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Abstract

:

The evaluation of water and energy cycles from the estimation of water balance is a fundamental instrument to assess the water potential of a region. Thus, the objective of this study was to evaluate the probable monthly water deficit and surplus in Cerrado river basins and the trend of monthly data on climatic water balance (CWB) and its input variables in the study region. Monthly data on precipitation (P) and reference evapotranspiration (ETo) from January 2003 to December 2019 were used. The deficit and the probable monthly water surplus were obtained from the CWB for each of the 4531 ottobasins. For this, the frequency equal to or greater than 80% of permanence in time was used as a reference. Trend analysis was applied. In the rainy season, most ottobasins showed positive CWB. On the other hand, in the period of lower water availability, most ottobasins showed a negative balance. In all months, there was some ottobasin with a significant trend both for CWB and for P and ETo. In most situations, these trends were a decrease in CWB and monthly P and an increase in monthly ETo.
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1. Introduction


The Brazilian Cerrado region accounts for about 45% of the national agricultural area, being responsible for producing 35% of cattle, 52% of soybeans, 52% of sugarcane, 54% of corn, and 96% of cotton [1,2,3,4]. In addition, 15% of agricultural establishments are located in this biome, where 32% of the country’s gross agricultural income is generated, and annual agricultural crops account for 40% of the country’s total production [2]. In addition, the Cerrado Biome plays an important role in the dynamics of water resources since it has segments of 10 of the 12 hydrographic regions of Brazil [5].



Approximately 70% of the Cerrado’s 204 million hectares have potential for agricultural development [6]. The intensification of agriculture in the region is one of the main strategies to reduce imbalances in the ecosystem. In this context, irrigated agriculture, the main user of water resources, is one of the most promising techniques, and the greatest challenge is to conciliate its expansion with the availability of water resources, especially in regions that are already in a situation of water scarcity [7].



It is estimated that by 2030 the irrigated area in Brazil will increase by 3.64 Mha, representing an average growth of 200,000 hectares per year, that is, an increase of 45% over the current area [8]. About 64% of the irrigated area in Brazil is located in the Cerrado region [9], which contains approximately 80% of all center pivots in the country [10]. Considering the current scenario of water use in the region and the potential for the emergence of conflicts [11], it is essential to evaluate and improve tools that can assist in the management of water resources at the river basin scale. In this region, it is increasingly important to produce more with a smaller volume of water.



Due to the variations that occur in the hydrological cycle, excessive use of water resources, and low effectiveness of water management programs, water scarcity has been accentuated in several regions of the world [12,13]. Changes that occur in the hydrological cycle may have a direct influence on precipitation (quantity, periodicity, and duration), evaporation, temperature, and streamflow, thus influencing the availability of water and the occurrence of extreme events [14,15], which significantly affect socioeconomic, environmental, and agricultural aspects [16].



The evaluation of water and energy cycles from the estimation of water balance, besides being a way of understanding the dynamics of basins in relation to these changes [17], is an instrument that allows the assessment of the water potential of a region [18]. Understanding the water balance, even if simplified, is important for understanding the processes of degradation and conservation of water resources [19].



According to Berghuijs et al. [20], seasonal water balance has an imprint on the signatures of streamflow variability over time and a wide range of states (minimum flows and maximum flows). In general, the seasonal water balance is a measure that fits both short-term and long-term hydrological responses.



According to Jesus et al. [21] and Souza et al. [19], quantitative information on the variables precipitation (P) and reference evapotranspiration (ETo), as well as climatic water balance (CWB), is of great importance in the analysis of the severity, distribution, and frequency of water deficits. This information is also important for the evaluation of water availability and the occurrence of extreme events, such as droughts and floods, which are fundamental for the efficient management of water resources [17].



Given the changes in climate caused by anthropogenic activities as well as their potential impact on the water cycle, it is important to know the conditions of the earth’s surface and atmosphere [17]. The net flow of water on the earth’s surface (difference between precipitation and evapotranspiration), which, on the continents, corresponds to the sum of surface and subsurface runoff, is a key aspect of the water cycle [22].



According to Assad et al. [1], climate change is evident in the Cerrado region. The increase in temperature leads to an increase in potential evapotranspiration, and there is not necessarily an increase in precipitation, so there is a significant increase in the water deficit. These expected changes in climate variables may result in changes in the hydrological regime and, consequently, in water availability and water allocation processes [23]. In addition, anomalies in these climatic variables are the main causes of low yield. Thus, monitoring climate dynamics is extremely important for the optimization of agricultural production [24].



In this scenario, it is important to know which regions are at higher risk of compromising water availability to meet water demands. This knowledge is fundamental for the strategic planning of the economic development of a region. Water balance is one of the tools that can be used for this purpose, as it portrays the behavior of the water regime, as carried out by Cassettari and Queiroz [25] in a study on water balance in a river basin in the area of transition between the Cerrado and Amazon biomes.



Several studies related to climatic water balance have been conducted in parts of the Cerrado [25,26,27,28,29,30]. For the management of water resources, however, it is important to evaluate the region in an integrated manner. In this context, the aim of this study was to evaluate the probable monthly water deficit and surplus in river basins of the Cerrado and the trend of monthly data of climatic water balance (CWB) and its input variables, precipitation (P) and reference evapotranspiration (ETo), in the study region.




2. Materials and Methods


2.1. Study Area


The study area comprises the Cerrado Biome (Figure 1a), which occupies approximately 24% of the Brazilian territory and covers about 204 million hectares [31]. The reference adopted for the analysis was the level 5 ottocoded hydrographic base [32]. This base is the official coding of basins in Brazil. In total, 4531 ottobasins were evaluated (Figure 1b).



The Cerrado Biome is predominantly classified as a region with a tropical savanna climate (Aw), according to Köppen’s climatic classification [33]. The Cerrado climate is characterized by having two well-defined seasons: rainy and dry. The dry season comprises the months from May to September, and the rainy season usually extends from October to April, accounting for approximately 90% of the total annual precipitation. In all months of the year, the average air temperature is higher than 18 °C and precipitation in the driest month is less than 60 mm [34,35].



The Cerrado has a transition to a warm semi-arid climate on the border with the Caatinga, to a tropical monsoon climate on the border with the Amazon and the Pantanal, and to a temperate climate on the border with the Atlantic Forest. These transition areas are important to better understand the climate variation in the Cerrado, mainly due to the spatiotemporal distribution of precipitation throughout the year [36].



According to Mapbiomas [31], the Cerrado has approximately 53.6% of its surface covered by native vegetation (109.4 Mha), 31.2% by planted pasture (63.6 Mha), 11.8% by annual and perennial agriculture (24.1 Mha), 1.9% by planted forest (3.8 Mha), and 1.5% by urban areas and others (3.1 Mha).




2.2. Monthly Climatic Water Balance (CWB)


The monthly CWB values, in mm, of the Cerrado ottobasins were obtained using the calculation of the difference between monthly P and ETo (CWB = P − ETo), as performed by Byrne and O’Gorman [22] and Prăvălie et al. [37]. CWB was estimated based on the frequency of exceedance equal to or greater than 80%. The calculations associated with these estimates were performed in the R environment [38].



P and ETo data for the Cerrado ottobasins were obtained from the HydroCerrado database [39], for the period from January 2003 to December 2019. P and ETo data are gridded at 0.1° spatial resolution (~100 km2) and the average daily value was extracted for each ottobasin (with an average size of 569 km² and a median of 185 km²). In the HydroCerrado, daily precipitation data were obtained from the integrated Multi-Satellite Retrievals for the Global Precipitation Measurement (GPM) mission (IMERG) [40,41], and the daily reference evapotranspiration data were obtained from Althoff et al. [42].



Based on each monthly period, the frequency of the occurrence of water deficit and surplus was calculated using the equation of Kimball [43], Equation (1).


   F =    m    n + 1     



(1)




where:




	
F = frequency (%)



	
m = order of the monthly water deficit and/or surplus event; and



	
n = number of observations.









2.3. Analysis of the Stationarity of the Historical Series of the Monthly Climatic Water Balance (CWB), Precipitation (P), and Reference Evapotranspiration (ETo)


The stationarity test was applied to the data to analyze whether or not the CWB has any trend. The CWB input variables, P and ETo, were also analyzed to check whether or not there is a trend and their influence on the monthly CWB in the Cerrado ottobasins.



For trend analysis of historical data of CWB, total monthly P, and total monthly ETo in the Cerrado ottobasins, the Run test [44] was applied to evaluate the randomness of the series. The Mann-Kendall test [45,46] was used to evaluate whether the data series showed a temporal trend of statistically significant changes, which may be negative or positive. The Pettitt test [47] was applied to confirm whether or not there was stationarity. Finally, the Sen Slope test [48,49] was used to measure the magnitude of the trends. The tests were applied considering a significance level of 5% [50,51].



The calculations associated with all trend tests were performed in the R environment [38], through the packages “randtests” with the function “runs.test”, “Kendall” with the function “MannKendall” and “trend” with the functions “pettitt.test” and “sens.slope”.





3. Results and Discussion


3.1. Reference Evapotranspiration (ETo) and Precipitation (P) in the Cerrado


The average total annual reference evapotranspiration (ETo) and precipitation (P) between 2003 and 2019 of the Cerrado ottobasins are shown in Figure 2. The figure shows a significant variation in the average total annual ETo, with values ranging from 1060 to 1903 mm and an average of 1563 mm, with an increase in ETo from west to east and from south to north. For the average total annual P (Figure 2b), the values ranged between 700 and 2063 mm, with an average of 1471 mm, with a reduction in precipitation from west to east and from south to north, corroborating the study conducted by Sano et al. [52].



The highest average total annual ETo was 1902.6 mm in the ottobasin of 74453, located between the municipalities of Ribeira do Piauí and São José do Peixe in the state of Piauí (PI-location, Figure 1), a region located in the area of transition between the Cerrado and Caatinga biomes. The lowest average of ETo was 1061 mm in the ottobasin of 86424 located among the municipalities of Tibagi, Ventania, and Piraí do Sul in the state of Paraná (PR-location, Figure 1), a region located in the area of transition between the Cerrado and Atlantic Forest biomes. For monthly ETo, the highest average over the years was 205.4 mm, observed in October, in the ottobasin of 74277 located among the municipalities of Juazeiro do Piauí, Castelo do Piauí, and Buriti dos Montes, in the state of Piauí, a region also located in the area of transition between Cerrado and Caatinga. The month with the lowest monthly average was June with 46.9 mm, which is also in the ottobasin of 86424 between the Cerrado and Atlantic Forest biomes.



Althoff et al. [42], when evaluating ETo in Brazil, found that the highest values of ETo usually occur in October in the northeast region, which faces heat waves with high solar radiation, a maximum daily temperature reaching 40 °C, low relative humidity (<40%), and high wind speed. On the other hand, the authors reported that the lowest monthly average was observed in June in the southern region, corroborating the results found in the present study.



Regarding precipitation, the highest average total annual P was 2062.7 mm in the ottobasin of 64432, located in the municipality of Araguacema in the state of Tocantins (TO-location, Figure 1), a region located near the area of transition between Cerrado and Amazon. The lowest average total annual P was 700.9 mm in the ottobasin of 77692, located among the municipalities of Paramirim, Caetité, and Livramento de Nossa Senhora in the state of Bahia (BA-location, Figure 1), a region located in the area of transition between Cerrado and Caatinga. For monthly P, in the period comprising the rainy season, the highest average over the years was equal to 411.6 mm observed in January in the ottobasin of 69413, located between the municipalities of São Miguel do Araguaia and Nova Crixás, in the state of Goiás (GO-location, Figure 1), a region also located near the area of transition between Cerrado and Amazon. During the dry season, the lowest precipitation average (0.03 mm) was observed in July in the ottobasin of 74982, located between the municipalities of Barreiras do Piauí and Gilbués, in the state of Piauí, a region also located in the area of transition between Cerrado and Caatinga.



These results corroborate those found by Campos and Chaves [53] in a study on the variability of precipitation in the Cerrado biome, which showed that the average precipitation values occur in the central region of the biome, the values lower than the regional average occur in the states of Piauí, Bahia, and northern Minas Gerais (MG-location, Figure 1), in the zone of transition to Caatinga, and the values higher than the average occur in the area of transition to the Amazon forest.



According to Althoff et al. [42], regions with lower ETo values, in general, have the highest precipitation since it is correlated with higher relative humidity and cloud cover, leading to lower solar radiation reaching the surface. Although there is a negative correlation between ETo and precipitation, it is not linear.




3.2. Evaluation of Monthly Water Deficit and Surplus


Figure 3 shows the monthly CWB of the Cerrado ottobasins for a frequency of permanence in time equal to or greater than 80%. For the rainy season, the CWB data showed that only about 0.6% of the ottobasins (29 ottobasins) had positive CWB in October; that is, these areas had a water surplus in this period. This number increases to 46.7% (2118 ottobasins) in November, 52.7% (2386 ottobasins) in December, 55.6% (2519 ottobasins) in January, 78.9% (3577 ottobasins) in February, 75.6% (3426 ottobasins) in March, and 26.0% (1179 ottobasins) in April. In October, at the beginning of the rainy season, there were only 29 ottobasins with positive CWB; that is, these areas have a higher P than ETo. These ottobasins are located to the west and northwest of the Cerrado, a region of transition to the Amazon Biome, a tropical climate with higher precipitation rates [36].



In relation to the dry season, from May to September, most of the Cerrado showed negative CWB. Only the months of May and June showed a few ottobasins with positive CWB, with 132 ottobasins (2.91%) in May and only 1 ottobasin (0.02%) in June. All other months, from July to September, showed negative CWB for all Cerrado ottobasins. In 80% of the time, the variation of CWB in the ottobasins, was from 73.4 to −143.0 mm in May, from 0.11 to −151.9 mm in June, from −26.6 to −172.9 mm in July, from −62.6 to −195.4 mm in August, and from −45.1 to −208.7 mm in September, with the lowest CWB values observed for the ottobasins of the east and northeast regions of the Cerrado.



The results obtained in the present study corroborate those of Jesus et al. [21], who studied CWB in the Cerrado and found a water deficit between April and September and a dry period with no water surplus between April and October. When analyzing CWB in the future scenario, these authors found that there will be an intensification of the water deficit in the dry period. Assad et al. [1] point to a probable increase in water deficits in the biome over the current century, which may restrict the various uses and increase conflicts over water use. Agriculture is one of the main users to suffer the consequences due to its vulnerability. According to Assad et al. [1], for agriculture to maintain and increase its production capacity in a sustainable manner, it is necessary to seek better conditions of adaptation, such as the development of better-adapted cultivars, improvements in pasture and irrigation management, and soil- and water-integrated management. The sustainable intensification of irrigation can be an important tool in agricultural development, especially in these periods in which P does not meet the needs of ETo.



Based on the ottobasins of 44828, 64136, 64845, 74695, 76987, and 89566 distributed in different regions of the Cerrado biome (Figure 4a), the CWB components were analyzed from January 2003 to December 2019 and are represented in Figure 4b–g. There are different variations of ETo and P in the ottobasins (Figure 4). The ottobasin of 64136 (Figure 4c) located in the north of the state of Tocantins and the ottobasin of 74695 (Figure 4e) located between the states of Piauí and Bahia generally had P peaks in periods opposite to those of ETo peaks. The ottobasin of 76987 (Figure 4f) located in the South Central of the state of Minas Gerais and the ottobasin of 89566 (Figure 4g) located in the state of Mato Grosso do Sul (MS-location, Figure 1) between the municipalities of Rio Verde and São Gabriel do Oeste showed in general P peaks occurring together with ETo peaks. The ottobasin of 44828 (Figure 4b) located in the western part of the state of Mato Grosso (MT-location, Figure 1) and the ottobasin of 64845 (Figure 4d) located in the state of Goiás between the municipalities of Cocalzinho de Goiás and Padre Bernardo showed a greater correspondence between the peaks of P and ETo. These results agree with those found through the precipitation timing index in the Cerrado region by [36].



When analyzing the monthly CWB with a permanence time equal to 80% (Figure 3), for the ottobasins in question, a high variation was observed between them. The CWB of the ottobasins of 44828, 64136, and 64845 follows the oscillation with water deficit (negative values) in the dry season and water surplus (positive values) in the rainy season. In addition, it was observed that, for the ottobasins closest to the area of transition between the Cerrado and Amazon biomes, the value of the water surplus was higher. For the ottobasins 89566 and 76987, located near the transition between the Cerrado biome and the Pantanal, tropical climate, and between the Cerrado and the Atlantic Forest, temperate climate [36], respectively, these areas are generally characterized by regular rains and high temperatures, which leads to high ETo values, thus suppressing P and resulting in negative CWB for most months.



For the ottobasin of 74695, a water deficit was observed in all months; although this deficit varies according to the rainy or dry season, it is noticeable that P was not sufficient to meet the demand of ETo in all months of the year. Like this ottobasin, most ottobasins located to the east and northeast of the Cerrado show water deficits in all months, with the highest degree of severity in the months of drought (May to October). The variation of ETo observed in these ottobasins is due to the border of the region with the Caatinga, which has a warm semi-arid climate [36]. This transition to the Caatinga, in the northeast region of the Cerrado, is marked by heatwaves, with high solar radiation and maximum daily temperatures reaching 40 °C. As evapotranspiration is largely influenced by temperature [37], the eastern and northern regions of the Cerrado generally show higher rates of aridity [39]. So, there is probably a greater concern about changes in climatic variables in these areas of semi-arid climate, as they affect water balance and water availability [54].




3.3. Evaluation of the Stationarity of the Data of Monthly Climatic Water Balance (CWB) and the Input Variables Precipitation (P) and Reference Evapotranspiration (ETo)


The run test indicated that the time series of the studied variables are independent and random. In all months, a significant trend was detected in the CWB for some of the ottobasins (Table 1). In all months, for the most part, the trend was a reduction in CWB, that is, a trend toward water deficits. For the total monthly P, an input variable of the CWB, in all months, a significant trend was observed in some ottobasins (Table 1). In all months, for the most part, the trend was a reduction in total P. As observed for P, in the case of total monthly ETo, there was a significant trend in all months (Table 1). In all months, for the most part, the trend was an increase in total ETo.



To represent the significant trends observed in the monthly CWB and the influence of its input variables, monthly P and ETo, on trends for the rainy season and for the dry season, the months of January and July were used as a reference, as in addition to having a great number of ottobasins with significant trends in the Cerrado (Figure 5), these are the months which account respectively for the highest and lowest average rainfall in the region, the main input variable in the CWB. It was found that, for January, 14.7% of the Cerrado ottobasins had significant trends of reduction in CWB and are distributed according to Figure 5. The areas with significant reductions in CWB correspond to areas with a significant trend of reduction in P, in 12.6% of the ottobasins, and a significant trend of increase in ETo, in 25.5% of the ottobasins. The reduction observed in the CWB in January is possibly due to the balance between P, with a trend of reduction, and ETo, with a trend of increase, hence reducing the CWB.



In July, the CWB had a significant trend in 16.4% of the Cerrado ottobasins, 12.7% with a trend of reduction, and 3.7% with a trend of increase. Trends in P were observed in 9.9% of the ottobasins, 3.9% with a trend of reduction, and 6.0% with a trend of increase. In turn, ETo showed a trend in 22.3% of the ottobasins, 7.2% with a trend of reduction, and 15.1% with a trend of increase. The behavior of the trends observed in the CWB is possibly related to the trends of the input variables of the CWB.



The positive trends of P in July corroborate studies conducted by Salviano et al. [55], in which this trend of increase was mainly found in semi-arid regions. Although there is this variation in the trends of increase and reduction in P, the predominance of a trend of reduction in precipitation in the region of the present study corroborates the results obtained by Assad et al. [1], who also found variations of precipitation in the Cerrado, with indications of both increase and reduction, but, in general, there was a predominance of reduction in precipitation. Another study that corroborates the results found here is the one conducted in the Cerrado by Campos and Chaves [53], who found that 14% of the stations evaluated showed a trend of reduction in precipitation in January and, in July (dry season), a reduction in precipitation in 76% of the 125 historical series analyzed.



Evapotranspiration results that corroborate the ones found here were those of Salviano et al. [55], who found high percentage of positive trends in evapotranspiration, especially in the central part of the country, a region consistent with the Cerrado biome. According to Beebe et al. [56], the increase in evapotranspiration may cause reduction in streamflow. Sousa and Moura [57], in a study conducted in Goiás, core of the Brazilian Cerrado, found a high negative correlation between evapotranspiration and streamflow, with a trend of 29.3% increase in evapotranspiration and a trend of reduction in streamflow in 2010 and 2020.



Siqueira et al. [58], in a study on climate change in a basin in the Cerrado, found reduction in streamflow, since the increase in evapotranspiration reduces water availability in soils and groundwater and alters energy flows. The reduction in streamflow compromises the availability for multiple uses of water and may cause the formation of islands and sand deposits, restricting navigation and accelerating the degradation of the water course [59], besides intensifying conflicts resulting from the difficulty in compatibilizing the demands with the availability [58].



Among the ottobasins that showed a significant trend, the average magnitude of variation of the monthly CWB, as well as the monthly P and ETo, is represented in Table 2. In this table, for example, for January, CWB was equal to −13.3 mm. This value is the average of 665 ottobasins (14.7%) with significant trends. This negative value, in this case, means that on average the trend is a reduction in 13.3 mm per year, with an average reduction in approximately 226 mm for the CWB in the ottobasins for the period from 2003 to 2019.



Table 2 shows that the greatest amplitudes of variation, for both the CWB and the variables P and ETo, occurred in January and December, with average reductions of 13.3 and 10.2 mm for the CWB, average reductions of 11.7 and 9.0 mm for P, and average increments of 2.1 and 1.0 mm for ETo, respectively.



To represent these changes over the years, the ottobasin 44828, located in the state of Mato Grosso (Figure 4), which showed a trend in January and July for CWB, P, and ETo, is graphically represented in Figure 6.



The magnitude of the trend in January in the ottobasin of 44828 is greater than in July (Figure 6). The CWB of this ottobasin is decreasing in both January and July, with annual reduction rates of 9.6 mm and 0.8 mm, respectively; i.e., this rate of reduction in the monthly CWB totals 163.4 mm for January and 13.6 mm for July in the period from 2003 to 2019. There is also a trend of reduction in P in January and July, with an annual reduction rate of 9.5 mm/year and 0.1 mm/year, respectively; i.e., this rate of reduction in the total monthly P totals 161.2 mm for January and 2.1 mm for July in the period from 2003 to 2019. On the other hand, ETo tended to increase in January and July, with estimated annual increase rates of 0.9 mm/year and 0.3 mm/year, respectively; that is, the increase in the monthly ETo in the period from 2003 to 2019 totals 14.9 mm in January and 4.7 mm in July.



As in January and July, the other months had significant trends in CWB in the Cerrado ottobasins, and it was found that possibly these trends are also directly related to the trends of the input variables of CWB, P and ETo; that is, there is a negative nonlinear correlation between P and ETo.



Due to the land use and cover in the Cerrado, studies have shown a reduction in latent heat flux accompanied by an increase in sensible heat flux, resulting in higher air temperatures and a substantial decrease in humidity and precipitation near the surface [60]. Higher temperatures imply increased potential evapotranspiration; however, if there is no increase in precipitation to compensate, the water deficit will increase [1]. According to Siqueira et al. [58], in a study conducted in a basin in the Cerrado, higher evapotranspiration rates and lower precipitation result in less water available for runoff and infiltration. With a smaller volume of water infiltrated, there is less recharge of groundwater.




3.4. Relationship between the Variation of the Climatic Water Balance (CWB) and Water Availability


Climate change in the Cerrado region is evident. The trends observed in the climatic variables, with an increase in ETo and a reduction in P in most ottobasins, may result in changes in the hydrological regime and, consequently, in water availability and water allocation processes [23]. The ottobasins that showed negative CWB, that is, with water deficits, are the regions with the highest risk of compromising water availability and not having enough water to meet the demands.



The CWB with a frequency of 80% showed that, in the rainy season, the ottobasins in the western Cerrado (area of transition between the Cerrado and Amazon biomes), central, and southern regions were positive, that is, with water surplus, while the ottobasins to the north and east showed water deficits in all months.



The results found in the present study, in relation to the CWB, corroborate those obtained by Althoff et al. [36], who found that the ottobasins located in the area of transition between the Cerrado and Amazon biomes have significantly higher potential for water availability. Besides this region, the central and southern regions of the Cerrado also showed considerably higher potential water availability. On the other hand, the ottobasins located in the east and north of the Cerrado region have a lower potential for water availability since they are located in a zone of transition to a semi-arid climate.



September and October are the months in which the ottobasins show water deficits with a higher degree of severity. These months are those with higher occurrences of a greater risk of an increase in pressure on water availability, according to a study conducted by Althoff et al. [36]. The Cerrado has the largest energy supply from August to December, and its rainy season usually begins in October and extends until March or April. When the dry season lasts until the end of October, the flow in the rivers continues to decrease, and pressure on water resources increases. This justifies September and October being the months of highest risk in most of the Cerrado region [61].



The period in which the risk of increased pressure on water availability is higher is usually at the beginning of the rainy season. This indicates that agricultural activities can be compromised not only by the uncertainty of the distribution (spatial–temporal) of precipitation but also by the decrease in irrigation due to the lower availability of water courses [36].



In the Cerrado, the expansion of areas with irrigated agriculture over the years occurred mostly without proper planning [39,62]. Figure 7 shows the irrigation by center pivots in the Cerrado in the years 2005 and 2019.



An increase in center pivot irrigation was observed in the Cerrado areas. In 2005, the number of pivots was around 7619, with a total irrigated area of approximately 581,253 hectares, increasing to approximately 19,088 pivots in 2019, covering an area of about 1291,330 hectares, an increase of 122% of the irrigated area in the biome.



The largest number of pivots is mainly concentrated in the south-central region of the Cerrado biome. In these regions, significant trends were observed for both CWB and monthly P and ETo. Thus, the increase in water demand for irrigation may be one of the factors of interference in the trends found in the present study. Oliveira et al. [5], in their study in the Brazilian Cerrado, found that trends in water balance components are partly due to changes in land use and cover. These changes can not only contribute significantly to the climate of the local territory but also affect neighboring regions [63,64,65,66,67,68,69].



According to Althoff et al. [36], this high concentration of center pivots in the south-central region of the Cerrado can be partially attributed to favorable conditions during the cultivation periods. The higher precipitation during periods when the climate is conducive to crop development results in higher yields and profitability.



The state with the highest percentage increase in area irrigated by center pivot within the Cerrado biome was Tocantins, with an increment of 306%, from 3478 hectares in 2005 to 14,115 hectares in 2019. Tocantins is part of a wider region called MATOPIBA, formed by the states of Maranhão (MA-location, Figure 1), Tocantins, Piauí, and Bahia. This region is an agricultural frontier in the Cerrado biome, which is characterized by rapid changes in land cover and land use for cultivation, mainly of soybean, cotton, and corn [62].



Among the states forming the MATOPIBA, Bahia has the largest irrigated area, especially in its western region, located in the Cerrado biome. This region had a percentage increase in the irrigated area of 147%, with 72,055 hectares (702 pivots) irrigated in 2005, which increased to 177,555 hectares (1598 pivots) in 2019. According to Pousa et al. [62], the western region of Bahia is one of the most active agricultural frontiers in the world; however, in recent years, water conflicts have increased in the region due to a reduction in water availability and an increase in the demand for water resources.



In addition to the western region of Bahia, other Cerrado regions showed CWB in water deficit in all months, or at least in the months of drought (Figure 3). Given the results found in the trends of monthly CWB, P, and ETo, if they continue, conflicts over water use may become increasingly frequent in the coming years.



Thus, in terms of adaptation, it is necessary to have strategies that encourage the diversification of production to increase the resilience of agroecosystems. Technology transfer, especially technologies that combine mitigation and adaptation, and ecologically sustainable and efficient production are ways to ensure the improvement of the viability of agriculture and food security [70].



According to Alizadeh and Mousavi [71], a technique that can be used efficiently in irrigation management is deficit irrigation, in which irrigation is performed during the growth stages in which the crop is sensitive to water deficit and limited in the other phenological stages. According to Evans and Sadler [72], deficit irrigation is a strategy that should be carefully managed and supported by advanced irrigation systems with flexible and technified systems.





4. Conclusions


The Cerrado shows great spatiotemporal variability in annual precipitation and evapotranspiration across its territory. The ottobasins in the area of transition between the Cerrado and the Amazon biome, in general, have more months with water surplus, while the ottobasins to the east and northeast of the Cerrado, area of transition to the Caatinga, show water deficits in all months. The severity of the water deficit is more pronounced in the months of drought, from May to October.



There were significant trends, mostly reductions, in the climatic water balance in different months. These trends were generally related to either negative trends in monthly precipitation and/or positive trends in monthly reference evapotranspiration, which are used in the estimation of the climatic water balance.



The trends observed in the climatic variables for the Cerrado may lead to changes in hydrological conditions, such as a decrease in streamflow and a shift in periods of water availability. These changes jeopardize water security and can interfere with water allocation processes, possibly compromising the development of the region.
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Figure 1. (a) Spatial distribution of biomes (Amazon, Caatinga, Cerrado, Atlantic Forest, Pampa, and Pantanal) in the Brazilian territory; (b) Brazilian States; (c) Subdivision of the Cerrado Biome region into level 5 ottobasins. 
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Figure 2. Averages of total annual reference evapotranspiration-ETo (a) and precipitation-P (b) for the Cerrado ottobasins. 
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Figure 3. Monthly climatic water balance (CWB) of Cerrado ottobasins estimated based on frequency equal to or greater than 80% of permanence in time, from January 2003 to December 2019. 
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Figure 4. Location of the six ottobasins in the Cerrado: (a) series of total monthly reference evapotranspiration (ETo) and precipitation (P) for the ottobasins 44828 (b); 64136 (c); 64845 (d); 74695 (e); 76987 (f); 89566 (g). 
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Figure 5. Trends of climatic water balance (CWB) and the variables’ precipitation (P) and reference evapotranspiration (ETo) in January and July for the Cerrado ottobasins. 
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Figure 6. Sen slope test for the climatic water balance (CWB) (a) precipitation (b) and reference evapotranspiration (ETo) (c) in January and July in the ottobasin 44828 between 2003 and 2019. 
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Figure 7. Irrigation by center pivot in the Cerrado in 2005 and 2019. 
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Table 1. Number of ottobasins and percentage with significant trend in monthly data on climatic water balance (CWB), precipitation (P), and reference evapotranspiration (ETo).
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	JAN
	FEB
	MAR
	APR
	MAY
	JUN
	JUL
	AUG
	SEP
	OCT
	NOV
	DEC





	CWB
	665
	53
	77
	18
	113
	790
	745
	353
	168
	97
	106
	164



	%
	14.7
	1.2
	1.7
	0.4
	2.5
	17.4
	16.4
	7.8
	3.7
	2.1
	2.3
	3.6



	Precipitation
	573
	69
	75
	15
	169
	349
	445
	278
	11
	22
	127
	162



	%
	12.6
	1.5
	1.7
	0.3
	3.7
	7.7
	9.8
	6.1
	0.2
	0.5
	2.8
	3.6



	ETo
	1155
	30
	304
	33
	389
	1128
	1009
	725
	750
	731
	95
	125



	%
	25.5
	0.7
	6.7
	0.7
	8.6
	24.9
	22.3
	16.0
	16.6
	16.1
	2.1
	2.8
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Table 2. Magnitude of the average monthly variation of climatic water balance (CWB), precipitation (P), and reference evapotranspiration (ETo) by the Sen Slope test in ottobasins with significant trend.
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JAN

	
FEB

	
MAR

	
APR

	
MAY

	
JUN

	
JUL

	
AUG

	
SEP

	
OCT

	
NOV

	
DEC




	

	
(mm)






	
CWB

	
−13.3

	
−8.2

	
−1.4

	
−0.9

	
−3.6

	
−3.0

	
−0.4

	
−1.2

	
−0.2

	
−1.4

	
4.5

	
−10.2




	
Precipitation

	
−11.7

	
−8.2

	
−1.9

	
1.6

	
−2.8

	
−5.2

	
0.1

	
−0.7

	
0.5

	
−3.7

	
5.7

	
−9.0




	
ETo

	
2.1

	
−1.2

	
0.6

	
−1.0

	
0.6

	
0.6

	
0.4

	
0.2

	
0.6

	
0.7

	
−0.9

	
1.0
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