found delays in the monsoon period before low carbon dioxide (CO2) using a representative concentration pathway 2.6, a situation similar to that found in the present study. The trend observed from SSP scenarios 126 to 585 is similar to that found by Chou et al. [70] during the evaluation of climate change with different scenarios for South America using downscaled climate data; however, uniformity between regions is not to be expected, as they may show increases, decreases, or no change [1].





4. Conclusions


Northern Mexico is a region that is currently experiencing changes in climate variability, either due to anthropogenic or natural effects, which cause changes in the hydrological regime of the basins.



Given this climate change, the present research has been developed to evaluate the impact of climate on the hydrology of the SRB, located in northern Mexico, for the period 2021–2100. The PET series for the period 1970–2006 shows an increase of 4.04%. Under climate change scenarios SSP 126, 245, 370, and 585, it shows an increase of 7.64%, 12.12%, 14.15%, and 17.79%, respectively. This information is important because PET is a component of the hydrological cycle, which is linked to the vegetative cover of the region, where high PET rates affect agricultural crops and require a higher demand for water.



The high correlation between precipitation and observed flow from 1970 to 2006 shows a cause–effect phenomenon between both hydrological variables, a situation that often occurs in arid zones. This relationship allows us to analyze the impact on the flow through the amount of precipitation. It is possible to generate more robust linear models if variables, such as atmospheric indices, are included for a more detailed study of flow behavior because this basin is of hydrological importance for Irrigation District 017.



The projected future flow derived from the GR2M model compared to the historical flow observed in the SSP 126 scenario will present an upward trend for the climate horizons in percentages of 2.70%, 2.39%, 0.84%, and 2.22%. SSP 245 shows a downward trend with percentages of 1.30%, −0.94%, −1.10%, and −0.41%. The SSP 370 scenario presents percentages of 1.24%, 2.02%, −1.72%, and −0.88%, respectively, for each climate horizon. Finally, the SSP 585 scenario foresees increases and decreases compared to the observed historical flow of 1.93%, 1.24%, −2.17%, and −2.53%.



The present research is a pioneer in this type of hydrological study for northern Mexico because it uses a more accurate climate change model and the SSP scenarios of CMIP6 of the Sixth Assessment Report, which present improvements compared to their predecessors.



It should be noted that in order to consider the internal variability of global circulation models at smaller scales and lower scenarios, it is important to consider the topographic influence of the study area. Therefore, it implies the use of scenarios with better resolution that reflect a local climate effect. This effect’s signal-to-noise ratio could be diluted by using a conglomerate of models while considering those that represent local climate variability.
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Figure 1. The location of the Sextín River basin in the state of Durango, Mexico. 
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Figure 2. Structure of the GR2M model (modified by Mouelhi et al. [22]). Figure adapted and edited by the authors. 
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Figure 3. Historical flow at Sardinas station from 1970 to 2006. A1 = mean before the break and A2 = mean after the break. 
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Figure 4. The relationship between precipitation and flow at the Sardinas hydrometric station. (a) The ovals with broken lines numbered from 1 to 7 represent the periods with maximum runoff and precipitation values. (b) Scatter plot between runoff and precipitation. 
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Figure 5. Historical PET for the Sextín River basin for 1970–2006 using the Pettitt test. A1 = mean before the break and A2 = mean after the break. 






Figure 5. Historical PET for the Sextín River basin for 1970–2006 using the Pettitt test. A1 = mean before the break and A2 = mean after the break.



[image: Sustainability 15 00847 g005]







[image: Sustainability 15 00847 g006 550] 





Figure 6. Calibration (a) and validation (b) of the GR2M model for the Sextín River basin. Hydrograph of observed–simulated flow and precipitation (left). Scatter plot between observed and simulated flow (right). Note: y-axes are at different scales. 
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Figure 7. PET variation for SSP scenarios 126, 245, 370, and 585 over the period 2021–2100. A1 = mean before the break and A2 = mean after the break. 






Figure 7. PET variation for SSP scenarios 126, 245, 370, and 585 over the period 2021–2100. A1 = mean before the break and A2 = mean after the break.



[image: Sustainability 15 00847 g007]







[image: Sustainability 15 00847 g008 550] 





Figure 8. Future flow variation for the analyzed period 2021–2100, under the climate change scenarios (a) SSP 126, (b) 245, (c) 370, and (d) 585. A1 = mean before the break and A2 = mean after the break. The upper bars are the precipitation and the black dashed line is the multidecadal flow for the period 2021–2040, 2041–2060, 2061–2080, and 2081–2100. 






Figure 8. Future flow variation for the analyzed period 2021–2100, under the climate change scenarios (a) SSP 126, (b) 245, (c) 370, and (d) 585. A1 = mean before the break and A2 = mean after the break. The upper bars are the precipitation and the black dashed line is the multidecadal flow for the period 2021–2040, 2041–2060, 2061–2080, and 2081–2100.



[image: Sustainability 15 00847 g008]







[image: Sustainability 15 00847 g009 550] 





Figure 9. Comparison between the observed average historical flow and the simulated flow under climate change scenarios (a) SSP 126, (b) 245, (c) 370 and (d) 585 in the Sextín River basin. Note: y-axes may be different. The red dotted line is the trend. 
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Table 1. Increases in mean annual temperature for climate change projections under SSP scenarios 126, 245, 370, and 585 for the SRB.
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	Climate Horizon
	SSP 126
	SSP 245
	SSP 370
	SSP 585





	2030
	0.40 °C
	0.36 °C
	0.33 °C
	0.48 °C



	2050
	0.82 °C
	1.17 °C
	1.17 °C
	1.62 °C



	2070
	0.99 °C
	1.80 °C
	2.43 °C
	3.42 °C



	2090
	1.05 °C
	2.32 °C
	3.80 °C
	5.59 °C
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Table 2. Variations in annual precipitation for climate change projections under SSP scenarios 126, 245, 370, and 585 for the Sextín River basin.






Table 2. Variations in annual precipitation for climate change projections under SSP scenarios 126, 245, 370, and 585 for the Sextín River basin.





	Climate Horizon
	SSP 126
	SSP 245
	SSP 370
	SSP 585





	2030
	7.52%
	4.53%
	4.39%
	5.88%



	2050
	6.64%
	−0.24%
	6.09%
	4.42%



	2070
	3.86%
	−0.58%
	−1.88%
	−2.86%



	2090
	6.52%
	0.90%
	−0.08%
	−3.57%
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