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Abstract

:

Due to the socioeconomical impact of water extremes in plain areas, there is a considerable demand for suitable strategies aiding in the management of water resources and rainfed crops. Numerical models allow for the modelling of water extremes and their consequences in order to decide on management strategies. Moreover, the integration of hydrologic models with hydraulic models under continuous or event-based approaches would synergistically contribute to better forecasting of water extreme consequences under different scenarios. This study conducted at the Santa Catalina stream basin (Buenos Aires province, Argentina) focuses on the integration of numerical models to analyze the hydrological response of plain areas to water extremes under different scenarios involving the implementation of an eco-efficient infrastructure (i.e., the integration of a green infrastructure and hydraulic structures). The two models used for the integration were: the Soil and Water Assessment Tool (SWAT) and the CELDAS8 (CTSS8) hydrologic-hydraulic model. The former accounts for the processes related to the water balance (e.g., evapotranspiration, soil moisture, percolation, groundwater discharge and surface runoff), allowing for the analysis of water extremes for either dry or wet conditions. Complementarily, CTSS8 models the response of a basin to a rainfall event (e.g., runoff volume, peak flow and time to peak flow, flooded surface area). A 10-year data record (2003–2012) was analyzed to test different green infrastructure scenarios. SWAT was able to reproduce the waterflow in the basin with Nash Sutcliffe (NS) efficiency coefficients of 0.66 and 0.74 for the calibration and validation periods, respectively. The application of CTSS8 for a flood event with a return period of 10 years showed that the combination of a green infrastructure and hydraulic structures decreased the surface runoff by 28%, increased the soil moisture by 10% on an average daily scale, and reduced the impact of floods by 21% during rainfall events. The integration of continuous and event-based models for studying the impact of water extremes under different hypothetical scenarios represents a novel approach for evaluating potential basin management strategies aimed at improving the agricultural production in plain areas.
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1. Introduction


Floods and droughts are the two main types of natural disasters causing major socioeconomic losses around the globe. Some examples are those described by [1] for America, [2] for Asia, [3] for Europe and, at a global scale, by [4,5,6]. Furthermore, extreme hydrologic events generate negative impacts on ecosystems, interfering with hydrological connectivity [7], the nitrogen cycle [8], causing cyanobacterial blooms [9] and alterations in aquatic habitat availability [10], among others. Likewise, the agriculture and livestock production are also impacted by water extremes [11,12], along with the local population [13,14]. The frequency, magnitude and distribution in space and time of floods and droughts have increased in many regions around the world [2,15]. According to the Intergovernmental Panel on Climate Change’s (IPCC) fifth report, extreme hydrologic events are expected to globally increase due to climate change [16,17]. For these reasons, the characterization of hydrologic extremes and the development of mitigation measures are vital for proper risk management [18]. [19] predicted that by 2030 more than 250% of the urban land would suffer droughts or floods. This prediction is of great concern, especially for Latin America due to the high vulnerability of its population [20].



Plain areas are characterized as having a high potential for agriculture and livestock production, as well as for urban development [21,22,23,24]. Fluctuations in the rainfall regime in plain areas where rainfed agriculture is the main productive activity could exert profound negative effects in the local economies due to drops in the crop yields [25,26,27]. Rainfed agriculture constitutes 80% of the total cultivated land around the world, and it is responsible for 60% of the global crop yield [28]. The Pampas ecoregion in Argentina is a broad grassy plain located in the Central Eastern part of Argentina [29]. Many of the negative socioeconomical impacts on the local agriculture and livestock production are associated with climate variability [30,31]. Droughts in this region have worse consequences than floods. According to [32], the estimated economic losses in the agricultural sector resulting from an extreme drought in 2008 were higher than $700 million dollars, whereas [33] Latrubesse and Brea (2009) reported losses of up to $570 million dollars for extreme floods occurring in the same region. Furthermore, [34] pointed out that, at a global scale, droughts and floods have different spatio-temporal impacts: whereas floods last hours to days and their spatial distribution is relatively small (i.e., up to 250,000 km2), droughts affect larger areas (i.e., up to 25,000,000 km2) and last longer, from months to years. As explained further below, this could not be precisely the case for the Pampas region.



One of the economic and productive sectors most affected by water extremes in the Pampas plains is agriculture, which largely depends on the soil humidity [35,36,37]. This situation is linked to the shallowness of the aquifer, a common characteristic for the whole region. During wet periods, the aquifer level reaches the surface and saturates the soil profile with water [31,38]. This translates into a reduction in crop yields. During the dry seasons, when rainfall diminishes and evapotranspiration increases, the soil humidity rapidly drops, along with the phreatic level. During droughts, crops are subjected to stressful conditions, growth rates are reduced, and consequently their biomass and yield decrease. If the condition persists, crops could be entirely lost [39].



Floods in the Pampas region are characterized as covering large surface areas (e.g., approximately 140,000 km2 in 2012, as reported by [38] and as lasting for long periods of time, from a few days to months. Several factors influence the phenomena: (I) the occurrence of rainfall extreme events; (II) a phreatic level raise, with the water table reaching the surface; (III) a surface runoff stagnation due to the reduced land slope; (IV) a poorly defined drainage network; and (V) a low hydraulic capacity of channels. All these factors influence the surface runoff dynamics, making them acquire a mantle-shaped pattern [40,41]. Altogether, these factors make flooding events more extreme in these areas, with large water volumes moving with a low energy and covering large surface areas not exceeding 1 m in depth. These types of systems are known as “non-typical hydrological systems” (NHS) because there is surface water movement across basin boundaries or because basin boundaries change as the water level fluctuates [42].



Droughts can be classified into several categories: meteorological, agricultural, hydrologic and socioeconomic [43,44,45]. Droughts in the Pampas region may have increased over time due to changes in land use that were forced by the conversion from natural grasslands to a rainfed agriculture [30] and due to a rainfall reduction conditioned by the activity of the South Atlantic anticyclone and its interaction with a continental depression within the Pampas region known as the humid Pampas [32]. In the Pampas region, droughts begin with a reduction in the precipitation rate to below average and an increase in the evapotranspirative demand (meteorological drought). Furthermore, there is a sharp decrease in the soil humidity (agricultural drought), as well as in the aquifer water level. During dry periods when the aquifer water level drops, the stream water level descends and even channels dry, favored by their already-shallow depths (hydrologic drought). In 2008, 470,000 km2 of the Pampas region were affected by a drought that lasted almost two years [32]. Serious crop yield losses occurred during this period. Crops in the region are mainly dominated by soybean, corn, wheat and sunflower. Likewise, losses in the cattle farming sector also occur (socioeconomic drought).



Predicting hydrological responses is a major challenge in water resources management, especially when that water involves the irrigation of crops, raising early warnings or preparing for floods, as well as assuring hydroelectric power generation, among others. Currently, different approaches have been developed for better predictions by means of the use of modelling techniques. Some examples are the development of an enhanced extreme learning machine model for river flow forecasting [46], a support vector regression (SRV) model and a hybrid SVR-based firefly algorithm model to simulate evaporation [47], the grading of the eutrophic state of a reservoir using an Environmental Fluid Dynamics Code (EFDC) model [48], a model for sea-bottom change simulations in coastal areas with complex shorelines [49], a model for turbulent fluvial systems [50], a decision-making model for reservoir flood control [51] and the coupling of hydrologic and hydraulic models for modelling floods [52].



Numerical models constitute useful tools for analyzing the hydrologic response of a basin to water extremes and the impacts caused by them. These models could be classified as continuous or event-based, depending on the set-up (as defined by [53]). Continuous models help understand processes related to the water balance (e.g., evapotranspiration, soil moisture, percolation, groundwater discharge and surface runoff), allowing for the analysis of water extremes for either dry or wet conditions. Complementarily, event-based models aid in knowing the response of a basin to a rainfall event (e.g., runoff volume, peak flow and time to peak flow, flooded surface area) [54].



The integration of continuous and event-based hydrologic-hydraulic models [55,56,57] can help evaluate the dynamics in the water balance of a basin and quantify its hydrologic response under different hypothetical scenarios before deciding on the implementation of management strategies for water extremes. Some examples are the integration of the Soil and Water Assessment Tool (SWAT) with the storm event Dynamic Watershed Simulation Model (DWSM) [58], the integration of MIKE Système Hydrologique Européen (MIKE SHE) with MIKE 11 [59], the integration of the Modelo de Grandes Bacias–Instituto de Pesquisas Hidráulicas (MGB-IPH) with the Hydrologic Engineering Center–River Analysis System (HEC-RAS) hydraulic model [60] and the integration of the Hydrologic Modeling System (HEC-HMS) with HEC-RAS [61,62].



Among the available open-source models, we chose integrating SWAT [63] with CTSS8 [64]. The former is a continuous hydrologic model, whereas the latter is an event-based hydrologic-hydraulic model. The advantages of using SWAT rely on its capability for analyzing (using a continuous approach) the hydrologic response of a basin during dry or wet periods, taking into account the existing land use and management practices. Despite SWAT having been reported as underestimating peak flows [58], CTSS8 reproduces them accurately, and it is suitable for modelling hydrological processes. Moreover, due to this quasi-2D model being based on the discharge laws from the kinematic and diffusive approaches of the momentum equation, it is especially adapted for analyzing the multidirectional dynamics of the surface runoff, a common characteristic of plain areas. The CTSS8 model has been satisfactorily used at basins located in plain areas such as the Ludueña Basin [64,65] and the lower Paraná Delta [66,67].



In general, the study of droughts and floods has been mostly centered on their characterization and impact assessment. However, due to the complexity of the system, there are few studies that analyze the mitigation strategies. This complexity is given by the heterogeneity of the land uses, soil types, topography, agricultural management practices, water use, and the existence of hydraulic structures in the field.



Understanding the interrelationship among these variables is fundamental when studying the effects of the temporal variation in the precipitation regime. The analysis of hydrologic extremes must take into account the interaction among the climate, land use, types of soils, topography, agricultural practices, presence of hydraulic structures, etc., to improve our understanding of the system’s mode of functioning and to have more efficient management procedures in order to minimize the impacts through proper prevention and mitigation. The integration of hydrologic-hydraulic models would aid in this sense, constituting a useful tool for management purposes. Additionally, an improvement of the political guidelines and governmental programs is needed to regulate the use of ecosystems by the agricultural sector, taking into account the ecosystem’s resilience level and promoting the development and use of an eco-efficient infrastructure [68]. The latter involves the integration of hydraulic structures [69,70,71] with a green infrastructure [72,73,74], which, combined, allow for a more effective control of droughts and floods at a lower cost [75].



Land use management plays a significant role in the propagation of water extremes ([76,77]. Consequently, the agricultural practices based on non-structural methods [78] and the restoration of flood plains that allow for the existence of riparian forests are important green-infrastructure elements [79]. Riparian zones are key interfaces between stream and terrestrial ecosystems [80]. These zones could provide many ecosystem services, including flood and drought control [81], a reduction in soil erosion rates and in the amounts of pesticides and fertilizers reaching the watercourses [82], and the protection of the aquifer recharge zones [83]. These recharge zones are characterized as having a high biodiversity and biomass productivity [84], which are sometimes threatened by the advance of the agricultural frontier.



One of the present challenges in the Pampas region is to quantify the processes causing extreme hydrologic events as a basis for the implementation of an eco-efficient infrastructure. This consists in increasing the soil humidity during dry periods and in reducing the surface runoff during wet periods.



The understanding of surface runoff processes and soil humidity dynamics in plain areas is of vital importance for the management of crops and water. Hence, the study of the anthropic effect on the hydrologic system for plain areas required the use of integrated simulation tools in assisting in diagnosing and planning.



The objective of this article is to evaluate the dynamics in the water balance and to quantify the surface runoff and soil humidity under different hypothetical eco-efficient scenarios, through the integrated application of continuous (i.e., SWAT) and event-based (i.e., CTSS8) hydrologic-hydraulic models. This study was performed in the Santa Catalina stream basin (SCSB) located in the Pampas region of Argentina (see the next section for further information about the study zone).



The novel contribution of our study is that it helps, through the use of integrated models, in finding effective solutions to solve critical hydrologic problems faced by the agricultural and livestock production sectors operating in plain areas (i.e., testing different scenarios of management strategies to find the most effective). An effective intervention based on informed decisions could help minimize the impacts of extreme water events, and prevent or alleviate socioeconomic crises.



Characteristics of the Study Zone


The SCSB (59°79′–59°92′ W and 36°88′–37°10′ S) is located in the center of the Buenos Aires province, Argentina. This basin has a surface area of 13,800 ha. The altitude ranges from 360 to 153 m.a.s.l. (Figure 1). A hilly landscape dominates the upper sector of the basin, whereas the topography flattens toward the middle to lower sectors of the basin, as it transitions downstream into a plain area [85]. In the plain area, vertical water movements (i.e., precipitation, evapotranspiration) and water storage processes of surface and groundwater origin predominate over horizontal water movements (i.e., surface runoff). The groundwater flow follows a northeast direction [86]. The geomorphology of the study area is classified into two domains: the hilly domain (HD) and the extra-hilly domain (EHD) [87]. The HD is located in the upper part of the basin where rocky outcrops belonging to the Tandilia Hills system prevail [88]. It is subdivided into two areas: interfluvial and fluvial valleys. The highest-elevation area of the system has round-shaped hills, with their tops flattened due to aeolian erosion. Most of the basin is within the EHD. This domain is characterized as being mostly flat, with subtle height and slope variations. The EHD could be subdivided into two areas: 1) Aggradation plain with stratified calcareous crust, situated toward the middle part of the basin. This consists of reddish brown, compact, carbonated silts with a calcareous crust (0.5–1 m), above which there is a shallow sedimentary cover (0.5–0.7 m) modified by pedogenesis. The calcareous soil-crust substrate generates surface waterlogging, and deficient internal drainage conditions in the soil profile. 2) Aggradation plain with dominant loess cover, situated in the lower part of the basin and composed of a substrate with calcareous crust and loess cover.



The SCSB is characterized by a landscape shaped by wind action due to the low morphometric potential and the fine granulometry of the soils, which facilitate aeolian transport. The concentrated erosive action of the wind in this area is capable of excavating closed depressions known as deflation hollows, which play a very important role in the water flow and storage. In periods of water excess, the connection of the surface water-storage areas (i.e., the deflation hollows) generate a water flow parallel to the direction of the stream, as seen from the Satellite Pour l’Observation de la Terre (SPOT) image shown in Figure 2.



Figure 3 shows the temporal distribution of dry and wet periods after applying the 12-month standardized precipitation index (SPI) [89,90,91]. The precipitation data came from a weather station located in the basin: the Azul City’s weather station, operated by the National Weather Service of Argentina (SMN). This station has the longest rainfall record for the study area (1901–present). Since the SPI is standardized, the wet and dry periods can be represented at the same scale. Table 1 presents the characterization of the hydrologic extremes for the 1901–2015 period. These resulted in 85 months of severe to extremely severe droughts representing 6.1% of the studied period. Very wet to extremely wet periods accounted for 90 months, representing 6.5% of the reporting period, with a total of 1380 monthly-rainfall cases being analyzed.



The most extreme droughts in the SCSB occurred in 1911–1912, 1916–1918, 1924–1926, 1929–1933, 1935–1939, 1942–1943, 1950–1951, 1957, 1962–1963, 1979–1980, 1982–1983, 2008–2009, and 2013–2014. Extremely wet periods in this basin were recorded in 1904, 1908–1909, 1914–1915, 1940, 1946–1947, 1978, 1980–1981, 1986–1987, 1992, 1998, 2000–2003, and 2012–2013. According to many authors [92,93,94,95,96,97], the Pampas region has experienced an increase in precipitation rates since 1960. This reported trend is coincident with the rainfall pattern seen in Figure 3. With an increased precipitation rate, flood events in the basin could be more frequent and intense: This could be enhanced by climate variability and by the demand of agricultural commodities driven by the international market which, to a great extent, determine land use and production practices. The described situation could lead to negative scenarios during water-excess periods in the basin, impacting its economy which, as previously stated, largely depends on land productivity.





2. Methodology


The hydrologic simulation for the SCSB was performed using two different models (Figure 4). One of these models was the Soil and Water Assessment Tool (SWAT). This is a continuous, daily, semi-distributed numerical model that allows the representation of different physical processes in watersheds, in order to analyze the impacts of the land use change in the water balance ([63,98,99]. The referred model estimates the effective rainfall in the basin by means of the curve number (CN) method developed by the Soil Conservation Service of the United States [100]. The aquifer contribution to streamflow is also accounted for by the model and calculated using the linear reservoir method [101]. The resulting runoff, as modelled with SWAT, was used as an input source for the CELDAS8 model (CTSS8) [64,67].



CTSS8 is a hydrologic-hydraulic and event-based model which allows for the simulation of the surface runoff in plain areas where the laminar runoff outweighs the channeled runoff. Using a 2D-spatial configuration, a simulation of the resulting surface runoff dynamics can be performed based on a spectrum of discharge laws from the kinematic and diffusive approaches of the momentum equation, taking into account the water movements through streams, channels and floodplains [65,102].



From the daily water balance modelled with SWAT for the SCSB, the event during which the highest peak flow was observed for the study period (2003–2012) was selected and analyzed as a case study. The selected event was the one that occurred from the 17th to the 25th of May, 2012. This event showed a return period of 10 years.



2.1. Simulation of Scenarios


In order to analyze the water dynamics during extreme hydrologic events in the SCSB, different hypothetical scenarios were tested and contrasted against a baseline scenario. With baseline scenario we imply a scenario considering the currently existing conditions in the basin (for details refer to Section 3.1, “SWAT input data”).



The hypothetical scenarios considered the implementation of a green infrastructure. One of these involves land use change through the implementation of forests of species that could withstand floods and droughts, such as Salix spp. [103,104], both forming riparian forests and covering land depressions. The other green infrastructure scenario incorporates (along with forests) the use of contour farming. These measures would contribute to the slowing down of the surface runoff during floods and would help retain soil humidity during dry periods. The mentioned scenarios were modelled with SWAT.



The existence of hydraulic structures was also considered as another scenario and modelled with CTSS8. These hydraulic structures are meant to regulate and retain the water excess in case extreme events occur.



The integration of the two models (i.e., SWAT and CTSS8) served to analyze different scenarios of land use, agricultural management practices and the existence of hydraulic structures regulating the water passage and soil moisture in wet and dry periods, respectively. The hypothetical scenarios used with each of the two models are further described below.




2.2. Description of the Scenarios Used with SWAT


Two hypothetical scenarios of green infrastructural measures for the management of water extremes were simulated with this semi-distributed model. The baseline scenario was defined beforehand by analyzing the daily water balance for the current land uses. Each one of the hypothetical scenarios is described as follows.



SWT1 Scenario: Implementation of Changes in Land Use


With changes in land use, we refer to beneficial changes that would alleviate or prevent the impacts caused by extreme events. For this scenario, riparian forests were simulated as covering a 100-m strip on each side of the stream. Furthermore, forests were simulated as covering the deflation hollows. These changes are shown in Figure 5. The forested areas in the basin for this scenario increased from 0.4% (59 ha) (baseline scenario) to 6% (806 ha) of the total basin surface area (13,800 ha).



With the implementation of this hypothetical condition, the evaporation could be minimized and the storage of water in the soil profile maximized during periods of drought. These changes in land use (i.e., forested riparian strips and forested deflation hollows) are represented in Figure 5.




SWT2 Scenario: Implementing Crop Best Management Practices along with Changes in Land Use


This scenario implies the use of contour farming as an agricultural management practice combined with the strategies presented for the SWT1 scenario. Contour farming entails planting crops following the elevation contour lines. This management strategy is suitable for soybean, wheat and pasture crops and is recommended for areas with < 3% slopes, such as those existing in SCSB. This practice was applied in areas with soybean, winter wheat and pastures, which in total covered 8562 ha (Figure 5).





2.3. Description of the Scenarios Used with CTSS8


Three hypothetical scenarios and a baseline scenario were used with the CTSS8 model. The baseline scenario considered the SCSB as is (i.e., under the currently existing conditions). The last registered flood in the basin occurred on 5/17/2012. The flood return period for this basin is 10 years.



For the first scenario or scenario CTS1, hydraulic structures were simulated in the field with the purpose of regulating the water flow. Another scenario, called CTS2, considered the implementation of a green infrastructure positively affecting the land use change and crop management practices. Finally, the CTS1 and CTS2 scenarios were combined as CTS3 to analyze the effect of hydraulic structures coupled with green infrastructural measures on the control of water excess.



Details on CTS1 Scenario: Implementation of Hydraulic Structures


This scenario considered embankments (1 × 6 m, height × width) for storing and temporarily delaying surface runoff, and four culverts across the embankments in order to regulate the output flow, each one having a discharge coefficient of 0.3.



Figure 6 shows the location of the embankments and culverts. One of the embankments was positioned on an existing road located in the southeastern portion of the basin. The length of this embankment is 7 km. Another embankment, located north of the former one and having a length of 5 km, was also proposed.




CTS2 Scenario: Implementing Crop Best Management Practices Along with Changes in Land Use


This scenario analyzes the response of the system (i.e., SCSB) to the 5/17/2012 precipitation event, taking into account changes in the land use and the implementation of best management practices for crops. The runoff scenario used as an input source for CTSS8 was previously obtained with SWAT (refer to SWT2 scenario).




CTS3 Scenario: Joint Implementation of CTS1 and CTS2 Scenarios


Scenario CTS3 consists of scenarios CTS1 and CTS2 combined. The hydraulic structures and green infrastructural measures were both integrated to control the water excess as if the 5/17/2012 precipitation event would have occurred under the simulated conditions.






3. Modelling


For the simulations we provided the models with the input data (refer to each model for specifics), including the adjusted parameters (and their respective goodness of fit measures), for the calibration and validation periods.



3.1. SWAT Input Data


The SWAT model needs to be supplied with meteorological and topographic information, along with soil types and land uses. The used data sources are described below:



1- Data from three weather stations with series of daily recorded data (Table 2). The time series ranged from 2003 to 2012.



2- Soil types map: a map developed by the National Institute of Agricultural Technology [105] was used for the study. This map has a 1:50,000 scale. Nine soil types were identified in SCSB (i.e., Argiudolls, Hapludolls and Natracualf, Rock, Natraquolls, Paleudolls), with the three former types being dominant (Figure 7a).



3- Land use map: a map developed by [106] for this basin was employed (Figure 7b). Land cover in the basin is mainly associated with agriculture and cattle farming uses. The categories associated with the latter use are pastures, bermudagrass and crested wheat grass. Agriculture is dominated by rainfed crops such as soybean in summer and wheat in winter. We used crop rotation when modelling the water balance with SWAT, since the basin is cultivated all year round. This was done by applying the “scheduled management operation” option, which allows for setting the dates for “planting/beginning of growing season” and “harvest only operation” [107]. Apart from the above-mentioned, the other listed land use categories were: forest and water.



4- Corrected digital elevation model (DEM): The DEM Shuttle Radar Topography Mission (SRTM) was used [108,109]. This DEM was corrected in a previous study [110] (Figure 7c).



The SWAT hydrological model produced a vector map consisting of 408 hydrological response units (HRUs) that are a combination of land uses, soil types and land slopes. These units are hydrologically similar or homogeneous, and from them the water balance is quantified on a daily scale [63].




3.2. SWAT Model


The SWAT simulation considered a 10-year period of analysis (2003–2012). The 2003–2005 period was used for the model warm-up, the 2006–2010 period was employed for the model calibration and the 2011–2012 period for the model validation.



A sensitivity analysis was performed to determine the most sensitive SWAT model parameters (Figure 8). The software used for this purpose was SWATCUP, which uses the sequential uncertainty fitting algorithm [111]. CN2 (Curve number for moisture condition II) and ESCO (soil evaporation compensation factor) were the most sensitive model parameters, explaining >50% of the variation in the model output. These were followed by SOL_Z (depth from the soil surface to the bottom of the layer), GWQMN (threshold water depth in shallow aquifer for base flow to occur) and SOL_AWC (available water capacity of the soil layer). Due to the extension of the other parameter names, only their abbreviations are shown. Please refer to the SWAT manual (i.e, [107]) for their full names.



Table 3 presents the eight most sensitive parameters, their description, their calibrated values and the ranges in which the parameters were moved.



As shown in Table 3, the parameters that control the vertical component of the water movement in the soil are the most important ones. CN2 and ESCO were the most sensitive parameters of the model, followed by SOL_Z, GWQMN and SOL_AWC.



According to [63,112], in order to consider the adjustment of a model as being adequate, Nash Sutcliffe (NS) and percent bias (PBIAS) should be within certain intervals: 0.65 < NS ≤ 0.75 and ±10 ≤ PBIAS < ±15. Since our results are within those ranges, we can confirm that our model results are satisfactory (Table 4). Due to NS being sensitive to extreme flow values, we used the log(NS) for the model adjustment during low flows [113].



The simulated and the observed hydrographs for the calibration and validation periods are shown in Figure 9. The simulated discharge adequately represented the observed discharge for both the dry and wet periods.



Because there is not enough streamflow data to increase the validation period, the model was validated using the Gravity Recovery and Climate Experiment (GRACE) satellite images, calculating from them the total water storage change [114,115]. The shallow phreatic aquifer in the study zone shows a strong correlation between its level and the water balance processes occurring in the surface (i.e., evapotranspiration, surface runoff and soil moisture) [116]. For this reason, the GRACE images are more suitable for analyzing water extremes in these types of areas, allowing for the estimation of the water storage anomaly in the basin.



The used images have an approximate spatial resolution of 300 km and a monthly time scale. The total water storage change obtained from the GRACE images was compared with the total water storage change simulated with SWAT for the 2006–2012 period (Figure 10). For the estimation of the SWAT total water storage change, we followed the [117] methodology. Despite the small size of SCSB compared to the GRACE image resolution, we observed coincident patterns in the total water storage change between the GRACE and SWAT values.




3.3. CTSS8 Input Data


In order to use the CTSS8, the following information was required:




	
Topography of the study area, which was obtained from the SRTM DEM with a second arc spatial resolution. Due to the fact that the CTSS8 interface has a limited number of elements, the DEM resolution was resampled using 200 m cells.



	
A hydrograph for calibrating the model. In this case, the hydrograph registered on 08/19/2002 in the control section of the Santa Catalina stream was used.



	
Satellite images to estimate the surface area covered by water and to validate the model. A SPOT 5 satellite image from 05/18/2012 having a resolution of 10 m was used. This image is coincident with the flood event.









3.4. CTSS8 Model


For the calibration and validation of the CTSS8 model data registered from two actual precipitation events in the basin, we used: 08/19/2002 and 05/17/2012.



A sensitivity analysis was performed prior to the calibration in order to determine which of the model parameters most influenced the hydrograph trend. The most influential parameters were the channel-routing parameters nr, ita and itc, and the terrain-routing parameter nv.



Table 5 shows the adjusted parameters for the calibration. Channel-routing proved to be highly sensitive, because in plain areas the transverse slopes of conduction and storage in the channel are roughly the same due to the low hydraulic capacity.



The best-fit curve obtained during the calibration of the CTSS8 model for the event of 08/19/2002 is shown in Figure 11. Although the simulated peak flow is delayed by 5 h, the shape of the simulated hydrograph and the water volume were similar to the observed ones.



The validation of the model was performed using a precipitation event in the basin that occurred on 05/17/2012. Due to the lack of streamflow data available for this event, we used satellite images. For this purpose, the output of the CTSS8 model showing the simulated water levels at a cell resolution of 200 m2 was contrasted against a SPOT satellite image belonging to the same period (Figure 12). The near-infrared band of the image was used to identify the water impounded areas and their surface area.



In order to validate the model, the water impounded surface area that resulted from modelling the baseline scenario was compared with the one observed in the satellite image. The concordance percentage between these two was 91% (1369 out of 1505 ha). The total surface area of the basin is 13,800 ha, 10% of which was flooded on 05/18/2012, as seen from the SPOT satellite image.





4. Results


In the following paragraphs, we present the annual and monthly water balances for the SCSB and relate the water extremes with the crop yields for the period of analysis. We also compare the surface runoff and soil moisture simulated with SWAT for the baseline, SWT1 and SWT2 scenarios. Furthermore, we compare the baseline, CTS1, CTS2 and CTS3 scenarios simulated with CTSS8 regarding their response in terms of the runoff volume, peak flow and time to peak flow for the flooding event that occurred on 05/17/2012. The return period of the event is 10 years.



4.1. SWAT Model


The SWAT results of the 2006–2012 annual and monthly water balance for the baseline scenario are shown in Figure 13, respectively. During the drought periods, as in the case of 2008, the volume of water stored in the soil was low due to the rainfall deficit. According to the average annual water balance, 95% of the precipitated water was evapotranspired (i.e., 570 mm out of 591 mm recorded as the annual precipitation).



During 2012, three major floods occurred in the basin: one in May and the other two in August (Figure 13). The water balance for this year, as modelled by SWAT, showed that 75 mm (6%) out of an annual rainfall of 1246 mm corresponded to surface runoff, whereas 209 mm (17%) corresponded to groundwater recharge.



Figure 14 shows the 2003–2013 yield for the main crops (i.e., wheat and soy) produced in the SCSB. When hydrological extremes occurred in the basin, the crop yields are severely affected. During an extreme drought in 2008, soy yield decreased the mean value for the studied period by 50%, whereas wheat yield decreased by 45%. In contrast, 2012 was an extremely wet period, during which soy and wheat yields dropped 8% and 12.5%, respectively.



The results of the model for the proposed scenarios (i.e., baseline, SWT1 and SWT2) are shown in Figure 15. A reduction in the volume of the flood peaks for the period 2006–2012 was observed in the two hypothetical scenarios when compared to the baseline scenario. As forested areas increased their ground roughness, the surface runoff diminished, the flood wave was delayed and the infiltration capacity was increased.



If the land use change scenario (SWT1) was implemented on its own for the 2006–2012 period, the daily surface runoff in the basin would be reduced by 14% (Figure 15), whereas if both the land use change and contour farming were implemented (SWT2 scenario), the daily surface runoff would be reduced by 28% compared to the baseline scenario. The implementation of these scenarios reduced the surface runoff, mainly during the autumn and winter months when floods occur in SCSB.



Figure 16 shows the daily soil moisture for the studied SWT scenarios. Both scenarios showed the same response regarding the soil moisture, with it increasing during droughts (2008) compared to the baseline condition. The implementation of the SWT1 scenario produced a 9% increase in the daily water availability, whereas for the SWT2 scenario the increase was 10%.



Table 6 presents the estimated economic losses associated with droughts and floods affecting crop yields under the tested scenarios. The SWT1 and SWT2 scenarios respectively resulted in an almost $2.0 million- and $2.3 million-dollar reduction in economic losses during droughts, compared to the baseline scenario. Likewise, economic losses due to floods were reduced by $0.6 million and $1.1 million dollars respectively for SWT1 and SWT2, compared to the baseline scenario.




4.2. CTSS8 Model


The CTSS8 simulated hydrographs under the three hypothetical scenarios and the baseline scenario hydrograph are shown in Figure 17. Likewise, Table 7 presents the obtained values for the runoff volume, peak flow and time to peak flow for the studied scenarios. All three hypothetical scenarios (CTS1, CTS2 and CTS3) showed the runoff volumes, peak flows and times to peak flow that were lower than the baseline scenario.



If the hydraulic structures were implemented on their own to control the water excess in the basin (CTS1 scenario), the peak flow of the flood would be reduced by 9% compared to the baseline scenario. If changes in the land use with contour farming are considered on their own (CTS2 scenario), the reduction would be 13%. Furthermore, if changes in the land use, contour farming and construction of hydraulic structures are combined (CTS3 scenario), a 21% decrease in the peak flow would be achieved, compared to the baseline scenario. Since this model (as opposed to SWAT) does not have the option of estimating the crop biomass for the different scenarios, we were unable to provide the economic impact in the way we did for the SWAT scenarios.





5. Discussion


Droughts and floods are complex natural phenomena. For their characterization, vulnerability level determination and proposal of mitigation measures, it is fundamental to consider the interactions among the meteorological variables, soil types, land uses, topography, and hydrologic and hydraulic parameters [36,44]. With this information in hand and with the aid of integrated modelling, we could have a better understanding of how plain areas could be affected by water extremes.



According to the results of the present study, the synergistic integration of hydrologic and hydraulic models would allow for a better prediction of the response of the system (i.e., the SCSB) to water extremes under different scenarios. Among the latter, there is the implementation of measures contributing to the mitigation of extreme events. These could help reduce their negative impacts through the adoption of management strategies associated with land use, such as direct sowing.



However, the integration of hydrological-hydraulic models is subject to uncertainties from different sources (e.g., input data, model structure, and parameters), and an understanding of how these uncertainties are propagated through each step of the modelling cascade would contribute to more accurate predictions. Ref. [52] studied the impact of uncertainties in streamflow predictions on a large basin affected by destructive floods. They found a high sensitivity of the model to long time data series of low- and high-flow periods and increased uncertainties in the inundation patterns, both spatially and temporally. These authors suggested that focusing on the modeling of each flood event separately is a more effective strategy for reliable flood predictions. Based on these findings, our study considered a single and separate flood event.



Regarding drought modelling, [118] pointed out that many models are likely to fail to properly represent the water balance components. Nonetheless, SWAT does not, and it is among the models showing a higher potential and suitability for hydrological drought forecasting.



The heterogeneity of the system, such as the vegetation types, soils and topography, can be analyzed through the concept of hydrological response units (HRUs), in which the water balance is quantified on a daily basis, taking into account the spatial variability of the soil type, land use, and topographic slope [119]. A disadvantage when analyzing the water balance at a semi-distributed scale is that they are not connected units but simply a union of cells that present discontinuities [120], that is, the HRUs do not have a spatial continuity [121]. Therefore, it is necessary to make certain assumptions when relating all of them, for example for the groundwater analysis, because HRUs do not take into account distributed parameters such as the hydraulic conductivity and storage coefficient. The SWAT model is particularly limited in terms of dealing with groundwater flow, due to its semi-distributed internal nature. Future research should consider coupling hydrologic and hydrogeologic models to better account for the interactions between surface water and groundwater in plain areas, in order to adequately quantify the spatial and temporal variations in the phreatic level and their influence on the water extremes [86]. Another modelling assumption is that SWAT directly simulates only the saturated flow, and it assumes that water is uniformly distributed within a given layer. Unsaturated flow between layers is indirectly modeled using depth distribution functions for plant water uptake and soil water evaporation [122]. With that being said, we are aware that the more assumptions are made, the weaker the prediction. However, we understand that due to the nature of modelling, which implies a simplification of real-world processes, our results (like any other model results) bear uncertainties. To amend this situation, we quantified many uncertainties so the reader could have an idea of their magnitude.



The integration of SWAT with CTSS8 allowed us to identify changes in water flows, runoff volumes and peak flow characteristics between the baseline scenario and each of the tested hypothetical scenarios. It also enabled us to assess the benefits associated with the implementation of an eco-efficient infrastructure. This combined tool that integrates the use of green infrastructure with the use hydraulic structures could be of great help for territorial planning, allowing one to define flood plains, direct restoration efforts [123] or analyze different scenarios for flood control in plain areas.



The SWAT model let us assess the differences in the surface runoff and soil humidity for each of the assayed scenarios, accounting for the role of green infrastructure associated with land use change [77], including the implantation of riparian forests [124] and the implementation of best management practices in agriculture [125,126]. This represents an approach with potential applications in this or other plain areas, being effective, economically sound and beneficial for the security and wellbeing of populations exposed to water extreme events. Proper management strategies like the above-mentioned ones could help control soil moisture, as pointed out by [127] and could help improve the yields of rainfed-crops.



SWAT allows the assessment of the role of the vegetation cover constituted by forests during water extremes. As seen in the simulations, forests act as regulatory elements of surface hydrological processes [128] because the hydrologic response of basins located in plain areas depends to a great extent on the state of the vegetation cover along with the soil water content.



This study demonstrates how data obtained from satellite images can be integrated into hydrologic-hydraulic modelling in plain areas that are typically associated with surface water accumulation. This methodology allows for a more accurate determination of the flooding surface area and its boundaries, which is particularly important in the absence of flow rate values, as was also suggested by [129,130]. Advances in satellite observation provide important information on various aspects of the storage and movement of surface water, such as the extent of inundated areas, water surface elevation, water depth and river discharge, and variations in terrestrial water storage [131]. As an example of using satellite images for model calibration and validation, [132] satisfactorily used remote sensing data to calibrate and evaluate a coupled hydrologic-hydraulic model of the Zambezi River (Mozambique). Likewise, [133] calibrated a hydraulic model using remotely sensed flood extents, and used this information to update the hydrologically modeled soil moisture values.



Regarding the economic assessment of the impacts of water extremes, as mentioned before, SWAT has the option of performing this assessment. However, CTSS8 does not have a subroutine for calculating the crop biomass, which is required for a crop yield estimation. We believe that future upgrades of CTSS8 should consider including it.



Although reservoirs are common structural measures for flood control, we did not consider one here, since we examined low cost structural measures that would help minimize water extreme effects. In addition, we intended to manage the water on site (i.e., where rain falls) to regulate the runoff and soil moisture, in order to improve the crop yields (or minimize losses). In fact, having a reservoir in a plain area like the one studied here (< 1% slope) is unsuitable because it would imply: (1) massive flooding of large land areas and that (2) dams would need to be considerable long (and expensive to construct) due to the topography that characterizes the region.



It would have been useful to study the changes in sedimentation associated with the implementation of the different hypothetical soil conservation measures and structures in the field, for example to prevent the siltation of specific areas [134]. By modelling this variable and knowing how it behaves under different scenarios, better informed decisions on control measures and management policies could be made to prevent the aggradation phenomenon upstream of hydraulic structures, among others [135]. The same would apply for nutrients and other waterborne compounds. Unfortunately, at the time, there is no such data available for the studied basin, but future research should include these variables as further important model components.



Our study results contribute, with science-based political decision making, in selecting the most suited mitigation practices, taking into account novel approaches such as the use of an eco-efficient infrastructure to control water extremes. This approach favors a decrease of the economic investment in mitigation practices as well as an improvement of the wellbeing of those living and carrying out their productive activities in plain areas like the Pampas region of Argentina.




6. Conclusions


The proposed modelling methodology developed for basins located in plain areas allows for the quantification of the variation of water extremes by integrating hydrologic and hydraulic models. Following a continuous modelling approach using SWAT for the 2006–2012 period, we were able to simulate water extremes for the SCSB under different land use and crop management practice scenarios. The hypothetical increase in the forested riparian strip, the forestation of the deflation hollows and the implementation of contour sowing for crops caused a 28% drop in surface runoff, whereas soil moisture increased by 10% on a daily average for the studied period. This translates into a reduction of the impact of floods and an increase in water availability in the soil during dry periods.



As for the event-based modelling performed with CTSS8, there was a noticeable reduction in peak flows both in volume and in duration. The implementation of hydraulic structures such as embankments and culverts seemed to regulate and reduce the impact of the studied flood by 9%. With the green infrastructure scenario, a 13% decrease in the flood impact was achieved. When joint measures involving the implementation of a green infrastructure and hydraulic structures were modelled, the flood impact was reduced by 21%.



The results of the present study showed that implementing an eco-efficient infrastructure contributes to the effective management of water resources as well as to the improvement of yields for rainfed crops, the latter representing a major economic input for the study region.



However, key points to be considered in future research related to modelling complex natural phenomena include the reduction of uncertainties and the improvement of our assumptions associated with the simplification of the modelled processes. It would also be useful if event-based models were furnished with subroutines for estimating the crop yield (as SWAT is). This would be especially useful in decision-making.



A key contribution of this study is that the integrated use of event-based and continuous models allows for the testing of different hypothetical management strategies before implementing any in the field. Identifying the most suitable strategy would mean that the mitigation of the extreme event would be more effective, diminishing its socio-economic impact.
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Figure 1. Study area: Santa Catalina stream basin. 
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Figure 2. Left: Satellite Pour l’Observation de la Terre (SPOT) satellite image of the Santa Catalina stream basin (and magnification of the lower part of the basin) during a period of water excess (9/13/2012). The Santa Catalina stream watercourse is shown in blue. The encircled area shows the connected deflation hollows running parallel to the stream course. Right: Aerial photographs showing the connection among the water-impounded deflation hollows. 
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Figure 3. Twelve-month SPI for the Santa Catalina stream basin from 1901 to 2015. 
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Figure 4. Methodological flow chart. 
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Figure 5. Map of the land use change scenario (SWT1) for the Santa Catalina stream basin used for the SWAT simulation. 
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Figure 6. Location of hydraulic structures in the Santa Catalina stream basin. Embankments (brown lines) and culverts (white polygons). The basin area and stream course are in green and blue, respectively. 
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Figure 7. Santa Catalina stream basin maps: (a) soil types; (b) land uses; and (c) digital elevation model (DEM). 
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Figure 8. Results of the sensitivity analysis performed on the SWAT model parameters for the Santa Catalina Basin. 
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Figure 9. Santa Catalina stream basin daily streamflow and precipitation for the calibration and validation periods. Observed streamflow (red), simulated streamflow (blue), observed precipitation (black). 
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Figure 10. Monthly changes in the estimated water storage for the Santa Catalina stream basin as calculated from the GRACE images (red) and as modelled with SWAT (blue). 
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Figure 11. The CTSS8 hydrograph for the 08/19/2002 precipitation event. Observed (red) and simulated (blue). 
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Figure 12. Santa Catalina stream basin map showing the concordance between the simulated (CTSS8 model) and the observed (SPOT image) water impounded areas for the event registered on 05/17/2012. The SPOT image was taken on 05/18/2012. The blue pixels indicate a concordance, whereas the red pixels depict a lack of concordance. 
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Figure 13. (top) Annual and (bottom) monthly water balances for the Santa Catalina stream basin. Precipitation (PCP, blue), percolation (PERC, orange), soil moisture (SW, green), surface runoff (SURQ, black) and evapotranspiration (ET, gray), as simulated with SWAT for the 2006–2012 period. 
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Figure 14. The Santa Catalina stream basin crops yields for the 2003–2013 period. Winter wheat (blue) and soybean (green). 
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Figure 15. The daily surface runoff for the Santa Catalina stream basin for the 2006–2012 period under three different scenarios: baseline scenario (blue), SWT1 “land use change” scenario (yellow), and SWT2 “land use change combined with contour farming” scenario (black). 
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Figure 16. Daily soil moisture for the Santa Catalina stream basin for the 2006–2012 period under three different scenarios: baseline scenario (blue), SWT1 scenario (yellow), and SWT2 scenario (black). 
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Figure 17. The hydrographs for the studied scenarios as modeled with CTSS8. Baseline scenario (blue), CTS1 scenario (yellow), CTS2 scenario (green), and CTS3 scenario (red). 
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Table 1. Characterization of water extremes at the Santa Catalina stream basin through the use of the 12-month SPI.
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	Water Extremes
	SPI
	Frequency (month)
	Percentage





	Extremely dry
	< −2
	29
	2.1



	Severely dry
	−2 to −1.5
	56
	4



	Moderately dry
	−1.5 to −1
	142
	10.2



	Moderately wet
	1 to1.5
	146
	10.5



	Very wet
	1.5 to 2
	47
	3.4



	Extremely wet
	> 2
	43
	3
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Table 2. Location of the meteorological stations used for the study.






Table 2. Location of the meteorological stations used for the study.





	Station Code
	Station Name
	Latitude
	Longitude
	Elevation (m)





	1
	Azul
	−36.832
	−59.886
	145



	2
	La Firmeza
	−36.973
	−59.968
	165



	3
	Siempre Amigos
	−37.016
	−59.852
	190
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Table 3. Most sensitive SWAT model parameters and their range of adjustment for the Santa Catalina stream basin.
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	Parameter
	Description
	Method
	Range
	Value





	CN2.mgt
	SCS runoff curve number
	Relative
	±0.25
	−20



	ESCO.hru
	Soil evaporation compensation factor
	Replace
	0–1
	0.1



	SOL_AWC.sol
	Available water capacity of the soil (mm H2O/mm soil)
	Relative
	±0.50
	30



	GWQMN.gw
	Aquifer for base flow to occur (mm)
	Replace
	±5000
	600



	SOL_Z.sol
	Depth from the soil surface to the bottom of the layer (mm)
	Relative
	±0.30
	−5



	ALPHA_BF.gw
	Base flow alpha factor (days)
	Replace
	0–1
	0.1



	REVAPMN.gw
	Threshold depth water in shallow aquifer for “revap” to occur (mm)
	Replace
	0–500
	100



	SLSUBBSN.hru
	Average slope length (m)
	Replace
	10–1000
	1000
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Table 4. Statistical parameters associated with the calibration (2006–2010) and validation (2011–2012) of the SWAT model using daily data for the Santa Catalina stream basin.
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	Period
	NS
	Log (NS)
	(R2)
	PBIAS





	2006–2010
	0.66
	0.6
	0.82
	10.4



	2011–2012
	0.74
	0.65
	0.86
	−14.1
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Table 5. The calibrated parameters in the CTSS8 model for the Santa Catalina stream basin.
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	Parameter
	Description
	Value





	nv
	Manning’s number for valley cells
	0.10



	nr
	Manning’s number for river cells
	0.02



	Itc
	Transverse slope of conduction
	0.13



	Ita
	Transverse slope of storage
	0.13










[image: Table] 





Table 6. Estimated economic losses associated with droughts and floods affecting crop yields under the SWAT-modelled scenarios. The values are expressed in millions of U.S. dollars.
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	Baseline
	SWT1
	SWT2





	Droughts
	22.3
	20.3
	20.0



	Floods
	4.0
	3.4
	2.9
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Table 7. Comparison of the proposed scenarios as modelled with CTSS8.
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17/05/2012 Event. Return Period of 10 Years




	
Variable

	
Baseline

	
CTS1

	
CTS2

	
CTS3






	
Runoff volume (Hm3)

	
4.3

	
4.2

	
4.0

	
3.9




	
Peak flow (m3/seg)

	
22.69

	
20.73

	
19.85

	
17.95




	
Time to peak flow (h)

	
54

	
59

	
59

	
61












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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