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Abstract This paper presents a distributed hydrological model for the
evaluation of water resources, which has been obtained by extending the
capabilities of VISUAL-BALAN V2, a lumped hydrological code developed
by the University of La Corufia, and coupling it to a GIS. VISUAL-BALAN is
a lumped hydrological model, which solves the water balance equations in the
soil, the unsaturated zone and the aquifer. It requires only a few parameters
and incorporates user-friendly interfaces for data input and post-processing of
results. It evaluates hydrological components in a sequential manner. Besides
the balance in the upper soil the code also solves the water balance equations
in the unsaturated zone and the underlying aquifer. This allows the computa-
tion of daily groundwater levels, as well as basin water discharge rates.
Computed heads and streamflows can be compared to measured values for the
purpose of model testing and calibration. VISUAL-BALAN accounts for
irrigation sources and return flows. It also allows for snow precipitation,
melting and runoff. Two advanced options have been developed: (1) automatic
parameter estimation using groundwater level and streamflow data; and
(2) sensitivity analyses of the main components of the water balance with
respect to model parameters.
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INTRODUCTION

Any hydrological study requires performing water balances on different hydrological
components that must be solved numerically. Aquifer recharge estimation requires
balance methods (Custodio ef al., 1997). The results of these balances must be tested
with groundwater level and streamflow data. It is also convenient to verify its
coherence with the results obtained by hydrochemical (chloride balance) and isotopic
methods, and with aquifer flow models. However, balance methods have some
limitations, caused mainly by the difficulties and uncertainties for the estimation of
some model parameters such as the available water capacity and AET. In 1988 a
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lumped hydrological model—BALAN code—was developed to estimate the aquifer
recharge. This code solves the balance equations in the soil, the unsaturated zone and
the aquifer, and requires a small number of parameters. It has been used by many
Spanish and Latin American scientists and technicians in different hydrological fields.
An interactive version of the code, VISUAL-BALAN V1.0, was released in 1999
(Samper et al., 1999). It incorporates a user-friendly environment, not only for data
input but also for post-processing of results. The code allows computing sensitivities to
model parameters and perform automatic estimation of such parameters. Here we
present the most recent work implemented in VISUAL-BALAN V2.0, which has been
tested on a small pyrenaic watershed of the Tor River, a tributary of the Noguera
Pallaresa River. Finally, the on-going work to couple VISUAL-BALAN to Geographic
Information Systems is described.

VISUAL-BALAN

VISUAL-BALAN V2.0 considers three components. The soil in which rainfall
infiltration (and also the water coming from irrigation), transpiration and evapotrans-
piration processes takes place. The outputs are evapotranspiration and downward
vertical flow, sometimes called effective rainfall by some authors (Samper & Garcia
Vera, 1992). Perched aquifers can exist in the unsaturated zones, which may lead to
subsurface flow (interflow). The vertical downward flow corresponds to percolation or
aquifer recharge.

Precipitation P (once discounted interception by vegetation) is distributed between
surface runoff (Es) and infiltration (/). A part of infiltration comes back to the
atmosphere by evapotranspiration (4ET), another part increases the water content in
the soil and the remaining part contributes to potential recharge (Pe), which is the input
of water to the vadose zone. Inside of this zone, the water can flow horizontally to the
atmosphere, as interflow (Qh), or it can percolate vertically to the aquifer (QOp).
Percolation is therefore similar to aquifer recharge. Groundwater discharge (Qs) is the
natural aquifer output to the river or any other surface water body. The state variables
of each one of these three components are water content, usually expressed as water
equivalent height (volume per unit surface) in mm.

VISUAL-BALAN V2.0 performs sequential daily water balances in the soil, the
unsaturated zone and the aquifer. The main aspects of the balance are the input of
precipitation and irrigation, the output by water interception, surface runoff,
evapotranspiration, interflow and groundwater flow, soil water variation and water
level in the aquifer. The program works with hydrological years considering the
presence of leap-years. It evaluates each one of the balance aspects sequentially,
beginning with precipitation and irrigation, which are known, interception (evaluated
by Horton or Singh methods), surface runoff (by Horton’s law or Curve Number
method from US Soil Conservation Service) and actual evapotranspiration, and
finishing with recharge.

Potential evapotranspiration can be evaluated by any of the following methods:
Thornthwaite, Blaney-Criddle, Makkink, Penman, Turc, Hargreaves, or data provided
by the user. Calculating AET from the PET is possible by means of four methods:
Penman-Grindley, a method where the fraction AET/PET is a linear function of the
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water deficit in the soil, a third method in which this function is given by an
exponential term, and a modification of Penman-Grindley’s method.

Potential recharge has two components. The first one corresponds to preferential
flow (direct recharge) through fissures, macropores, roots, etc. In this mechanism the
recharge is directly proportional to the water supplied to the soil. The second
component obeys Darcy’s law and flows slower than the first component, being
conditioned by the soil vertical hydraulic conductivity at saturated conditions.
VISUAL-BALAN V2.0 provides three options to calculate this component as a
function of the water content in the soil.

VISUAL-BALAN V2.0 computes the water balance in the unsaturated zone.
Potential recharge is the inflow to the unsaturated zone. Once the volume of this zone
is updated, considering the input P,, outflows—interflow O, and vertical percolation
Q,—are computed by explicit or implicit numerical schemes. For the aquifer, the code
solves the aquifer flow equation, using an explicit finite difference method. It allows
evaluating the piezometric levels at different locations, which can be compared to
measured heads.

The total flow is computed as the sum of the interflow or subsurface flow, ground-
water flow and surface runoff. These results can be compared with measured stream-
gauge data. The program has the capability of automatically estimating model param-
eters based on Powell’s multidimensional minimization method (Samper et al. 1999).

Since VISUAL-BALAN V2.0 is a lumped model, its results are mostly
representative for homogeneous and small basins. To overcome this limitation, the
program is prepared to accept the subdivision of the main basin into several sub-
basins, where independent balances can be performed. Results of each sub-basin are
combined afterwards to obtain the results for the total basin (see Fig. 1). It is possible
to work with several hydrometereological stations to fulfil possible data gaps or to
compute weighted averages of different stations.
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Fig. 1 Main window of VISUAL-BALAN V2.0 output results.
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VISUAL-BALAN V2.0 has interfaces for data input and processing computation
results. In this way, it is an interactive code that allows a fast data input and the
possibility to easily interpret the results. All the information needed by the user is
shown by plots and graphs, which illustrate the behaviour of hydrological variables.
These capabilities make manual or automatic model calibration easy.

VISUAL-BALAN V2.0 includes the following improvements to: (a) Working
directly with precipitation, weather and streamgauge data files commonly used by
water authorities; (b) consider time series up to 100 years; (¢) incorporate snow pre-
cipitation, retention, melting and runoff processes; and (d) perform balances on several
sub-basins. Snow melting is a mechanism of surface runoff generation in mountain
basins. Precipitation episodes, which coincide with melting phases, can lead to large
flow rate peaks and contribute to snow melting.

VISUAL-BALAN APPLICATIONS

VISUAL-BALAN V2.0 code and its predecessors, BALAN (Samper & Garcia Vera,
1992) have been applied to several basins of diverse hydroclimatologic and geologic
conditions (Samper & Garcia Vera, 1997).

Soriano & Samper (2000) present the study in the Valifias River, a tributary of the
Mero River, located near La Coruiia. It is a small basin of 34 km? in area (see Fig. 2).
The main course of the river has a length of 12 km and is entirely located on granite
rocks. These rocks present a surface alteration up to a depth between 5 and 20 m
(Samper et al., 1997). To perform the water balance between 92/93 and 97/98, initial
parameter values were estimated based on the Valifias basin characteristics. Model
parameters were calibrated using only streamflow data. The calibrated parameters
were: field capacity (the final result was 0.307), soil thickness (1.4 m), vertical hydrau-
lic conductivity (1.9 x 10°® m s™) and the Penman-Grindley method coefficients for
AET calculation. In all cases, the Penman-FAO method was used to calculate PET.
Later, the calibration was performed using streamflow and groundwater level data. The
final fit is excellent for both groundwater and streamflows (Soriano & Samper, 2000;
see Figs 2 and 3).

Espinha Marques et al. are developing the hydrogeological study in Serra da
Estrela (Portugal). The Serra da Estrela study area consists of the river Zézere
catchment upstream of the Manteigas village (corresponding to an area of 28.04 km?).
Serra da Estrela (the highest mountain in the Portuguese mainland) is located in the
Central-Iberian Zone of the Iberian Massif. The basin altitude varies from 875 m, at
the Manteigas streamflow gauge station weir, to 1993 m a.s.l. at the Torre summit. The
Serra da Estrela climate has Mediterranean features, with mean annual precipitation
reaching 2500 mm in the most elevated areas; snowfall is frequent and snow persists
for long periods above 1700 m a.s.l. Mean annual air temperatures are below 7°C in
most of the plateau area, but in the Torre vicinity they may be as low as 4°C. The
modelling process, by means of VISUAL-BALAN, requires temperature and
precipitation data from two meteorological stations located in the vicinity of the basin:
the Penhas Douradas station (1383 m a.s.l.) and the Manteigas station (815 m a.s.L.).
The definition of sub-basins is in course and is closely related to the definition of the
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Fig. 2 Comparison between measured and computed streamflows in the Valifias River
basin performed with VISUAL-BALAN V2.0.
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Fig. 3 Comparison between measured and computed piezometric head in the Valifias
River basin performed with VISUAL-BALAN V2.0.

hydrogeomorphological units. For this purpose, several criteria are being considered—
geology, hydrogeology, geomorphology, climate, soil type and land use—in order to
achieve the best possible representation of the basin complexity. The climate data
treatment is an especially delicate task due to the presence of strong temperature and
precipitation vertical gradients.

BALAN and VISUAL-BALAN V2.0 have been widely used in Spanish basins and
many South American countries. Some of the main applications of VISUAL-BALAN
include: (a) Water Planning: Garcia Vera has modelled water resources of hundreds of
Ebre River sub-basins (Garcia Vera & Arqued, 2000; Samper & Garcia Vera, 2000).
Heredia & Murillo (2002) have modelled several sub-basins in the southeast of Gran
Canaria island; (b) Groundwater recharge evaluation by means of water balances
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(Samper & Garcia Vera, 1997; Samper, 1998); (c) Water resources evaluation in
karstic areas of Baleares, Catalonia and Vasque Country (Valls, 2001); (d) Radioactive
waste management: The modelling was performed for the safely assessment near waste
facilities at Andujar and El Cabril in Spain, as well as in paleohydrological studies
(PADAMOT European Project; Samper & Garcia Vera, 1997); (e) Hydrological
characterization for the location of toxic waste disposal in low permeability zones
(Aliaga et al., 2004); (f) Wetland hydrology in Dofiana, Monegros (Samper & Garcia
Vera, 1997, Castanieda, 2004; Castanieda & Garcia Vera, 2004) and Gallocanta (Blasco
et al., 2004); (g) Hydrology of humid basins in Galice, Spain (Soriano & Samper,
2000); (h) Hydrology of granitic basins. Applications to Galice (Samper et al., 1997,
Samper et al., 2000; Soriano & Samper, 2000); (i) Hydrology of coastal aquifers:
Hydrogeological characterization, recharge evaluation and study of salt intrusion
(Romero et al., 2004); (j) Influence of a reservoir on the underlying aquifer: modelling
of the Motril-Salobrefia aquifer (Granada, Spain) which is affected by Rules Reservoir
(Garcia-Aréstegui et al., 2001).

ON-GOING WORK

A pre-processor has been developed as an input interface to VISUAL-BALAN V2.0.
Beginning with a digital elevation model and using the geomorphologic data in the
GIS (Geographic Information System), the pre-processor interprets the model input
data: sub-basin delineation, drainage network, morphologic parameters (average slope,
characteristics, soil type and use of soil). Some improvements are expected to be able
to model complex basins considering the spatial variation of model parameters (dis-
tributed parameter model) and surface runoff propagation. GIS will provide average
parameter values for each sub-basin delineated by the pre-processor in the first step.
Available meteorological data from different stations will be processed in the GIS to
create maps that describe the spatial variability of weather variables. This information
will then be processed to obtain a series of average values for each sub-basin, in the
same way as morphologic parameters. Connectivity between sub-basins will be
established and so flow propagation will be calculated for the entire basin. A further
step is planned in the future to be able to apply the balance equations to smaller areas,
taking full advantage of the capabilities of the GIS. The following input data will be
obtained from GIS: (a) geographic data: latitude; (b) hydrometeorology data: daily
rainfall and mean daily temperature; depending on the PET method: daily bright
sunshine values, relative humidity and windspeed data; (c) soil data: soil thickness,
porosity, field capacity, wilting point, initial water content and vertical hydraulic
conductivity; GIS information about morphologic parameters, soil type and its use, and
geology, among others, will provide data; (d) crop type and irrigation rates: monthly
irrigation rates, initial and last day of irrigation in each month and growing season
duration (all of these obtained from data base and soil type); (e) rainfall interception:
vegetation type and mean vegetation height (from soil type and forest inventory);
(f) surface runoff computation: a-Horton’s law: highest and lowest rate of infiltration
(depending on morphologic parameters, soil type and use) and/or b-Curve Number:
initial abstraction, number of sub-basin zones (specified by the user) and curve number
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for each zone (computed by the model from terrain and soil properties); (g) snow
precipitation and melting processes (optional): these parameters will be fixed and
calibrated by the user; (h) preferential flow (direct recharge), if selected: coefficients
derived from the same data as soil parameters; (i) evapotranspiration: parameters used
in each of the four available methods will be fixed by the user or obtained from the
database and then calibrated; (j) unsaturated zone data: vertical hydraulic conductivity,
interflow and percolation depletion coefficients; these parameters might be obtained
from geologic information; (k) aquifer data: depletion coefficient, storage coefficient,
transmissivity and reference water head; these parameters will be obtained from
streamflow and hydrogeological data.

A post-processor to VISUAL-BALAN V2.0 output interface is being planned. The
results of the hydrological model will be post-processed and then integrated in the
basin GIS. Developments and modifications are being tested in the Valifias River basin
(La Coruna) and several representative sub-basins of the Ebre River basin in alluvial
and karstic formations.

CONCLUSIONS

The main aspects of the VISUAL-BALAN V2.0 code have been presented. Its most
recent developments include snow precipitation and evaluation of water balance in
several sub-basins. On-going work is being performed to couple VISUAL-BALAN
V2.0 to a GIS and develop pre- and post-processing interfaces. Current capabilities of
VISUAL-BALAN are being extended to cope with distributed parameters for both
surface water and groundwater, surface runoff routing, full integration of surface water
and groundwater; and a physical representation of unsaturated water flow. These
developments are being applied to two Atlantic basins in Spain (Valifias River basin
near La Corufia) and Serra da Estrela (Portugal), and a representative sub-basin in the
Ebre River Basin.

Acknowledgements This work has been funded by Research Projects from Comision
Interministerial de Ciencia y Tecnologia (Project AMB95-0997-C02-01, HID98-282
and REN2003-8882) and Conselleria de Educacion de la Xunta de Galicia (Project
XUGA1180A94), as well as several R+D projects funded by Empresa Nacional de
Residuos Radiactivos (ENRESA). A large part of VISUAL-BALAN V2 improvements
were made within a joint project of Confederacion Hidrografica del Ebro and
Universidad de La Corufa (code 2000-PH17-I). We thank those who contributed to
code improvements.

REFERENCES

Aliaga, R., Sahuquillo, A. & Custodio, E. (2004) Estimacion de parametros hidrogeoldgicos en una formacion de baja
permeabilidad. IV Asamblea Hispano-Portuguesa de Geofisica y Geodesia, Figueira Da Foz. In: VIII Simposio de
Hidrogeologia. Zaragoza (ed. by O. Blasco, J. San Roman, & M Garcia Vera), 735-736. Modelado numérico de flujo
de la Unidad Hidrogeologica de Gallocanta (Cuenca del Ebro). Asociacion Espafiola de Hidrogeologos (AEH),
513-523.

Castaiieda, C. (2004) Las saladas del sur de Monegros: facies, régimen hidrico y estado actual. PhD Thesis, Universidade
da Coruila, Spain.



266 Javier Samper et al.

Castafieda, C. & Garcia Vera, M.(2004) Balance de agua en medios semiaridos: aplicacion a tres saladas de Monegros.
VIII Simposio de Hidrogeologia. Zaragoza. Asociacion Espafola de Hidrogedlogos (AEH), 205-215. In: Snow
Hydrology (Corps of Engineers, NTIS PB-151660, North Pacific Division), Portland, Oregon, USA.

Custodio, E., Llamas, M. R. & Samper, J. (eds). (1997) La evaluacion de la recarga a los acuiferos en la planificacion
hidroldgica. Seminario de la AIH-GE. Las Palmas de Gran Canaria. Madrid. Ed. Instituto Tecnolégico Geominero de
Espafia.

Garcia-Arodstegui, J., Heredia, J., Murillo, J., Rubio-Campos, J., Gonzalez-Ramoén, A. & Lopez-Geta, A. J.(2001) Primera
aproximacion mediante modelizacion al analisis de la influencia del embalse de Rules en el régimen hidrologico del
acuifero de Motril-Salobrefia (Granada). V Simposio sobre el agua en Andalucia. Almeria. Volume II, section:
Hidrogeologia. 25-28 September.

Garcia Vera, M. & Arqued, V. (2000) Evaluacion de los recursos hidricos subterraneos en el dominio hidrogeoldgico Alto
Jalon—Alto Jiloca. Geotemas 1(2), 87-91. Madrid, Spain.

Heredia, J. & Murillo, J. (2002) Balance hidrico y estimacion de la recarga mediante modelacion numérica en pequefias
cuencas del sector sudoriental de la isla de Gran Canaria. XI Congreso Internacional de Industria, Mineria y
Metalurgia. Zaragoza.

Romero, P., Elorza, F., Murillo, J., Hornero, J. & Hernandez, L. (2004) Estimacion de la recarga en el acuifero del cabo
Roig (Alicante). In: VIII Simposio de Hidrogeologia. Zaragoza. Ed. A.E.H., tomo XXVI, seccion Simulacion
Matematica.

Samper, J. (1998) Evaluacion de la recarga por la lluvia mediante balances de agua: Utilizacion, Calibracion e
Incertidumbres. Boletin Geoldgico y Minero 109(4), 31-54.

Samper, J. & Garcia Vera, M. A. (1992) Manual de usuario del programa BALAN_8. Dpto. Ingenieria del terreno. E. T. S.
de Ingenieros de Caminos. UPC. Barcelona, Spain.

Samper J. & Garcia Vera M. A. (1997) Estimacion de la recarga producida por la lluvia y los excedentes de riego mediante
balances diarios de agua en el suelo: Experiencias en diferentes zonas climaticas. In: Seminario sobre La evaluacion
de la recarga a los acuiferos en la Planificacion Hidrologica, Las Palmas de Gran Canaria. Ed. ITGE, 367-379.

Samper, J. & Garcia Vera M. A. (2000) Metodologia para la cuantificacion de los aprovechamientos potenciales de la
cuenca del Ebro mediante balances de agua. Technical assistance of UDC to Confederacion Hidrografica del Ebro,
Code 2000-PH-17-1.

Samper, J.; Soriano, G. & J. Molinero (1997) Las aguas subterraneas en Galicia: Resultados en la cuenca piloto del rio
Valifias. Hydrogeology of Hard Rocks, Ed. A.LLH: G.E. 149-157.

Samper J., Huguet, L., Garcia-Vera, M. A. & Ares, J. (1999) Manual del usuario del programa VISUAL-BALAN V.1.0:
Codigo interactivo para la realizacion de balances hidrologicos y la estimacion de la recarga, Technical Report for
ENRESA. Universidad de A Coruiia. 124 pp.

Samper, J., Huguet, L., Ares, J. & Garcia Vera, M. (2000) Modelos interactivos de balance hidroldgico: aplicacion a
cuencas de Galicia. Jornadas hispano-lusas sobre las aguas subterraneas en el noroeste de la peninsula ibérica.
A Coruia. Ed. ITGE, 211-219.

Soriano, G. & Samper, J. (2000) Hidrogeologia de una pequeia cuenca piloto en medios graniticos: Cuenca del Valifias (A
Coruia). Jornadas hispano-lusas sobre las aguas subterraneas en el noroeste de la peninsula ibérica. A Coruna. Ed.
ITGE, 73-81.

Valls, M. (2001) Caracterizacion de la recarga y estimacion del almacenamiento en el acuifero karstico de Troya
(Guiptizcoa) mediante la utilizacion del modelo VISUAL-BALAN vy la realizacion de balances hidricos generales.
Master Thesis. UPC, Barcelona, Spain.



