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Abstract



Nitrate leaching from agricultural areas is considered to be a serious threat to the quality of the sub-surface water resources. Within the framework of the EC nitrate directive (EC/91/676), member countries are invited to define appropriate agricultural practices, especially for areas considered vulnerable to nitrate contamination. The region of the Brusselean aquifer located in the central loamy belt of Belgium, has been identified as an area for which N losses from agriculture must be controlled. Target research programmes are therefore currently performed to define sustainable agricultural practices, maintaining agricultural productivity subjected to the present environmental constraints. 



In this context, a mechanistic modelling approach is developed to simulate the nitrate load, from agricultural land towards the Brusselean aquifer. The model considers the variability of i) the major physico-chemical properties of the pedo-geological  formation and ii) the surface boundary conditions controlled by climate and agricultural practice. A two pronged approach is adopted. An integrated, deterministic and mechanistic nitrate flow and fate model, solving the governing transport equations of water, solutes and heat, is used to model N losses from soil root zone. For this soil layer, detailed model parametrisation is possible through the use of i) the 1:20.000 Belgian soil map, ii) the associated soil databases (Aardewerk-BIS) and iii) the appropriate pedo-transfer rules. A less detailed nitrogen transport transfer function is used to simulate nitrogen  behaviour in the sub-surface unsaturated zone layer.  Nitrate recharge at the top of the aquifer is obtained by convoluting the nitrate recharge flux leaving the soil layer, with the transfer function developed for the underlying geological layer. The model is embedded in a GIS, linking a FORTRAN modelling code with an ARC-INFO spatial database. In this paper, details of the modelling approach and results for a pilot study area within the vulnerable zone are presented. 





�Introduction 



Nitrate leaching from agricultural areas is considered to threat the subsurface groundwater quality all over Europe. To preserve the subsurface water bodies from nitrogen pollution leaching from agricultural land, the EU directive EU/91/676 invites member states to implement specific actions preventing losses of nitrogen from the root zones of crops. Specific measures are developed for areas exhibiting a specific vulnerability to nitrate contamination. 



Three vulnerable areas have been identified in Belgium :

a) the complete territory of the Flemish region. The subsurface water body in Flanders is extremely vulnerable given the presence of shallow water tables, the small retention capacities of the dominant soil types, and the intensive agriculture. 

In the mid-80ies, the average inorganic nitrogen fertilisation per cultivated ha was around 200 kg N. A slightly decreasing trend is now observed. 



Table 1. Average inorganic fertiliser applied by ha



�1980�1986�1991��Nitrogen (kg/ha)�208�220�183��Phosphorus (kg/ha)�83�90�81��Source: Leren om te Keren. Milieu-en natuurrapport Vlaanderen. Vlaamse Milieumaatschappij. 1994.



Sampling of private wells from 1982 to 1987 showed 39% had NO3 concentrations higher than the drinking norm (50mg NO3/l). Other studies revealed that NO3 concentrations decrease with the depth of the monitored wells (table 2). 



Table 2. NO3 concentration versus depth



Measured NO3 concentration

 (mg NO3/l)�Percentage of monitored wells���< 25 m�25 – 50 m�> 50 m��< 25�67�76�100��25 – 50�21�19�0��> 50�12�5�0��Source: Leren om te Keren. Milieu-en natuurrapport Vlaanderen. Vlaamse Milieumaatschappij. 1994.



Measures that are actually invoked to meet the requirements of the EU/91/676  directive include adapted agricultural practices, together with appropriate legislative and administrative controls referred to as the Mest Actie Plan.



b) The region of the Brusselean aquifer. Agriculture is less intensive than in the Flemish region but still contributes to the groundwater pollution. Average inorganic fertilisation is given in table 3.



�Table 3. Average inorganic fertilisation in the region of the Brusselean aquifer



�1980�1985�1990�1997��N-NO3 (kg/ha)�135�161�163�151��P (kg/ha)�82�71�67�43��Source: Institut Economique Agricole. Ministère des Classes Moyennes et de l’Agriculture





c) The aquifer of Hesbaye. This region is located in the Eastern part of Belgium, near the German-Holland border. The evolution of the inorganic fertilisation shows the same pattern as those of the two other vulnerable zones (table 4).



Table 4. Average inorganic fertilisation in the Hesbaye region



�1965�1980�1990�1994��N-NO3 (kg/ha)�111�139�164�150��Source: Programme Action Hesbaye. Rapport final. 1996.



These figures should be put in parallel with the nitrate concentration measured into three different wells located in the Hesbaye region (table 5).



Table 5. Nitrate concentration in some wells as a function of time



Wells�1965�1980�1990�1994��Fize (mg NO3/l)�26�37�46�47��Waremme

(mg NO3/l)�21�26�38�-��Remicourt

(mg NO3/l)�18�24�30�26��Source: Programme Action Hesbaye. Rapport de synthèse. 1996.



Generally speaking, the vulnerability of the identified aquifers within the central loamy belt of the Walloon region is an order of magnitude smaller than the vulnerability of subsurface water bodies in the Flemish region. Actually, groundwater within these areas is situated at a far greater depth. In addition, the  governing loamy soil types develop higher retention and attenuation capacities, and the agriculture in these areas is less intensive, resulting in smaller amounts of nitrogen lost from the soil root zone of arable crops. Notwithstanding this, the monitoring data of the surface water springs and the ground water indicate a steadily increase of dissolved nitrogen in these aquifers and this from the early sixties onwards.  It should be noted that the large travel times for nitrogen to reach the unconfined aquifers, inducing a considerable delay between the time of an eventual leaching event and the appearance of nitrogen in the aquifer, makes a coherent interpretation of the cause/effect relationships a difficult task. Albeit, also for these areas it is suggested that appropriate measures should be implemented to reduce nitrogen emissions from agricultural land.

�

In this paper, the nitrogen problem within the area of the Brusselean aquifer will be discussed. This area is the subject of an ongoing research project, supported by the Walloon administration. A two tier programme is implemented. Within the first sub-programme executed by the Laboratoire de l'Ecologie des Prairies of the Université Catholique de Louvain, agronomic practices and nitrogen balances at the field and farm scales are analysed to develop a sustainable agriculture action plan. The study envisages to develop, to test and to implement adapted agriculture practices, reconciling economical and ecological constraints,  at the scale of 10 pilot farms situated within the area of concern. The second sub-programme consists in assessing the impact of the proposed measures on regional nitrogen load of the aquifer. The study is carried out by the Unité de Génie Rural of the Université Catholique de Louvain by means of a mathematical modelling research action. 



The study area



The geology of the studied area (Fig. 1) is constituted by a series of tertiary deposits in discordance with a Palaeozoic basal complex. The region belongs to the massif of Brabant and encompass a series of residual elements of the Caledonian catena. The massif extends towards England and has been subjected to a continental regime during the Palaeozoic era. During the Cretaceous era, the sea invades the continent, deposing Cretaceous material. Subsequently, during the Tertiary era, transgressions characterise the geological landscape. The sandy deposits, referred to as the Brusselean sands, constitute the actual aquifer.  At the end of the Tertiary era and during the Quaternary era, erosion processes determines the actual landscape. During the periglaceal  periods, loess material has finally been  deposited on top of the tertiary formations.  The hydrogeology of the area is therefore characterised by the presence of a discontinuous aquifer at the basis of the tertiary Brusselean sandy deposits covered with an unsaturated zone of variable thickness (upto 50 m). The unsaturated zone encompasses the loamy loess layer  and the top part of the tertiary deposits. Clayey  substrata (Landenean formation, Tongrean formation) may intersect irregularly the sandy tertiary formation.. 

�FIGUURINSLUITEN "D:\\GERU\\Communication\\Zone - copie.TIF" \* FUSIONFORMAT ���

Fig. 1. The Brusselean vulnerable zone



The aquifer in the Brusselean sands is actually exploited by nine different drinking water companies, supplying a total of  26 million m3 of water per year. In addition, many private wells are present. Land use in the southern part of the area is dominated by agriculture. Major field crops, especially cereals, sugar beets, potatoes and industrial crops, are grown on the loess derived soils of the plateau’s. Grassland dominates the valleys (20 % of the surface). Forests areas intersect the agricultural landscape especially on the slopes of the valleys. In the northern part of the area, the rural landscape is strongly influenced by urbanisation around Brussels.





Processes controlling the nitrogen pollution of the Brusselean aquifer 



The fate of nitrogen in the soil and subsurface of the considered region is governed by a range of processes which vary considerably in space and time. Detailed descriptions of the soil processes controlling nitrogen emissions to the environment are given in basic soil science textbooks.  In summary,  nitrogen fate in the near surface soil horizons, in contrast to nitrogen in the subsurface geological formations, is influenced by soil-crop interactions and the turn-over processes between the organic and mineral nitrogen pools. In addition, transport of dissolved nitrogen species is variable in time and strongly controlled by climatic conditions at the soil surface. In the subsurface formations, soil-crop interactions are negligible, turn-over from an organic nitrogen pool is limited, while the influence of the climatic conditions may be attenuated. Ignoring the process of chemical denitrification, nitrogen, in the form of nitrate leaving the near surface soil horizons, can therefore be considered as a conservative tracer slowly moving down towards the vulnerable aquifer.



The nitrogen pollution of the Brusselean aquifer has been the subject of some study programmes in the eighties and early nineties (De Becker et al., 1985; Bocken, 1986, 1987; Wattecamps, 1992). It has been concluded that a better understanding of the fate of nitrogen in the subsurface is a prerequisite to elucidate the impact of agriculture on the aquifer quality. De Becker et al. (1985) was the first to integrate the different components of the nitrogen cycle to compute a balance at the scale of the Dyle catchment (the Dyle catchment is the most important catchment within the study area). Terms of the nitrogen balance were estimated at the macroscopic scale from measurements available at the scale of the catchment (agriculture statistics, fertiliser statistics, ...) and point scale extrapolation of other quantified  processes (denitrification, river discharge, ...). They conclude that 86 % of the nitrogen pollution, leaving the surface soil layers is from agriculture origin, the reminder being attributed to domestic point pollution sources, especially in the more densely populated areas of the north-western part. These authors did not consider at all the fate of N in the sub-surface  and this study does therefore not allow to quantify precisely the amount of nitrogen recharging the aquifer. The authors remarked however that nitrogen denitrification in the sub-surface should not a-priori be excluded. Bocken  (Bocken, 1986) studied more in detail the relation between the water quality of the sources of the Dyle river, which discharges the Brusselean aquifer, and the land use within the catchment area. He clarified the role of forest, urban and agricultural land use in the overall nitrogen pollution. Forest areas were shown to attenuate the nitrogen flux towards the river sources, while urban areas were shown to increase the nitrogen discharge, agricultural areas being situated in between both. The temporal variation of nitrogen  discharge along a three year research period and the role of specific agricultural practices on nitrogen pollution in the area has been exemplified in his study of 1987 (Bocken, 1987). He concluded that cereal crops were less polluting than sugar beet crops, that precipitation has a major impact on the nitrogen discharge distribution and that the most vulnerable periods are the autumn and early spring periods. Wattecamps (1992) studied more in detail the role of urbanisation on the nitrogen pollution in the region. He confirmed that nitrogen pollution from point sources is indeed a minor contributor to the nitrogen pollution of the aquifer. Albeit, the 16 % of non-diffusive point pollution proposed by De Becker et al. (1985), should be questioned to some extent.



The former studies did not integrate a physical description of the nitrogen flow and transformation processes at the scale of the geological formation to develop the regional nitrogen balance. The presented balance is therefore subjected to a lot of uncertainty. In addition, a lumped balance does not allow to develop measures considering the specificity and the variability of the agriculture, climatology, pedology and geo-hydrology. A research programme was therefore initiated by the Unité de Génie Rural of the Université Catholique de Louvain, to model the fate of nitrogen in the area at the regional scale, considering the spatial variability of the hydro-geology, soil types and land use, and the temporal variability of climate and agricultural practices. Such a modelling programme supports the development of a specific agriculture action plan, minimising nitrogen losses from agriculture to the vulnerable aquifer. 





A conceptual model for simulating N recharge from agricultural origin of the Brusselean aquifer 



�FIGUURINSLUITEN "D:\\GERU\\Communication\\3D_region_e_copie.JPG" \* FUSIONFORMAT ���

Fig. 2. The distributed modelling approach.

The proposed modelling approach to be implemented is a distributed one (Fig.2). It envisages to model nitrogen flow from the land-surface to the top of the aquifer, considering the spatio-temporal variability of the physico-chemical properties of soil and sub-soil . Since the solution of the 3D flow equation in the unsaturated zone is difficult, only vertical flow is considered in the unsaturated zone. Hence, the unsaturated zone is decomposed in a series of parallel columns, each constituting an elementary calculation unit within the integrated model. The properties within each column are considered to be homogeneous isotropic along the horizontal direction. The column top is characterised by a single land surface type, a specific crop, a specific soil type, a specific  climate condition, and a specific agricultural practice. The bottom of each column situates at the top of the underlying aquifer. Spatial variability of the land surface processes at the regional scale can be considered by variable column top boundary conditions between different columns. Spatial variability of the physico-chemical properties of soils and geological formations in the vertical direction can be considered by sub-dividing each column vertically in homogeneous blocks.





Two different process descriptions are used to model nitrogen fate and transfer in each column calculation unit. For the top soil layer (0-1.50 m), a detailed mechanistic model is used to simulate nitrogen leaching from the root zone of arable crops. This detailed modelling is justified by the presence of both organic and mineral nitrogen pools, the presence of root crops of plants, and the variable up and downward fluxes, controlled by variable climate conditions. For the lower unsaturated geological layer (>1.50 m), a transfer function modelling approach is used. Ignoring eventual nitrogen transformations, and considering a steady downward flow of nitrogen in the subsurface area, allows to model nitrogen transfer as the migration of conservative tracers in steady state flow experiments. In this study, only two subsurface formations are considered, an upper loamy layer and a lower sandy layer. Both layers are characterised by their own transfer function parameters. 





Modelling N leaching from the soil root zone of arable crops



The modelling of nitrogen leaching from the root zone of crops is realised by means of the WAVE-model (Vanclooster et al., 1996). The WAVE-model (Water and Agrochemicals in soil, crop and Vadose Environment) describes the transport and transformations of matter and energy in the soil, crop and vadose environment. It simulates the behaviour of water, heat, non-reactive solutes, nitrogen and pesticide species in the soil-crop continuum. The WAVE-model is a software package developed by the Institute for Land and Water Management of the K.U.Leuven (Belgium) and the Department of Environmental Sciences and Land Management (Unité Génie Rural) of the Université Catholique de Louvain. The current version of the model integrates several packages developed earlier. The model is a revised version of the SWATNIT-model (Vereecken et al., 1991), which integrates the SWATRER-model (Feddes et al., 1978; Belmans et al., 1983; Dierckx et al, 1991), a heat and solute transport model based on the LEACHN-model (Wagenet and Hutson, 1989), a nitrogen turn-over model, a pesticide fate model and the universal crop growth model SUCROS (van Keulen et al., 1982; Spitters et al., 1988) (Fig. 3). The program is written in FORTRAN 77 and can be run either under UNIX or MS-DOS platforms.



WAVE is essentially a 1-D research oriented mechanistic model for the description of flow in the soil-crop system at the soil laboratory columns or field lysimeter scale. It is therefore an appropriate code to model nitrogen fate in the top part of our calculation unit. In the vertical direction, the model considers the heterogeneity of the soil profile as reflected by the presence of different soil horizons. The soil horizons are subdivided in a range of numerical compartments. Halfway each soil compartment a node is identified, for which the state variable is calculated using finite difference techniques.



The WAVE-model uses a time step smaller than a day to calculate the different system state variable, for processes which are strongly dynamic (water transport, heat transport, solute transport; solute transformations). The time step is variable, and is chosen as to limit mass balance errors induced by solving the water flow and solute transport equations. Less dynamic processes (crop growth) are only integrated at a fixed daily time step. The model input is specified on a daily basis. State variables are integrated after each day to yield daily output. The simulation period should not exceed one single year . Post processing modules however allows the model to be used for longer time periods.



�FIGUURINSLUITEN "images\\modules.JPG" \* FUSIONFORMAT ���

Fig.3. The WAVE model



The model solves numerically  the 1-D governing flow equations of soil water, solutes and heat. The root water uptake and the retention and transformation of agro-chemicals within the soil enter the transport equations by means of different sink/source terms. Simulated crop growth determines the water and nutrient demand. The model is modular structured  (Fig. 3) and encompasses the WAT module, which allows a numerical solution of the governing Richards equation, the SOL module, which allows a  numerical solution of a non-equilibrium convection dispersion equation; the HEAT module, which allows to solve  numerically the governing Fourier's heat flow equation; the N module, which considers the transformation of organic (three organic matter pools) and inorganic nitrogen, and the CROP module which calculates crop growth



The model has been developed in the framework of former national and EU research programmes and has been subjected to many application and validation studies. For an overview of the application and validation studies the reader is referred to the CAMASE register and Munoza-Carpena et al.(1998). Given the mechanistic nature of the model, the parameter requirements for the near surface nitrogen fate model is excessive (Table 6).





Table 6. WAVE model input parameters

Class�Parameters��Climate�Precipitation, reference evapotranspiration, interception, global radiation and air temperature��Soil hydraulic parameters�Moisture retention and hydraulic conductivity model ��Plant water uptake�Crop specific parameters relating reference and crop evapotranspiration, maximal root water uptake rate and reduction function of the maximal root water uptake rate with pressure head��Water bottom boundary�Water flux or pressure head at the bottom of the soil profile��Water initial values�Soil water content or pressure head��Soil solute transport�Chemical diffusion coefficient of solute in pure water, soil hydrodynamic dispersivity, parameters relating soil chemical diffusion coefficient to diffusion in water, mobile-total water content ratio, mass transfer coefficient, soil bulk density and the fraction of the sorption site in the mobile soil region��Solute top boundary�Application rate of the solutes��Nitrogen transformation�First order degradation constants for the mineral and organic turn-over processes , organic matter turn-over efficiency, humification fraction and C/N of biomass��Crop nitrogen�Dry matter of the above ground fraction of the crop at harvest, dry matter of the living root fraction of the crop at harvest, average root radius, average distance between soil solution and root surface��Nitrogen initial values�Initial carbon content in the manure, initial nitrogen content in the manure, initial carbon content in the humus, initial nitrogen content in the humus, initial carbon content in the litter, initial nitrogen content in the litter, initial urea distribution in the soil, initial ammonia distribution in the soil, initial nitrate distribution in the soil��Crop growth�Number of seedlings per area, leaf area development rate during plant juvenile stage, base temperature for juvenile growth, specific leaf area, maximum CO2 assimilation rate, initial light use efficiency, light extinction coefficient, light scattering coefficient, maintenance factor for storage organs, assimilation requirement for dry matter conversion to storage organs, initial leaf area, etc.��Root growth�Specific root length, maximum root depth, depth dependent distribution of the dry dependent distribution of the dry matter of the root system��



Modelling N transport in the subsurface layers



In the sub-surface a less detailed process model description is used. Given the conservative nature of nitrogen in the subsurface, a transfer function approach can be adopted (Jury and Roth, 1990). Nitrogen transfer in the subsurface loamy and sandy substratum is defined by means of Fickian probability density function of the solute travel time: 
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