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Abstract

:

Numerous studies have pointed out the importance of groundwater and surface water interaction (SW–GW) in a river system. However; those functions have rarely been considered in large scale hydrological models. The SWAT-LUD model has been developed based on the Soil and Water Assessment Tool (SWAT) model; and it integrates a new type of subbasin; which is called subbasin-LU (SL); to represent the floodplain area. New modules representing SW–GW exchanges and shallow aquifer denitrification are developed in the SWAT-LUD model. In this study; the SWAT-LUD model was applied to the middle floodplain area of the Garonne catchment in France. The results showed that the SWAT-LUD model could represent the SW–GW exchange and shallow aquifer denitrification appropriately. An annual 44.1 × 107 m3 of water flowed into the river from the study area; but the annual exchanged water volume was 6.4 × 107 m3; which represented just 1% of the river discharge. A total of 384 tons of N-NO3− (0.023 t·ha−1) was consumed by denitrification in the floodplain shallow aquifer annually. The nitrate concentration (N-NO3−) decrease in the channel was 0.12 mg·L−1; but in the shallow aquifer it reached 11.40 mg·L−1; 8.05 mg·L−1; and 5.41 mg·L−1 in LU1; LU2; and LU3; respectively. Our study reveals that; in the Garonne floodplain; denitrification plays a significant role in the attenuation of nitrate associated with groundwater; but the impacts of denitrification on nitrate associated with river water is much less significant.
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1. Introduction


Up to 90% of floodplains are cultivated in Europe and North America, and floodplains have been found to be vulnerable regions of nitrate pollution [1,2]. Extensive surface water and groundwater exchange occurs in the floodplain area, and hydrologic connectivity links floodplain and river into an integrated eco-hydro-system. As surface water (SW) contains oxygen and organic matter and groundwater (GW) contains abundant nutrient elements, the interaction between them has been found to have significant influence on biotic communities and ecosystem processes of both river and shallow aquifer ecosystems [3,4].



Riparian zones are buffer zones located between terrestrial and aquatic ecosystems [4]. Studies have proposed that denitrification in riparian areas is an important process that decreases the nitrate load of groundwater [5,6,7]. The impact of riparian hydrology on denitrification has been highlighted [8], and it has been suggested that denitrification may be strongly influenced in the riparian zone by the hydrogeological setting and the hydraulic properties of the underlying geological deposits [9]. Most of these studies have focused on the denitrification process occurring in the soil layer of riparian zone, and the importance of the shallow aquifer on nitrate eliminating has been ignored. However, it has been proven that denitrification in the shallow aquifer also plays an important role in nitrate depletion [10,11]. Different from in the soil layer, organic carbon is identified as the major factor limiting denitrification rates in a shallow aquifer system [5]. Riparian zones with higher groundwater levels increase the interaction between groundwater and surface soil with rich organic matter and lead to more intensive denitrification [12].



SW–GW interaction is a complex process that is driven by geomorphology, hydrogeology, and climate conditions [13]. Most of the models dealing with the SW–GW exchange process are distributed models, such as MODFLOW, MOHID, or 2SWEM. This type of model requires spatial inputs with high-resolution, numerous parameters, and significant computation time, and the requirements inhibit their application on large scales. The river/groundwater interface is rarely included in large scale, conceptual hydrological models. To overcome this issue, conceptual and distributed models have been incorporated, such as SWAT-MODFLOW, WATLAC, and WASIM-ETH-I-MODFLOW, but the limitations of distributed models still exist in these incorporated models. Modeling has been proven to be an efficient tool to estimate the denitrification rates in a large-scale catchment. The denitrificatin process has been included in many models, but most of the models have only considered the denitrification process in the soil profile; few of them take into account the influence of denitrification in the shallow aquifer on nitrate elimination [14]. The Soil and Water Assessment Tool (SWAT) model is a catchment scale model, which has been successfully applied all over the world. However, the SW–GW exchange and denitrification occurring in the shallow aquifer are not simulated by the SWAT model. To represent the SW–GW exchange in the floodplain, a new type of subbasin, which is called subbasin-LU (SL), was developed in the SWAT model. The modified model is called the SWAT-LUD model [15]. The influence of the SW–GW exchange and flooding on nitrate cycling was incorporated into the model, and the shallow aquifer denitrification function was also included.



The SWAT-LUD model has been applied to one SL in previous studies and has shown its ability to quantify the SW–GW-exchanged water volume and the shallow aquifer denitrification rate correctly [15,16]. However, the previous studies of the SWAT-LUD model focused on the riparian area only, and the impacts of the SW–GW exchange on river water flow and the influence of denitrification occurring in the shallow aquifer on river water nitrate were not evaluated. In this study, the SWAT-LUD model is applied to the middle floodplain area of the Garonne River in France. The objective of this study are: (i) to quantify the impacts of water exchanges on river water discharge, and (ii) to estimate the influence of denitrification resulted in nitrate elimination in both river water and groundwater associated nitrate pollution.




2. Materials and Methods


2.1. SWAT-LUD Model


2.1.1. Hydrological Processes in the SWAT-LUD Model


The SWAT model includes three spatial entities to represent the spatial heterogeneity: basin, subbasins, and hydrologic response units (HRUs). The basin is divided into subbasins, and subbasins are then divided into HRUs. HRUs are combinations of land cover, soil type, and slope. In the SWAT model, processes are simulated in each HRU and then aggregated at the subbasin scale by the weighted averages of the HRUs, while the natural downward flow path inside the subbasin is not represented [17,18]. The SWAT catena delineation method was developed by dividing the subbasin into upland divide, hillslope, and valley bottom based on slope. With this method, the water flow in the subcatchment is considered as a single track: water flows from the upland divide to the hillslope before entering the valley bottom. The groundwater level in each unit and the SW–GW exchange are not considered with this method [19]. To represent the SW–GW exchange occurring in the floodplain, the SWAT model is modified by splitting the original SWAT subbasin that holds alluvial soil along the channel into two types of subbasins: the subbasin-LU (SL) and the upland subbasin. The modified model is called the SWAT-LUD model. Thus, three types of subbasins exist in the SWAT-LUD model, which are the classic subbasin, the upland subbasin, and the SL. Classic subbasins are the original SWAT subbasins without alluvial soil along the existing channel. Each original SWAT subbasin that contains alluvial soil along the channel is separated into two subbasins, the upland subbasin and the SL. The upland subbasin corresponds to the upper area of the subbasin (without alluvial soil), while the SL corresponds to the alluvial soil area.



In the SWAT-LUD model, an additional unit called a landscape unit (LU), which is a structure between a subbasin and a HRU, is applied in the subbasin-LU. Each subbasin-LU contains three LUs, and HRUs are distributed across the LUs. LUs are delineated with the catena delineation method, and the three LUs in each SL are the divide (LU3), the hillslope (LU2), and the valley bottom (LU1). LU3 is located farthest from the channel, LU2 is located in the middle, and LU1 is located next to the channel. Because alluvial soils are commonly associated with floodplains, the locations of the subbasin-LUs were considered to be the same as the locations of alluvial soil. The widths of LUs are defined based on the return period area within the floodplain: LU1 takes 10% of the floodplain area, LU2 takes 20% of the area, and LU3 takes 70% of the area.



The hydrological processes in the SWAT-LUD model are shown in Figure 1. The processes in the classic subbasin and the upland subbasin remain the same as in the original SWAT model. In the subbasin-LU, surface water and lateral water flow from LU3 routing through LU2 into LU1 before entering the channel. The water exchange between the surface water and groundwater is performed with Darcy’s equation. The recharged flooded water on flooding days and the transfer of dissolved elements along with the water are simulated as well. A detailed description of the hydrological processes can be found in [15] by Sun et al.




2.1.2. Denitrification in the SWAT-LUD Model


In the subbasin-LU, the denitrification process in the soil profile is remains the same as in the original SWAT model except when groundwater arrives at the soil profile. Under this condition, the soil profile is considered to be the shallow aquifer. The denitrification process in the shallow aquifer of the floodplain remains the same as in the previous SWAT-LUD model [16]. The denitrification process considers the influence of organic carbon from both the water and soil/aquifer sediment on the denitrification rate. Dissolved organic carbon (DOC) is the organic carbon originating from the water and particulate organic carbon (POC) is the organic carbon originating from the soil/aquifer sediment.



The nitrate attenuation rate is calculated as follows:


   R  N  O  3 , i     = − 0.8  (  ρ ·  (  1 − φ  )  / φ ·  k  P O C   [   POC  i   ]  ·   10  6  /  M c  +  k  D O C    [  D O  C i   ]  ) ·  [  N  O  3 , i    ]  /  (   k  N  O 3    +  [  N  O  3 , i    ]   )   



(1)




where    R  N  O  3 , i       is the denitrification rate (µ mol·L−1·day−1) on day i,  ρ  is the dry sediment density (kg·dm−3),   φ   is the sediment porosity,    k  P O C     is the mineralization rate constant of POC (day−1), POC is the POC content in the soil and aquifer sediment on day i (‰),    M  c     is the carbon molar mass (g·mol−1), DOC is the concentration of DOC in the aquifer water on day i (µ mol·L−1),     k  D O C     is the constant mineralization rate of DOC (day−1),    k  N  O 3      is half-saturation for nitrate limitation (µ mol·L−1), and   N  O 3    is the nitrate concentration in the aquifer water on day i (µ mol·L−1).



The consumption rates of DOC and POC are simplified first-order decay:


   R  D O C   = −  k  D O C   [   DOC  i  ]  



(2)




where RDOC is the DOC consumption rate on day i (µ mol·L−1·day−1).


   R  P O C   = −  k  P O C   [   POC  i  ]  



(3)




where RPOC is the POC consumption rate on day i (‰·day−1).



On flooding days, a portion of the nitrate in the soil profile infiltrates into the shallow aquifer along with the infiltrate-flooded river water. The infiltrated nitrate content is calculated as follows:


   M  N  O  3 , i     =    M  N  O  3 , i − 1     +  I  N  O  3 , i      



(4)






   I  N  O  3 , i     =  F  N  O 3    ×  M  N  O  3 ,   s o i l , i      



(5)




where    M  N  O  3 , i       is the mass content of nitrate in the LU (g N-NO3−) on day i,    M  N  O  3 , i − 1       is the mass content of nitrate in the LU (g N-NO3−) on day i-1,    I  N  O 3      is the infiltrated mass of nitrate from the soil profile into the aquifer during flood events on day i (g N-NO3−),     F  N  O 3      is the coefficient representing the fraction of the leached nitrates (%), and    M  N  O  3 ,   s o i l , i       is the mass content of nitrate in the soil profile of LU (g N-NO3−) on day i.





2.2. Distribution of HRUs in LUs


As subbasin-LUs contain just alluvial soils, in each subbasin-LU, HRUs are simplified into three subcategories based on land-use type: forest alluvial HRU (F-HRU), pasture alluvial HRU (P-HRU), and agricultural alluvial HRU (A-HRU). The alluvial HRUs with all types of forest land cover are integrated into one F-HRU. The characteristic of the F-HRU is considered to be the same as the largest forest alluvial HRU before the integration. The alluvial HRUs with pasture land cover or land types similar to the characteristics of pasture (such as orchard or vineyard) are integrated into one P-HRU, and the alluvial HRUs with agriculture land use are integrated into one A-HRU. The characteristics of these two HRUs are chosen by the same method as that for the F-HRU: taking the characteristics of the largest HRU before the integration.



The natural distribution of land use in alluvial areas is characterized by the succession of riparian forest, pasture, and agriculture from the river to the hillside. Based on this succession of land use, the distribution of HRUs into LUs is as follows: First, the F-HRU is assigned into LU1. If the area of the F-HRU is larger than LU1, then the F-HRU is split into two HRUs, one corresponding to the area of LU1 and the other corresponding to the remaining area. If the area of the F-HRU is smaller than LU1, then all the F-HRU is assigned into LU1, and the empty area in LU1 is taken up by the P-HRU. In this case, if the P-HRU area is larger than the empty area in LU1, then the P-HRU is split into two HRUs, one corresponding to the empty area in LU1 and the other corresponding to the remaining area. If P-HRU is smaller than the empty area in LU1, then all the P-HRU is assigned into LU1 and the remaining area in LU1 is filled by the A-HRU. Under this condition, the A-HRU is divided into two HRUs. The same method is applied to distribute the HRUs into LU2 and LU3. HRUs of the same type are assumed to have the same characteristics.




2.3. Study Site


The Garonne River has a drainage area of about 51,500 km2 and a length of 525 km at the last gauging station not influenced by tidal (Tonneins). The average annual rainfall is around 900 mm [20]. The study area is located in the middle of the Garonne River, between Toulouse and the confluence with the Tarn River (Figure 2). The width of the floodplain is 2–4 km. The coarse alluvium of 4–7 m (sand and gravel) eroded from the Pyrenees Mountains during the past glacial periods overlie an impermeable molassic bedrock [21]. A series of terraces exists in the floodplain, and the higher terrace delimits the floodplain. Field studies show that the impermeable substratum of the higher terrace is placed above the topographical surface of the floodplain, and the floodplain is disconnected from the larger scale upland aquifer [21]. The middle terrace, which is around 2 km wide, is cultivated and rarely flooded (every 30–50 years). The lower terrace, with a width of a few hundred meters devoted to poplar plantations, is flooded every year or every two years. The riparian zone is flooded almost every year and has a width of 10–100 m [22].



The floodplain is intensively cultivated, with high production of corn, sunflower, and sorghum sustained by fertilization and irrigation. The shallow aquifer has a nitrate concentration (N-NO3−) of 10–25 mg·L−1 [11,23,24]. The channel in the study area is a meandering, single-thread channel and has a length of 85 km and a mean sinuosity coefficient of 1.3. The Portet gauging station is located about 10 km upstream of Toulouse (Figure 2). The average daily flow at this station is around 200 m3·s−1, but it ranges from 20 m3·s−1 to 4300 m3·s−1 (Banque Hydro, http://www.hydro.eaufrance.fr/). The study area is around 4600 km2, and according to the soil map of European soil database (ESDB), the alluvial soil along the main channel takes up around 4% of the total area. Four piezometers with continuous records of groundwater levels documented by the Bureau de Recherches Géologiques et Minières (BRGM) are located within the study site (P91, P170, P286, and P3247, Figure 2).



The Monbéqui site is located in a meander of the alluvial plain. From May 2004 to July 2005, groundwater samples from five piezometers were taken monthly except during August and September 2004. From April 2013 to March 2014, groundwater samples from 28 piezometers and two river points were taken monthly for analysis of physicochemical parameters. A detailed description of piezometer distribution can be found in [15] by Sun et al. Water samples were taken only when the electrical conductivity of the extracted groundwater was constant to ensure that the water sample corresponded to the aquifer and not to stagnant water [25]. Water samples were then filtered through 0.45 µm cellulose acetate membrane filters. Nitrate (NO3−) and chloride (Cl−) were determined by ion chromatography (Dionex ICS-5000+ and DX-120). To determine the DOC concentrations, water samples were filtered through rinsed 0.45-µm cellulose acetate membrane filters, stored in carbon-free glass tubes, acidified with HCl, and combusted using a platinum catalyzer (Shimadzu, Model TOC 5000) at 650 °C. In order to determine the POC content, shallow aquifer sediment samples were taken seasonally. The sediment was sampled after water sampling by increasing the pumping velocity for 5–10 min with the water flowing into a 50-L tank, where sediments settled before being collected together with 100 mL water in sealed sterile bags. To obtain ash-free dry mass (AFDM) content, which is expressed as a percentage of the dry sediment weight, the sediment samples were dried (105 °C, 24 h) and combusted (550 °C, 4 h).




2.4. Definition and Parameters of Subbasin-LUs and LUs


In this study, the surface areas of LU1, LU2, and LU3 were considered to be 10%, 20%, and 70% of the alluvial soil area, respectively, which correspond to the flood return periods of the Garonne River (1 year, 2–5 years, and 10 or more years). The SL and LU parameters are presented in Table 1. SL1 is the subbasin-LU near the Portet gauging station, which is located in the upstream part of the study area, SL2 is the subbasin-LU in the middle of the floodplain, and SL3 is the subbasin-LU farthest from the Portet gauging station, which is located downstream of the study area. Porosity values were obtained from field and modeling studies of Seltz [26] and Weng et al. [27].



The crop rotations applied in the agricultural areas were determined based on the studies of the Save River, which is subbasin 9 in the study area [28,29] (Table 2).



The observed daily discharges at the Portet gauging station (Figure 2c) were applied as input data to represent the river water discharges from the upstream area. The nitrate concentration in the river water was considered as a constant 1.13 mg·L−1 (N-NO3−), which was given based on the nitrate concentrations measured at the Blagnac station (located downstream of Toulouse, Figure 2c) taking into account the influence of the urban area of Toulouse (www.eaufrance.fr). The nitrate concentrations in the LUs were simulated by the model.



Studies have found that the further away from the river, the more stable the DOC concentrations [16]. In our study, the DOC concentrations in LU2 and LU3 were assumed to be constant. The input DOC concentrations in the LUs and in the river water were determined based on the measurements at Monbéqui in 2013. The DOC concentrations in LU1 were calculated based on the DOC concentrations in the river water and LU2. As the DOC concentration in the river water significantly increases on flooding days [30,31,32], we used two DOC concentration values to distinguish the difference, one for no flooding days and another higher value for flood periods.



The POC pool was separated into two parts: the top layer pool and the second layer pool. The topsoil layer was considered to be 0.5 m thick, and the second layer was considered to be the soil layer underneath the topsoil (from 0.5 m to the bottom of the soil profile). The POC content was regarded as 50% of the AFDM content in the soil in accordance with recent studies [33,34,35]. The POC content values in the topsoil layers and second layers were from Jego’s study [24] and the AFDM values were from measurements in the alluvial sediment in 2013, respectively. The organic carbon content in all three SLs were the same (Table 3).




2.5. Calibration and Evaluation


The calibration was performed automatically for the original SWAT parameters and manually for the newly developed SWAT-LUD parameters. The automatic calibration was performed with SWAT-CUP, which is an external software tool permitting SWAT users to realize automatic calibration with more comfort and efficiency [36]. SWAT-CUP includes several possible algorithms, of which SUFI-2 is known to achieve better calibration performance in a limited number of iterations [37]. The observed discharges from the Larra, Verdun, and Lamagistère gauging stations (see station locations in Figure 2c) were used for calibration. Sensitivity analysis and calibration were performed by SWAT-CUP with the SUFI-2 algorithm [38]. After sensitive parameters were identified, a 1500-run calibration was performed as recommended by Yang et al. [37].



Because the SW–GW exchange and shallow aquifer denitrification processes were not included in the SWAT model, the parameters of these functions could not be calibrated by SWAT-CUP. Therefore, manual calibration was carried out to adjust the newly developed parameters. The observed groundwater levels in the four BRGM piezometers, P91, P170, P286, and P3247 (Figure 2), were used to calibrate the river water exchange. The nitrate concentrations in the shallow aquifer, which were measured in 2004–2005 and 2013 at Monbéqui, were used to calibrate the denitrification process. In 2013, nitrate concentrations were measured in six piezometers in LU1, 14 piezometers in LU2, and three piezometers in LU3, and in 2004–2005, nitrate concentrations were measured in two piezometers in LU1, one piezometer in LU2, and one piezometer in LU3. The measured nitrate concentrations were also used to calibrate the model. The nitrate fluxes observed at the St-Aignan station were used to validate the nitrate flux output simulated at the outlet of the simulated area. The evaluation of the quality of the simulation included the percent bias (PBIAS), the root means square error (RMSE), and the coefficient of determination (R2).





3. Results


3.1. Calibrated Parameters


The characteristics of the automatically calibrated parameters are shown in Table 4. It must be noted that the parameters and their calibrated values vary among subbasins.



Parameters related to the new processes in the SWAT-LUD model were calibrated manually and are presented in Table 5.



In total, 15 parameters were automatically calibrated with the observed discharge from the Larra, Verdun, Lamagistère, and Portet gauging stations using the SWAT-CUP (detailed information can be found in the study by Grusson et al. [39]). CH_Ns were calibrated manually with the groundwater levels documented by the Bureau de Recherches Géologiques et Minières (BRGM), and the other 11 parameters were manually calibrated with the measured nitrate concentrations at the Monbéqui site. Because the underground nitrate concentrations were recorded only at Monbéqui, these 11 manually calibrated values were applied to all three subbasin-LUs.




3.2. Surface Water–Groundwater Exchange


3.2.1. Groundwater Level


The simulated groundwater levels were compared with the observed values, and the results are shown in Figure 3.



The results showed that the model could represent the groundwater variation in all the three LUs without considering the water connection with the upland area. The groundwater levels were slightly overestimated, with the PBIAS criterion values varying from −0.85% to −4.61%. The best match occurred in LU2 of SL2, while the worst match occurred in LU3 of SL3. Except for the results of LU3 in SL1, the variations of the simulated groundwater levels were larger than those of the observations, and the groundwater levels on the most intense flooding days that occurred in 2000 were overestimated.




3.2.2. Water Balance in the Study Area


The annual water balance in the study area is shown in Figure 4.



An annual 511.9 × 107 m3 of water flowed into the river from the upstream river, and the simulated area contributed another 44.1 × 107 m3. Among all three subbasin types, the classic subbasins provided the maximum volume of water, which is 26.2 × 107 m3, representing up to 59.4% of the total water volume originated from the study area. The upland subbasin supplied another 11.3 × 107 m3 of water, and 6.6 × 107 m3 of water flowed into the river from the subbasin-LU. In the opposite direction, a total amount of 2.0 × 107 m3 of river water entered the shallow aquifer per year.



River water entered the shallow aquifer through surface infiltration (flood) and lateral infiltration. In the Garonne River, surface infiltrated river water volume contributed 40% of the total infiltrated river water volume. In the subbasin-LU, groundwater originated from both rainfall infiltration and river water infiltration. In our study, the annual groundwater flow was 4.4 × 107 m3, accounting for 66.6% of the total water yield. Since an annual 2.0 × 107 m3 of river water infiltrated into the groundwater, the annual recharged rainfall was 2.4 × 107 m3, which is similar to the infiltrated river water volume. The total exchanged water volume was 6.4 × 107 m3, which was the sum of the groundwater flow and the river water infiltration, representing just 1% of the water volume that flow through the river.





3.3. Nitrate Concentration in the Shallow Aquifer


The comparison of the simulated nitrate concentrations in LUs with the values observed at the Monbéqui site over two periods (2004–2005 and 2013) are shown in Figure 5.



The evaluation of the performance of the simulated nitrate concentrations is shown in Figure 6.



Figure 5 and Figure 6 reveal that a nitrate concentration gradient is shown in the LUs: the concentration increases with the distance from the river. The simulated nitrate concentrations that considered denitrification have good agreement with the observed values. With the consideration of denitrification, the nitrate concentration was slight overestimated, especially in LU3, the simulations were higher than the observed values. In our study site, denitrification consumed nitrate in the shallow aquifer significantly, with the nitrate concentration (N-NO3−) reducing by 11.40 mg·L−1, 8.05 mg·L−1, and 5.41 mg·L−1 in LU1, LU2, and LU3, respectively, over the simulated period. The residual nitrate concentrations in the three LUs are 3.86 mg·L−1, 11.38 mg·L−1, and 17.95 mg·L−1, respectively.




3.4. Nitrate Balance


The simulated daily nitrate flux at the outlet of the studied area and the observed values from St-Aignan gauging station are shown in Figure 7. The average daily nitrate flux over the entire simulated period is also presented in Figure 7. Overall, the model could reproduce the observation accurately, leading to an RMSE criterion of 17.64 t·day−1. The nitrate flux was overestimated in 2000, 2003, and 2006 and underestimated in 2001 and 2012. The nitrate flux over the whole simulated period was slightly overestimated (PBIAS = −3.32%), but the nitrate flux in low flow period was better simulated.



The annual nitrate balance in the study area is shown in Figure 8.



A total of 6038 tons of N-NO3− came from the upstream river per year, and the study area contributed another 3479 tons to the river. Similarly to the water flux, nitrate mostly came from the classic subbasin and the upland subbasin; these two subbasin types supplied 97.4% of the total nitrate flux to the study area. In contrast with the water flux, the subbasin-LUs contributed just 2.6% of the total nitrate flux. In the subbasin-LUs, 96 tons of nitrate flowed into the river from the shallow aquifer, while only 24 tons of nitrate in the river water entered the shallow aquifer.



A total of 384 tons (0.023 t·ha−1) N-NO3− were consumed per year through denitrification in the shallow aquifer of floodplain, corresponding to 79% of the nitrate originating from the subbasin-LUs and 4% of the nitrate flowing out of the study site in the river (9622 tons). The denitrification rate in LU1 was much higher than in the other LUs. Nitrate originated from LU3 and LU2, flowed into LU1, and was consumed through the denitrification process. The nitrate concentration (N-NO3−) in the river was reduced by 0.12 mg·L−1. The annual denitrification rate occurring in the three LUs in the shallow aquifer of the subbasin-LUs are shown in Table 6, suggesting that the denitrification rate in LU1 was much higher than that in the other two LUs.





4. Discussion


4.1. SWAT-LUD Model


Physically based models and lumped conceptual models are key model types in hydrological study. Different from a physically based model, the SW–GW exchange process occurring along the river is not considered in most of the lumped conceptual models [40,41]. The SWAT-LUD model represents an interesting intermediate between the physically based and the lumped conceptual models. In the SWAT-LUD model, each LU represents a reservoir, and Darcy’s equation is applied to quantify the water exchanged between the LUs, while the remaining watershed is simulated with the original semi-distributed SWAT model. This combination allows the SWAT-LUD model to be applied on a large watershed with considering the processes occurring on the local near-bank floodplain. In the SWAT-LUD model, the hydrological process of the upland subbasin remains the same in as the original SWAT model, water from HRUs enters the channel directly instead of follow the flow path. In most rivers, water from the upland will flow into the adjacent floodplain; however, in certain rivers such as the Garonne River, the shallow aquifer of the floodplain is isolated from the upland shallow aquifer [21].



Hydrological exchange occurring along the river and the related biogeochemical reactions have been studied for more than 50 years, and the research of the SW–GW flow on a small spatial scale has become increasingly feasible. The challenges that the research community are now facing are to apply the acquired knowledge to larger scales [42]. In the SWAT-LUD model, the application of Darcy’s equation and a simple denitrification equation has allowed the estimation of water exchange and nitrate attenuation in the floodplain area on the catchment scale with a limited number of parameters. This model could help to understand the water and nitrate cycling processes in the critical biogeochemical zone at on a large scale.




4.2. Surface Water and Groundwater Exchange


The impacts of SW–GW exchanges on river water discharge in the study site are estimated. An annual 5.5 × 109 m3 of water flow through the river, but the annual exchanged water volume was 6.4 × 107 m3, which represented only 1% of the river discharge. This demonstrated that the influence of water exchange on river water discharge is not significant in our study. This conclusion, however, depends on the location and the geomorphological condition of the river. A study dealing with the Mississippi River network revealed that all the water in the reach that arrived at the outlet of the river network had circulated through the lateral exchange, and the SW–GW exchange ratio was higher in the headwater than in the downstream area [43]. Based on the research throughout the whole United States, headwaters comprise around 53% of the total stream length [44]. Our study site is located in the middle floodplain area of the Garonne River, a substantially higher exchange ratio is expected in the Garonne watershed if the headwaters were considered.



Unlike the limited influence on river water discharge, the impacts of the SW–GW exchange on water flow in the subbasin-LUs were much more significant. An annual 2.0 × 107 m3 of water flowed into the shallow aquifer from the river, corresponding to 50% of the groundwater flow of the subbasin-LUs. The infiltrated flooded water, which is ignored by most of the large-scale models, contributed 40% of the total water volume that flowed from the river into the groundwater. The study of Krause and Bronstert [45] indicated that the interaction between groundwater and surface water has a major importance for the water balance and is periodically superimposed on the vertical runoff generation. The study of Bernard-Jannin et al. [46] at the Monbéqui site also indicated that the water volume infiltrated through the floodplain surface is seven times higher than the water volume infiltrated through the river bank over a simulated five-month period during which one flooding event occurred. Besides infiltration, the floodwater retention also has a great influence on biogeochemical activities; it created anaerobic conditions and supplemented the contact area with the rich, organic carbon-contented top soil [47].




4.3. Nitrate Flux and the Influence of Denitrification


Floodplains could be both sources and sinks of nitrate. A large amount of nitrate leaches from cultivated plains into groundwater [48,49], while in the natural floodplain, nitrate could be eliminated through denitrification and plant uptake [50]. The reported nitrate elimination rates of the floodplains range from 7% to 68% [51,52]. In the Garonne River, the floodplain is widely cultivated: most parts of the floodplain, including LU3 and parts of LU2, are cultivated, and only the LU1 strips that are located close to the river are mainly covered with natural riparian forest. An annual total of 6038 tons of N-NO3− comes from the upstream river water with a drainage area of 13,700 km2. The amount of nitrate originating from the study area reached 3479 tons per year, which is a large value relative to the accumulated area (4600 km2), and the study area was thus considered to be an important nitrate source. The floodplain area represented by the subbasin-LU was proven to be a source of nitrate, providing an annual total of 102 tons of nitrate. However, different from other catchments, water and nitrate from the upland subbasin flowed into the river instead of into the floodplain in the Garonne River, and the nitrate that flowed to the river was nitrate generated from the floodplain area.



The nitrate degradation rates in the floodplain have been studied in various rivers with different nitrate sources. Hester et al. [53] estimated the influence of the restored inset floodplain on nitrate reduction in a second-order restoration river (width of 3.5 m, discharge of 0.059 m3·s−1), and less than 1% of the inflowing mass was removed within a 90 m reach. In a study about the Atchafalaya River during the 2011 Mississippi River flooding, 7% of the river-associated N-NO3− was found to be retained in the floodplain along the 192 km reach [51]. In our study site, only 24 tons of nitrogen–nitrate entered the floodplain from the river water every year, while the annual nitrate flux in the river reached 9622 tons. The floodplains are well-known critical nitrate removal areas; however, few studies separately quantified the nitrate elimination originating from groundwater and from river water. In our study, the nitrate concentration (N-NO3−) reduction in the channel was 0.12 mg·L−1, but in the shallow aquifer it reached 11.40 mg·L−1, 8.05 mg·L−1, and 5.41 mg·L−1 in LU1, LU2, and LU3, respectively. This reveals that denitrification plays a significant role in the attenuation of nitrate associated with groundwater, but the impacts of denitrification on nitrate associated with river water is much less significant.





5. Conclusions


In this paper, the SWAT-LUD model was applied to the middle floodplain of the Garonne River in France. The SW–GW exchange at the river–floodplain interface and the denitrification in the shallow aquifer were simulated and quantified. The results showed that the SWAT-LUD model could represent the SW–GW exchange and the shallow aquifer denitrification appropriately. Among all three subbasin types, the classic subbasins provided the maximum volume of water, which was 26.2 × 107 m3, representing up to 59.4% of the total volume of water originating from the study area. A total of 6.6 × 107 m3 of water flowed into the river from the subbasin-LU. In the opposite direction, a total amount of 2.0 × 107 m3 of river water entered the shallow aquifer per year, and the surface infiltration during the flood period engaged 40% of the infiltrated river water. The annual exchanged water volume represented only 1% of the river discharge. An annual 384 tons of N-NO3− was consumed by denitrification in the floodplain shallow aquifer. The nitrate concentration (N-NO3−) decrease in the channel was 0.12 mg·L−1, but in the shallow aquifer it reached 11.40 mg·L−1, 8.05 mg·L−1, and 5.41 mg·L−1 in LU1, LU2, and LU3, respectively. Our study revealed that denitrification plays a significant role in the attenuation of nitrate associated with groundwater, and the impacts of denitrification on nitrate associated with river water is much less significant.
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Figure 1. The hydrological processes of the SWAT-LUD model. (a) The location of the subbasin-LU; (b) the hydrological processes in the classic subbasin, the upland subbasin, and the subbasin-LU (SL). HSU = hydrologic response unit; LU = landscape unit; LU3 = the divide; LU2 = the hillslope; and LU1 = the valley bottom. 
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Figure 2. Location of the study site. (a) The location of the Garonne River; (b) the location of the simulated area; (c) the location of the alluvial soil, Monbéqui site, and piezometers. 






Figure 2. Location of the study site. (a) The location of the Garonne River; (b) the location of the simulated area; (c) the location of the alluvial soil, Monbéqui site, and piezometers.



[image: Water 10 00528 g002]







[image: Water 10 00528 g003 550] 





Figure 3. Simulated and observed groundwater levels in the three subbasin-LUs. The grey lines are the simulated series considering the water connection with the upland area. The black lines are the simulated results without the water connection (the model efficiency criteria values are the performances of black lines). RMSE = root means square error and PBIAS = percent bias. 
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Figure 4. Annual water balance in the study area (unit is 107 m3). 
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Figure 5. Simulated and observed nitrate concentrations in the aquifer of the LUs during the periods of 2004–2005 and 2013, where ‘Dilution’ is the simulated results with the infiltrated river water and ‘Dilution + denitrification’ is the simulated results with the infiltrated river water and denitrification. 
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Figure 6. Observed and simulated (dilution plus denitrification) groundwater nitrate concentration in the two periods (2004–2005 and 2013). 
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Figure 7. Simulated and observed nitrate content at the outlet of the study area. R2 = the coefficient of determination. 
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Figure 8. Annual nitrate (N-NO3−) balance in the study area. 
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Table 1. Parameters for the three subbasin-LUs (SL1, SL2, and SL3), the LUs, and the HRUs included in the study site (PAST = pasture; FRSD = forest; and AGRR = agriculture).
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Subbasin-LU

	
Area (km2)

	
Channel

	
LUs




	
Long (km)

	
Width (m)

	
Altitude (masl)

	
Slope (m/m)

	
Porosity

	
Area (km2)

	
HRUs




	
Land Use

	
Fraction of LU (%)






	
SL1

	
57.27

	
22.11

	
200

	
132.3–106.5

	
LU1

	
0.002

	
0.1

	
5.73

	
PAST

	
0.1




	
FRSD

	
0.9




	
LU2

	
0.005

	
0.1

	
11.45

	
PAST

	
1.0




	
LU3

	
0.005

	
0.1

	
40.09

	
PAST

	
0.36




	
AGRR

	
0.64




	
SL2

	
87.95

	
40.53

	
200

	
106.5–76.3

	
LU1

	
0.002

	
0.1

	
8.79

	
FRSD

	
1.0




	
LU2

	
0.005

	
0.1

	
17.59

	
PAST

	
0.5




	
FRSD

	
0.35




	
AGRR

	
0.15




	
LU3

	
0.005

	
0.1

	
61.56

	
AGRR

	
1.0




	
SL3

	
22.26

	
13.04

	
200

	
76.3–65.3

	
LU1

	
0.002

	
0.1

	
2.23

	
PAST

	
0.7




	
FRSD

	
0.3




	
LU2

	
0.005

	
0.1

	
4.45

	
PAST

	
1.0




	
LU3

	
0.005

	
0.1

	
15.58

	
PAST

	
0.1




	
AGRR

	
0.9











[image: Table] 





Table 2. Crop rotations applied in the agricultural areas.
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	Year
	Month
	Day
	Operation
	Crop
	Management and Fertilizer Type
	Quantity
	Unit





	1
	7
	25
	Tillage
	
	Generic Conservation Tillage
	
	



	1
	10
	1
	Tillage
	
	Generic Conservation Tillage
	
	



	2
	1
	31
	Tillage
	
	Harrow 10 Bar Tine 36 Ft
	
	



	2
	4
	1
	Plant
	Corn
	
	
	



	2
	4
	1
	Fertilization
	
	18-46-00
	300
	kg·ha−1



	2
	6
	7
	Fertilization
	
	46-00-00
	870
	kg·ha−1



	2
	7
	1
	Irrigation
	
	
	30
	mm



	2
	7
	10
	Irrigation
	
	
	30
	mm



	2
	7
	20
	Irrigation
	
	
	30
	mm



	2
	8
	1
	Irrigation
	
	
	30
	mm



	2
	8
	20
	Irrigation
	
	
	30
	mm



	2
	9
	1
	Irrigation
	
	
	30
	mm



	2
	9
	10
	Irrigation
	
	
	30
	mm



	2
	10
	15
	Harvest and kill
	
	
	
	



	2
	11
	1
	Plant
	Wheat
	
	
	



	3
	1
	25
	Fertilization
	
	15-15-00
	400
	kg·ha−1



	3
	3
	10
	Fertilization
	
	33-00-00
	400
	kg·ha−1



	3
	7
	10
	Harvest and kill
	
	
	
	



	3
	9
	8
	Tillage
	
	Generic Fall Plowing Operation
	
	



	4
	4
	1
	Tillage
	
	Harrow 10 Bar Tine 36 Ft
	
	



	4
	4
	15
	Plant
	Sunflower
	
	
	



	4
	4
	15
	Fertilization
	
	15-15-00
	600
	kg·ha−1



	4
	8
	25
	Harvest and kill
	
	
	
	



	4
	11
	1
	Plant
	Wheat
	
	
	



	5
	1
	25
	Fertilization
	
	15-15-00
	400
	kg·ha−1



	5
	3
	10
	Fertilization
	
	33-00-00
	400
	kg·ha−1



	5
	7
	10
	Harvest and kill
	
	
	
	







Note: The composition of nutrients of the fertilizer applied are as follow: type 18-46-00, 18% mineral nitrogen, 20.2% mineral phosphors; type 33-00-00, 33% mineral nitrogen; type 15-15-00, 15% mineral nitrogen, 6.6% mineral phosphors; and type 46-00-00, 46% mineral nitrogen.
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Table 3. Values of the DOC in the shallow aquifer and river water and the POC in the soil and shallow aquifer sediment for the three subbasin-LUs (sample sites are piezometers and river sites in Monbéqui).






Table 3. Values of the DOC in the shallow aquifer and river water and the POC in the soil and shallow aquifer sediment for the three subbasin-LUs (sample sites are piezometers and river sites in Monbéqui).





	
Location

	
Sample Site

	
DOC (mg·L−1) (Measured)

	
DOC (mg·L−1) (Model Input)

	
AFDM (%) (Measured)

	
POC (>50 cm) (%) (Model Input)

	
POC (Top 50 cm) (%) (Model Input)






	
LU1

	

	
simulated

	
0.55 ± 0.03

	
0.275

	
1.5




	
LU2

	
P11

	
0.92 ± 0.15

	
0.85

	
0.65 ± 0.08

	
0.275

	
1.0




	
P22

	
0.83 ± 0.09

	
0.46 ± 0.07




	
LU3

	
P26

	
0.66 ± 0.11

	
0.65

	
0.56 ± 0.07

	
0.325

	
1.0




	
P30

	
0.65 ± 0.13

	
0.74 ± 0.04




	
River

	
R1

	
1.72 ± 0.15

	
1.7

	

	

	




	
R2

	
1.69 ± 0.20




	
River (flooding)

	
R1

	
2.56 (n = 1)

	
3

	

	

	




	
R2

	
3.12 (n = 1)
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Table 4. Automatically calibrated parameters. Types of parameters: r, relative (the existing parameter value is multiplied by (1 + a given value)); a, absolute (the given value is added to the existing parameter value); v, replace (the existing parameter value is replaced by the given value). -- for the default value means default value is not unique; -- for the value of subbasins means retain the default value.






Table 4. Automatically calibrated parameters. Types of parameters: r, relative (the existing parameter value is multiplied by (1 + a given value)); a, absolute (the given value is added to the existing parameter value); v, replace (the existing parameter value is replaced by the given value). -- for the default value means default value is not unique; -- for the value of subbasins means retain the default value.





	
Parameters

	
Description

	
File

	
Type

	
Default Value

	
Verdun

	
Larra

	
Lamagistère




	

	
Subbasin Numbers




	

	
5, 4, 6, 8

	
9

	
1, 2, 7






	
CN2

	
SCS runoff curve number

	
.mgt

	
r

	
--

	
−0.014

	
−0.040

	
−0.048




	
ALPHA_BF

	
Baseflow recession constant (1/days)

	
.gw

	
v

	
0.048

	
0.44

	
0.89

	
0.35




	
GW_DELAY

	
Groundwater delay time (days)

	
.gw

	
a

	
31

	
−27.33

	
59.49

	
−23.19




	
GWQMN

	
Threshold depth of water in the shallow aquifer required for return flow to occur (mm H2O)

	
.gw

	
a

	
1000

	
−43.67

	
−77.67

	
181.67




	
ESCO

	
Soil evaporation compensation factor

	
.hru

	
v

	
0.95

	
0.72

	
0.72

	
0.93




	
GW_REVAP

	
Groundwater “revap” coefficient

	
.gw

	
v

	
0.02

	
0.062

	
0.028

	
0.072




	
RCHRG_DP

	
Deep aquifer percolation fraction

	
.gw

	
a

	
0.05

	
0.033

	
0.013

	
0.0073




	
CANMX

	
Maximum canopy storage (mm H2O)

	
.hru

	
v

	
0

	
22.65

	
28.25

	
13.65




	
CH_K1

	
Effetive hydraulic conductivity in tributary channel alluvium (mm/h)

	
.sub

	
r

	
0

	
3.63

	
7.25

	
36.77




	
SHALLST

	
Initial depth of water in the shallow aquifer (mm H2O)

	
.gw

	
v

	
1000

	
595

	
--

	
958.33




	
DEEPST

	
Initial depth of water in the deep aquifer (mm H2O)

	
.gw

	
v

	
2000

	
3241.67

	
--

	
1865.00




	
GW_SPYLD

	
Specific yield of the shallow aquifer (m3/m3)

	
.gw

	
r

	
0.003

	
0.17

	
--

	
--




	
GWHT

	
Initial groundwater height (m)

	
.gw

	
r

	
1

	
0.31

	
7.91

	
--




	
CH_W1

	
Average width of tributary channels (m)

	
.sub

	
r

	
--

	
--

	
−0.02

	
0.045




	
CH_N1

	
Manning’s N value for the tributary channels

	
.sub

	
r

	
0.014

	
--

	
−0.011

	
--
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Table 5. Manually calibrated parameters.






Table 5. Manually calibrated parameters.





	
Parameters

	
Description

	
Unit

	
Calibrated Values




	
SL1

	
SL2

	
SL3






	
CH_N

	
Manning n

	
--

	
0.07

	
0.06

	
0.06




	
KLU1

	
Hydraulic conductivity of LU1

	
m/day

	
100

	
100

	
100




	
KLU2

	
Hydraulic conductivity of LU2

	
m/day

	
50

	
50

	
50




	
KLU3

	
Hydraulic conductivity of LU2

	
m/day

	
50

	
50

	
50




	
KNO3

	
Half-saturation concentration of nitrate

	
µ mol·L−1

	
30

	
30

	
30




	
kPOC1

	
Kpoc of LU1

	
day−1

	
0.5 × 10−5

	
0.5 × 10−5

	
0.5 × 10−5




	
kPOC2

	
Kpoc of LU2

	
day−1

	
0.6 × 10−5

	
0.6 × 10−5

	
0.6 × 10−5




	
kPOC3

	
Kpoc of LU3

	
day−1

	
0.8 × 10−5

	
0.8 × 10−5

	
0.8 × 10−5




	
kDOC1

	
Kdoc of LU1

	
day−1

	
0.005

	
0.005

	
0.005




	
kDOC2

	
Kdoc of LU2

	
day−1

	
0.002

	
0.002

	
0.002




	
kDOC3

	
Kdoc of LU3

	
day−1

	
0.002

	
0.002

	
0.002




	
FNO3

	
Percentage of leached nitrate from soil profile during flooding

	
%

	
30

	
30

	
30
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Table 6. Annual denitrification rates in the subbasin-LUs.






Table 6. Annual denitrification rates in the subbasin-LUs.





	Denitrification Rate
	LU1
	LU2
	LU3





	Total denitrification rate (ton·year−1)
	348.29 ± 7.47
	82.50 ± 1.16
	40.27 ± 0.57



	Total denitrification per area (ton·ha−1·year−1)
	0.21
	0.025
	0.0034



	Percentage of the total denitrification (%)
	74
	18
	8











© 2018 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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