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1 IntrodutionThis report desribes the generation of a syntheti dataset needed for testing and veri�ationof more simpli�ed modeling approahes whih aim to develop models appliable at largeathment and river basin sales. The work is arried out within the framework of a Europeanprojet (DAUFIN) on developing data assimilation methodologies and a uni�ed framework forhydrologial modeling of athment and river basin �ow proesses. The syntheti dataset willbe broadly based on a subset of atual data (topography, geomorphology, and rainfall) forthe Brisy subathment, whih is a subathment of the Meuse basin, with representativeparameters seleted either to "math" equivalent values to be used in the simpli�ed modelsor to substitute for any input data whih is urrently unavailable. The simulated dataset tobe generated will enompass both rainfall and interstorm periods and a variety of rainfall-runo� responses (both surfae and subsurfae). The simulation outputs of interest inludepressure heads, groundwater �uxes, and water table and surfae soil moisture (or saturation)distributions.A athment partitions atmospheri foring (rainfall and potential evaporation) into surfaeruno�, groundwater �ow, atual evapotranspiration, and hanges in storage. Surfae runo�involves di�erent phenomena suh as hillslope and hannel �ow and retardation and storagee�ets due to pools and lakes, while groundwater �ow inludes in�ltration to and ex�ltrationfrom the vadose zone. The numerial model to be used in this work, CATHY (CAThmentHYdrologial model), simulates these various proesses based on a oupling of the Rihardsequation for variably saturated porous media and a di�usion wave approximation for surfaewater dynamis. It ombines a 3D �nite element subsurfae �ow module, FLOW3D, witha 1D �nite di�erene surfae routing module, SURF_ROUTE. Hillslope �ow is assumed toonentrate in rills or rivulets, allowing both hannel and hillslope �ow to be desribed by a 1Donvetion-di�usion equation. Retardation and storage e�ets due to lakes or depressions arealso implemented, giving a omplete desription of the athment �ow dynamis. The model'sbasi inputs are a DEM (digital elevation model) from whih disretization of the athmentsurfae and a orresponding 3D grid of the underlying aquifer are obtained, atmospheri �uxes(rainfall and evaporation), and various soil, hannel, and aquifer parameters.The objetive of this study is to adapt and implement the existing model (CATHY) to adataset broadly based on the Brisy subathment and to generate simulation datasets thatwill:� shed light on the numerial and physial behavior of the model in apturing varioushydrologial �ow responses;� be used for objetively testing the hypotheses and limitations of more simpli�ed modelingapproahes.� be used for testing data assimilation (eg, nudging) methodologiesThe following workplan is arried out:� Data preparation (organize and proess available data of Meuse basin and Brisy sub-athment, and de�ne appropriate values or ranges of values for parameters);6



Figure 1: Loation of Brisy� Implementation (adapt and implement the model for the seleted input dataset, and runpreliminary tests to examine how the model responds to di�erent parameter settings);� Simulation (�nal seletion of the senarios to be run and generation of the synthetidataset based on these senarios);� Analysis (examine the simulation results to assess model performane and to produethe outputs and summary statistis of interest in verifying simpli�ed approahes).2 Brisy subathmentNear the northwestern border of Luxembourg runs the Ourthe Orientale from east to west.From south to north runs the Ourthe Oidentale, a watershed of the Meuse basin (Figure 1).Where they meet, near the town of Engreux, they form the Ourthe whih �ows northwardsand eventually drains into the river Meuse. Approximately 10 - 15 kilometers east of the pointwhere the Ourthe Orientale meets the Ourthe Oidentale, near the town of Brisy, �ows theriver Brisy from north to south into the Ourthe Orientale.The Brisy subathment (Figures 2 and 3) enompasses an area of 4.64 square kilometers(maximum length: 2.85 km from east to west and 3.27 km from north to south). The sub-athment ontains shallow slopes in the north and steeper slopes in the south, towards theoutlet of the athment (see Figure 4).Figure 5 is a map of the land over of the Brisy subathment. The part indiated as �dison-7



Figure 2: Brisy subathment
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Figure 3: 30 x 30 m2 resolution DEM of the Brisy subathment, top view8
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Figure 4: 30 x 30 m2resolution DEM of the Brisy subathment
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Figure 5: Land over of the Brisy subathmentTable 1: Soil texture of the Brisy subathment in perentages of sand, silt and layTopsoil SubsoilSand 33.9 6.6Silt 47.0 46.4Clay 19.1 47.0tinuous urban fabri� is the town of Brisy. Besides the town of Brisy and a few parts overedwith forest, most of the athment is overed with pastures and �elds.The soil of the athment is approximately 3.0 m thik. The texture of the topsoil di�erssomewhat from the texture of the subsoil. Table 1 gives the perentages of sand, silt and layin the topsoil and the subsoil.
3 Data preparation3.1 JRC datasetThe data for the Brisy subathment was extrated from 2 datasets of the Meuse basin (Ourtheand Geer watersheds) prepared for the DAUFIN projet by the Joint Researh Center (JRC)10



[de Roo and Somma 2000℄ and by the Belgium Royal Meteorologial Institute (KMI) [Roulin2000℄.DEM dataThe original data for the DEM is provided by the Belgian National Geographi Institute ingeographi projetion (datum wgs84) with a resolution (lat. � lon.) of 1� � 1� below 50Æ N(2 maps, 15� � 15� blok) and of 2� � 2� above 50Æ N (18 maps, 15� � 15� blok). Blokshave been resampled to 30 � 30 meter grid and merged to a single map.Land over dataOriginal data from CORINE database provided by European Topi Centre at Satellus AB,Kiruna - Sweden, in Lambert Azimuthal projetion with a resolution of 250 m.Soil depthOriginal data is provided by European Soil Bureau, Joint Researh Centre, Ispra - Italy, inLambert Azimuthal projetion at a sale of 1:1,000,000.Soil texture for top- and subsoilOriginal data is provided by European Soil Bureau, Joint Researh Center, ISP - Italy, inLambert Azimuth projetion at the sale of 1:1,000,000.3.1.1 GIS proessingAll data is provided in ArView / ArInfo ASCII raster �les. Using the funtion SSTIDRISthe data is imported into the IDRISI geographi information system (GIS). This funtion usesthe row and olumn struture of the ASCII �le as a diret analogue of the row and olumnstruture of an image. SSTIDRIS reads the ASCII �le and onverts it into an IDRISI image.Further GIS proessing is done in IDRISI.To avoid problems due to loal depressions in the DEM (pits) the funtion PIT REMOVALis applied to the DEM. The purpose of this module is to reate an adjusted "depressionless"DEM (Figure 6) in whih the ells ontained in depressions are raised to the lowest elevationvalue on the rim of the depression. Eah ell in the depressionless DEM will then be part of amonotonially dereasing path of ells leading to an edge of the image. A path is omposed ofells that are adjaent horizontally, vertially, or diagonally in the raster grid and that steadilyderease in value.From the DEM a map of the drainage network is reated using the funtion RUNOFF.RUNOFF alulates the aumulation of rainfall units per pixel as if one unit of rainfallwas dropped on every loation. Using the RECLASS module, a threshold value of 511 isapplied to the output to produe the drainage network (Figure 7).To identify the subathment the funtion WATERSHED is applied to the DEM. WATER-SHED identi�es watersheds from a raster surfae image. A seed image is provided with theseed loated in the stream right before the Brisy enters the Ourthe Orientale.Working from this map of the Brisy subathment, maps of land over, soil depth, and soil11



Figure 6: 30 x 30 resolution DEM of the Ourthe Cathment (depitted)

Figure 7: Drainage network (detail) of the Ourthe athment12
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Figure 8: Daily rainfall and potential daily evapotranspiration for the seleted 240-day periodtexture are reated for the athment using the IMAGE CALCULATOR in IDRISI. Aord-ing to the JRC dataset, soil depth and soil texture is fairly homogeneous over the Brisysubathment.3.2 KMI datasetThe KMI dataset ontains meteorologial data reorded at several stations on the Ourtheand Geer watersheds. For this study data of rainfall and evapotranspiration for the meteostation in St. Hubert is used. This station is loated 15 to 20 kilometers southwest of theBrisy subathment. For the period 1968 to 1997 �les ontaining daily rainfall (mm/day) and(potential) daily evapotranspiration (mm/day) are provided.Plots of rainfall (mm/10 days) and potential evapotranspiration (mm/10 days) are reated.From these plots the 8-month period from February to Otober 1993 (240 days) is seleted(Figure 8). To get the net atmospheri �ux needed for input to the CATHY model the poten-tial daily evapotranspiration is subtrated from the daily rainfall and onverted to m/hour.4 Desription of the CATHY modelThe CATHY model is a physially-based distributed athment-sale model for the simula-tion of oupled surfae runo� and subsurfae �ow [Bixio et al. 2000℄. The model is based onoupling Rihard's' equation for variably saturated porous media and a di�usion wave approx-13



imation for surfae water dynamis. The numerial sheme uses a �nite element Rihards'equation solver, FLOW3D [Panioni and Wood 1993; Panioni and Putti 1994℄ and a surfaeDEM-based �nite di�erene module, SURF_ROUTE [Orlandini and Rosso 1996℄. Startingfrom a DEM disretization of the athment surfae and an aquifer, atmospheri input ispartitioned into surfae and subsurfae omponents by the FLOW3D module. The overland�ux values alulated by FLOW3D at the grid nodes are transferred to the DEM ells andimplemented as sink or soure terms in the SURF_ROUTE module, whih routes this surfaewater and alulates the resulting ponding head values that are in turn used as boundaryonditions in FLOW3D.The model is based on a system of two partial di�erential equations, one desribing the �owof water in the vadose and groundwater zone (Rihards' equation) and the other desribingthe surfae hydrologi response of the athment. The assumption is made that hillslope �owonentrates in rills or rivulets. Hene both hannel and hillslope �ow an be desribed bya one dimensional onvetion-di�usion equation de�ned on the rill or hannel network usingdi�erent parameter values to distinguish between both types of �ow. The system of partialdi�erential equations is:� (Sw) � �t = r � [KsKrw (Sw) (r + �z)℄ + qs (h) (1)�Q�t = k �Q�t = Dh�2Q�s2 + kqL (h;  ) (2)Where � (Sw) = SwSs + ��Sw� , Sw is water saturation, Ss is the aquifer spei� storageoe�ient, � is porosity,  is pressure head, t is time, r is the gradient operator, Ks is thesaturated hydrauli ondutivity,Krw is the relative hydrauli ondutivity, �z = (0; 0; 1)T , zis the vertial oordinate diretor upward, and qs represents distributed soure or sink terms(volumetri �ow rate per unit volume). The surfae water is routed using (2) along eahsingle hillslope or hannel using a one-dimensional oordinate system s de�ned on the drainagenetwork. In this equation, Q is the disharge along the hannel link, k is the kinemati waveelerity, Dh is the hydrauli di�usivity, and qL is the in�ow (positive) or out�ow (negative)rate from the subsurfae into the ell. Note that qs and qL are both funtions of the pondinghead h, and that h an be easily derived from the disharge Q via mass balane alulations.This system of equations must be solved simultaneously for the unknowns (Q; ) or (h;  ).Nonlinearities arise in the Sw ( ) and Krw (Sw) harateristi urves in Rihards' equation, inthe nonlinear dependene of qs on the ponding head, and in the nonlinear dependene of qLon  .4.1 FLOW3DFLOW3D is a three-dimensional �nite element model for �ow in variably saturated porousmedia, appliable to both the unsaturated and saturated zones. Equation (1) is highly nonlin-ear due to pressure head dependenies in the storage and ondutivity terms, and is linearizedin the ode. Tetrahedral elements and linear basis funtions are used for the disretizationin spae, and a weighted di�erene sheme is used for the disretization in time. The input14



�ux for the atmospheri boundary onditions are potential rainfall or evaporation rates. Theatual rates, whih depend on the prevailing �ux and pressure head values at the surfae, aredynamially alulated by the ode during the simulation.Overland �ow, whih is the �ow rate that is present at the surfae and that an be routed viathe surfae model, is alulated at every time step from the balane between potential an atual�uxes. Automati swithing of surfae boundary onditions from a spei�ed �ux (Neumann)to a onstant head (Dirihlet) ondition, and vie versa, is implemented to orretly reproduethe physial phenomena ourring at the surfae. If a surfae node beomes saturated beausethe water table reahes the surfae and there is an upward �ux aross the soil surfae, theoverland �ow is alulated as the sum of preipitation and return �ux. The amount of waterthat remains at the surfae or ex�ltrates from the subsurfae is then transferred for routing tothe DEM-based surfae runo� module, whih in turn returns, after surfae propagation, theponding head distribution to FLOW3D.4.2 SURF_ROUTEHillslope �ow is assumed to onentrate in rills or rivulets that form beause of topographiirregularities or di�erenes in soil erodability and that deepen and widen during the runo�event as a funtion of slope, runo� harateristis and soil erodability. To minimize theomputational e�ort and eonomize on the number of model parameters, the rill formationsare lumped at the DEM elemental sale into a single oneptual hannel. The drainage systemtopography and ompositions are desribed by extrating automatially a oneptual drainagenetwork from the DEM. Eah elemental hillslope rill and network hannel is assumed to havebed slope and length that depend on loation within the extrated transport network, anda retangular ross setion whose width varies dynamially with disharge aording to thesaling properties of stream geometry as desribed by the "at-a-station" and "downstream"relationships [Leopold and Maddok Jr. 1953℄. The distintion between hillslope and hannel�ow is based on the "onstant ritial support area" onept [Montgomery and Foufoula-Georgiou 1993℄. Rill �ow is assumed to our for all those ells for whih the upstream drainagearea A does not exeed the onstant threshold value A*, while hannel �ow is assumed to ourfor all those ells for whih A equals or exeeds A*.A routing sheme developed on the basis of the Muskingum-Cunge method with variableparameters is used to desribe both hillslope rill and network hannel �ows, with di�erentdistributions of the Gaukler-Strikler roughness oe�ients to take into aount the di�erentproesses that haraterize the two physial phenomena [Orlandini and Rosso 1998℄. Themodel routes surfae runo� downstream from the uppermost DEM ell in the basin to theoutlet, following the previously determined drainage network. A given grid ell will reeivewater from its upslope neighbor and disharge it to its downslope neighbor, with the in�owor out�ow rate qL at any athment ell given by: qL = q4x4y4s , where q is the loal ontri-bution to surfae runo�, as alulated by FLOW3D, 4x and 4y are the ell sizes, and 4sis the hannel length within the ell. In�ow hydrographs and overland �uxes qL are routedinto eah individual hannel via the onvetion-di�usion �ow equation (2), disretized by theMuskingum-Cunge method to yield:Qk+1i+1 = C1Qk+1i +C2Qki +C3Qki+1 + C4qkLi+1 (3)15



where Qk+1i+1 is disharge at network point (i+1)4s and time (k+1)4t, qkLi+1 is the overland�ow rate at the (i+1)st spae interval and time k4t, and the routing oe�ients Ci dependon k, on the temporal interval 4t, on the hannel length 4s, and on the numerial sheme.One the in and out disharge at eah ell is determined, the ell water depth, or pondinghead h, an be alulated from mass balane onsiderations. The distintion if a surfae nodeis saturated or ponded is made via the input parameter pond_h_min. This is the thresholdpressure head value that a surfae node must attain to be onsidered ponded.4.3 Algorithm for solving the oupled modelFor every timestep the following algorithm is followed to solve the oupled system (1) and (2):� Solve (2) using qkL as input to the SURF_ROUTE model, obtaining Qk+1 and from thisthe distribution of ponding heads hk+1.� Use hk+1 and preipitation/evaporation input at time tk+1 to set up boundary and initialonditions for FLOW3D, and solve (1) for  k+1.� Calulate (again with FLOW3D) the overland �ux qk+1L using  k+1 and the balanebetween atmospheri inputs and atual �uxes.Note that to start the algorithm a initial value for qL is needed. If this ondition is not knownit an be alulated from an initial run of FLOW3D that will evaluate a �rst guess for theoverland �ow based on the atual atmospheri input.5 Model setupThe input data for the CATHY model is strutured in the following input �les:Parm Numerial, time, and output ontrol parameters for FLOW3D and SURF_ROUTE.Grid Triangular grid info. Empty when a DEM is used as input and a triangular grid isgenerated from this DEM.Nansfnodb Non-atmospheri, non-seepage fae nodes with Neumann or Dirihlet boundaryonditions (BCs).Soil Soil harateristis (saturated hydrauli ondutivity, spei� storage and porosity) andparameter values for the unsaturated zone harateristi relationships (van Genuhten,Huyakorn or Brooks-Corey urves).I Initial onditions.Atmb Atmospheri BCs (rainfall/evaporation rates, imported as histograms).Sfb Seepage fae BCs.Nansfdirb Non-atmospheri, non-seepage fae Dirihlet BC values.16



Table 2: Soil harateristis of the di�erent layers of the Brisy subathmentLayer Ks (m/day) Spei� Storage(m�1) Porosity Thikness (m)1 2.5 e-2 0.016 0.45 0.272 2.5 e-2 0.016 0.45 0.363 2.5 e-2 0.016 0.45 0.394 3.71 e-3 0.016 0.49 0.665 3.71 e-3 0.016 0.49 0.666 3.71 e-3 0.016 0.49 0.66Nansfneub Non-atmospheri, non-seepage fae Neumann BC values.Dembrisy.dat DEM information. In this study the DEM of the Brisy subathment.Dem_parameters.dat DEM parameters that determine the way in whih the CATHYmodel generates a triangular grid from the DEM.Geometry.dat Geometry harateristis of the surfae routing network (threshold for par-titioning between hannel and hillslope nodes, hannel and rill geometry parameters,Leopold and Maddok oe�ients).Ks.dat Gaukler-Strikler roughness oe�ients ks (ks = 1=n where n is the Manning oef-�ient)Fore_�owdir.dat Cells with imposed (or fored) drainage diretion.Fore_hg.dat Cells with imposed (or fored) �ow geometry.Posizione_serb.dat Position of reservoirs (e.g. lakes) and assoiated bu�er ells.Livelli_iniz_s.dat Initial water levels in reservoirs.Depit.dat Depitting tolerane parameter.Lakes_map.dat Map of reservoir or lake ells.For the simulations the threshold value pond_h_min for distinguishing between saturationand ponding was set to 0.01 m. No stream hannels were prede�ned (a high value for theonstant ritial support area A* was used, implying only hillslope or rill overland �ow).No lakes or reservoirs were disretized on the subathment, and no seepage fae and non-atmospheri/non-seepage fae boundary onditions were used. Literature values were used forthe Leopold-Maddok and Gaukler-Strikler oe�ients. Aording to the JRC dataset thesoil depth is about 3 m. This soil depth was divided into 6 layers with di�erent harater-istis for the topmost and bottommost 3 layers (Table 2). The vertial disretization of thesubathment was made suh that eah layer is parallel to the surfae, inluding the base ofthe 3D grid. The maximum time step used in the simulations was 2.0 hours, adequate forapturing �ow proesses generated by daily-averaged inputs of evaporation and rainfall.For the Brisy subathment 6 surfae nodes were seleted for vertial pro�le output. Figure 9shows the loations of these seleted surfae nodes.17



Figure 9: Loation of seleted surfae nodes for vertial pro�le output6 Model simulations6.1 Preliminary simulationsIn order to get aquainted with the CATHY model and to determine the appropriate parame-ter settings, preliminary simulations were performed using only the FLOW3D module (i.e., nosurfae routing). Most of these simulations terminated before the end of the 240-day perioddue to numerial osillations and bak stepping. The mass balane errors for these simulationswere very large.The simulations started with a fully saturated vertial hydrostati pro�le and during thesimulations there was no atmospheri input. The objet of these simulations was to drain theathment and examine the behavior of the CATHY model and the e�et of various numerialdisretization and solution options (mass lumping, impliit time stepping, onvergene toler-anes, Dirihlet and seepage fae boundary onditions, soil harateristis, vertial layering,et.).The slopes of the Brisy subathment beome steeper towards the outlet in the south. Witha fully saturated vertial hydrostati pro�le and no routing of the water, very large pressureheads will build up at the surfae of the steeper slopes. A simulation was tried with only halfof the soil saturated and with a vertial hydrostati pro�le, giving better but still unsatisfa-tory results. For further simulations it was thus deided that surfae routing had to be takeninto aount and the oupled model, inluding SURF_ROUTE, should be used.18
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Figure 10: 10-day evaporation simulation:saturation at surfae at t=0h 4.85 4.9 4.95 5 5.05 5.1 5.15 5.2
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Figure 11: 10-day evaporation simulation:saturation at surfae at t=240h6.2 Simulation to generate initial onditionsTo generate initial pressure heads for the simulation of the 240-day storm-interstorm period,a 10-day drainage simulation was performed starting from fully saturated vertial hydro-stati onditions and applying a onstant evaporation rate of 6 mm/day for the entire 10-dayperiod. The intention was to establish �reasonable� starting onditions for the subsequentstorm-interstorm simulation, in the sense of having a partially saturated subathment (theperiod immediately preeding the seleted 240-day sequene is of relatively low rainfall) witha pressure head distribution that is adapted to the topographi and other features of thesubathment. The simulation results for this 10-day drydown period are shown in Figures10�17.6.2.1 A note on post-proessingThe output data of the CATHY model is strutured in a series of ASCII �les orrespondingto various primary and derived �elds distributed in spae and time. The primary output�eld is pressure head, and from this �eld the model also omputes moisture ontent (watersaturation), water table depth, relative ondutivity, and groundwater veloity. All these �eldsan be output at user-spei�ed simulation times and as 3D, 2D (surfae), and 1D (vertialpro�le) outputs. All post-proessing was done in MATLAB using sripts speially written toread in the output data from CATHY and generate graphis.6.3 240-day storm-interstorm simulationThe model and grid setup for the 240-day storm-interstorm period was the same as for the10-day evaporation simulation. The atmospheri input was given as a histogram derived fromFigure 8. Further parameter settings are given below, and the simulation results are shownin Figures 18�43. 19
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Figure 12: 10-day evaporation simulation:water saturation at surfae at t=240h −1.4
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Figure 13: 10-day evaporation simulation:pressure head (m) at surfae nodes t=0h
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Figure 14: 10-day evaporation simulation:pressure head (m) at surfae nodes t=240h 0
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Figure 15: 10-day evaporation simulation:water table distribution (m below surfae) att=0h
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Figure 16: 10-day evaporation simulation:water table distribution (m below surfae) att=96h 0
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Figure 17: 10-day evaporation simulation:water table distribution (m below surfae) att=240h
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ISIMGR (0 FLOW3D only w/ grid input,1 FLOW3D only w/ DEM input,2 FLOW3D and SURF_ROUTE w/ DEM) = 2PONDH_MIN (MIN. PONDING HEAD) = 1.00000E-02IPRT1 (FOR OUTPUT OF INPUT DATA) = 2IPRT (FOR ELEM VEL & DET NODAL OUTPUT)= 4NPRT (# OF TIME VALUES FOR DET OUTPUT)= 239NUMVP (# OF SURF NODES FOR VP OUTPUT) = 6NR (# OF NODES FOR PARTIAL OUTPUT) = 0KSLOPE (0 ANA, 1 KSL/ANA, 2 KSL/C-DIFF,3 LOC KSL/ANA, 4 LOC TAN-SLOPE) = 0TOLKSL (TOLERANCE FOR CHORD SLOPE) = 1.00000E-02ISFONE (0 ALL-NODE SFEX UPD, 1 1-NODE) = 1ISFCVG (0 NL CONVG W/O SFEX, 1 W/ SFEX) = 0TETAF (EG: 1 BACKWARD EULER, 0.5 C-N) = 5.00000E-01LUMP (MASS LUMPING IF NONZERO) = 0IOPT (1 PICARD, 2 NEWTON) = 1NLRELX (0 NORELX,1 CONS RELX,2 VAR RELX)= 0L2NORM (0 INFINITY NORM, ELSE L2 NORM) = 0TOLUNS (TOLERANCE FOR NONLINEAR ITER) = 1.00000E-02TOLSWI (TOLERANCE FOR BC SWITCHING) = 1.00000E+30ERNLMX (MAX ALLOWABLE CVG OR RESID ERR) = 1.00000E+30ITUNS (MAX NONLINEAR ITER / TIME STEP) = 10ITUNS1 (DELTAT INCREASE THRESHOLD) = 5ITUNS2 (DELTAT DECREASE THRESHOLD) = 8ISOLV (-5 BiCGSTAB w/ diag preond,-4 BiCGSTAB without preond,-3 TFQMR w/ diag preond,-2 TFQMR without preond,-1 TFQMR w/ K^-1 preond,0 BiCGSTAB w/ K^-1 preond,1 GRAMRB (min residual),2 GCRK(5) (ORTHOMIN),3 NONSYM (diret solver)) = 0ITMXCG (MAX ITER FOR CG LINEAR SOLVERS) = 500TOLCG (TOLER. FOR CG LINEAR SOLVERS) = 1.00000E-10DELTAT (INITIAL TIME STEP SIZE) = 1.00000E-03DTMIN (MINIMUM TIME STEP SIZE) = 1.00000E-06DTMAX (MAXIMUM TIME STEP SIZE) = 2.00000E+00TMAX (TIME AT END OF SIMULATION) = 5.76000E+03DTMAGA (MAG. FACTOR FOR DELTAT, ADD.) = 0.00000E+00DTMAGM (MAG. FACTOR FOR DELTAT, MULT.) = 1.03000E+00DTREDS (RED. FACTOR FOR DELTAT, SUB.) = 0.00000E+00DTREDM (RED. FACTOR FOR DELTAT, MULT.) = 7.50000E-01INITIAL PRESSURE HEAD1 -7.607E-01 2 -7.626E-01 3 -8.426E-01 4 -5.889E-015 -7.436E-01 6 -8.154E-01 7 -5.899E-01 8 -7.639E-019 -7.476E-01 10 -5.627E-01 11 -7.611E-01 12 -8.115E-0113 -7.890E-01 14 -8.161E-01 15 -7.920E-01 16 -8.293E-0117 -8.274E-01 18 -8.060E-01 19 -8.546E-01 20 -7.278E-01...37565 2.536E+00 37566 2.264E+00 37567 2.825E+00 37568 2.784E+0021



37569 1.836E+00 37570 1.372E+00 37571 1.298E+00 37572 2.486E+0037573 2.617E+00 37574 2.991E+00 37575 2.900E+00 37576 2.779E+0037577 2.466E+00 37578 2.345E+00 37579 2.254E+00 37580 2.334E+0037581 2.275E+00 37582 2.298E+00 37583 2.260E+00PMIN (AIR DRY PRESSURE HEAD VALUE) = -9.99999E+04IVGHU (0 van Genuhten,1 extended van Genuhten,2 Huyakorn with Kr=Se**n,3 Huyakorn with log_10 Kr(Se),4 Brooks-Corey) = 4BCBETA = 1.20000E+00BCRMC = 6.00000E-02BCPSAT = -4.50000E-01SATURATED HYDRAULIC CONDUCTIVITY, SPECIFIC STORAGE, AND POROSITY VALUESLAYER MAT.TYPE X-PERM Y-PERM Z-PERM STORAGE POROSITY1 1 2.50000E-02 2.50000E-02 2.50000E-02 1.60000E-02 4.50000E-012 1 2.50000E-02 2.50000E-02 2.50000E-02 1.60000E-02 4.50000E-013 1 2.50000E-02 2.50000E-02 2.50000E-02 1.60000E-02 4.50000E-014 1 3.71000E-03 3.71000E-03 3.71000E-03 1.60000E-02 4.90000E-015 1 3.71000E-03 3.71000E-03 3.71000E-03 1.60000E-02 4.90000E-016 1 3.71000E-03 3.71000E-03 3.71000E-03 1.60000E-02 4.90000E-01NDIR (# OF NON-ATM, NON-SF DIR NODES 2D)= 0NDIRC(# OF FIXED NATM,NSF DIR NODES 3-D)= 0NP (TOTAL # OF NATM,NSF DIR NODES 3-D)= 0NQ (# OF NON-ATM, NON-SF NEU NODES 3D)= 0NSF (# OF SEEPAGE FACES) = 0N (# OF NODES IN 3-D MESH) = 37583NT (# OF TETRAHEDRA IN 3-D MESH) = 185616NTERM (# OF NONZERO TERMS IN SYS. MAT.) = 273637HSPATM(0 SPAT. VAR. ATM BC, ELSE HOMO.) = 1TIME STEP: 1 DELTAT: 1.0000E-03 TIME: 1.0000E-03****************************************************************LINEAR SOLVER CONVERGENCE BEHAVIORiter residual real residual8 3.885401E-11 3.885401E-11 <<SYMMETRIC SOLVER>>NONLINEAR CONVERGENCE BEHAVIORiter- onvergene error norms node PNEW at POLD at residual error normsation PL2 PIKMAX IKMAX IKMAX IKMAX FL2 FINF1 2.3149E-03 1.4524E-03 10149 2.43E-01 2.41E-01 1.465E+01 2.432E+00CONVERGENCE ACHIEVED IN 1 ITERATIONSINFLOW (I) AND OUTFLOW (O) FROM ATM (A) AND NON-ATM, NON-SEEP FACE (N) BC'S;'C F' CURRENT FLUX; 'P F' PREVIOUS FLUX; 'VOL' VOLUMEIA DIRIC OA DIRIC IN DIRIC ON DIRIC IA NEUMN OA NEUMN IN NEUMN ON NEUMNC F 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+0022



P F 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00VOL 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00TOTAL I VOL TOTAL O VOL STOR CHNG VOL | ABS MASS BAL ERR REL MASS BAL ERR,%0.000E+00 0.000E+00 -8.55085E-02 | 8.55084941E-02 0.0000000000E+00TIME STEP: 2 DELTAT: 1.0300E-03 TIME: 2.0300E-03****************************************************************...Figures 18, 26 and 30 are idential to Figures 10, 13 and 15 sine the 10-day evaporationsimulation generated the initial onditions for the 240-day storm-interstorm simulation. Fig-ures 19, 23, 27 and 31 give the output at t=2160h (90 days, 1st of May). From Figure 8 itan be seen that this is after a relatively dry period. Compared to t=0 the pressure head atthe surfae in the Brisy subathment has dereased (Figure 27), the surfae is less saturated(Figure 19 and 23), and the water table has dropped (Figure 31). These �gures also showthat the water is more onentrated in the river Brisy. Figure 20 shows the saturation at thesurfae at t=4321h (180 days, 30 July). From Figure 8 it is shown that this is after a periodwith relatively high rainfall, but also with high evapotranspiration rates. Compared to Figure19 (t=2160h) more of the surfae is saturated. Figures 24 and 28 give the saturation at thesurfae and the pressure head at the surfae (m) at t=4321h. These �gures also appear wetterthan at the earlier time (Figures 23 and 27, t=2160h)). Compared to t=2160h the water tablehas dropped slightly but saturation along the river Brisy is even more pronouned (Figure 32).Figures 21, 25, 29 and 33 give the output for t=5760h (240 days, 2 Otober). These �guresdo not vary muh from Figures 20, 24, 28 and 32 (t=4321h).Figures 34�39 give the vertial pro�le of pressure head at di�erent loations (see Figure 9 forthe seleted transet). Nodes 3295, 3315 and 3331 are loated on the west bank of the riverBrisy, nodes 3341 and 3347 on the east bank, and node 3337 is loated within the river itself.Figures 34, 35, 36 and 39 show an idential pattern with high pressure after a period withlittle evapotranspiration and lower pressure after a period with higher evapotranspiration. Itis interesting that for the nodes furthest from the stream (3295, 3315, 3331 and 3347) thevertial pro�les hange rapidly at early time while at later times (t=4321h and t=5760h) thehange in pressure head distribution is very small and is signi�ant only near the surfae.After about 180 days these �upslope� pro�les have more or less beome equilibrated with theimposed 240-day wet-and-dry yle represented by the rainfall and evapotranspiration datafor 1993. For the nodes losest to or at the stream (3337 and 3341), on the other hand, theresponse to the storm-intersorm foring is slower at early times but faster at later times, mostlikely due to the disharge funtion of these �downslope� nodes in reeiving, with some delay,water from upslope nodes.Figures 40�43 show the groundwater veloities at t=0h and t=5760h for the top layer andthe bottom layer. Groundwater veloities learly inrease towards the outlet of the Brisysubathment.
23



4.85 4.9 4.95 5 5.05 5.1 5.15 5.2

x 10
4

2.8

2.85

2.9

2.95

3

3.05

3.1

x 10
4 Saturation at surface at 0 h

(m)

(m
)

Unsaturated
Horton saturated
Dunne saturated

Figure 18: 240-day storm-interstorm simula-tion: saturation at surfae at t=0h 4.85 4.9 4.95 5 5.05 5.1 5.15 5.2
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Figure 19: 240-day storm-interstorm simula-tion: saturation at surfae at t=2160h
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Figure 20: 240-day storm-interstorm simula-tion: saturation at surfae at t=4321h 4.85 4.9 4.95 5 5.05 5.1 5.15 5.2
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Figure 21: 240-day storm-interstorm simula-tion: saturation at surfae at t=5760h7 Conlusions and reommendationsIt an be onluded that for the 240-day storm-interstorm sequene the CATHY model per-formed a representative simulation that an be used as the basis of a syntheti dataset formodel interomparisons and for testing data assimilation methodologies. A loser analysis ofthe simulation results is needed to examine some small numerial anomalies suh as the �blakspots� (indiating unsaturated vertial pro�les at these nodes) that appear in Figures 30�33alongside the otherwise saturated hannel of the Brisy river. These may be aused by numer-ial osillations in the onvergene of the model whih are known to our highly saturatedonditions.To improve the results of the simulation, more detailed soil data an be used, taking intoaount variations in soil depth and soil texture. Aording to the JRC dataset the soil depthis about 3 m and is fairly homogeneous over the Brisy subathment. More reent higherresolution data suggests that the soils in the upslope reahes of the athment are muh24



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

4.85 4.9 4.95 5 5.05 5.1 5.15 5.2

x 10
4

2.8

2.85

2.9

2.95

3

3.05

3.1

x 10
4

(m)

(m
)

Water stauration at surface nodes at 0 h

Figure 22: 240-day storm-interstorm simula-tion: water saturation at surfae at t=0h 0
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Figure 23: 240-day storm-interstorm simula-tion: water saturation at surfae at t=2160h
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Figure 24: 240-day storm-interstorm simula-tion: water saturation at surfae at t=4321h 0
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Figure 25: 240-day storm-interstorm simula-tion: water saturation at surfae at t=5760h

−4.5

−4

−3.5

−3

−2.5

−2

−1.5

−1

−0.5

0

0.5

4.85 4.9 4.95 5 5.05 5.1 5.15 5.2

x 10
4

2.8

2.85

2.9

2.95

3

3.05

3.1

x 10
4 Pressure head at surface nodes at 0 h

(m)

(m
)

Figure 26: 240-day storm-interstorm simula-tion: pressure head (m) at surfae nodes t=0h −4.5

−4

−3.5

−3

−2.5

−2

−1.5

−1

−0.5

0

0.5

4.85 4.9 4.95 5 5.05 5.1 5.15 5.2

x 10
4

2.8

2.85

2.9

2.95

3

3.05

3.1

x 10
4 Pressure head at surface nodes at 2160.002 h

(m)

(m
)

Figure 27: 240-day storm-interstorm simu-lation: pressure head (m) at surfae nodest=2160h
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Figure 28: 240-day storm-interstorm simu-lation: pressure head (m) at surfae nodest=4321h
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Figure 29: 240-day storm-interstorm simu-lation: pressure head (m) at surfae nodest=5760h
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Figure 30: 240-day storm-interstorm simula-tion: water table distribution (m below sur-fae) at t=0h 0
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Figure 31: 240-day storm-interstorm simula-tion: water table distribution (m below sur-fae) at t=2160h
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Figure 32: 240-day storm-interstorm simula-tion: water table distribution (m below sur-fae) at t=4321h 0
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Figure 33: 240-day storm-interstorm simula-tion: water table distribution (m below sur-fae) at t=5760h26
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Figure 34: 240-day storm-interstorm simula-tion: vertial pro�le of pressure head at sur-fae node 3295 −1.5 −1 −0.5 0 0.5 1 1.5 2 2.5
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Figure 35: 240-day storm-interstorm simula-tion: vertial pro�le of pressure head at sur-fae node 3315
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Figure 36: 240-day storm-interstorm simula-tion: vertial pro�le of pressure head at sur-fae node 3331 −1 −0.5 0 0.5 1 1.5 2 2.5 3 3.5
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Figure 37: 240-day storm-interstorm simula-tion: vertial pro�le of pressure head at sur-fae node 3337
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Figure 38: 240-day storm-interstorm simula-tion: vertial pro�le of pressure head at sur-fae node 3341 −1.5 −1 −0.5 0 0.5 1 1.5 2 2.5
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Figure 39: 240-day storm-interstorm simula-tion: vertial pro�le of pressure head at sur-fae node 334727
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Figure 40: 240-day storm-interstorm simulation: groundwater veloity (m/h) at t=0h inlayer 1
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Figure 41: 240-day storm-interstorm simulation: groundwater veloity (m/h) at t=0h inlayer 7 28
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Figure 42: 240-day storm-interstorm simulation: groundwater veloity (m/h) at t=5760h inlayer 1
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Figure 43: 240-day storm-interstorm simulation: groundwater veloity (m/h) at t=5760h inlayer 7 29
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