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Abstract

:

Approximately 70% of all the electric energy produced in Brazil comes from hydropower plants. In this context, the Grande River Basin (GRB) stands out in Brazil. Some studies have been carried out to investigate the impacts of climate change in tropical regions to support water resources’ management and planning. This study aims to project the changes in the runoff that feed the Furnas Hydropower Plant (FHP) reservoir (GRB-Furnas basin), the largest and most important facility in Southeast Brazil. The lavras simulation of hydrology model (LASH) was used to project the impacts on runoff and hydrological droughts over the century in GRB-Furnas. The regional climate models (RCMs) Eta-HadGEM-ES, Eta-MIROC5, and Eta-CanESM2 forced the LASH model from 2007 to 2099, taking the representative concentration pathways (RCPs) 4.5 and 8.5. LASH simulated the runoff adequately for the baseline period (1961–2005) using the RCMs’ outputs. A noticeable reduction in precipitation was identified in the wet season, especially in the 2007–2040 period for RCP4.5 and in the 2071–2099 period for RCP8.5. As a result, a significant reduction in the runoff, mainly in the baseflow, and an increase in droughts’ severity were projected throughout the XXI Century, which may compromise the water security to the FHP reservoir.






Keywords:


hydrological simulation; regional climate models; climate change; hydrological impacts












1. Introduction


The availability of water resources is determined by the complex interaction of natural and human-driven processes occurring along the critical zone. Changes in climate or human activity can result in contrasting hydrological responses with desired or undesired local to regional impacts. Among these changes, developing countries have been more vulnerable to the negative impacts of actual and projected changes in climate [1,2], including the rapid increase of economic and social inequality and the elevated risk of critical infrastructure failure.



In Brazil, hydropower plants are responsible for approximately 70% of the country’s electric energy production, making this source highly susceptible to climate changes. These impacts are more evident in the dry season, reducing the hydroelectricity production in hydropower plants as their reservoirs depend on precipitation in the rainy season for hydrological regulation. Changes in the rainy season pattern can threaten the reservoirs’ operation, thereby jeopardizing the hydropower generation [3,4,5,6].



Grande river is a tributary of the Parana river basin, which is the most important hydrograph region for hydroelectricity in Brazil [6]. The Grande River Basin (GRB) is in Southeastern Brazil, with headwaters in the states of São Paulo and Minas Gerais. This basin is relevant for the Brazilian hydropower system as cascades of eleven hydropower plants are directly operating across the Grande river. Furnas hydropower plant (FHP) reservoir’s primary function is to regulate downstream water flow to secure full generation capacity across the cascade of hydropower plants [6,7,8]. Therefore, its operation is highly dependent on the hydro-climate response over the basin draining into Furnas reservoir [6].



Previous studies regarding climate change impacts on the hydrology of the upper Grande river basin projected contradictory behavior and incomplete analysis of the runoff behavior. The Eta-HadCM3 [8], Eta-HadGEM2-ES [5], and Eta-MIROC5 [5] regional climate models (RCMs) were applied in this region, covering approximately 16,000 km2, i.e., only 30% of the basin that flows to the FHP reservoir. These studies evaluated neither the impacts of climate changes using the RCMs on the occurrence of droughts nor the impacts over the indicators derived from frequency flow duration curves and water balance.



Because of the relevance of the GRB and FHP reservoir for the Brazilian hydropower system, in addition to the inconclusive insights for the region related to the impacts of climate changes on water resources, this study sought to (i) model the runoff of the GRB upstream Furnas, covering the entire basin (GRB-Furnas); and (ii) assess the impacts of Climate change up to the end of the century. Three RCMs were used to assess the impacts on water resources of the basin, focusing on the runoff into FHP reservoir and droughts’ projection. The main novelty of this study was the evaluation of the capability of three RCMs (Eta-HadGEM2-ES, Eta-MIROC5, and Eta-CanESM2) coupled with a well-established hydrological model for tropical basins (LASH) to project droughts over the basin controlling the hydrology of the largest and the most important reservoir in southeastern Brazil. The long-term objective of this study was to enhance decision support tools for policymakers to advance in planning and management of impacts and identify potential environmental and water resources conflicts that may arise under future climate variability and change projections.




2. Materials and Methods


2.1. Study Area


This study was developed in the GRB upstream Furnas hydropower plant (GRB-Furnas), southeast Brazil, accounting for an area of approximately 52,000 km². Figure 1 illustrates the GRB location within the Brazilian territory and the network of rain gauges and weather stations used in this study to assess the hydrologic response at the Furnas Hydropower Plant. The water resource of the GRB-Furnas is fundamental for the country as the Grande river supplies a cascade of seven downstream hydropower plants directly installed along its course. FHP has the largest reservoir in southeastern Brazil, responsible for the hydrological regime of the entire GRB. Its operation aims to maintain the run-of-river characteristic of the downstream reservoirs and, consequently, their power generation capacity throughout the year [6].



There are two Köppen climate types in GRB-Furnas, Cwa and Cwb, both temperate climates (C), with dry winters and rainy summers (w), and the average temperatures of the hottest month (January or February) are ≥22 °C (a) and <22 °C (b). The hydrological year is well defined between October and September in the following year [8]. Overall, the mean maximum and minimum temperatures are 22 °C and 8 °C, respectively, and the mean annual precipitation is approximately 1500 mm [9].




2.2. The Lavras Simulation of Hydrology Model (LASH)


The LASH model was developed to simulate streamflow in data-scarce basins [10]. Since its first version, LASH has continuously been improved by implementing auto-calibration [11], coupling with the GIS environment, and providing different levels of spatial discretization (grid cells, sub-watersheds, and hydrological response units) [12,13,14].



LASH is a distributed hybrid model that combines conceptual with physically-based principles for long-term deterministic hydrological simulations. It is structured based on three runoff modules: (i) direct surface runoff (DSUP), which is based on the modified CN method [15]; (ii) sub-surface runoff (DSS); and (iii) baseflow (DB), both based on the Brooks and Corey equation for porous media hydraulic properties [16]. LASH converts the runoff components into streamflow by considering the time lag of the modules’ flows (also known as “reservoirs”). For streamflow routing in the watercourses, the Musk–ngum–Cunge linear method is applied [17]. The Penman–Monteith equation [18] was used to calculate evapotranspiration, considering aerodynamic and stomatal conductance of the land uses and a soil moisture threshold to determine the actual evapotranspiration [19]. LASH has been successfully applied to many Brazilian watersheds under different geomorphological contexts [8,10,11,12,13,14,20].



2.2.1. Weather and Hydrological Datasets and Basic Maps


The weather datasets used for calibration and validation of the LASH model were obtained from the Hydrological Information System (HidroWeb)/National Water Agency (ANA) and National Institute of Meteorology (INMET/BDMEP) (Figure 1c), both covering a period of 18 years (from 1990 to 2007). The assessed variables were the daily values of rainfall, maximum and minimum temperatures, solar income radiation, relative humidity, and wind speed. Except for rainfall, the remaining variables were used to calculate the evapotranspiration according to the Penman–Monteith equation [18].



The streamflow data used for LASH calibration and validation were obtained from the Electric System’s National Operator (ONS). These data correspond to naturalized streamflows determined by the ONS, i.e., the Grande river’s daily streamflows without the effect of anthropogenic activities, such as reservoir operation and water withdrawal for human supply and irrigation consumption [21]. These datasets are calculated based on a rebuilding process that uses the ensemble of 96 stochastic models to predict daily streamflows in each hydropower plant of the country [22]. The ONS considered these datasets during the planning of the hydropower plants for the short and middle terms.



The LASH model requires maps of soil and land use (Figure 2a,b). The land-use map was derived based on LANDSAT-8 with supervised classification through the maximum likelihood classifier [14]. The land uses are pasture (40.76%), Atlantic forest (25.07%), agriculture (18.17%), Brazilian savanna-Cerrado (9.88%), water bodies (2.57%), and eucalyptus (2.45%). Other land-uses, such as urban areas (0.91%) and bare soils (0.19%), were less pronounced. The soil map is on a scale of 1:650,000, and the classes are Latosols (42.96%), Argisols (25.76%), Cambisols (23.08%), Litholic Neosol (3.27%), and others less significant (4.93%) [14]. The basin’s elevation varies from 655 at Furnas dam to more than 1550 m, with summits higher than 2100 m [14], in Mantiqueira Range, which is the water divisor of the basin in the border between Minas Gerais and São Paulo states (Figure 2c).




2.2.2. Calibration and Validation of the LASH Model


For calibration and validation of the LASH model, daily streamflow and weather data were obtained from 1990 to 2007 for GBR-Furnas. Both datasets are the most robust existing data for the basin in this period, with less than 10% of data gaps. LASH was calibrated between 1990 and 2000 and validated between 2001 and 2007. The years 1990 and 1991 were used for the model’s warmup. The performance of the model was evaluated based on the statistical indicators Nash–Sutcliffe coefficient (NSC) [23], the log(NSC) coefficient [23], and the percentage ratio between observed and calculated volumes (ΔV) [8].



In the LASH version used in this study, five parameters were calibrated by the following [14]: (i) the initial abstraction coefficient (λ); (ii) hydraulic conductivity of the sub-surface reservoir (KSS; mm day−1); (iii) hydraulic conductivity of the groundwater reservoir (KB; mm     day   − 1    ); (iv) a routing parameter for the overland flow (CSUP); and (v) a routing parameter for the sub-surface flow (CSS) [8,10,12]. For this purpose, the Nash–Sutcliffe coefficient (NSC) was the objective function, and the calibration was distributed by sub-basins (Figure 2a), according to the HRUs defined for the GRB-Furnas (Table 1) [14].





2.3. Climate Change Projections


Before the assessment of the climate change projections, the temporal trend of the long-term series of precipitation and evapotranspiration in the rainy period for the four weather stations with datasets available in the GRB-Furnas (Figure 1c: 1—Lavras, 918 m; 2—Machado, 870 m; 3—São Lourenço, 953 m; 4—Barbacena, 1126 m) were tested by means of the Mann–Kendall test (α = 0.05). This assessment is relevant to evaluate if climate change has affected the studied region in the last 58 years as well as possible connections with its hydrological behavior.



The Intergovernmental Panel on Climate Change (IPCC) has driven the scientific efforts on climate change impacts and proposed mitigations and adaptions [1]. The most common approach to assess climate change impacts is identifying changes in precipitation and temperature and then in the runoff regime [24,25,26].



The main tools used to project climate scenarios are the global circulation models (GMCs). Their outputs are widely used to study the impacts caused by changes in climate [27,28,29]. However, GCMs do not have the spatial resolution required to meet the runoff studies on a regional/basin scale. Therefore, the GCMs are coupled with regional climate models (RCMs) for downscaling the outputs in a compatible resolution with hydrological models, allowing for reliable simulations. In South America, the HadGEM2-ES, MIROC5, and CanESM2 GCMs, downscaled by the Eta/CPTEC model, have simulated the climate in a 20 km spatial resolution [30,31].



The GCMs’ simulations are published in the 5th Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC). The models were calibrated and run considering different greenhouse gas concentrations and radiative forcing scenarios, known as representative concentration pathways (RCPs). The most common radiative scenarios used for simulations in South America have been 4.5 W    m  − 2     and 8.5 W    m  − 2    , a stabilization scenario and a high greenhouse gas concentration scenario, respectively [31,32]. These scenarios, known as RCP4.5 and RCP8.5, correspond to an average increase in global temperature ranging from 1.1 to 2.6 °C, and from 2.6 to 4.8 °C, respectively, for the 2081–2100 period with respect the baseline 1986–2005 observations.



The impacts on runoff were estimated according to the hydrological simulations. LASH was forced by climate projections from the HadGEM2-ES, MIROC5, and CanESM2 global circulation models (GCM). The outputs of the GCMs were dynamically downscaled by the Eta/CPTEC model [33], from which the GCMs were called regional climate models (RCMs). Details on these GCMs can be found in [34,35,36]. The RCMs’ projections were generated by CPTEC/INPE and made available on the “PROJETA” Platform (https://projeta.cptec.inpe.br/#/dashboard) (2 March 2018) for the baseline period (1961–2005) and throughout the XXI Century. The climate projections were divided into three periods (i.e., time slices) (2007–2040; 2041–2070; and 2071–2099), two RCPs (4.5 and 8.5), and a 20 km spatial resolution [31,32,37]. The weather variables used to force the LASH model were precipitation, maximum and minimum temperatures, income solar radiation, relative humidity, and wind speed.



The procedure used for simulation of the hydrological impacts was adapted from [38,39]. The RCMs’ outputs for the baseline and RCPs 4.5 and 8.5 were obtained in a grid box, taking the nearest grid point of each of the 15 rain gauges and 6 meteorological stations applied to calibrate the LASH model (Figure 1c).



Nevertheless, the weather variables from the RCMs may present systematic errors owing to the numerical procedures used in the models, making it necessary to remove them before forcing the hydrological model [40,41,42,43]. The correction of these systematic errors was implemented, fitting a linear regression between the mean monthly observed and projected weather variables to the baseline [43].




2.4. Assessment of the Hydrological Impacts


The assessment of the impacts was firstly carried out considering the sensitivity analysis. This assessment was based on changes in the average runoff resulting from climate projections of average precipitation and temperature. First, the model was assessed by quantifying the deviation in mean runoff from the RCMs’ simulation and in the baseline period (1961–2005) on a monthly basis. After this validation, changes in runoff were investigated on the basis of the LASH simulations forced by the climate projections derived from the RCMs, RCPs, and per time slice.



The impacts were further evaluated by analyzing changes (%) in the indicators extracted from the flow duration curve (FDC), which were Q99%, Q95%, Q90%, MiSI, Q80%, Q50%, Q20%, Q10%, Q5%, Q1%, and MaSI. MiSI is an indicator that represents the average of the daily streamflow values with an exceedance frequency greater than 95%, basically the minimum daily streamflow values. The MaSI corresponds to the average of the daily streamflow values with a frequency lower than 5%, i.e., the highest daily streamflow values. The baseflow behavior could be analyzed by evaluating the streamflow values corresponding to the frequencies greater than 80% and the MiSI indicator. All the changes were calculated with respect to the baseline.



In addition to these assessments, the hydrological droughts were also studied. The Standardized Streamflow Index (SSFI) was studied considering the RCMs’ outputs, forcing the LASH model for the baseline, and then projected throughout the century. SSFI is calculated by fitting the gamma probability function (GPF) on the accumulated non-exceedance frequency of the stationarity historical series and then applying the Gauss distribution inverse, thus resulting in the SSFI values. SSFI is classified as extremely dry (ED) (SSFI ≤ −2.0), severely dry (SD) (−2.0 < SFFI ≤ −1.5), moderately dry (MD) (−1.5 < SSFI ≤ -1.0), normal (N) (−1.0 < SSFI ≤ 1), moderately wet (MW) (1.0 < SSFI ≤ 1.5), very wet (VW) (1.5 < SSFI ≤ 2.0), and extremely wet (EW) (SSFI ≥ 2.0) [44].





3. Results


3.1. Basic Hydrology of the Main Sub-Basins of the Upstream Furnas Reservoir


The five main sub-basins upstream of the Furnas reservoir are Aiuruoca, Grande, Mortes, Verde, and Sapucaí, which cover approximately 60% of the drainage area into the reservoir (Figure 1b). These fluviometric gauges are unique, with consistently observed datasets upstream of the Furnas reservoir. Considering the studied period (1990–2007), for which there are no gaps, Figure 3 presents the temporal behavior of the daily streamflows observed in the cited sub-basins. Table 2 summarizes the hydrological indicators used to assess the time series consistency while characterizing the average behavior of the main hydrological components of the water balance in these sub-basins.




3.2. Calibration and Validation of the LASH Model


The LASH model’s calibration for the GRB-Furnas basin was conducted in daily and monthly time steps between 1990 and 2007. The precision statistics used to appraise the model are presented in Table 3.



In the GRB-Furnas basin case, hydrographs estimated by LASH were in good agreement with observations during the calibration and validation periods for the runoff’s seasonal variation, runoff peaks, and the water balance (Table 3, Figure 3). Figure 4 depicts the observed hyetographs and hydrographs and the daily and monthly hydrographs estimated by LASH to GRB-Furnas.




3.3. Trend Behavior of the Precipitation and Evapotranspiration Long-Term Series in GRB-Furnas


Figure 5 depicts the temporal trend behavior of the precipitation and evapotranspiration for the four weather stations within the GRB-Furnas considering the rainy period, which is more relevant in hydrological terms. The Mann–Kendall test for each one of the long-term series is also presented.




3.4. Climatic Change Projections to the GRB-Furnas Basin, Southeastern Brazil


In this section, the ensemble of monthly precipitation, minimum and maximum monthly temperatures, and respective ranges projected by the RCMs were detailed concerning the baseline period after removing the systematic errors (Figure 6). Changes in the precipitation (%) were analyzed to assess the impacts of the projected climate change in regards to the following: (a) deviation in the average maximum, (b) deviation in the minimum temperatures (°C), and (c) deviation between the baseline and projected precipitation by the RCMs (i.e., RCP4.5 and RCP8.5) and per time slice. The projections indicated a significant reduction of approximately 20% in the mean monthly precipitation during the wet season (December, January, February, March, and April), a slight increase in the dry season (May, June, July, August), and a substantial increase in November.




3.5. Projections of the Hydrological Impacts in the GRB-Furnas Basin


3.5.1. Runoff Sensitivity to the Precipitation and Temperature Simulated by the RCMs


Runoff sensitivity to the RCMs was studied using the average monthly values and respective average precipitation and temperature derived from RCMs for their baseline. The changes in the runoff (ΔQ = observed − simulated) were assessed as a function of the changes in precipitation (ΔP) and temperature (ΔT). Regressions were fitted for RCP4.5 (  Δ Q = − 86.29 + 0.392 · Δ  P *  − 3.87 · Δ  T  n s      R 2  = 0.929   )   and for RCP8.5 (  Δ Q = − 15.64 + 0.57 · Δ  P *  + 15.38 · Δ  T *     R 2  = 0.974    ). In RCP4.5, ΔQ was not significant (p < 0.05) to ΔT, which means that only ΔP explains ΔQ, with a rate of −7.5% of ΔQ/−100 mm of ΔP. On the other hand, ΔQ was sensitive to both ΔP and ΔT under RCP8.5, with a rate of −6% of ΔQ/°C of ΔT and −11% of ΔQ/−100 mm of ΔP. This procedure was adapted from [24] in an uncertainty runoff study projection in three basins in the USA using 19 CMIP5 models. They demonstrated that ΔQ was sensitive to both ΔP and ΔT for all the studied scenarios.



Moreover, a long-term annual water balance study was carried out to assess the runoff sensitivity to climate changes. One can infer about actual evapotranspiration using basic relations between average annual precipitation and runoff (ET = Precipitation  −  Runoff). Figure 7 depicts the water balance elements over 30-year periods (time slices) for the GRB-Furnas basin according to the three RCMs, their ensemble, and respective ranges. Eta-HadGEM2-ES and Eta-CanESM2 projected a reduction in precipitation under RCP4.5, followed by a reduction in runoff.




3.5.2. Monthly Runoff Projection


This section presents the performance of the LASH combined with RCMs in simulating the average monthly hydrograph in the baseline (Figure 8a) and its projections per time slice and RCP (Figure 8b,c).



On analyzing the errors ((observed − simulated)/observed) for the entire hydrological year, Eta-HadGEM2-ES, Eta-MIROC5, and Eta-CanESM2 produced average values of +17%, −20%, and −19%, respectively.




3.5.3. Changes in the Flow Duration Curve (FDC) Indicators


This section presents how climate change would impact some relevant hydrological indicators extracted from FDC. Figure 9 presents the performance of the LASH model in conjunction with the RCMs in simulating FDC indicators for the GRB-Furnas for the baseline (errors, in %, regarding the observed values).



Figure 10 depicts changes in the FDC indicators projected by the RCMs in the three time slices and RCPs.




3.5.4. Hydrological Drought Assessment


The Standardized Streamflow Index (SSFI) was studied for the GRB-Furnas basin through the RCMs and LASH model for the baseline period, considering the hydrological year as the time lag for the drought. This index was then projected over the XXI Century. SSFI was obtained from fitting the gamma probability function (GPF) to stationary runoff historical series. Thus, the Mann–Kendall test was applied to the observed and simulated runoff series, representing the baseline. The p-value was 0.325, 0.094, 0.683, and 0.884 for the observed runoff series and those simulated by LASH forced by Eta-HadGEM2-ES, Eta-MIROC5, and Eta-CanESM2, respectively; i.e., there is no temporal trend. Figure 11 depicts the GPF fitting to the observed and simulated historical series corresponding to the baseline. All the fittings were adequate according to the Anderson–Darling test (p < 0.05).



The GPF scale and position parameters for the observed runoff series were 11.456 and 50.215, respectively, whereas, for Eta-HadGEM2-ES, these values were 3.907 and 151.7, respectively. On the other hand, Eta-MIROC5 and Eta-CanESM2 simulated historical series closer to the observed series, especially in the extremes, and the GPF fittings were similar (estimated parameters were 13.657 and 39.131, and 13.042 and 40.179, for Eta-MIROC5 and Eta-CanESM2, respectively).



Table 4 shows the SSFI thresholds followed by the respective classification [44] and the runoff and return period calculated for each class for the GRB-Furnas basin.



For the projection of the droughts’ return period over the XXI Century, the GPF was fitted to the runoff series simulated by the LASH forced with the RCMs. The Mann–Kendall test was previously applied, which allowed the detection of negative trends in the series resulting from the simulation based on the Eta-CanESM2, whereas the runoff series simulated with data from Eta-HadGEM2-ES and Eta-MIROC5 were stationary (Table 5). Table 5 highlights the projected return period of the SSFI, according to Eta-HadGEM2-ES (only for RCP4.5 because, for RCP8.5, the GPF was not adequate by the Anderson–Darling test) and Eta-MIROC5.






4. Discussion


The five main sub-basins (Figure 3) drain an average annual water volume to the Furnas reservoir of approximately 11.65 km3. In these sub-basins, the baseflow is the dominant runoff component (the average B/R is 0.594, varying from 0.530 to 0.680). This means that these sub-basins have a strong natural hydrological regularization, with a high potential for water yield, which has been explored especially for hydroelectricity in the Grande river basin [10] (Figure 1). In general, these sub-basins display almost the same evapotranspiration behavior, which is, on average, approximately 830 mm annually. They are located predominantly in the headwaters of GRB-Furnas, which is an area less impacted by anthropogenic actions in terms of land-use change [8]. However, the authors of [5] detected relevant climate change impacts caused by a significant reduction in precipitation projected throughout the XXI Century, which was also observed in this study. Therefore, one of the most relevant strategies to mitigate climate change in the GRB-Furnas consists of avoiding land-use changes, mainly deforestation of Atlantic Forest.



The observed and calculated volume ratio (ΔV, Table 3) is an index that describes the model capability in the simulation of the water balance, reflecting on evapotranspiration estimates [8]. A slight overestimation of the evapotranspiration was observed, which does not compromise the water balance simulated over the studied period [3]. According to [45] there is no threshold for this statistic that allows classifying a continuous hydrological model, which essentially depends on the study’s purposes. A great accuracy of the model is highlighted by the agreement between estimated and observed hydrographs, including daily peak flows and baseflow. This feature has a key role in evaluating whether the hydrological model can simulate the basins’ hydrological cycle [45].



In Brazil, other hydrological simulation studies have used naturalized streamflow [5,7,46,47,48]. The authors of [5] used monthly naturalized streamflow to calibrate the SWAT model and assess the climate change impacts on hydropower generation of three facilities in the Upper Grande river basin. They found satisfactory results (NSC ranging from 0.53 to 0.74). The authors of [7] calibrated the MGB-IPH model on a monthly basis to study impacts on hydropower plants’ generation in GRB. These authors obtained NSC and log (NSC) ranging from 0.85 to 0.95, similar to the present study. In the cited studies, the hydrological models were classified as “good” and reliable for predicting runoff over the century.



The time series of precipitation and evapotranspiration in the rainy period (October–March) for the four weather stations in the GRB-Furnas showed no precipitation trend in any of them in the last 58 years. For evapotranspiration, which is influenced, among other elements, by temperature, one can observe an increasing trend for three of the four locations, meaning a possible increase in temperature, especially in the last two decades. However, for one of these locations (São Lourenço—station 3), there was no trend in evapotranspiration. São Lourenço is the smallest city of the four studied, located at 953 m southwest of station 3, resulting in a reduced urban impact compared with the warmer climate observed in the other stations. The increase in their urban area might help explain the increased evapotranspiration provoked by an increase in temperature in these locations. However, the main cause of the reduction in streamflow was linked to the reduction in precipitation, especially for RCP4.5. Note that this impact has not been observed across the last 58 years of precipitation records. Furthermore, seasonally, in the last decade (2010–2020), the records indicate a reduction in the total precipitation during the rainy period, as observed by [49] for Lavras (station 1). This impact might reflect changes in the precipitation regime due to climate change over the region.



Reductions in the wet season were predominantly projected by the RCMs, which means that the models converged towards a reduction in precipitation throughout the century. In the dry season, the RCMs projected an increase with a range that encompasses the highest positive and lowest negative changes due to the RCM’s different behavior, resulting in increased uncertainty. The most severe reductions in precipitation were projected by Eta-HadGEM2-ES and Eta-CanESM2 in both RCPs during the first time slice, with more uncertainties for RCP8.5. In general, precipitation changes on a regional scale have been projected by RCMs with more uncertainties than other climate variables in several world regions [24], affecting the planning for water security in the future.



In the second time slice, precipitation reduction in the wet season is lower than projected for the first time slice. In the dry season, such changes are slight, almost constant in both RCPs. It was found that precipitation would tend to increase for November, independently of the RCM or RCP projection. This was explained to be due to the projected increase in the temperatures for October and November (Figure 6b,c), leading to a greater convection activity, favoring cloud formation, and an increase in rainfall. It is likely that this period would be the most prone to natural hazards in the region in the future.



Regarding the maximum and minimum temperatures (Figure 6b,c), the RCP ensembles indicate an increase of approximately 2 °C across all months during 2007–2040. More severe changes are expected in the third time slice (2071–2099) according to RCP8.5, with increases of approximately 7 °C in the maximum average monthly temperatures and 4 °C in the minimum temperatures. The range for minimum temperature in both the second and third time slices under RCP8.5 is smaller than that for maximum temperature, leading to less uncertainty of the RCMs.



Eta-HadGEM2-ES and Eta-CanESM2 projected a warmer climate than Eta-MIROC5 throughout the XXI Century in the GRB-Furnas. Eta-MIROC5 projected an increase of 2.0 °C in both maximum and minimum temperatures according to RCP4.5, whereas under RCP8.5, such temperatures were increased by 3.0 °C and 4.0 °C, respectively. Eta-CanESM2 projected a warmer climate than the other RCMs, with respect to maximum and minimum temperatures of 9.0 °C and 5 °C in RCP8.5. The authors of [31] observed that Eta-HadGEM2-ES projections were more sensitive than those generated by Eta-MIROC5 concerning the increase of greenhouse emissions in South America. However, they did not study the Eta-CanESM2, and little is known about this RCM in Brazil. Thus, increases in temperature and reduction in precipitation may negatively impact the water security and management of the FHP reservoir in this century.



In RCP8.5, ΔQ had a significant influence on ΔT because, in this scenario, global warming will continuously increase up to the end of the century, making the increases in temperature more relevant than those identified in RCP4.5. In RCP4.5, the temperature tends to stabilize from the middle to the end of the century, which can explain why ΔQ had been less affected by an increase in temperature. In this study, a coefficient of correlation (p < 0.05) between ΔQ and ΔP was determined, varying from 0.920 (Eta-MIROC5) to 0.956 (Eta-CanESM2), and between ΔQ and ΔET (changes in evapotranspiration) from −0.591 (Eta-MIROC5) to −0.809 (Eta-CanESM2). These results indicate that ΔQ is more sensitive to ΔP in tropical basins. Although ΔQ was less (or non) significant to ΔT, the relevance of evapotranspiration should be highlighted as the coefficient of correlation was statistically significant in all the RCMs.



A more significant reduction was observed from baseline to the 2007–2040 time slice when Eta-HadGEM2-ES was considered. In RCP8.5, increases in annual precipitation were projected, which culminated at the end of the century approximately to the observed value in the baseline and the runoff. Actual evapotranspiration calculated from the water balance is practically the same over the time slices, independently of the RCM or RCP. This finding supports the hypothesis that changes in precipitation exert more influence on runoff in the GRB-Furnas than changes in temperature. Although evapotranspiration is a function of weather elements, it seems that its impact on runoff is limited. This aspect was explained by the reduction in precipitation, limiting soil water storage and then actual evapotranspiration. Overall, this study demonstrates that ΔT tends to be less relevant for the water balance in tropical basins under climate change scenarios.



Broader ranges for precipitation projected at the end of the century under the RCP8.5 had more uncertainty [50], with a variation of 350 mm, increasing the uncertainties on runoff projections, and thus water security for the FHP reservoir. In RCP4.5, more uncertainties were identified in the first time slice (2007–2040), for which Eta-HadGEM2-ES projected a greater reduction in precipitation and broader ranges for runoff.



Analyzing runoff behavior in the baseline (Figure 8), the ensemble overestimated runoff from April to August, which was observed when LASH was forced with all the RCMs, especially by Eta-HadGEM2-ES. Opposite behavior was observed between September and February, over which runoff was underestimated for all the RCMs, especially by Eta-MIROC5, which produced the greatest errors. The errors were too small in March, with a slight overestimation by Eta-HadGEM2-ES (<5%). Overall, the RCMs indicate a decrease in precipitation during the rainy period and an increase during the dry period, which led to the behavior of the errors displayed in Figure 6a. However, simulations during the rainy season were subjected to higher variability than during the dry season. Several climate phenomena influence the southeast part of Brazil during spring and summer, such as the South Atlantic Convergence Zone; cold fronts; convective rainfalls; and, for the studied basin, an orographic influence. These seasonal climate drivers may result in more significant precipitation simulation errors propagating to streamflow simulation [5], as indicated by weather forecasting models in the region.



LASH forced by the RCMs underestimated the annual runoff, with small differences among them. These errors were smaller than those obtained by [3], using LASH forced with Eta-HadCM3 (A1B SRES scenario and 40 km spatial resolution) in the Upper Grande river basin. They reported errors of −21.6%, −12%, −25%, and −29% for four basins in the Upper Grande river, covering approximately 16,000 km2 (Figure 1b).



Errors between simulated and observed monthly hydrographs are expected owing to the use of RCMs as inputs in the hydrological models. RCMs may not precisely reproduce the observed values, with deviations in both magnitude and time, especially the peak flows and baseflow. The physical structure of the RCMs, parametrizations, downscaling technique, RCPs, and sensitivity of the runoff to climate variables are the primary sources of uncertainties [24,51,52]. Besides, uncertainties regarding the hydrological model calibration may provoke differences between observed and simulated hydrographs. LASH was calibrated and validated between 1990 and 2007 and forced by the RCMs’ outputs spanning to the baseline period (1961–2006), i.e., an extended period (1961–1989) was completely unknown for the model. Despite these uncertainties, LASH forced by the RCMs in the baseline period demonstrated acceptable performance for reproducing the average runoff, in consonance with other studies [3,5,53].



The monthly runoff simulated by LASH forced with the RCMs’ projections might be significantly reduced throughout the XXI Century (Figure 8b,c). Projections using Eta-HadGEM2-ES caused the most significant reductions. In the first time slice (2007–2040) under RCP4.5 (Figure 8b), the reduction in runoff was up to 63% (January) and, in the second (2041–2070) and third (2071–2099) times slices, it was −56% and −50%, respectively.



Reductions in runoff were also observed when evaluating Eta-MIROC5, although in a different manner. In RCP4.5, the highest reduction was observed in March for the third time slice (−26%). Based on RCP8.5, the highest projected reduction was in the first time slice (−29% in March). This RCM was the only one that projected a small increase in the runoff at the end of the century, following the precipitation pattern in this RCP (Figure 7).



Eta-CanESM2 under RCP4.5 projected a reduction in the runoff; however, it was less noticeable when compared with Eta-HadGEM2-ES. The most significant reductions were projected for the second and third time slices. On the other hand, under RCP 8.5, reductions were more highlighted and similar to those projected by Eta-HadGEM2-ES.



Further analyzing the runoff reduction, the most significant changes could be observed for RCP4.5 in the first time slice and for the RCP8.5 in the third time slice (Figure 8b,c). The average observed runoff during the wet season (November–March) in the baseline was 316.5 mm. For the first situation, the ensemble was 237.3 mm (−25%). However, this value is expected to vary from 170.6 mm (−46.1%) to 273 mm (−13.7%). This means that, even considering the upper limit, the projected runoff would tend to a reduction, i.e., a clear signal of the reduction in water availability, with implications for the operation and management of the FHP reservoir. Regarding the second situation (RCP8.5; third time slice), the ensemble projected a runoff of 220.8 mm (−30.2%), representing a greater impact than RCP4.5 in the first time slice. However, a broader range was projected with runoff values varying from 158.1 mm (−50%) to 333.6 mm (+5.4%), meaning more uncertainties in the projections under RCP8.5 towards the end of the century.



We discussed that runoff would tend to a reduction over the century. However, how this reduction could affect specific discharges that are used to define the water availability and then water rights and floods in the basin needs to be further detailed.



A more significant uncertainty was found for the lowest and the highest daily streamflow values (i.e., Q99% and Q1%, respectively) (Figure 9). Eta-HadGEM2-ES underestimated Q99% by 15% and overestimated Q1% by 33%. The other RCMs gave opposite projections, i.e., they overestimated Q99% and underestimated Q1%. The RCMs well projected the average minimum streamflow indicator (MiSI). However, for the MaSI indicator, the performance of the RCMs was inferior. Eta-HadGEM2-ES overestimated it by approximately 30%, whereas Eta-CanESM2 underestimated it by 25%. Other FDC indicators were reasonably well estimated by the RCMs, especially for frequencies between 20% and 80%. The average errors accounting for all the FDC indicators were 0.96%, −0.51%, and −3.25% by Eta-HadGEM2-ES, Eta-MIROC5, and Eta-CanESM2, respectively.



In general, all the models projected a reduction in the lowest streamflows (baseflow) concerning the baseline (Figure 10), which implies constraining water availability in the dry season. Among the RCMs, however, this projection was variable. Eta-HadGEM2-ES projected the greatest changes in the baseflow for the first time slice (2006–2040) under RCP4.5 owing to the reduction in precipitation in the wet season, while under RCP8.5, the impacts were more highlighted in the third time slice, especially in the case of Eta-CanESM2.



Eta-MIROC5 projected a reduction in the highest streamflows (from Q50%), mostly in the third time slice (2070–2099) under RCP4.5, whereas for RCP8.5, such changes were markedly in the first time slice (2006–2040). Eta-MIROC5 suggested that baseflow would be less affected than Eta-HadGEM2-ES, with Q99% and MiSI displaying a slight increase under RCP4.5 for the second time slice (Figure 10). In RCP8.5, these indicators showed similar changes; however, more were highlighted in the second and third time slices. MaSI had an increase of 10% in these time slices, which is a reflex of the projected increase in the precipitation towards the end of the century under RCP8.5.



Eta-CanESM2 projected, overall, a reduction in FDC indicators, but less pronounced in RCP4.5 when compared with RCP8.5 (Figure 8). This RCM under RCP8.5 projected the greatest reduction in the MiSI, especially in the second and third time slices, thus severely impacting baseflow.



Therefore, the most severe impact on runoff was projected to significantly reduce the baseflow over the XXI Century, potentially compromising the water security and management of the FHP reservoir.



Droughts are meteorological events that can be boosted by climate change, impacting all of society and the management of the environment. Thus, their study can quickly generate a useful background for water security strategies. Besides, this analysis demonstrates the capabilities of a hydrological model combined with RCMs to simulate SSFI, especially events with greater severity, as they potentially impact society, economy, and the environment. Therefore, SSFI was firstly detailed for the observed hydrograph in the baseline, calculating the return period and respective runoff value. These values were taken as a reference for evaluating the RCMs’ capability for simulating the frequency of hydrological droughts.



It is clear that Eta-HadGEM2-ES under- and overestimated the runoff compared with the observed series, thereby leading to a different fit of the GPF, especially for the lowest and highest runoff values (Figure 11). Eta-MIROC5 showed better performance for the projection of severe droughts (i.e., ED, SD, and MD), with a return period similar to that determined from the observed runoff. Eta-CanESM2 also provided good performance for such events, while Eta-HadGEM2-ES demonstrated poor performance. This behavior can be explained based on the performance of the RCMs coupled with the hydrological model in simulating the streamflows in the dry period (between April and August) (Figure 8a). LASH model forced with the outputs from Eta-CanESM2 and Eta-MIROC5 produced these values in a more accurate way than Eta-HadGEM2-ES, with errors varying from 6–7% (in August) to 25–27% (in May), while Eta-HadGEM2-ES generated 12% and 33%, respectively. As the lowest streamflow values characterize severe hydrological droughts, it is expected that these RCMs would simulate a historical series closer to the observed one, as can be seen in Figure 11, explaining their better performance for hydrological droughts’ study in the GRB-Furnas. In contrast, all the RCMs demonstrated poor performance for predicting extreme wet years. Eta-MIROC5 and Eta-CanESM2 underestimated (greater return period), whereas Eta-HadGEM2-ES overestimated (lower return period) the frequency of occurrence. The RCMs well estimated the “normal” years.



The most significant errors occurred owing to (i) the RCMs resulted in a SSFI drought classified oppositely to the SSFI based on the observed runoff; (ii) the RCMs over or underestimated the droughts; and (iii) the RCMs classified a given event as the observed, but with an opposite signal of SSFI. Such errors were mainly observed for Eta-HadGEM2-ES.



Firstly, one can observe that both RCMs projected the droughts with a smaller return period (greater frequency) than the baseline. Eta-HadGEM2-ES projected an ED event approximately every two years, whereas Eta-MIROC5 projected it every ten years. The second observation is that MW and VW years would be scarce, especially when considering the Eta-HadGEM2-ES projections and EW years by Eta-MIROC5 projections.



The results obtained in this study have limitations because they are grounded in simulations, which always have uncertainties. However, they revealed a change mainly in the precipitation pattern, and the primary consequence is a significant change in the runoff, with an increase in severe droughts in this century. Therefore, the GRB-Furnas basin and FHP reservoir should be prepared for a significant reduction in water availability, which harms the water security and environment management of this country’s strategic region.




5. Conclusions


This study assessed the impacts of climate change on the GRB-Furnas basin’s hydrological response, in southeast Brazil. Daily and monthly streamflow simulations were performed using the LASH model. The main findings are as follows:




	(i)

	
LASH model simulations for the calibration and validation periods (1991–2007) were in good agreement with observations (NSC of 0.86, Log (NSC) of 0.83, and ΔV of 2.16%, respectively, in a daily time step).




	(ii)

	
The RCMs projected significant changes in the GRB-Furnas climate throughout the 21st century, negatively impacting the runoff. In general, future scenarios project a decrease in precipitation during the wet season, which is expected to lead to a significant decrease in runoff and, therefore, in water surplus in the GRB-Furnas basin.




	(iii)

	
Future LASH simulations indicated that runoff changes are expected to be more sensitive to changes in precipitation under the RCP4.5 projection rather than the RCP8.5 projection.




	(iv)

	
LASH simulated a reduction in runoff associated with a further decrease in baseflow contribution. Eta-HadGEM2-ES and Eta-CanESM2 projected the most significant reduction in the runoff, especially in the wet period. The former RCM, in RCP4.5, projected a more significant reduction in the first time slice (2007–2040), whereas the latter RCM projected a more severe impact for RCP8.5 in the third time slice (2071–2099).




	(v)

	
Eta-MIROC5 showed superior performance regarding drought studies; in general, the RCMs’ projections indicate a likely increase in the frequency occurrence of severe hydrological droughts and a likely reduction in the occurrences of wet hydrological years.




	(vi)

	
The projections of climate change over the tropical regions in South America have shown a reduction in precipitation, mostly in the rainy season, and the consequences of this impact on water resources may be deeply drastic for such regions. The results of this study can be used as a reference in terms of the pattern of the water cycle in the basins located in southeast and middle-west regions, with a significant concentration of hydropower plants, where water demand has increased significantly for irrigation purposes.
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Figure 1. (a) The geographical location of the Grande River Basin (GRB)-Furnas; (b) Grande river basin with the cascade of hydropower plants and the main headwater sub-basins; (c) the GRB-Furnas basin, rain gauges, weather stations, and grid points of the regional climate models (RCMs) used in this study. 
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Figure 2. (a) Land-use map with the sub-watersheds used in the Lavras simulation of hydrology (LASH) calibration; (b) soil map; (c) the digital elevation model of the GRB-Furnas. 
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Figure 3. Observed hydrographs in the main sub-basins upstream of the Furnas reservoir: (a) Aiuruoca; (b) Grande; (c) Verde; (d) Sapucaí; and (e) Mortes. 
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Figure 4. Observed and estimated daily (a) and monthly (b) hydrographs and respective hyetographs in the GRB-Furnas basin for calibration and validation of the LASH model. 
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Figure 5. Temporal behavior of precipitation and evapotranspiration in the rainy period for the four weather stations in GRB-Furnas and respective Mann–Kendall test results. (a) Lavras (number 1-Figure 1); (b) Machado (number 2-Figure 1); (c) São Lourenço (number 3-Figure 1); (d) Barbacena (number 4-Figure 1). 
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Figure 6. Changes in the monthly average precipitation (%) (a) and maximum (b) and minimum (c) temperatures (ensemble, black line) and respective ranges simulated by the RCMs under RCP4.5 and RCP8.5 for the GRB-Furnas throughout the XXI Century. 
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[image: Water 13 01560 g006]







[image: Water 13 01560 g007 550] 





Figure 7. Average annual water balance components for the baseline and time slices simulated by the LASH model forced by the RCMs for the GRB-Furnas basin: (a) precipitation, (b) runoff, and (c) evapotranspiration. 
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Figure 8. Average observed and simulated (ensemble) monthly hydrograph and respective errors (%) in the baseline (a) and projections (impacts, in %) of the RCMs on runoff throughout XXI Century in the GRB-Furnas: (b) RCP4.5 and (c) RCP8.5. 
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Figure 9. Performance of the LASH model along with the RCMs in simulating the flow duration curve (FDC) indicators for the baseline. 
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Figure 10. Changes (%) in the FDC indicators for the GRH-Furnas basin projected by the LASH model combined with the RCMs under RCP4.5 and RCP8.5. 
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Figure 11. Gamma probability function (GPF) fitted to the observed series and simulated runoff series for the baseline. 
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Table 1. Hydrological response units (HRUs) and respective LASH calibrated parameters for the Grande River Basin (GRB)-Furnas [14].
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	HRU Characterization
	Lambda—λ (Dimensionless)



	Native areas in slope <10% and all soil classes (λ1)
	0.5



	Agriculture/pasture areas in slope >10% and all soil classes (λ2)
	0.45



	Agriculture/pasture areas in Bw and Bt and slope <10% (λ3)
	0.4



	Agriculture/pasture areas in Ne and Bi and slope <10% (λ4)
	0.35



	Agriculture/pasture areas in Bw and Bt and slope >10% (λ5)
	0.03



	Agriculture/pasture areas in Ne and Bi and slope >10% (λ6)
	0.0185



	HRU characterization
	KB (mm day−1)



	Native areas and all soil classes (KB1)
	5



	Agriculture/pasture areas in Bw and Bt (KB2)
	4



	Agriculture/pasture areas in Bi (KB3)
	2.5



	Shallow soils (Ne and rock predominance) (KB4)
	2



	HRU characterization
	KSS (mm day−1)



	Native areas and all the slope considered (KSS1)
	25



	Slope: >20% and agriculture/pasture areas (KSS2)
	22



	Slope: 10–20% and agriculture/pasture areas (KSS3)
	20.74



	Slope: 0–10% and exposed rock (KSS4)
	18



	HRU characterization
	CSUP (dimensionless)



	Slope: 0–10% (CSUP1)
	9



	Slope: 10–20% (CSUP2)
	6.01



	Slope: >20% (CSUP3)
	5



	HRU characterization
	CSS (dimensionless)



	Slope: 0–10% (CSS1)
	80



	Slope: 10–20% (CSS2)
	79



	Slope: >20% (CSS3)
	75
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Table 2. Basic hydrological indicators for the main sub-basins upstream of the Furnas reservoir with fluviometric gauges.
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	Sub-Basin
	R (mm)
	P (mm)
	ET (mm)
	B (mm)
	C
	B/R





	Aiuruoca
	619.3
	1414.3
	795.0
	421.1
	0.438
	0.680



	Grande
	640.0
	1468.8
	828.8
	409.6
	0.436
	0.640



	Verde
	544.5
	1358.1
	813.6
	310.4
	0.401
	0.570



	Sapucaí
	476.3
	1324.7
	848.4
	252.4
	0.360
	0.530



	Mortes
	362.9
	1220.0
	857.1
	199.6
	0.297
	0.550







R: mean annual runoff; P: mean annual precipitation; ET: mean annual evapotranspiration; B: baseflow; C = R/P.
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Table 3. Precision statistics for the calibration and validation of the LASH model to the GRB-Furnas basin. NSC, Nash–Sutcliffe coefficient.
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	Precision Statistic
	Calibration (Daily)
	Validation (Daily)
	Calibration (Monthly)
	Validation (Monthly)





	NSC
	0.86
	0.77
	0.89
	0.85



	Log (NSC)
	0.83
	0.76
	0.86
	0.83



	ΔV (%)
	2.16
	11.44
	2.00
	12.00
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Table 4. Standardized Streamflow Index (SSFI) thresholds and classification, and runoff and return period (RP) from the observed historical series and simulated series from the RCMs forcing the LASH model.
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	SSFI Threshold
	Runoff

(mm)
	Classification
	RP (Years)—Observed
	RP (Years)—HadGEM2-ES
	RP (Years)—MIROC5
	RP (Years)—CanESM2





	<−2.0
	<288
	ED
	43.6
	7.3
	41.6
	32.5



	−2.0–(−1.5)
	288–344
	SD
	22.8
	13.8
	18.8
	22.5



	−1.5–(−1.0)
	344–408
	MD
	10.8
	10.8
	8.6
	8.6



	−1.0–1.0
	408–742
	N
	1.5
	2.3
	1.4
	1.4



	1.0–1.5
	742–848
	MW
	10.8
	11.6
	17.0
	17.0



	1.5–2.0
	848–962
	VW
	22.7
	15.4
	49.6
	49.6



	>2.0
	>962
	EW
	43.7
	8.7
	158.1
	158.1
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Table 5. Return period (years) for the droughts in the hydrological years projected by the Eta-HadGEM2-ES and Eta-MIROC5 coupled to the LASH model in the GRB-Furnas.






Table 5. Return period (years) for the droughts in the hydrological years projected by the Eta-HadGEM2-ES and Eta-MIROC5 coupled to the LASH model in the GRB-Furnas.





	
SSFI Classification

	
Eta-HadGEM2-ES

	
Eta-MIROC5




	
RCP4.5 *

	
RCP4.5 **

	
RCP8.5 ***






	
Extremely Dry

	
2.4

	
10.0

	
9.8




	
Severely Dry

	
8.7

	
9.5

	
10.0




	
Moderately Dry

	
8.7

	
6.4

	
6.9




	
Normal

	
3.4

	
1.8

	
1.8




	
Moderately Wet

	
35.4

	
23.7

	
19.6




	
Very Wet

	
61.9

	
59.1

	
43.6




	
Extremely Wet

	
63.9

	
135.0

	
81.9








* M-K p-value: 0.403; ** M-K p-value: 0.119; *** M-K p-value: 0.079.
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