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Abstract

:

The Paraiba do Sul River Basin (PSRB) is a vital source of water resources in Brazil, providing water for human consumption, industry, agriculture, and hydroelectric energy generation. As part of one of the most developed areas of the country, in the Southeast of Brazil, the region is vulnerable to the impacts of climate change, with evidence of extreme events such as droughts and floods affecting the availability and quality of water. Hence, this study analyzes precipitation and streamflow rates data from the PSRB between 1939–2020 to investigate the spatial variability of average patterns and extreme events, trends, and their relationship with urban growth and socioeconomic development. The analysis reveals significant spatial variations in precipitation and runoff rates, with higher altitude areas, such as the Serra da Mantiqueira, exhibiting higher average values. Moreover, the Mann–Kendall trend results showed in most of the sites no significant trend regarding precipitation data; however, about 50% of the sites in the PSRB presented a decreasing trend of runoff rates. Since the precipitation does not explain identified changes in the hydrological patterns, the evaluation of the area’s urban growth and socioeconomic development throughout the decades suggested that human activities, such as those associated with urbanization, have played a significant role in altering the runoff patterns in the basin. These findings highlight the importance of sustainable land-use planning and water resource-management practices in the PSRB to mitigate the negative impacts of urbanization on the hydrological cycle and to enhance the resilience of the region’s water resources.
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1. Introduction


According to the Sixth Assessment Report on Climate Change (AR6-WGI) of the Intergovernmental Panel on Climate Change—IPCC [1], an increase of at least 1.5 °C in the global average temperature is expected by 2030, which can lead to changes in the hydrological regime, both on local and global scales and even in the most optimistic climate-change scenarios. As a consequence, the increase in the frequency of meteorological and hydrological extreme events such as prolonged droughts or floods should promote additional changes in water availability in a given region and may affect the quality of life of communities around the world in comparison to the current climate conditions [2,3,4]. Evidence of the increase in the frequency of extreme precipitation and flood events and their impacts have already been reported in the literature by different regions of the globe [5,6,7,8]. Hence, since fresh water is a natural resource with limited availability, the assessment of the average behavior and anomalies of rainfall and runoff rates in a water basin is vital for the management of water resources and essential to ensure sustainability in the near future.



In Brazil, the Paraiba do Sul River Basin (PSRB) stands out in the economic and geographical scenarios since it is located in the states with the highest population density and economic development in the country (São Paulo, Rio de Janeiro, and Minas Gerais), being responsible for a large part of the public water supply in the region [9] with a total water demand estimated at more than 20 m3.s−1. According to the National Water Agency (Agência Nacional de Águas, ANA) [10], the water demand in the PSRB is rising because of several socioeconomic activities and successive transformations due to the urban–industrial development of the region, and it is expected to grow by approximately 24% over the next 10 years. The water usage in the region includes the generation of hydroelectric energy; consumption by activities such as industry, agriculture, mining, and fishing; and urban supply, responsible for the water used by 14 million people [11].



Between 2014 and 2017, the PSRB recorded severe rainfall deficits, leading to drought conditions with impacts on the availability of water for human supply, hydroelectric generation, industry, and agriculture [12]. Ref. [13] showed that this specific drought event caused a water crisis with significant impacts on users of the Paraiba do Sul and Guandu rivers. Ref. [14] also reinforce the drought that occurred between 2013 and 2014 as a critical period regarding the reduction of regional rainfall, which impacted the storage and regularization capacity of the main reservoir in the region, the Paraibuna Reservoir. By contrast, there are records of severe flood events in the PSRB with social and economic impacts. Ref. [15] identified, through remote-sensing images, the areas affected by the floods that occurred in the summer period of 2008/2009 in the North Fluminense region of Rio de Janeiro State. Ref. [16] also studied an episode of intense rains that occurred in January 2000 in the PSRB that accumulated, in just five days, almost 50% of the expected precipitation volume for the entire month. Numerical weather prediction techniques have also been applied to investigate rainfall over the Basin. Ref. [17] evaluated the performance of cloud microphysics and cumulus convection parameterizations using WRF, to simulate a severe rainfall event over the PSRB that occurred in January 2016. The results were then compared against ground observations, weather radar data, and satellite-based precipitation estimates. Overall, the simulations tended to underestimate precipitation fields by an average bias of 55%; however, good adjustments were found in terms of time correlations and convective activity, essential for warning purposes. These results reinforce the importance of planning the operation of the PSRB hydraulic system, as well as the analysis and forecast of positive or negative extremes of precipitation and specific flow.



Concerning PSRB, there is an inhomogeneous signal of trends in precipitation and streamflow. For instance, [18] analyzed trends in precipitation and streamflow data in the PSRB between 1920 and 2000 and found no significant positive or negative trends using the Mann–Kendall Test (MK) for precipitation; however, the streamflow data presented negative trends over the last 50 years that do not seem to be associated with changes in the rainfall throughout the basin. The authors concluded that negative trends of streamflow suggested a possible impact of human influence due to water resource management, power generation, sewage discharge into the river, irrigation, and population growth. Ref. [19] also used the MK to detect significant trends in precipitation data on 92 sites in the PSRB from 1970 to 2018 and concluded that the rainfall regime in the basin has been changing on a local scale, with regions that showed significant negative trends, while others showed a significant positive trend of precipitation. Ref. [2] also calculated trends, based on the MK test, of precipitation data from 86 sites distributed by PSRB between 1988 and 2018, and also concluded that about 20.9% of the stations showed significant trends of increase in the wet season and 22.9% of significant decreasing trends in the dry season.



However, although there are studies in the literature on the subject, there is still not enough knowledge about streamflow average patterns, extremes, trends, their relationship with precipitation extremes, and with socioeconomic development in the PSRB. It is important to emphasize that changes in rainfall and streamflow patterns in the region can be responsible for social and economic consequences for the basin, which is responsible for approximately 11% of the national gross domestic product (GDP) [20]. Therefore, this study aims, through precipitation and streamflow data from the PSRB between 1939–2020, to identify (a) the spatial variability of average patterns and extreme thresholds, (b) trends from average values and extremes, and (c) their relationship with urban growth and socioeconomic development.




2. Materials and Methods


2.1. Study Area


The PSRB has an elongated shape, with a length about three times greater than its maximum width. Its main river is the Paraiba do Sul, which extends for 1130 km [11]. The PSRB covers approximately 55,500 km2 and includes a total of 184 municipalities, with 88 in Minas Gerais, 57 in Rio de Janeiro, and 39 in São Paulo [21,22]. It also contains approximately 120 hydroelectric plants in operation, with large, medium, and small generators [23]. The PSRB features important reservoirs, such as Paraibuna-Paraitinga, Santa Branca, Funil, Picada, Sobragi, Simplício, Ilha dos Pombos, Nova Maurício, and Barra do Braúna, mainly used for hydroelectric power generation and water-flow regulation throughout the basin. Additionally, the PSRB has significant water-transfer projects. One of them involves diverting approximately 120 m3/s of water from the Paraiba do Sul River to the Guandu River Basin, supplying water to over six million people and meeting industrial demands [21].



The PSRB is part of the hydrographic region known as the Southeast Atlantic, which is divided into eight water planning units [10]. The climate in the basin is predominantly hot and humid, influenced by altitude and marine winds [22]. The annual average temperature ranges between 18 °C and 24 °C [18]. The PSRB is located in the southeast region, characterized by rainy summers and dry winters, a typical pattern of the South American monsoon system (SAMS) [24,25]. During the wet season of the SAMS, the dynamic of the atmosphere indicates that the northeast trade winds are intense and transport moisture, especially through the low-level jets (LLJ), from the Tropical Atlantic Ocean to the Amazon basin and the subtropics [25,26]. Occasionally, this moisture arrives in the subtropics and helps develop a cloudiness band with a northwest/southeast orientation that extends from the south of the Amazon region to the central region of the South Atlantic [27], which defines the South Atlantic convergence zone (SACZ) [25,28]. According to [29] rainfall rates during the winter are lower due to the South American subtropical anticyclone (SASA) subsidence, which, at that time, reaches its westernmost position, extending to the southeastern region of Brazil. The most intense precipitation events during the winter can occur when frontal systems and subtropical and extratropical cyclones overlap with the SASA.



Regarding the physiography of the PSRB, the topography of the region is shown in Figure 1, where the Serra da Mantiqueira and Serra do Mar stand out. These regions have complex terrain, reaching more than 2000 m at the highest points, such as Pico da Mina (2798 m), Pico das Agulhas Negras (2791 m), and Pico dos Três Estados (2665 m) [18].




2.2. Source of Data


This study used historical daily rainfall data from 1939 to 2020, obtained from 58 rainfall stations, and daily streamflow data collected from 47 streamflow stations located within the Paraiba do Sul River Basin (PSRB) (as shown in Figure 1). These data were obtained from the National Water Resources Information System—SNIRH, available at http://www.snirh.gov.br/hidroweb/serieshistoricas. The dataset is classified based on the degree of consistency where level 1 consists of data preanalyzed for consistency (preferably used in the study) and level 2 consists of raw data (only used in this study when level 1 data were not available). More information about the rainfall and streamflow stations monitoring stations considered in this study are available in the Supplementary Materials.



The runoff rate is a direct indicator of the water-production level in the watershed. To calculate the runoff rates, the streamflow [l/s] is divided by the drainage area corresponding to that river-flow station [km2] and this calculation is used to standardize the discharge values of basins with different spatial scales.



Data from the Brazilian Institute of Geography and Statistics (Instituto Brasileiro de Geografia e Estatística, IBGE) demographic census from 1940 to 2010 was also used to track the growth of the urban population in the PSRB. The expansion of the urban area was analyzed using data from the MapBiomas Project—Collection 7.1 of the Annual Series of Land Use and Coverage Maps in Brazil. The data was obtained through the following link: http://mapbiomas.org.



To assess the water demand, data on the consumptive use of water in Brazil available at https://metadados.snirh.gov.br/ were used. This data captures the amount of water that is removed and consumed, without returning directly to the water body. The consumption by sectors evaluated included human supply (urban and rural), animal supply, the transformation industry, mining, thermoelectricity, irrigated agriculture, and liquid evaporation from reservoirs. Data from 1931 to 2021 (diagnosis) and projections up to 2040 (prognosis) were used.




2.3. Methodology


The spatial and temporal variability of precipitation and runoff rates recorded throughout the PSRB was evaluated based on calculations of (a) average patterns, (b) thresholds for extreme events, and (c) trends using the MK. Monthly and annual accumulated precipitation values were obtained for each site and then averaged over all rainfall stations to represent the entire basin. The average monthly values of the basin were used to define the rainy and dry seasons in the PSRB.



The technique of quantile analysis [30] was used to define rainfall and runoff rates’ thresholds for extremes during the rainy and dry seasons. Percentiles 95 and 99 (p95 and p99) were used as thresholds, following [31]. To compute percentiles, only days with precipitation (above 1 mm) were considered. This technique has been previously used by studies such as [32] for precipitation data and [33,34] for streamflow extremes. The number of days per year with records above those thresholds in each site was also calculated for the rainy and dry seasons.



Spatial fields of the annual total and extreme precipitation were constructed using the inverse distance weighting (IDW) interpolation method [35]. For the annual average patterns and extreme threshold values of runoff, the technique of proportional punctual symbols [36] was used, which allows for viewing the average annual runoff recorded in the area of drainage of each subbasin.



To verify trends and their statistical significance, the MK [37,38] was used on precipitation and runoff rates data. The MK is a nonparametric test recommended by the World Meteorological Organization (WMO) to estimate trends of climatological data. The MK was applied to identify trends in (a) monthly values of precipitation and runoff rates and (b) the number of days per year above the thresholds established for extreme precipitation and runoff rates at each site for the rainy and dry seasons.



To analyze the influence of the urban areas on the average patterns and trends observed through the runoff-rates data, the urban development was defined and calculated as the percentage of urban areas by the total area of PSRB over time, using the MapBiomas Dataset. The water-demand data was also used to analyze the development of the PSRB throughout the decades and its perspectives into the future.





3. Results and Discussion


3.1. Precipitation Data Analysis


Figure 2 shows the annual and monthly precipitation patterns, as well as the spatial distribution of precipitation in the PSRB between 1939 and 2020. The average and standard deviation of the monthly accumulated precipitation values (Figure 2a) shows the influence of the South American monsoon regime, with rainy summers and dry winters. This corroborates several studies, such as [29,39,40,41]. Based on the results, the dry season was defined by months in which the average accumulated precipitation was below 150 mm (April–October) and the wet season by those with values above 150 mm (November–March). During the austral winter, for instance, in JJA, precipitation rates in the PSRB were below 50 mm, while in the austral summer, in DJF, values above 200 mm were identified. These results follow those found by [42], who revealed the monsoon regime in South America with a well-defined annual precipitation cycle where some regions in Central and Eastern Brazil, and the Andes Mountains receive 50% of the total annual precipitation during the austral summer and less than 5% of its total annual precipitation during the austral winter.



The box plot shows the annual accumulated precipitation values in the PSRB from 1939 to 2020 in Figure 2b. Years with lower accumulated precipitation rates, such as 1963 and 2014, had values below 1000 mm/year. Both years were also highlighted by [43,44] as extremely dry years for the southeastern region of Brazil. In 2014, Ref. [45] found that one of the factors that contributed to the significant deficit of precipitation during the 2013/2014 summer was the early end of the wet season and [12] point out that the 2013/2014 and 2014/2015 summers in Southeastern Brazil showed significant precipitation deficits, leading to reduced flows and drought conditions, impacting water availability for users of different economic and societal sectors. On the other hand, the biennium 1982/1983 stands out for significantly above-average accumulated precipitation and is reported in the literature for intense precipitation anomalies over parts of South America, particularly in the Southern and Southeastern regions of Brazil, associated with the El Niño of 82/83 [46].



The spatial distribution of the average annual precipitation rates in the PSRB (Figure 2c) indicates that the highest values (higher than 2100 mm/year) are recorded on the border between the states of São Paulo, Rio de Janeiro, and Minas Gerais. The highest average annual values of accumulated precipitation were recorded in mountainous regions, such as Fazenda Agulhas Negras with 2385 mm (1242 m) and Visconde de Mauá with 2234 mm (1030 m), both in the Serra da Mantiqueira, a mountainous region. These results agree with those presented by [47] who associated higher precipitation values with sites located at altitudes higher than 2000 m. However, the region of the Baixo Paraíba do Sul, located in the north and northwest of Rio de Janeiro, and characterized as a depression region, registers annual precipitation values below 1000 mm/year (Figure 1). The difference in annual accumulated values of precipitation can be associated on a broader scale by the valley–mountain circulation, where precipitation occurs due to orographic forcing and presents an intense gradient towards regions with higher altitudes. The spatial precipitation patterns are in line with the results of [19,47], through different datasets.



Figure 3 displays the spatial distribution of p95 and p99 thresholds for extreme and very extreme rainfall events during the dry and wet seasons. Based on the analysis of the annual precipitation totals, the highest threshold values are concentrated in regions with higher altitudes, including Serra da Mantiqueira. In some locations, the threshold for extreme events recorded during the wet season is more than twice the threshold for the dry season, which is a typical characteristic of the South American monsoon precipitation regime. The p95 threshold in the PSRB ranges from 8 to 20 mm per day during the dry season and from 25 to 45 mm per day during the wet season. The values for very extreme events verified through the p99 thresholds follow the same spatial distribution. During the dry season, it varies from 25 to 41 mm per day, while in the wet season, it ranges from 50 to 80 mm per day, with values above 80 mm/day concentrated in the Serra da Mantiqueira region. Throughout the SEB, where the PSRB is located, a significant variability regarding extreme thresholds can be seen in other studies such as [12,32,48].



Sites with a significant (positive or negative) MK trend calculated through the accumulated monthly rainfall rates for the dry and wet seasons are shown in Figure 4. Out of the 58 rainfall stations, only 9 stations exhibited a significant trend during the dry season (Figure 4a). Among these, eight sites indicated an increase in precipitation rates, with three of them located in the highest altitude region of the state of Rio de Janeiro. The remaining stations were spread across the basin in the states of Minas Gerais and São Paulo, near the upper limit of the basin. Only one rainfall station exhibited a negative trend, while most of the stations did not exhibit any trends. During the wet season (Figure 4b), 14 stations revealed significant trends: eight negatives and six positives. No clear trend, particularly during the wet season, was found. This was also confirmed by other studies that analyze rainfall trends in the PSRB such as [19], which used data from 92 rainfall stations covering the period from 1970 to 2018, and [2], which used data from 86 rainfall stations spanning from 1988 to 2018. However, we can highlight the positive trends in monthly precipitation rates in the mountainous region of Rio de Janeiro during the dry and wet seasons, particularly in the Serra dos Órgãos region, close to the municipalities of Três Rios, Teresópolis, and Petropólis. That region recorded 119 natural disasters in the period between 2001 and 2016, caused by heavy rainfall events with records over 100 mm/day [49]. The complex terrain and land use of the area, especially the high occupation in hillsides, potentiate the risks of economic damage and loss of life associated with heavy rainfall rates. For instance, on 15 February 2022, an accumulation of 210 mm of rain in 3 h led to landslides and flash floods which caused 233 deaths and made 800 people homeless in Petropolis [50]. Hence, positive precipitation trends can indicate higher risks for this region.



Figure 5 shows the MK trends associated with the number of days per year above the p95 and p99 thresholds for the dry and wet seasons (as shown in Figure 3). In all the analyses, most sites do not present a significant trend. However, notably, there were more trends for very intense extremes (p99) than for intense extremes (p95). During the dry season, the p95 threshold shows only four stations with a significant trend: two with an increase and two with a decrease. For the wet season, locations with a positive trend of extreme events above the p95 threshold were mainly concentrated in two regions: the extreme north of the basin, in the state of Minas Gerais, and the central part of the basin which includes the municipalities of Juiz de Fora, in Minas Gerais, and Petropolis, in Rio de Janeiro. Five stations with negative trends did not show a clear proximity pattern. In contrast, the p99 threshold, which evaluates the occurrence of very extreme precipitation events, showed 11 locations with a significant trend during the dry season, with the majority of events exhibiting increasing trends and being located in the central part of the PSRB. This suggests that the number of intense rainfall events in this region is becoming more frequent. Similarly, in the wet season, rainfall stations with a positive trend of extreme events above p99 were also found. The most northeastern region of the basin, in the state of Minas Gerais, stood out with the highest concentration of stations exhibiting a positive trend of very intense events above 64 mm/day. Negative trends, on the other hand, were concentrated in the south of the basin, specifically in the state of São Paulo. Ref. [2] indicate an increase of 10% in the probability of extreme events occurring throughout the basin while [18] showed a greater spatial variability when analyzing the extreme precipitation in the area.




3.2. Runoff Rates Analysis


In Figure 6, the distribution of the annual average of runoff rates, a hydrological variable related to the streamflow and the area of the hydrographic basin, is presented. Across most of the basin, including the Paraiba do Sul River’s main river, the runoff rates vary between 12 and 19 [l/s/km2]. In the central portion of the basin, two clusters have slightly higher runoff rates, above 19.7 [l/s/km2], one in the state of Minas Gerais and the other in the state of Rio de Janeiro. The region of the basin with the highest values is concentrated in sites at higher altitudes, which also registered the highest accumulated precipitation rates, in the Serra da Mantiqueira, where three streamflow stations showed an annual average greater than 42 [l/s/km2].



The values of extreme events for the average runoff, assuming p95 and p99 thresholds for the dry and wet seasons, are calculated and shown in Figure 7. During the dry season, for most streamflow stations, the p95 values do not exceed 21 [l/s/km2]. However, in sites with a higher annual average, the extreme value can reach 42 [l/s/km2], especially at higher altitudes where the highest annual precipitation is registered. For the wet season, the extreme values are higher, revealing significant seasonal variability. The minimum threshold p95 for the wet season is above 35 [l/s/km2] and, at higher altitudes close to the Mantiqueira Mountains, it can be above 144 [l/s/km2]. The p99 threshold presents extreme values over 230 [l/s/km2] but, in most sites of the PSRB, p99 extremes are above 115 [l/s/km2].



In contrast to the precipitation trends, the MK trend analysis applied to the monthly runoff rates (Figure 8) reveals that many sites have a significant trend (almost 50%), mostly negative, during the dry and wet seasons. Most sites with negative trends are located along the Paraiba do Sul River, where large urban areas with high populations and economic activities that consume water, such as industries and agriculture, are situated. This finding is consistent with the study by [18], who suggested that the low levels of the Paraiba do Sul streamflow could be due to greater water demand and not a clear sign of climate change since the precipitation trends do not show similar results. Ref. [51] also concluded that the hydrological behavior of most of the PSRB presented a decrease in water availability between land use scenarios from 1986 to 2015. Section 3.3 of this paper will further examine the influence of the urbanization process and consequent higher water demand on the negative trends observed. One of the hypotheses that we also consider was the influence of the reservoirs and the transposition of water to the Guandu system on some of the negative trends identified. Streamflow sites close to the Funil Reservoir, one downstream and two upstream, showed negative trends during the wet season, but only one upstream, during the dry season. The site closest to where the transposition to the Guandu system takes place only showed negative trends during the dry season. Although some of those stations presented negative trends, it is still not possible to infer the direct influence of the reservoir and the transposition of the water since there are other sites along that area without any significant trends and also because most of the data is from after the construction of those systems. Regarding the river-flow stations with a positive runoff trend, only two records were observed during the wet season, and in the dry season, some sites were concentrated, particularly in the north of Rio de Janeiro State.



Figure 9 displays trends in extreme runoff rates (as shown in Figure 7) for the PSRB. The trends are analyzed separately for the dry and wet seasons. Results show that the number of locations with significant trends is lower during the dry season compared to the wet season. This could be attributed to the climate patterns of the region, where convective systems associated with heavy rainfall events are more frequent during the wet season. During the wet season, a significant number of locations in the central part of the PSRB showed a positive trend for extreme specific flow events. This mountainous region includes the cities of Petropolis and Teresopolis and is known for several episodes of floods and landslides [49,52]. Therefore, it is important to investigate whether flood and landslide events are related to the extreme runoff-rate events or other factors, such as soil characteristics and/or land-use changes. Land use changes, such as deforestation and urbanization, can significantly affect the hydrological cycle and increase the likelihood of flood and landslide events. These changes can lead to the reduction of infiltration capacity, an increase in surface runoff, and the modification of river channels and floodplains, all of which can contribute to the occurrence of extreme events [53]. Understanding the drivers of extreme runoff-rate events and their relationship with floods and landslides is crucial for the development of effective strategies and policies to mitigate the impacts of these events on society and the environment. This requires interdisciplinary research efforts that bring together expertise from hydrology, climatology, ecology, and social sciences to provide a comprehensive understanding of the complex interactions between the natural and human systems in the PSRB.




3.3. Urban Influence


Previous sections have shown that most sites in the Paraiba do Sul River Basin did not exhibit statistically significant precipitation trends at a 95% confidence level, although the runoff rates from the area presented almost 50% of sites with negative trends. However, the impact of urban growth on hydrology in the basin has been suggested, as the urban population in the area has significantly increased in recent decades [18,53]. According to the IBGE [54], the total population of the basin, which includes all municipalities within it, even those partially located outside its boundaries, was approximately 2.3 million people in 1940. This number increased to about 5.1 million in 1991 and reached approximately 8.4 million in 2010. The growth of urban areas can be attributed to various factors, including migration resulting from industrialization and economic development. Figure 10a,b illustrate the evolution of population and urban areas in the Paraiba do Sul River Basin, respectively. In 1985, the urban area in the region covered 3,558,071 km2, which increased to 10,554,542 km2 in 2021, predominantly concentrated around the Paraiba do Sul River, particularly in the lower portion of the basin in São Paulo State (Figure 11). According to the Integrated Water Resources Management Plan of the PSRB [22], the average population density in the basin is approximately 123 inhabitants per square kilometer, with an urbanization rate of 91.8%.



Figure 8 showed a decreasing trend of runoff alongside the basin, especially at the central portion. In light of Figure 10 and Figure 11, the role of urbanization may be a determinant driver of changing patterns in water usage, especially where the signal from changes in the precipitation patterns becomes unclear. Figure 12 presents the water demand in the PSRB from 1940–2020 (history) and 2040 (projection), according to [10]. The steep increase in water demand was clear, especially between 1940–1980 (Figure 12a,b), with the beginning of heavy industrialization [55]. Between 1980–2020 (Figure 12b,c), a period of settlement of industrial activity and population burst, the water demand showed some advances, especially in the midportion of the PSRB.



Throughout the literature, modifications in streamflow regimes due to urbanization were extensively studied, especially in North America [56,57,58]. Ref. [59] investigated urbanization effects on streamflow regimes in the Indiana Basin (North America) and the authors showed that urban intensity has a significant effect on their hydrological variables. Their results point to a decrease in the fraction of time that daily streamflow exceeds mean streamflow, and an increase in the frequency of high-flow events due to urbanization. Those findings corroborate with the ones shown in Figure 8 and Figure 9, where negative trends in runoff overlay areas of intensified positive trends of extreme events. In terms of climate change, such results corroborate with future trends in urban sprawl, where peak flows are expected to increase in frequency in the near future [60]. Ref. [61] investigated the relationship between streamflow and urbanization in the Las Vegas metropolitan area. The authors suggested an abrupt increase in peak flows since the mid-1990s and they point to a shift in flood seasonality due to the interactions between hydrometeorological drivers and urbanization. Moreover, the El Niño Southern Oscillation was depicted as an important agent of modulation in the streamflow regime as a consequence of its impacts on extreme precipitation in the region.



In contrast, ref. [62] highlight that the assumption that reductions in baseflow from urbanization may not be a valid premise in all urbanizing watersheds. Their results showed that despite population growth, no statistically significant trend was detected between 1967 and 2010 in the Hinkson Creek watershed (Missouri, USA); however, the baseflows showed a slightly insignificant trend downwards. In general, the offsetting contributions to baseflow (e.g., irrigation, sewer lines, and wastewater effluents) may potentially distort fundamental changes in hydrologic pathways. Such nonlinearity and complexity demand further investigations and caution in evaluating anthropogenic effects on hydrological variables.





4. Conclusions


The analysis of precipitation and streamflow data in the PSRB between 1939 and 2020 has provided valuable insights into the hydrological characteristics of the region. The study reveals clear seasonal patterns in precipitation, with rainy summers and dry winters, indicating the influence of the South American monsoon regime, and spatial variations in precipitation and streamflow within the PSRB. The mountainous regions, particularly the Serra da Mantiqueira, exhibit the highest average annual precipitation values, emphasizing their importance in the overall water balance of the basin. The distribution of runoff across the basin also shows higher average values at higher altitudes.



Furthermore, the Mann–Kendall analysis of the runoff rates, obtained through the streamflow data, indicates a concerning decrease in many sites along the Paraiba do Sul River, mainly in urban areas with high water demands. This is contrary to the results of the Mann–Kendall trends calculated with the precipitation data which, mostly, do not present any significant trends. This raises concerns about the sustainability of water resources in these areas and emphasizes the need for effective water-management strategies to mitigate the potential impacts of water scarcity.



Overall, the findings of this study contribute to a better understanding of the hydrological dynamics in the Paraíba do Sul River Basin. This knowledge is crucial for water resource planning, allocation, and management in the region, particularly in the face of the increasing water demand and potential climate change impacts. Further research and monitoring efforts are warranted to continue assessing and addressing the complex challenges associated with water availability and sustainability in the PSRB.
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Figure 1. Representation of the study area with the location of the PSRB in Brazil (left side) and the PSRB region with altitude information and location of the streamflow (blue dots) and rainfall (red dots) stations considered (right side). 
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Figure 2. (a) Monthly average precipitation and standard deviation, (b) box plot of the annual precipitation totals of the rainfall stations, and (c) spatial distribution of the average annual precipitation totals recorded at rainfall stations (red dots) in the PSRB between 1939 and 2020. 
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Figure 3. Spatial distribution of the extreme daily precipitation thresholds (a) p95 and (b) p99 [mm] for the dry season, and (c) p95 and (d) p99 for the wet season. The red dots show the location of the rainfall stations. 
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Figure 4. Trend of the monthly precipitation totals at the rainfall stations from 1939 to 2020 considering the (a) dry and (b) wet seasons. 
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Figure 5. Trend on the number of days above (a) p95 and (b) p99 thresholds during the dry season, and (c) p95 and (d) p99 thresholds during the wet season. 
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Figure 6. Spatial distribution of monthly average runoff rates [l/s/km2] recorded at the streamflow stations between 1939–2020. 
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Figure 7. Spatial distribution of extreme runoff values [l/s/km2] for the dry season in percentiles (a) p95 and (b) p99, and for the wet season in (c) p95 and (d) p99. 
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Figure 8. Trend of monthly average daily runoff rates at the streamflow stations from 1939 to 2020 for (a) dry season and (b) wet season. 
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Figure 9. Trend of occurrence of extreme runoff rates events at the streamflow stations above the percentile thresholds of (a) p95 and (b) p99 during the dry season, and above the percentile thresholds of (c) p95 and (d) p99 during the wet season. 
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Figure 10. (a) Population in the PSRB from 1940 to 2010 (IBGE, 2010) and (b) urban area [km2] from 1985–2021 (MapBiomas, 2021). 
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Figure 11. Urban area (in red) of the PSRB in (a) 1985 and (b) 2021. The blue line marks the course of the Paraiba do Sul River. 
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Figure 12. Water demand [m3/s] in PSRB; this data captures the amount of water that is removed and consumed, without returning directly to the water body in (a) em 1940, (b) 1980, (c) 2020, and (d) 2040 (prognosis). 
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