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Abstract 

 

 

Fully-transient groundwater model can describe the groundwater regime with more accuracy and 

reliability because it works with spatio-temporally distributed fluxes. Groundwater evapotranspiration 

(ETg) i.e. direct loss of water from groundwater table is an underestimated component of groundwater 

balance in Hydrology. This study was aimed at evaluating the groundwater evaporation (where 

transpiration is assumed as negligible due to the lack of trees in the selected Pisoes study area) 

through fully transient groundwater model with spatio-temporally variable groundwater fluxes. The 

temporal distribution of external groundwater fluxes i.e. recharge and evapotranspiration was 

delineated from 1D EARTH models carried out in ten locations in the study area for preliminary 

MODFLOW model input. The spatial distribution of recharge was delineated by producing recharge 

index map from mainly three criteria for the Pisões catchment namely the top clay soil thickness, soil 

type and land cover. The spatial distribution of ET was delineated from the S-SEBI remote sensing 

energy balance method of evaluating ET based on Landsat TM5 image of 1 September 2007 and 

assumed to have the same pattern through the simulated stress periods. That ET of the dry season was 

assumed as equal to groundwater evaporation (Eg) and later calibrated in the model. The resultant Eg 

was then compared with the evaporation rate evaluated from the stable isotope (δ2H and δ18O) 

analysis. 

 

The result shows that the average dry season Eg has been evaluated as 0.457 mm/d when the recharge 

was almost zero. The model calibrated highest Eg occurred during the stress period 17 (0.515 mm/d) 

where the lowest Eg among the dry stress periods occurred during the stress period 14 (0.276 mm/d). 

The model calibrated average base flow of SP20 was 26.3 l/s where the base flow measured at the 

catchment outlet at the end of September 2007 (end of SP20) as 15 l/s. The model calibrated Eg 

occurred during the stress period 20 (0.238 mm/d for the cells where isotopic concentration was 

measured) was found much lower comparing to the evaporation estimated from the isotopic 

enrichment in the unsaturated soil (E = 0.11 mm/d from δ2H and 0.094 mm/d from δ18O). Therefore 

0.238 mm/d is the sum of Eg and regional groundwater outflow Qr and the stable isotope E = Eg. This 

is roughly equal to 0.1 mm/d. This means that most likely the difference 0.238-0.1= 0.138 mm/d is (i) 

gone to: Sado river by deep regional drainage; and/or (ii) taken/stolen by farmers. 
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1. Introduction 

1.1. Background of the study 

 

Groundwater constitutes about 30% of the world’s total fresh water and 99% of its total stock of 

liquid fresh water (Shiklomanov & Sokolov, 1983). Groundwater is a crucial link in the hydrologic 

cycle because it is the source of most of the water in rivers and lakes. Groundwater is also important 

as the direct source of water withdrawn for domestic water use, irrigation and industrial uses 

worldwide (Dingman, 2002). Accurate estimation of groundwater resources, including their spatial 

and temporal distribution i.e. groundwater regime, are a prerequisite for sustainable groundwater 

management in places where most water uses depend on groundwater and where there is scarcity of 

groundwater like a semiarid region. The Pisões catchment of 20 km2 is located in southern Portugal in 

the vicinities of Beja, a major town, in the Alentejo province. The study area is characterized by 

fertile soils and easy access to surface and groundwater for irrigation. Therefore it is used for intense 

agricultural practices growing olive and oak tress, sunflower, corn, wheat, peas, vine and melon. This 

intense cereal cultivation practice has led to an excessive use of fertilizers and pesticides; 

Consequently their diffuse and continuous introduction into the surface and groundwater systems 

(Serra et al., 2003). 

 

The Alentejo province is one of the most economically depressed regions in Portugal. Having suffered 

cyclical droughts that have threatened the public water supply in 1991 and 1995, of its 47 counties, 

66% depend almost exclusively on groundwater for their public supply, agriculture and industry. 

Public service water is usually a combination of 77% groundwater and 23% Roxo reservoir’s water 

(Paralta, 2001). 

 

The Beja gabbro-dioritic aquifer is the most productive in the province (Serra et al., 2003) and has 

successfully supplied Beja’s 20000 inhabitants with water at a pump rate of approximately 6000 

m3/day (Paralta, 2001) until 1985, when the Roxo Dam started supplying in part surface water to Beja.  

 

The Pisões catchment discharges its natural drainage water and treated urban wastewater to the 

Chaminé River, which tributes to the Oufeiro River that outflows into the Roxo reservoir. From there 

it is pumped out as domestic use, agricultural, drinking and industrial water for Beja’s public use. 

 

Several studies have been carried out in this area; nevertheless to date there is little information on 

actual evapotranspiration, catchment surface and underground discharge and aquifer parameters. 

Recharge which is the only groundwater inflow for the study area has been assessed by (Cortez, 2004) 

where he evaluated groundwater balance at some extent by numerical modelling.  
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ITC’s Water Resources department began executing its Portugal Project in 2002 and in 2003 its 

groundwater component. During June and September 2003 the first fieldwork campaigns were carried 

out by a number of students of ITC. The previous and present fieldwork during September 2007 

carried out by three ITC students facilitated the preparation of this thesis.  

 

This thesis is aimed at contributing to the knowledge on groundwater regime and groundwater balance 

of the Pisões aquifer by means of numerical groundwater modelling with spatio-temporal groundwater 

fluxes to ensure the sustainable groundwater management. In reality, groundwater fluxes are 

substantially variable in time, particularly in such semi-arid environment as Pisões area with clear wet 

and dry seasons. In order to improve the knowledge about those fluxes and also about overall 

groundwater balance, a fully transient MODFLOW model of the Pisões aquifer has been attempted to 

describe the groundwater regime more accurately and more sophistically. 

 

1.2. Research problem 

 

Groundwater evapotranspiration (ETg) i.e. direct loss of water from groundwater table, is an 

underestimated component of groundwater balance in Hydrology. Recent studies confirmed that ETg 

can take place even from depth of more than 25m (Scanlon et al., 2003). 

 

ETg can be derived as dependent variable in model calibration. The reliability and accuracy of such 

determination is largely dependent on data availability and on the applied model solution. The most 

reliable model solutions can be done as fully transient models (Lubczynski & Gurwin, 2005) with 

spatio-temporally variable recharge and groundwater evapotranspiration fluxes. 

 

This study is proposed in the ~20 km2 Pisões catchment in Portugal (Figure-2.1 and 2.2). In this study 

area, there are nearly no trees, so the convenient assumption that groundwater evapotranspiration 

(ETg) is equal to groundwater evaporation (Eg) can be assumed. 

 

1.3. Research questions 

 

1.3.1. General research question 

Can the groundwater regime be simulated in a reliable way to find out groundwater evaporation in a 

semi-arid area where groundwater evaporation is a significant component of groundwater balance 

during dry period? 

  

1.3.2. Specific research questions 

The specific research questions of the study are as follows: 
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1. Which data are necessary to establish a spatio-temporally distributed groundwater model in 

Pisões catchment? 

2. How to establish fully transient model of the Pisões catchment? 

3. How to derive Eg from the fully transient model in the most reliable way?  

4. Which other, independent Eg evaluation method to use to compare the results with Eg derived 

from the numerical model? 

 

1.4. Objectives 

 

The study is focused on developing a fully-transient groundwater model to simulate groundwater 

regime and groundwater balance of the Pisões catchment aquifer in southern Portugal. The specific 

objectives to be achieved in this study are 

1.  To setup, calibrate and evaluate uncertainty of the fully-transient groundwater model of the 

Pisões catchment; 

2.  To compare model calibrated Eg with other, independent experimental estimates of Eg. 

 

1.5. Assumptions 

 

There are two types of external fluxes applicable in numerical groundwater modeling, recharge (R) 

and groundwater evapotranspiration (ETg). The difference R – ETg is referred as net recharge (Rn). 

Groundwater evapotranspiration (ETg), which is a form of groundwater discharge, is much less known 

than R and often underestimated (Lubczynski & Gurwin, 2005). ETg is a sum of groundwater 

transpiration (Tg) and groundwater evaporation (Eg). In many locations, Tg is significant because plant 

roots are sufficiently deep to tap groundwater directly from aquifers (Canadell et al., 1996). Eg is 

particularly important in dry locations because, groundwater can evaporate from water table from 

large depth of more than 20 m below ground surface, in the deep zone mainly in the liquid form, and 

in the shallow zone (of few meters below ground surface) mainly in the vapour form (Coudrain et al., 

2003). Both Tg and Eg are significant in semi-arid and arid climates where recharge is usually low. 

ETg in most of the years can be higher than R, which results in the negative Rn and systematic 

groundwater table decline (Lubczynski & Obakeng, 2004). 

The assumptions for the transient groundwater model are as follows: 

1. Total evapotranspiration (ET) is a sum of surface evaporation (Es) i.e. evaporation of water 

from interception loss and open water bodies just after the rainfall, evapotranspiration from 

unsaturated water zone (ETu) and evapotranspiration from saturated groundwater zone (ETg); 

i.e.  Es + ETu + ETg = ET. 

2. As the study area is characterized as a semi-arid area, there is almost no rainfall during the dry 

season (from June to September).  Besides, unsaturated zone, composed of white calcareous, 

has few meters of thickness only, so also low water holding capacity. Therefore, it can be 

assumed that Es and ETu are negligible during that period. For this 
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ETg = ET 

3. ETg is a sum of groundwater evaporation (Eg) and groundwater transpiration (Tg). 

Groundwater transpiration (Tg) in the study area is negligible because there are nearly no trees 

in the Pisões catchment that can uptake groundwater but the abundant crops have too shallow 

roots to be able to uptake groundwater. Therefore,  

ETg = Eg. 

 

1.6. Hypotheses 

 

1. During dry season the actual evapotranspiration is equal to the groundwater 

evapotranspiration (ETa ≈ ETg) i.e., groundwater evaporation (ETa ≈ Eg). 

2. Regional groundwater outflow (Qg) can be a significant part of groundwater balance in the 

Pisões catchment. So, model calibrated groundwater evaporation (Egs) is a sum of vertical 

upward actual groundwater evaporation (Eg) and vertical downward regional groundwater 

outflow, (Egs ≈ Eg + Qg). 

 

1.7. Literature review 

 

There are two types of transient models, quasi-transient models and fully-transient models. The 

standard quasi-transient models with spatio-temporally variable aquifer storage and temporally 

invariant fluxes are efficient in terms of calibration, but dependent on availability of substantial 

drawdown schemes, which unfortunately are rare in practice. The complex, fully-transient models 

with spatio-temporally variable aquifer storage and fluxes are at least as accurate as quasi-transient 

models but in contrast to the latter, can be calibrated without large drawdowns. Instead, they require 

the availability of a monitoring network with temporal data acquisition, which is the main condition 

limiting their use. 

 

Fully-transient models require as input spatio-temporal distribution of fluxes, which can either be 

represented by net recharge (Rn) or more sophistically by separate definition of recharge (R) and 

groundwater evapotranspiration (ETg). The Rn is typically used when ETg is not known or when ETg is 

assumed as negligible. Many modelers however still consider R as equal to Rn underestimating or 

even ignoring ETg. Separate definition of Rn and ETg matrices allows to avoid underestimating 

transmissivity (Lubczynski, 2000) and underestimating lateral groundwater flow (Qg). 

 

Lubczynski & Gurwin (2005) showed in their study titled “Integration of various data sources for 

transient groundwater modelling with spatio-temporally variable fluxes – Sardon study case, Spain” 

how different data sources and methods within the numerical groundwater MODFLOW model can be 

integrated. In that study, spatio-temporal variability of recharge (R) and groundwater 

evapotranspiration (ETg) fluxes in a granite Sardon catchment in Spain (≈80 km2) were assessed in 



ASSESSMENT OF GROUNDWATER EVAPORATION THROUGH GROUNDWATER MODEL WITH SPATIO-TEMPORALLY VARIABLE FLUXES 

 
 
 

5 

the study. The data sources and methods included: remote sensing solution of surface energy balance 

using satellite data, sap flow measurements, chloride mass balance, automated monitoring of climate, 

depth to groundwater table and river discharges, 1D reservoir modeling, GIS modeling, field 

cartography and aerial photo interpretation, slug and pumping tests, resistivity, electromagnetic and 

magnetic resonance soundings. The presented study case provided not only detailed evaluation of the 

complexity of spatio-temporal variable fluxes, but also a complete and generic methodology of 

modern data acquisition and data integration in transient groundwater modeling for spatio-temporal 

groundwater balancing.  

 

Spatially distributed recharge can be estimated by the water balance model (WetSpass) simulating 

long-term average recharge depending on land cover, soil texture, topography and 

hydrometeorological parameters (Batelaan & De Smedt, 2007). The model simulates recharge 

iteratively connected to a groundwater model, such that the recharge estimate is also influenced by the 

groundwater depth and vice versa. By using long-term average standard hydrometeorological 

parameters as inputs, the model simulates the temporal average and spatial difference of surface 

runoff, actual evapotranspiration, and groundwater recharge. Since evapotranspiration from shallow 

groundwater can be significant, specially in groundwater dependent wetlands, the position of the 

groundwater table should be taken into account in the estimation of recharge. Therefore, WetSpass is 

iteratively connected to a groundwater model, which provides the position of the water table, while 

WetSpass returns a recharge estimate accordingly (Batelaan & De Smedt, 2007). 

 

Transient groundwater fluxes, as calculated by a groundwater flow model (MODFLOW) can be used 

as input into a compartmental mixing-cell (CMC) model to simulate the transport of hydrochemical 

and isotopic species in regional groundwater systems (Harrington et al., 1999). The combination of 

the CMC approach and MODFLOW allows chemical and hydraulic data to be analysed 

simultaneously to allow for improved conceptualization of the groundwater system. The use of 

transient fluxes reflects the temporal scale and variability of the chemical tracers as well as the 

temporal variability of hydraulic conditions (Harrington et al., 1999). 

 

The Pisões catchment was investigated earlier by (Cortez, 2004). The study presented the total 

recharge using different methods like (a) chloride mass balance method (spatial), (b) well hydrograph 

manual method (temporal), (c) EARTH 1D model (temporal), and (d) GIS application to recharge 

mapping method (spatial). The groundwater balance was obtained by means of a calibrated steady-

state numerical MODFLOW model. The study concluded that Pisões catchment has high recharge 

varying from 18 to 59% of annual rainfall during the recharge period. The catchment’s average total 

recharge as derived by steady state model (i.e. with temporally invariant groundwater fluxes) was 

38% of annual rainfall.  

 

 



ASSESSMENT OF GROUNDWATER EVAPORATION THROUGH GROUNDWATER MODEL WITH SPATIO-TEMPORALLY VARIABLE FLUXES 

 

 

6 

1.8. Methodology 

 

A fully-transient groundwater model was developed using MODFLOW 2000 groundwater flow model 

with spatio-temporally variable fluxes to describe the groundwater regime of the Pisões catchment in 

southern Portugal more efficiently and more accurately. The preliminary input fluxes were computed 

using state-of-the-art techniques. The temporal variation of groundwater recharge (R) and 

groundwater evaporation (Eg) was estimated using EARTH 1D recharge model of unsaturated zone. 

Spatial distribution of R was estimated combining mainly three criteria affecting it most i.e. the 

thickness of the top clay soil layer, soil type and land cover and landuse. The spatial distribution of Eg 

was estimated using S-SEBI energy balance remote-sensing method of computing evapotranspiration 

at the end of dry season (September 2007). Estimated spatio-temporal variation of R for stress period 

8 (because this one is a stress period of high recharge and more observation heads are available for 

calibration) of the MODFLOW model was compared with the model result of semi-distributed 

EARTH 2D model (Francés, 2008). The groundwater model calibrated Eg result of stress period 20 

(because field measured stable isotope analysis are available for this stress period) from the 

MODFLOW model was compared with the long-term bare soil evaporation (E) estimated from stable 

isotopic concentration (δ2H and δ18O) analysis of collected soil and water samples from the field. 
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2. Characteristics of the study area 

 

2.1. Location and accessibility 

 

The study area Pisões catchment lies west of Beja city, at 150 km south-east of Lisbon, in Southern 

Portugal’s Alentejo province. It is delimited by topographical and hydrological features and covers 

approximately a 20 km2 area. It can be located on the 1:50 000 BEJA topographic sheet number 43 III, 

published by the Portuguese Military Cartography service, within the coordinates 592200E – 600000E 

and 4206200N – 4210200N, using Universal Transverse Mercator (UTM) zone 29 projection with the 

European datum 1950 (Figures 2.1 and 2.2). 

 

A good road network gives an easy access to the catchment boundaries and interior by tarmac and 

many earthen roads in the dry season, whereas in the wet season are only accessible in 4WD vehicles. 

 

2.2. Beja city of Portugal 

 

Beja is the capital city of Alentejo Province and a municipality in southern Portugal with a total area 

of 1,147.1 km² and a total population of 34,970 inhabitants in the municipality (Table 2.1). The city 

proper has a population of 21,658. The municipality is composed of 18 parishes. 

 

Table 2.1: Population of Municipality of Beja (1801 – 2004) 

Population do concelho de Beja (1801 – 2004) 

1801 1849 1900 1930 1960 1981 1991 2001 2004 

14971 14824 25382 37143 43119 38246 35827 35762 34970 

Source: Wikipedia (2008) 

 

2.3. Topography and physiography 

 

The Pisões catchment has a topographically smooth, gentle sloping to flat surface and wide shallow 

valleys. The elevation of the surface varies between a 187 and 250 m above sea level (asl), excluding 

the Beja town urban area, which rises to an elevation of 283m asl. Altitudes in general are higher in 

the east and drop towards the west and southwest. 

 

The drainage pattern is dendritic with local angular features, has low density, shows no clear, 

although probable, structural control and has a general east to west and southwest flow direction. 

These directions coincide with regional geological lineaments. 
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Perennial rivers in the catchment have their sources in Beja and together with seasonal tributary 

streams also depend on springs and act as drains of the aquifer. The “Ribeira da Chaminé” (name of 

the main river of the catchment), which has its source in Beja, is the main perennial river in the 

catchment and has for the dry summer month of September an approximate 15 l/s base flow discharge 

(field measurement September 2007).  

 

Pisões catchment is situated at the watershed divide between Sado and Gudiana basins (Figure 2.1) 

where Beja city is on the top of the hill (277 masl). The water divide of this two large catchments goes 

at the middle of Beja city from the north to the south. Half portion of Beja city is included in the study 

area of small Pisões catchment. In respect of Sado and Gudiana basins, Pisões catchment lies at the 

recharge area of Sado basin.  

 

2.4. Climate and hydrology 

The climate is Mediterranean, semi-arid and dry with oceanic characteristics (Paralta, 2001). A warm 

dry summer extends from May till August and a rainy winter from September to April. 

 

2.4.1. Temperature 

 

Based on the 1951–1980 Beja meteorological station data and 2003–2007 ITC ADAS station data, the 

Pisões catchment average yearly temperature is 16�C, being the winter average 12�C, minimum 5�C, 

maximum 23�C and the summer average 21�C, minimum 10�C and maximum 32�C. Temperature in 

30 July 2007 reached 40.5�C. Usually the coldest month is January (5�C) and the warmest is August 

(32�C). 

 

2.4.2. Other climatic parameters 

 

Other parameters such as wind speed, relative humidity, sunshine hours and cloudiness are available 

from the Beja meteorological station (Table 2.2).  
 

 

2.4.3. Rainfall analysis 

 

80% of rainfall occurs between October and March in a highly variable and irregular rainfall regime 

(Paralta, 2001). A long-term annual average of 606 mm, 84 mm for the dry summer and 522 mm for 

the wet winter were calculated from the 1951 to1980 period. Rainfall events can be torrential, up to 

46 mm in one day, but in general have a median of 16 mm per event. Thus, river response usually is 

delayed and cyclical ponding and floods are registered in the area (Table 2.2). 
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Figure 2.1: General location of the study area. 

 

 
Figure 2.2: Study area map (Pisões catchment, Beja, Portugal) 
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Table 2.2: Monthly averages of climatic parameters, Beja Meteorological station, period 1951 to 1980. 

Source: (Cortez, 2004) 

 

 

Figure 2.3: Daily rainfall temporal variability Bej a Meteorological Station (March 1999 to September 
2003) and ITC ADAS station (September 2003 to September 2007) 

 

The short-term annual mean rainfall of 510 mm was calculated from the hydrologic years 2000 to 

2007 periods. A rainfall temporal distribution analysis for the hydrologic years 1999 to 2007 shows 

BEJA  METEOROLOGICAL  STATION (1951-80)

LATITUDE 38º 01`
LONGITUDE 07º 52`
ELEVATION         246 m a.s.l.

Month Rainfall (mm) Temperature  ºC Relative humidity (%) Potential evapotrans. (mm)
Total Mean Max Min 6H 12H 18H

Jan 83.2 9.5 13.6 5.4 93 82 81 51.2
Feb 83.0 10.2 14.6 5.7 93 78 76 61.5
Mar 80.2 11.8 16.8 6.7 92 70 68 87.2
Apr 48.9 13.8 19.7 8.0 91 61 59 118.4
May 35.0 17.1 24.0 10.3 91 54 52 170.3
Jun 26.2 20.7 28.3 13.0 90 49 45 208.6
Jul 1.2 23.6 32.3 14.9 87 41 35 287.9
Aug 2.5 23.8 32.3 15.2 84 41 34 300.0
Sep 18.8 21.8 29.0 14.7 86 49 44 217.7
Oct 67.0 17.6 23.1 12.2 88 62 60 137.1
Nov 73.7 12.8 17.4 8.2 90 72 74 78.3
Dec 85.9 9.9 14.1 5.7 92 79 80 56.6

Average 50 16 22 10 90 62 59 148
Sum 606 1775

Daily rainfall (1999-2007) of the study area
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that at the end of September, when the first winter rains begin, strong events of up to 46 mm/day are 

common. The month with the highest cumulative rainfall was September 2002 with 167 mm, 

confirming high variability in rainfall regime due to December being the usual month with the highest 

average rainfall (86 mm). Rainfall measured at Beja meteorological station and ITC ADAS station has 

been assumed spatially non variable and homogeneous for the entire catchment (Figure 2.3). 

 

2.4.4. Evapotranspiration 

 

Potential evapotranspiration (PET) monthly averages are shown in Table 2.2. Calculated using the 

Penman-Montieth equation from the 30 year Beja meteorological station database yields a monthly 

PET average of 140 mm and a yearly total of 1775 mm. The month with the highest PET is August 

(300 mm) and the one with the lowest is January (51 mm). 

 

Beja is located in the second highest potential evapotranspiration area in Portugal with median values 

ranging between 1267 to 1376 mm/year (Paralta, 2001). Unfortunately no studies have been carried 

out to determine actual evapotranspiration (AET) in crop areas and bare soil areas or directly from 

groundwater. 

 

2.5. Soil characteristics 

2.5.1. Soil type 

There are predominantly two large groups of soils. The first group composed of a clayey loam and the 

second of a silty-clay loam. Both groups may present a calcareous crust, resulting from gabbro and 

diorite weathering and deposition as a carbonic component, and are called “calicos” (Paralta, 2001).  

 

Field observations of the top clay soil or altered calcareous soil show that its thickness varies from 0.1 

to 4 m. The thickness of this sticky clay layer is apparently spatially correlated with the topography of 

the area, being thin on hilltops and upper slopes and thicker in the valleys and lower slopes. Both the 

clayey or silty loam and the sticky clay horizons form the “Beja black mud” (“barros pretos de Beja”). 

Due to the sticky clayey soils ponding is common during the rainy season and even during the dry 

season in local topographically depressed irrigated areas. However it is very important to notice that 

during the dry season the topsoil exposes mud cracks up to 5 cm wide and 40 cm deep. The 

permeability of clay (0 – 2 m/d) is much lower than that of calcareous soil (0 – 30 m/d).  

  

2.5.2. Land cover and land use 

The land inside the Pisões catchment is mainly used for agriculture and some farming. Except of the 

end of summers, when the soils are bare, land permanently has an agricultural cover. Land at rest is 

covered naturally by wild grass and weed typical for semi-arid savannah areas. 
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The following crops are grown in the study area: winter wheat, corn, sunflower, melon and peas. Oak 

and olive trees are present in large plantations, however individual different specie trees can be seen 

on grasslands and wheat fields.  

 

Crop irrigation requires approximately 4000 to 5500 m3/ha/year of groundwater that is pumped from 

the Beja gabbro aquifer system (Rebeiro, 2002). Some crops like winter wheat, sunflower and mature 

olive trees are not irrigated. Rainfall and soil moisture provide them with the needed moisture.  

 

2.6. Hydrogeology 

The Pisões catchment and its underlying aquifer are located on the topographically highest water 

divide boundary between the regional catchments of the Gudiana and Sado rivers.  At a regional scale 

this area represents the recharge area of the “Gabros de Beja” aquifer (Figure 2.1 and 2.4). 

 

2.6.1. Geological settings 

 

The Pisões catchment (20 km2) lies approximately in the centre of the 350 km2 Beja Gabbro Complex, 

which stretches from Serpa town, to Ferreira do Alentejo town in a north westerly direction, over a 

distance of 48 Km, within the regional Ossa-Morena geotectonic unit (Paralta, 2001). 

 

There are very few outcrops in the area; burden and agricultural fields cover most of it. No geological 

features like faults or folds can be seen in the field despite of several known deformation phases. 

However maps show a series of E-W and NE-SW striking faults around the catchment that if inferred 

enter it and pass under Beja town. This can be seen on the 1:200000 geological map, prepared by the 

Portuguese geological survey (IGM Servicos Geologicos de Portugal). So far there is no detailed 

geological map available but the Portuguese Geological Survey, IGM, is currently preparing such a 

map at a 1:25 000 scale.  

 

2.6.2. Hydrogeological regional settings 
 

The “Gabros de Beja” regional aquifer stretches from Serpa to Ferreira de Alentejo. It is the aquifer 

within the Beja Gabbro Complex. There are two regional groundwater flow directions that originate in 

Beja town, one heading east and discharges into the Gudiana River and another heading westward 

towards Ferreira de Alentejo. Both of these groundwater flow subsystems have their recharge area in 

the Beja town (Figure 2.1. and 2.4). 
 

2.6.3. Hydrogeological settings of the Pisões catch ment 

The Pisões aquifer is unconfined. The groundwater table is shallow and strongly dependant on 

drainage and topography. Correlation between topography and water table, obtained from 27 

measurements inside the catchment yields a R2 of 0.96 (Paralta, 2000). All aquifer borders correspond 
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to topographic water divides, except for the outlet, which is part of a brittle type, E-W regional, thrust 

fault. 

 

Surface and groundwater flows have an E-W and NE-SW direction in the northeastern upper and 

southwestern lower catchment respectively. They are probably controlled by brittle shear zone faults 

and fracture systems that are hydraulically connected (Figure 2.5). 

 

The groundwater table is smooth and the groundwater mean horizontal velocity is 7 m/year (Serra et 

al., 2003). There is a density of 2 boreholes per km2 and a dry summer base flow in the month of June 

was measured to be 8 l/s.  

 

According to (Paralta, 2001) the groundwater pumping discharge in Pisões varies between 0 and 28 l/s 

with an average of 6.5 l/s, a median of 5 l/s and the borehole’s specific discharge is generally low (1 

l/s per meter). One km2 of aquifer can yield 80000 m3/year of water in a good rainfall year (Paralta & 

Ribeiro, 2001). 

 

The aquifers thickness varies from 10 to 30 m (Rebeiro, 2002) (Appendix 11). At the hill top areas the 

aquifer is unconfined but in the low areas the aquifer is locally leaky and semi-confined. The water 

level is usually 4 to 5 m below the surface during the rainy season, although there are springs, and 

during the dry season it can drop to more than 10 m depth (Paralta, 2000).  

 

The northern half of the catchment is composed of gabbros and the southern of diorites. Both 

lithologies, are in contact along a thrust fault, have similar hydraulic characteristics and are 

considered as one continuous media (Figure 2.7). The wells and boreholes located on the thrust fault 

(probably brittle) have higher transmissivity values and measured borehole specific discharges of 10 

l/s, when the catchment’s median specific discharge is 5 l/s (Paralta, 2000).  

 

The Pisões aquifer lithology consists of a massive gabbro/diorite basement, with low secondary 

porosity (Goncalves, 1999) cut by regional faults and overlain by a 0 to 61 m thick, weakly weathered 

and intensely fractured top portion. On top of this, lies a 4 to 30 m thick light coloured layer of 

intensely chemically weathered gabbro or diorite with rock clasts, smaller than 4 cm in diameter, in a 

sandy clay (illite, chlorite & montmorilionite) matrix (Cortez, 2004; Paralta & Ribeiro, 2001).  

 

Table 2.3: Pumping tests performed in the catchment 

Method Number of tests 

performed 

Transmissivity 

Range 

Transmissivity  

Average 

Theis 7 34 to 384 m2/day ----- 

Logan 16 20 to 270 m2/day 65 m2/day 
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Figure 2.4: Simplified geological map of the “Gabbros de Beja Complex” and the Pisões aquifer location 
(in red and hatched).  (Source: (Cortez, 2004) modified from Ribeiro, 2001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5: Simplified hypsometric class map and flow lines of the “Gabros de Beja” and Pisões aquifer (in 
red). (Source: (Cortez, 2004) modified from (Paralta & Ribeiro, 2001). 

 

Theis pumping test values are considered only, since the Logan method is not fully known. 

Transmissivity values vary from 34 to 384 m2/d, with an average of 65 m2/d and a median of 100 

m2/d. Storage coefficient is minimum 0.0012 (Paralta, 2000). 
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The pumping test plotted data patterns allowed concluding that the aquifer is porous at shallow depths 

and fissured at depth. Many test results present an intermediate hydraulic behaviour between these 

two types of regimes (Paralta, 2001).  

Figure 2.6: Simplified geology of the Pisões aquifer.  

Source: (Cortez, 2004) modified from 1:200000 geological sheet (IGM, Portugal). 

 

Figure 2.7: Typical weathered profile of a gabbro-dioritic rock and its hydraulic characteristics adapted 
from (Paralta, 2001). 

     ----  Lineaments  
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3. Data acquisition and processing 

The data acquisition is composed of three components i.e. (a) the secondary data collection or pre-

field work, (b) primary data collection or field work, and (c) laboratory soil sample analysis.  

3.1. Pre-field work  

In the pre-field work part, the data have been collected and summarized from previously collected 

data from field work and other secondary sources e.g. Beja municipality, Portuguese Geological 

Survey (IGM Servicos Geologicos de Portugal), National Institute of Engineering, Technology and 

Innovation (INETI) of Portugal.  

  

3.2. Field investigation 

Field investigation was conducted by three students of ITC with three individual study topics in the 

same study area during the whole month of September 2007. Stephen Maina Kiama of Department of 

Natural Resources investigated the crop evapotranspiration using different methods. Alain Pascal 

Francés of Department of Water Resources investigated the groundwater recharge using different 

methods. Dr. Maciek Lubczynski and Ir. Gabriel Parodi of Department of Water Resources also 

visited to supervise and guide the students. In this study, it was emphasized the transient groundwater 

model to describe the groundwater regime in more sophisticated way than before i.e. with spatio-

temporally variable fluxes. All 3 studies are interlinked to each other.  

 

3.2.1. Auguring test boreholes 

Auguring boreholes have been conducted in 9 locations with Cobra machine and excavation has been 

done in 1 location near SDH1 piezometer for installing automatic soil moisture data logger MIRo at 

different depths (20, 60, 100 and 140 cm). The objective of auguring the test boreholes was to 

investigate the thickness of top clay soil and to collect soil samples for isotope analysis and laboratory 

analysis like measuring soil moisture, bulk density, water retention curve from WP4-T potentiometer, 

permeability from permeameter and other hydraulic parameters. A total number of 64 soil samples 

were collected for all laboratory analyses of which 40 samples for soil moisture, bulk density, water 

retention curve with WP4-T potentiometer; 12 samples for measurement of  permeability (hydraulic 

conductivity), specific yield, field capacity, porosity etc.; and 12 for stable isotope (δ
2H and δ18O) 

analysis. At the time of collecting samples, soil water content at available soil column of each sample 

depth was also measured instantly using Stevens Hydra Probe data reader (Stevens Water Monitoring 

Systems, 1999) and Theta Probe (Delta-T Devices, 2005) instrument. Both devices can measure soil 

water content instantly. But the advantages of Hydra Probe data reader over the Theta Probe are (a) it 

can record data digitally, although data download DOS base software is so old that it only works in 

Windows 98 and 95; (b) water content can be logged using three modes i.e. clay, silt and sand mode 

(silt mode data is more reliable than clay mode data even the soil is clay). The disadvantage of Hydra 
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Probe is that it is less accurate in conductive soils (clay). But analog Theta probe soil moisture data is 

closer to the laboratory water content of collected soil samples.  

 

3.2.2. Infiltration tests 

Groundwater recharge depends a lot on infiltration rate of the soil. Eight infiltration tests were 

conducted in 3 locations during the field work with 3 double ring infiltrometers. The purpose of 

infiltration test was to construct the infiltration curve and to evaluate the constant infiltration rate 

forecasting the curve. The constant infiltration rate is the saturated hydraulic conductivity that is 

needed both in EARTH 1D model and MODFLOW 2D groundwater. All the curves produced by the 

infiltration test have been shown in Appendix 4.  

  

3.2.3. EM measurements 

A geophysical survey was conducted using EM-31 and EM-34-3 instrument. Survey of six transect 

lines were conducted with the EM31 device by Alain Francés and the author in the field (Figure 3.6). 

Three transect lines were surveyed with EM-34-3 device by Joaquim Gomes and Manuel Silva of 

INETI Beja with the supervision of Alain Francés and Elsa Romalho of INETI Lisbon (Appendix 2B). 

The Geonics Limited’s EM31 provides measurement of apparent conductivity and magnetic 

susceptibility to an effective depth of 5.5 meters where as EM34-3 provides variable depth of 

exploration to an effective maximum of 30 meters (vertical dipole mode) for 20 meter coil (Table 3.1) 

(Geonics, 2005).  

 

Table 3.1: Characteristics of GeonicsTM  ground conductivity meters 

 

 

 

 

 

 

 

 

 

 

3.2.3.1. EM31 

The purpose of EM31 survey was to evaluate the thickness of the top clay soil that delays and 

obstructs the groundwater recharge to the aquifer. The survey was conducted along 6 transect lines 

with survey points of 20m distance to determine typical thicknesses of clays by the inversion of 

acquired data. The inversion process of EM31 data and delineation of top clay soil thickness map 

(Figure 3.8) was developed and conducted by Alain Francés (Francés, 2008) has been described later 

in this chapter.  

 

Depth of penetration 

(m) 

GeonicsTM 

conductivity 

meters model 

Coil 

spacing 

(m) 

Frequency 

(Hz) 

Vert. dip. Hor. dip. 

EM38 1.00 14600 1.50 0.75 

EM31 3.66 9800 5.50 2.75 

10.00 6400 15.00 7.50 

20.00 1600 30.00 15.00 

EM34-3 

40.00 400 60.00 30.00 
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3.2.3.2. EM34-3 

The purpose of EM34-3 survey was to determine the depth of the aquifer that is very shallow (5-40) in 

most areas of the Pisões catchment. Data were acquired every 20m, with the 10m and 20m cables 

(frequencies of about 6.4 kHz and 1.6 kHz respectively), using both horizontal and vertical dipole 

models (Geonics, 1990). The location of the 3 transects is shown in Appendix 2B. 

 

All the EM34-3 collected data were processed, plotted and discussed by Elsa C. Romalho in an 

internal report of INETI (Romalho, 2007) using the software EM34-2D developed by Santos 

(Monteiro Santos, 2004). The EM34-3 data were again processed and inverted by Alain Francés in his 

MSc thesis (Francés, 2008) using McNeil and Tikhorov method combining with EM31 data in R 

software. The inverted result of Transect-2 is presented in Appendix 3. From the figure it is observed 

that inversion of combined EM31 and EM34-3 data by McNeill and Tikhorov method gives better 

result than others because groundwater table and aquifer bottom level can easily be delineated 

(Appendix 3) (Francés, 2008). The result of delineated aquifer bottom is good comparing to VES11 

(aquifer bottom depth is 14.6m) (Appendix 12) surveyed by (Goncalves, 1999).  

 

3.2.4. River discharge measurements 

The discharge was measured at the river outlet of the Pisões catchment on Ribeira da Chaminé using 

flume device twice during the field survey in September 2007. First discharge was measured on 29 

August 2007 at 16:00 using RBC Flume 13.17.04 of Eijkelkamp (Eijkelkamp, 2001) and the discharge 

was 25.17 l/s. The second measurement was measured on 17 September at 16:30 with RBC Flume 

13.17.06 (Eijkelkamp, 2000) and the discharge was 19.2 l/s. The measured discharge was a sum of 

base flow and the flow from the waste water treatment plant that is located upstream of the river. The 

treated waste water discharge varies from 5 to 15 l/s from the treatment plant. The treated waste water 

is diverted and pumped to store in the lake situated at the top hill of Algramassa for irrigation purpose. 

Because of water mixing, the use of dilution gauging methods was not feasible.  

 

3.2.5. Water samples for isotope analysis 

For evaluating evaporation (E) from bare soil, 3 isotope concentration values are needed from 3 

samples using the equation of Zimmermann (Equation 5.2 in Chapter 5) (Zimmermann et al., 1967). 

The isotopic concentration of soil samples from unsaturated zone, water sample from groundwater 

and water sample at the surface i.e. rain water. Six number of water samples were collected from 6 

municipal wells namely AC3, AC9, ML1, LF4, JK3, and JK7 on 29 September 2007 (Figure 3.2). 

One rainfall sample was collected from Ferreira do Alentejo, Beja, (Latitude 38°3’31”N, Longitude 

8°7’0”W, 19km west from ITC ADAS station) for stable isotope analysis on 30 September 2007. It 

would have been better for isotope analysis if the rain water sample had been collected from last 

rainfall event of recharge occurring (22 May 2007) before the soil samples had been collected for 

isotope analysis because, the isotopic enrichment changes from the percolated rain water. The soil 

samples that were collected for stable isotope analysis have been described earlier in Auguring test 

borehole part. The results are discussed in Chapter 5. 
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Figure 3.1: Location of samples for stable isotope analysis (September 2007) 

 

3.3. Laboratory soil analysis 

The collected soil samples from the soil column of test boreholes were analyzed in the soil 

laboratories; COTR soil laboratory and ITC’s geochemical water and soils (GWS) laboratory. In the 

field there was laboratory facility of research organization COTR (Centro Operativo e de Tecnologia 

de Regadio). Some part of laboratory analysis was conducted in the field. 

 

3.3.1. Water retention curves from WP4-T potentiome ter 

In the COTR soil laboratory bulk density, gravimetric and volumetric water content (Appendix 1) of 

each soil samples was estimated by weighting with water, drying in the oven (in 105°C for 24 hours) 

and again weighting the dried sample. The samples were left to analyze them in WP4-T. 

 

Water retention curve of 23 selected dried soil samples was produced of which 3 curves were 

reproduced for quality checking using WP4-T time controlled water potentiometer of Decagon 

Devices Inc. The WP4-T gives soil suction readings in less than 5 minutes from 0 to –300 MPa (1 to 

6.5 pF) with a resolution of 0.1 MPa. Using the Chilled Mirror Dewpoint Technique, the WP4-T 

measures soil suction by determining the relative humidity of the air above the sample in a closed 

chamber. EARTH model parameters like residual water content (water content at -3.1 MPa suction 

pressure (Dingman, 2002)) and wilting point (water conternt at -1.5 MPa suction pressure) were 
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delineated from the water retention curves (Appendix 5). Water is retained more in clay than the 

calcrete (Appendix 5).  

 

3.3.2. Permeability and other hydraulic parameters of soil samples  

In the ITC’s GWS laboratory, the 12 samples collected for permeability were used to evaluate the 

permeability using Permeameter with constant head method. Then the samples were left 24 hours for 

draining water at gravitational force to determine the specific yield (Sy), after draining samples were 

weighted at field capacity (Fc) and dried in the oven at 105°C for 24 hours. All the hydraulic 

parameters of the samples are listed in Table 3.2. The aquifer material was weathered (in the table 

Calcrete) and fractured Gabro. The hydraulic parameters evaluated from the soil samples were used as 

EARTH and MODFLOW model input. The porosity of clay samples was uniform (0.533, 0.538 and 

0.532) where as the porosity of white calcrete was not (maximum 0.60, minimum 0.374). The 

homogeneous clay field capacity was higher than of the heterogeneous calcrete. The specific yield 

(Sy) was higher in calcrete. The saturated hydraulic conductivity (Ks) measured by the permeameter 

was highly heterogeneous in calcrete material (maximum 16.58 m/d, minimum 0.145 m/d). In clays, 

Ks was low (for one sample even zero, with no permeameter reaction for more than 3 days).    

 

Table 3.2: Laboratory measurements of porosity (η), field capacity (Fc), specific yield (Sy) and saturated 
hydraulic conductivity (K s) of the collected soil samples 

Sample ID Depth Lithology η Fc Sy Ks (m/d) 
COB4_P1 160 Calcrete 0.426 0.317 0.109 15.263 
COB5_P1 30 Clay 0.533 0.426 0.107 1.977 
COB5_P2 75 Calcrete 0.588 0.368 0.220 0.145 
COB5_P3 120 Calcrete (loose) 0.585 0.313 0.272 0.747 
COB6_P1 75 Calcrete 0.427 0.287 0.141 16.582 
COB6_P2 110 Calcrete (loose) 0.465 0.197 0.267 1.270 
COB7_P1 80 Calcrete 0.486 0.332 0.154 1.244 
COB8_P1 40 Clay 0.538 0.447 0.091 0.709 
COB8_P2 70 Calcrete+clay 0.491 0.385 0.107 10.813 
COB8_P3 110 Calcrete 0.600 0.458 0.142 0.882 
MIRo2_P 60 Clay 0.532 0.510 0.022 0.000 
MIRo4_P 140 Calcrete 0.374 0.243 0.130 0.437 

 

3.4. Data processing 

Data processing refers to the processing of data for the transient groundwater MODFLOW model 

input. Input data processing includes spatial and temporal (preliminary) groundwater fluxes mainly 

recharge and evapotranspiration for MODFLOW model.  

 

3.4.1. Temporal PET from AWSET using microclimatic data 

In September 2003 an automatic data acquisition systems (ADAS) station has been installed inside the 

catchment and recorded rainfall, wind speed (at 4 and 10m height), temperature (at 2.5 and 10m 

height), relative humidity (2.5 and 10m height), shortwave incoming solar radiation, net radiation, soil 
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temperature and soil heat flux, soil moisture (at 20 and 60cm depth). Detail configuration has been 

listed in Appendix 14. 

 

3.4.1.1. Correction of R s data (2004 – 2007) 

 

Though all other data were accurately measured, there was a problem to acquire data for shortwave 

incoming solar radiation (Rs) in ITC ADAS station from 2004 to 2007. The problem was that the 

instrument showed uncertain data probably because of dust cover due to the lack of maintenance. 

However, in the neighbourhood there were another two automatic weather stations (AWS) that also 

acquired hourly incoming shortwave radiation; one was established by COTR (Centro Operativo e de 

Tecnologia de Regadio) at Quinta da Saude (location: Latitude 38°02’18’’N, Longitude 7°53’02’’W, 

distance: 3.1 km North-East from the ITC ADAS station) and the other was established by INAG 

(Instituto da Água) at Roxo dam reservoir (floating station, location: Latitude 37°55’44’’N, Longitude 

8°04’46’’W, distance: 18 km South-West from the ITC ADAS station). Hourly Rs data were available 

for both of the stations. COTR station data were overestimating Rs comparing to the typical values for 

this location. Roxo station was installed floating on Roxo lake characterising wet climate in the 

vicinity of lake. For these reasons, none of the stations data can be used directly for the PET 

calculation using Rs data. However, the available Rs data of COTR have been corrected with reference 

to Roxo and ADAS station data by Alain Pascal Francés (Francés, 2008). In order to correct the 

overestimated Rs value from COTR before 13th of January 2005, the computed the Average 

Correction Factor (ACF) was as follows: 

∑=
n

i iCOTR

iRoxo

T

T

n
ACF

1
   (3.1) 

 

where TRoxoi and TCOTRi are the instantaneous transmissivity at Roxo and COTR station respectively. 

Instantaneous transmissivity (T) for each station can be calculated  

a

s

R

R
T =      (3.2) 

where Ra is the top of the atmosphere solar radiation or extraterrestrial radiation for hourly data was 

estimated using the following equation (Equation 28 at page 47 of FAO irrigation and drainage paper 

56 (FAO, 1998)). 

 

[ ]))sin())(sin(cos()sin()sin()(
6012

1212 ωωδδϕωω
π

−+−×= rsca dGR    (3.3) 

 

where  Ra extraterrestrial radiation in the hour (or shorter) period [MJ m-2 hour-1] 

 Gsc solar constant = 0.0820 MJ m-2 min-1 

 dr inverse relative distance Earth-Sun 

 δ solar devlination [rad] 

φ latitude [rad] 
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ω1 solar time angle at beginning of period [rad] 

ω2 solar time angle at end of period [rad] 

 

ACF is around 0.84 before the 13th of January 2005. After this date, it is recommended to apply ACF 

of 0.95 to the hourly Kin at COTR. The corrected daily incoming solar radiation and net radiation is 

presented in Figure 3.4. 

Daily corrected solar radiation by ITC ADAS, COTR a nd Roxo station
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Figure 3.2: Corrected daily solar radiation by ADAS, COTR and Roxo station hourly data 

 

3.4.1.2. Calculation of PET using AWSET program 

 

Using corrected hourly Rs data and collected hourly microclimatic data like rainfall, wind speed, 

temperature, relative humidity, soil heat flux from September 2003 to September 2007 have been used 

as input to calculate daily potential evapotranspiration (PET) using the Penman-Montieth equation in 

AWSET program (AWSET, 1999). The equations that were used in AWSET for estimating PET are 

listed below 

 

1+∆

+∆
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γλ a
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E     (3.4) 
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where  Eo open water evaporation  [mm d-1] 

 Rn net radiation   [MJ m-2 d-1] 

Ea aerodynamic term  [mm d-1] 

 λ latent heat of vapourization  [MJ kg-1] 

∆ slope of vapour pressure curve [kPa °C-1] 

γ psychrometric constant  [kPa °C-1] 

 ea mean saturation vapour pressure  [kPa] 

 ed actual vapour pressure  [kPa] 

 U wind speed   [m s-1] 

 Rns net shortwave radiation  [MJ m-2 d-1] 

 Rnl net longwave radiation  [MJ m-2 d-1] 

 α albedo    [0.05 for open water] 

 Rs incoming solar radiation  [MJ m-2 d-1] 

 f cloudiness factor   [-] 

 ε’  net emissivity   [-] 

 σ Stefan Boltzman constant  [MJ m-2 K-4 d-1]  4.903 x 10-9 MJ m-2 K-4 d-1 

 Tkmax maximum air temperature  [°K] 

 Tkmin minimum air temperature  [°K] 

 ac empirical constant  [1.35] 

 bc empirical constant  [-0.35] 

 as Angstrom constant   

 bs Angstrom constant 

 n bright sunshine hours  [h d-1] 

 N maximum daylight hours  [h d-1] 

 a1 empirical constant  [0.34] 

 b1 empirical constant  [-0.14] 
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 eaTmax saturation vapour pressure at maximum temperature [kPa] 

 eaTmin saturation vapour pressure at minimum temperature [kPa] 

 T mean air temperature   [°C] 

 Tmax maximum air temperature  [°C] 

 Tmin minimum air temperature  [°C] 

 

In the configuration options of AWSET program, Penman-Monteith (time-step) method was selected 

as ET method for hourly input data, water option (for PET) was selected as parameters for timestep 

method and 00:00 hour was selected as synoptic hour (at which evapotranspiration is calculated for 

the previous 24 hours). The daily PET and net radiation were calculated as output. 

 

3.4.1.3. PET from temperature data (March 1999 – Se ptember 2003) 

 

The transient groundwater model time domain was from March 1999 to September 2007. To run 1D 

EARTH model, daily PET and rainfall are needed. The available PET from microclimatic data was 

from September 2003 to September 2007. Rainfall data was available for whole the period. So, PET 

from March 1999 to September 2003 was essential to calculate. However, reference 

evapotranspiration (ET0) can be calculated using the following method. Thus PET for the time gap 

was calculated correlating it to the ET0 of available PET from microclimatic data. 

 

When solar radiation data, relative humidity data and/or wind speed data are missing, they should be 

estimated using the procedures presented in FAO irrigation and drainage paper 56 (FAO, 1998). As an 

alternative, ETo can be estimated using the Hargreaves ETo equation (Hargreaves et al., 1985) where: 

 

ETo = 0.0023 (Tmean + 17.8) (Tmax − Tmin)
0.5 Ra    (3.14) 

 

where ETo is the daily reference evapotranspiration for grass; Tmean, Tmax and Tmin are the daily mean, 

maximum and minimum temperature in °C respectively;  and Ra is extraterrestrial solar radiation. 

Units for both ETo and Ra in Equation-3.14 are mmday-1. Equation-3.14 should be verified in each 

new region by comparing with estimates by the FAO Penman-Monteith equation at weather stations 

where solar radiation, air temperature, humidity, and wind speed are measured. Equation-3.14 has a 

tendency to underpredict under high wind conditions (u2 > 3 m/s) and to overpredict under conditions 

of high relative humidity (FAO, 1998).  

 

The model time domain is from 1 March 1999 to 28 September 2007. ITC ADAS station supplies data 

from 25 September 2003. For rainfall and PET data before 25 September 2003 daily meteorological 

data like rainfall, wind speed, air pressure, mean, maximum and minimum temperature can be found 

from the website of National Climatic Data Center of US <http://cdo.ncdc.noaa.gov/CDO/cdo> of any 

meteorological station. So, for the missing rainfall and PET, Beja meteorological station data was 

downloaded, processed and found more or less correct comparing to ITC ADAS station data. The 

missing daily rainfall data was taken directly. For daily PET data, Hargreaves equation of calculating 
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ETo from mean, minimum and maximum temperature and the extraterrestrial solar radiation data. The 

extraterrestrial radiation for the location of ITC ADAS station was estimated for whole the year 

according to the procedure stated in (FAO, 1998) using the following equations. 

Correlation between PET by microclimatic data of IT C ADAS 
station and ETo from Hargreaves equation (2003-2007 )
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Figure 3.3: Correlation between PET by microclimatic data of ITC ADAS station and ETo from 
Hargreaves equation (Equation-3.14) 

 

3.4.1.4. Calculation of Extraterrestrial radiation for daily periods (R a ) 
 

The extraterrestrial radiation, Ra, for each day of the year and for different latitudes can be estimated 

from the solar constant, the solar declination and the time of the year by (FAO, 1998): 

[ ])sin()cos()cos()sin()sin(
)60(24

ssrsca dGR ωδϕδϕω
π

+=    (3.15) 

where  

Ra  extraterrestrial radiation [MJm-2day-1], 

Gsc  solar constant = 0.0820 MJm-2min-1, 

dr  inverse relative distance Earth-Sun (Equation 3.17), 

ωs  sunset hour angle (Equation 3.19) [rad], 

φ  latitude [rad] (Equation 3.16), 

δ  solar declination (Equation 3.18) [rad]. 

Ra is expressed in the above equation in MJm-2day-1. The corresponding equivalent evaporation in 

mmday-1 is obtained by multiplying Ra by 0.408. The latitude, φ, expressed in radians is positive for 

the northern hemisphere and negative for the southern hemisphere. The conversion from decimal 

degrees to radians is given by: 
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[ ] [ ]reesdecimalRadians deg
180

π=   (3.16) 

The inverse relative distance Earth-Sun, dr, and the solar declination, δ, are given by: 








+= Jdr 365

2
cos033.01

π
   (3.17) 








 −= 39.1
365

2
sin409.0 J

πδ    (3.18) 

where J is the number of the day in the year between 1 (1 January) and 365 or 366 (31 December). 

The sunset hour angle, ωs, is given by: 

[ ])tan()tan(arccos δϕω −=s    (3.19) 

The calculated daily ETo from the Hargreaves equation was correlated with PET from ITC ADAS 

microclimatic station data from September 2003 to September 2007 (Figure 3.4). The correlation 

coefficient was 0.9262 and the correction factor was found 1.1175. The corrected daily PET for the 

period March 1999 to September 2003 was found multiplying the daily ETo by the factor of 1.1175. 

Daily PET from both AWSET (using microclimatic data from September 2003 to September 2007) 

and Hargreaves equation (only temperature data) has been presented with daily rainfall in Figure 3.5 

and 3.7. 

Daily rainfall, PET (FAO Penman-Monteith) and AET ( BSEB)
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Figure 3.4: Daily rainfall and potential evapotranspiration (PET) by FAO Penman-Montieth method and 
actual evapotranspiration by Bowen ratio method in mm (1999-2007) 
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Daily rainfall, PET (FAO Penman-Monteith) and AET ( BSEB) (2005-2007)
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Figure 3.5: Daily rainfall and potential evapotranspiration (PET) by FAO Penman-Montieth method and 
actual evapotranspiration by Bowen ratio method in mm (2005-2007) 

 

3.4.2. Spatial recharge from recharge index map (RI M) 

 

In the past most of the recharge assessment studies used local point measurements as input to 

calculate quantitative recharges. The calculated point recharges were then interpolated or extrapolated 

to cover a complete study area. Since recharge varies not only temporally but also spatially, criteria 

are needed to assign recharge potential values to a certain influence area. These criteria must consider 

the different geographical factors that influence the spatial variability of recharge. The possibility of 

combining several thematic geographical maps with different weights and generation of accurate 

predictions of recharge potential, have made GIS applications a very successful tool in doing so. 

Furthermore nowadays its application is standard and the index overlay technique is frequently used. 
 

Groundwater recharge is defined as water that infiltrates downward through the unsaturated zone into 

the water table. It is assumed that all the groundwater recharge in the study area originates from 

precipitation that falls on up hills of the study area. It is also assumed that there is no orographic 

effect (elevation effect) of rainfall since the study area is too small (~20 km2) and the elevation 

difference between the east top hill (Beja city) and the west valley (outlet of the catchment) is also 

very low (90m). The distribution and quantification of recharge for the catchment has been evaluated 

using (a) recharge index map for spatial distribution of the recharge and (b) lumped 1D EARTH 

model (Lee & Gehrels, 1990) for temporal distribution. 
 

The spatial variation of recharge in the study area i.e. recharge index map (RIM) (Figure 3.12) has 

been calculated based on three criteria: (i) the thickness of top clay soil (Figure 3.8) which obstructs 
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and slows down the infiltration and percolation process and thus recharge, (ii) soil type (Figure 3.8 

and 3.9), and (iii) land cover and landuse (Figure 3.10). Each of these factors influence recharge in a 

different manner and degree. Their combination results in a recharge index map, that points out in 

qualitative manner areas favourable for recharge. 

 

The GIS standard technique to generate a recharge potential map is the “index overlay” that basically 

consists of preparing relevant thematic maps as input, assigning scores to each of their classes or 

categories according to their recharge spatial potential, based on experience, theoretical background 

and field knowledge, and finally assigning weights to each map according to the importance or 

relevance in its influence to recharge. The recharge index map was generated mathematically by 

overlaying each input map, with their individual scores and weights, using the Equation 3.20. 

 

∑
∑=

resweightshighestsco

weightscores
RIM

)*(
          (3.20) 

 

where RIM is the recharge index map. The nominator is the sum of all the input maps, that have 

previously had their scores and weights multiplied; and the dominator is the sum of all the highest 

weight assigned to each map. 
 

3.4.2.1. Top clay soil thickness map 
 

The term ‘top soil’ is understood as of the first layer of dark clayey material that lies on top of the 

light coloured, coarser texture, weathered gabbro and diorite which is already considered as part of 

the aquifer. The thickness of top clay soil depends largely on the slope, hill or valley, distance from 

the river etc. The thickness of top clay soil on the top hills is thinner than that in the valleys. 

 

The top clay soil thickness map was produced by Alain Pascal Francés in his MSc thesis (Francés, 

2008). First the electrical conductivity profiles were obtained using Tikhonov inversion (order 2) 

(Figure 3.8). Then the topsoil clayey layer thickness was derived from the inversion result. The 

thickness was derived manually, plotting the electrical conductivity and the observed topsoil thickness 

together for the 16 transects. An example is shown for transect 6a (Figure 3.7).  

 

To derive the top soil thickness spatially, the Kriging with External Drift (KED) method (Krige, 1951) 

was chosen to interpolate the derived individual thickness cross sections from electrical conductivity 

and field measured thickness values since KED is proved to give better results than standard 

interpolation methods (Hengl et al., 2007; Hengl et al., 2004; Triantafilis et al., 2001). It takes into 

account both spatial structure and correlation with ancillary variables, through the combination of the 

regression of the dependent variable on ancillary variables with the simple kriging of the regression 

residuals (Francés, 2008). 
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Figure 3.6: Profiles of soil electrical conductivity obtained using Tikhonov inversion (order 2) for all 
transects (maximum depth of 6 meters) (Source: (Francés, 2008)) 

 

Figure 3.7: Topsoil thickness interpretation (green circles) from electrical conductivity profile and 
observed thickness values (yellow crosses) analysis (transect 6a) (Source: (Francés, 2008)) 

 

The resultant top clay soil thickness map is showed in Figure 3.8. Many values outside of the 

observed range (> 4m) of the variable were removed. The resultant map is consistent with 

observations. 
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Figure 3.8: Topsoil thickness map obtained by KED (Source: (Francés, 2008)) 

 
Figure 3.9: Soil type (derived from 1:25000 scale map) 
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Figure 3.10: Soil type (derived from Quick Bird image of 20 September 2006) 

 
Figure 3.11: Land cover and land use (April-May 2003) 

3.4.2.2. Soil type 

 

Two soil maps were taken into account as affecting recharge; soil type derived from 1:25000 map and 

soil type derived from Quickbird image (Figure 3.9 and 3.10). The purpose of two soil maps was to 

produce more detailed soil map that affects recharge. The first soil map was produced by “Instituto de 
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Desenvolvimento Rural e Hidraulica” (IDRHa) as 1:25,000 scale soil map (Figure 3.9). The second 

soil map was produced from high resolution (0.6m panchromatic and 2.4m multi-spectral colour) 

QuickBird image (Appendix 2A) of the end of dry season (20 September 2006) when there was 

almost no crop in the field and most of the areas covered by bare soils. This soil map was produced by 

digitizing manually with visual observation. The soil classes were divided into three categories; (a) 

Calcareous (whitish), (b) Mix of calcareous and clayey (greyish) and (c) Clayey (blackish). The image 

could not be classified (supervised or unsupervised) in these three categories because some areas were 

cultivated and cultivated land reflects whiter than uncultivated land (Figure 3.10). The maps’ detailed 

categories were merged into more general ones that would serve better the study purpose. Scores were 

assigned based on infiltration criteria and location with respect to urban or peri-urban area. 

 

3.4.2.3. Land cover and land use 

 

The April – May 2003 land cover map elaborated by Eduardo Paralta was used. The scores assigned 

that were based on plant height, density in the field and whether it is an irrigated crop or not (Figure 

3.13) (Cortez, 2004). The scoring criteria, scores for each input map and the weight and scores 

assigned to each of the three maps, thematic maps are shown in Appendix 6.  

 

 
 
Figure 3.12: Flow chart of recharge index map of Pisões catchment (combined with weights assigned) 

 

The slope was not taken into account because (1) the area is gently undulated so slope is expected to 

have low effect upon recharge; (2) sufficiently accurate DEM was not available.  
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Figure 3.13: Final recharge index map (RIM) 

 
Figure 3.14: ET by S-SEBI method (modified from Kiama, 2008 of Landsat TM5 of 1st September 2007) 
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3.4.3. Temporal AET and recharge from EARTH 

 

For temporal variation of actual evapotranspiration (AET), two methods were attemped: (1) EARTH 

1D modelling and (2) Bowen ratio-surface energy balance approach (BSEB). The purpose of using 

EARTH model was to determine the both temporal variation of groundwater recharge (R) and actual 

evapotranspiration (AET) during each stress periods as input of transient groundwater MODFLOW 

model for the Pisões catchment. The purpose of BSEB is to compare the model calibrated Eg with it 

for the long dry stress periods that have been described later in this chapter. 

 

3.4.3.1. EARTH model 

 

The Extended model for Aquifer Recharge and soil moisture Transport through the unsaturated hard 

rock (EARTH), developed by J, van der Lee, J.C. Gehrels and A. Gieske in 1989, is a 1D lumped 

parameter hydrological model for the simulation of recharge and groundwater level fluctuation (Lee & 

Gehrels, 1990).  

 

The model uses continuous daily rainfall and potential evapotranspiration data, eleven soil and 

groundwater related parameters to calculate temporally variable soil moisture and groundwater levels, 

which when compared to reference data are used for model calibration. As output EARTH calculates 

actual evapotranspiration, aquifer recharge, precipitation excess, ponding and surface runoff.  

  

3.4.3.2. Theoretical background 

 

The model consists of five individual models, the first three calculate the recharge, the fourth surface 

ponding and runoff and the fifth calculates the groundwater level.  

 

1) Maximum Interception Loss (MAXIL) is the module that calculates the amount of precipitation 

retained by vegetation, depression storage and lost to evaporation, hence the effective rainfall or 

precipitation excess that infiltrates.  

 

2) Soil Moisture Storage (SOMOS) is the module that distributes infiltration water into actual 

evapotranspiration, and percolation, hence the remaining part is the change in the soil moisture 

storage. 

 

3) Surface Storage (SUST) is the module that calculates the amount of water that accumulates, when 

maximum percolation is reached, and is lost to evaporation or added once again to precipitation 

excess. 

 

4) Linear Reservoir routing (LINRES) is the module that controls the time that percolating water 

(recharge) takes to reach the groundwater table due to its depth. 
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5) Saturated Flow model (SATFLOW) is the model that calculates groundwater level rise using the 

recharge or in its absence the exponential drop according to its recession constant. 

 

Further detailed mathematics used by the software is presented in the EARTH manual (Lee & 

Gehrels, 1990). 

 

FLOWCHART of EARTH  
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Figure 3.15: EARTH 1D model flowchart. Source: (Lee & Gehrels, 1990). 

3.4.3.3. Modelling  

A total of ten wells and piezometers namely JK7, SDH1, F6, F100, P5, P7, P24, P26, PN and PS were 

modelled and calibrated. Daily rainfall and potential evapotranspiration (PET) have been used as 

model input and available groundwater heads have been used for model calibration. Daily rainfall and 

other meteorological data for determining PET have been used from ITC ADAS station (latitude 

38°02’18’’N, longitude 7°53’02’’W) that has been installed since September 2003 in the study area. 
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The daily rainfall data and its respective daily calculated PET were used as input for all simulations. 

Continuous daily groundwater measurements, recorded by automatic loggers, and discontinuous 

manual records were used for calibration. Their location is shown in Figure 3.16. 

 

Modelling was performed using two approaches. The first considered only a time segment where daily 

rainfall, PET and measured groundwater levels were available which was done by Rafael Cortez in his 

MSc thesis (Cortez, 2004). The second approach, known as back modelling, used the parameters 

determined in the first approach to model a much larger time segment where rainfall and PET data, 

and a few number of groundwater level measurements were available. This larger time segment (1 

March 1999 – 28 September 2007) includes the first approach segment, making model calibration 

possible. 

 
Figure 3.16: 1D EARTH model locations and their Thiessen polygons 

 

3.4.3.4. Backward modelling approach 

 

Backward modelling is a numerical technique used to determine the behaviour of a variable in the 

past, using recent observed data. It is the prediction a past regime. One of the advantages of EARTH 

is that once a certain model is calibrated it allows back modelling, assuming that calibrated 

parameters remain constant in time. Combining the calibrated model and its parameters with rainfall 

and PET data for past years, where there is hardly any observed groundwater level measurements, the 

past regime can be correctly determined. 
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Backward modelling was performed for the entire period of 1st March 1999 to 28th September 2007 

for ten boreholes and piezometers. Initially all parameters and variables used in the first approach of 

modelling, short time step when observations were available by Rafael Cortez in his MSc thesis 

(Cortez, 2004), were used unchanged in the forward model. Storage coefficient, saturated and 

unsaturated recession constant, initial groundwater level, initial soil moisture contents were slightly 

changed in order to calibrate the long-term backward model. Residual soil moisture (moisture 

contents at matric potential -3.1 MPa (Dingman, 2002)) and soil moisture at field capacity were 

compared to field measured values of soil samples in the laboratory at different boreholes. The matric 

potential at -3.1 MPa for each soil samples was determined from the water retention curve from WP4-

T instrument in the laboratory. Residual soil moisture content is important for determining actual 

evapotranspiration because water can only be evaporated up to the limit of residual soil moisture 

content.  

 

Table 3.3: 1D EARTH model parameters for backward modelling  
 

 

The results obtained from the backward model for ten boreholes and wells are shown in Table 3.3 and 

their simulated groundwater levels in Figure 5.3, 5.4 and 5.5. The models outputs are daily 

precipitation excess, actual evapotranspiration (AET) (Figure 3.17 and 3.18), soil moisture storage, 

surface storage, surface runoff, percolation, recharge and simulated groundwater heads. So, temporal 

distribution of groundwater recharge and AET was found from EARTH model output.  

Parameters / Borehole JK7 SDH1 F6 F100 P5 P7 P24 P26 PN PS Units 

Max soil moisture cont 480 480 480 480 480 470 480 464 480 480 mm 

Residual soil moisture cont 240 240 250 280 240 250 200 200 230 230 mm 

Initial soil moisture cont 310 300 300 300 310 250 200 200 230 230 mm 

Soil moisture at field capacity 320 350 340 330 310 335 320 325 330 310 mm 

Max Surface storage 300 250 250 10 100 250 250 250 250 250 mm 

Max interception loss 0.25 1 1 1 1 1 1 1 1 1 mm 

Sat conductivity 2500 248 1000 1500 1500 1000 1000 1000 1000 1000 mm/day 

Unsat. Recession const 2 60 2 1 1 3 5 1 1 1 day 

N. of reservoirs 1 1.5 1 1 1 4 2 1 1 1 - 

Sat recession const 120 90 40 110 90 120 125 105 120 60 day 

Storage coefficient 0.1 0.03 0.07 0.065 0.1 0.055 0.06 0.04 0.05 0.05 - 

Initial GW level 0.52 1.85 0.27 0.57 0 1.26 0.4 0.35 0.35 0.11 m 

Local base level 226.88 221.51 221.38 205.57 212.5 203 206.38 213.5 194 234.02 m 

Recharge % 47.7 24.1 30.3 42.4 39.4 31.3 24.3 21.7 28.4 35.3 % of precip 

Precipitation of model period 4189 4189 4189 4189 4189 4189 4189 4189 4189 4189 mm/year 

Recharge of model period 1998 1010 1269 1776 1650 1311 1018 909 1190 1479 mm/year 

Recharge for 488 mm/year 233 118 148 207 192 153 119 106 139 172 mm/year 

Simulation Period 1st March 1999 to 28 the September 2007   
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Daily AET BSEB method and 1D EARTH modelling (JK7 l ocation)
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Figure 3.17: Daily AET by BSEB method and 1D EARTH modelling (JK7 location) 

 

 

Daily AET BSEB method and 1D EARTH modelling (JK7 l ocation) (2005-2007)
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Figure 3.18: Daily AET by BSEB method and 1D EARTH modelling (JK7 location) (2005-2007) 
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3.4.4. Temporal AET from BSEB 

 

The surface energy balance over land can be expressed as 

 

EHGR on λ++=   [W m-2]  (3.21) 

 

where Rn, G0, H and λE are net radiation, soil heat flux, sensible heat flux and latent heat flux 

respectively. λ [J Kg-1] is the latent heat of vaporization of water and E [Kg m-2 s-1] is the vapour flux 

density. The energy stored and used by vegetation is often negligible and is normally ignored in 

Equation 3.10. Partitioning the available energy (Rn-G0) into latent heat (λE) and sensible heat (H) 

exchanges is of paramount importance in the energy balance equation, if the objective is to determine 

evaporation. It the fraction of influx energy (Rn-G0) used to evaporate water can be separated from 

that used in heating the atmosphere, then λE can be easily calculated from the available energy. This 

energy partitioning can be achieved through the so-called Bowen ratio (β), which by definition 

(Bowen, 1926), is a ratio of sensible heat flux (H) to latent flux (λE) expressed as  

 

a

a

e

T

E

H

∂
∂

== γβ
λ

    (3.22) 

 

where ∂Ta and ∂ea are vertical air temperature and actual vapour pressure gradients respectively, with 

Ta [°C] representing air temperature and ea [kPa] representing actual vapour pressure. γ [kPa-1 °C-1] is 

the psychometric constant given by: γ = CpPaλ
-1
ε

-1 where Cp [J Kg-1 °C-1] is specific heat at constant 

pressure for moist air usually taken as 1.013 x 10-3 MJ Kg-1 °C-1, λ [MJ Kg-1] is latent heat of 

vaporization, which is a function of the temperature (T in °C) of an evaporating surface given by 

2.501-2.36x10-3T and ε [-] is the ratio of molecular weight of water vapour to that of dry air (0.622). 

Pa [kPa] is the atmospheric pressure given by Pa = P0[(T0-ad(Z-Z0))/T0]
5.25 where values for T0 [K] and 

P0 [kPA] and Z0 [m] are commonly taken as 293 K, 101.3 kPa and 0 m respectively. Z [m] is the 

elevation of the location in meters above the mean sea level, ad [k m-1] is the adiabatic lapse rate, 

normally taken as 0.0065 k m-1 for saturated air and 0.01 k m-1 for unsaturated air. Once β is known 

then λE can be calculated from measured Rn and G0 according to  

 

β
λ

+
−

=
1

0GR
E n      (3.23) 

 

Rn can be computed from the summation of incoming net shortwave radiation (Rns) and outgoing net 

longwave radiation (Rnl). Here it has been calculated providing microclimatic dataset in AWSET 

(AWSET, 1999). G0 can be determined by monitoring soil temperature changes of a soil profile 

through time as described by 
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∫ ∂
∂

=
sz

s
s dz

t

T
CG

0

0     (3.24) 

 

where Cs is the heat capacity per unit volume of soil, t is time, zs is the soil depth which responds to 

temperature change and Ts is surface temperature. Here G0 value was found from the direct 

measurement of ADAS station sensors. 

 

According to (Brutsaert, 1982) the Bowen ratio surface energy balance (BSEB) method is more 

accurate when β is small. However, the BSEB method has a problem of numerical instabilities when β 

approaches -1. If not directly measured, soil heat flux (G0), which is a component of the surface 

energy balance can be estimated from Rn with no dependence on soil properties according to (Bruin & 

Holtslag, 1982; Stull, 1988) as follows, for daytime conditions: G0=0.1Rn and for night time 

conditions: G0=0.5Rn.  

The AET was calculated using the above equations in spreadsheets with microclimatic data acquired 

by ITC ADAS station from September 2003 to September 2007. The calculated AET has been 

presented in Figure 3.4 and 3.5 and compared to the AET by 1D EARTH model at JK7 well location 

in Figure 3.17 and 3.18.  

 

3.4.5. Spatial AET from S-SEBI method 

 

Concerning the remote sensing solution of the surface energy balance, one Landsat TM5 image of 1 

September 2007 was acquired and processed by Stephen Maina Kiama in his MSc thesis (Kiama, 

2008) to obtain the spatial variability of ET at the end of dry season when total ET is equal to Eg. The 

S-SEBI method was selected because of the following advantages over other remote sensing energy 

balance methods: (1) if the input images of surface albedo and surface temperature show a lot of 

variation in surface conditions (wet/dry, dark/bright) and the atmospheric conditions are constant over 

the image, the S-SEBI model is a rather simple method to partition the surface energy balance terms 

without additional (field) data, (2) S-SEBI method works appropriate for high-resolution images like 

Landsat TM of heterogeneous somewhat drier areas, like the Mediterranean area (Roerink et al., 

2000). The evaluated ET map was manually corrected in some places like water body and urban area 

where S-SEBI ET was showing higher comparing to Eg keeping values at all other areas unchanged 

using ILWIS because, considering ET proportional to Eg, the rate of ET in those areas should be less 

like as same as the surrounding areas. The average ET value of all the cells in the study area on 1 

September 2007 from S-SEBI method was 1.01 mm/d (Figure 3.14).  
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3.4.6. Soil moisture monitoring 

The profile soil moisture was monitored at two locations, at the ITC station and at the location close 

to piezometer SDH1. At the ITC station soil moisture was monitored since October 2004 until 

September 2007 at the two depth levels: at 20 cm, in the topsoil layer, and at 60 cm, in weathered 

diorites next to matric potential carried out at the same two levels. For soil moisture monitoring two 

ECHO 20 sensors (Appendix 14 for configuration) was used whereas for matric potential two gypsum 

blocks and two Watermark ceramic blocks all sensors installed in pairs at 20 and 60 cm depth. All the 

data was acquired hourly in mV and afterwards converted to physical units. Watermark sensors are 

much more sensitive to low matric pressure, i.e. measurements are more accurate at high water 

content. 
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Figure 3.19: Soil moisture time series at ITC station (ECHO sensor) 

 

Behaviour and values from the two soil groups are different. In CLAY, response to rainfall event is 

fast (steep curve), traducing a quick infiltration. During dry season, the matric pressure is stable, 

reaching a maximum level (around 5.5 bars for Gypsum block and around 4.5 bars for Watermark) 

(Figure 3.20). For the CALCR (white calcrete) group, the response of the reservoir is delayed, slow 

infiltration from the topsoil reservoir. A strange behaviour is observed during dry season: after 

reaching its maximum value (between 5 and 6 bars for Gypsum and around 4 bars for Watermark), the 

curves show a slight (dry season 2006) or steep (dry period 2007) decreasing. This behaviour seems to 

indicate a wetting of the CALCR layer. However, water cannot be provided from the upper layer since 

this one is dry, as indicated by its matric pressure curve (circled area in Figure 3.21), which is a proof 

of water coming from downwards i.e. groundwater evaporation (Eg). Soil moisture sensors also reflect 

the same; without providing water from upward, water content of CALCR went high during the dry 

season (circled areas in Figure 3.19). These curves are only used to estimate trend of change in soil 

moisture and not to calibrate model using absolute values. 
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Figure 3.20: Soil matric pressure monitoring (CLAY – 20cm) 
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Figure 3.21: Soil matric pressure monitoring (CALCRETE – 60cm) 
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4. Development of Groundwater Model 

4.1. Conceptual groundwater model 

4.1.1. Introduction 

 

A conceptual model is a simplified but accurate representation of the field groundwater flow system 

shown as a cross section or block diagram. The nature of the conceptual model leads to the 

determination of the numerical model’s characteristics. Its purpose is to simplify and organize field 

data in order to analyse it more readily, yet it must still adequately reproduce the system behaviour. 

The closer the conceptual model is to the natural and physical characteristics of the aquifer, the more 

accurate the numerical model will be (Anderson & Woessner, 1992). 

 

The data requirements (Anderson & Woessner, 1992) for a groundwater flow model and a realistic 

conceptual model are: 

 

Physical framework: 

1) Geologic maps and cross sections showing the boundaries (area and vertical extent) of the 

modelled area; 

2) Topographic maps showing water bodies & divides; 

3) Contour maps showing the aquifer’s layers (base and top); 

4) Isopac maps showing the thickness of the aquifer and other layers. 

 

Hydrogeologic framework: 

1) Groundwater table and potentiometric map of the aquifer; 

2) Ground and surface-water hydrographs and discharge rates; 

3) Maps showing hydraulic conductivity, transmissivity and storage spatial distributions; 

4) Spatial and temporal distribution of evapotranspiration rates, recharge, well abstraction points, 

natural discharge and surface-ground water interactions. 

  

4.1.2. Hydrostratigraphic units 

 

The ideal cross section of the unconfined aquifer shows four layers Figure 2.7. From top to bottom a 

first layer of silty clay loam; the second of gabbro and diorite, intensely weathered; the third of 

fractured gabbro and diorite and the fourth, which is the bedrock, is of massive gabbro or diorite. The 

three bottom layers are cut through by thrust faults.  
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These four layers can be grouped into three hydrostratigraphic units; from top to bottom: the first 

would be the top silty clay layer; the second would comprise both the weathered and fractured layer 

due to their hydraulic continuity; the third the massive gabbro base rock.  

 

When generating a simplified numerical model for the Pisões aquifer, the top clay layer can be ruled 

out because, generally speaking, is not reached by the groundwater table. Therefore there is no need to 

have it as part of the model. The massive gabbro base rock would also be ruled out, as there is no need 

to specify the bedrock in a numerical model. This leaves the hydrostratigraphic unit 2, which is the 

aquifer and in which the groundwater table fluctuates (Figure 4.1). 

 

 

 

 

 

 

 

 

 

 
Figure 4.1: Idealized cross section, hydrostratigraphic units and numerical model layer 

 

4.1.3. Flownet system 

 

The Pisões unconfined aquifer, that lays at the topographically highest part of the recharge area of the 

regional Sado catchment and “Gabros de Beja” regional aquifer, has an East to West elongated shape. 

Drainage, several piezometric maps show that surface and groundwater flow direction is parallel to 

the catchment’s and aquifer’s longer axis (E–W) and south-west towards the outlet. It flows following 

the topographic general trend and is locally deflected by structural lineaments. Groundwater is 

laterally restricted by the aquifer’s no-flow-boundaries of water divides origin, except at the outlet 

where it leaves the aquifer as lateral groundwater outflow.  

 

The groundwater has three main routes: a) Locally discharges to streams and probably structurally 

controlled rivers, as base flow. b) Flows in the direction of the main drainage line and outflows as 

lateral catchment groundwater outflow. c) Flows as regional downward groundwater flow through 

faults and fractures (Figure 4.2). Besides, groundwater is evaporated (Eg) and pumped out for 

irrigation and public water supply. 

 

4.1.4. Preliminary estimate of groundwater balance 

There is no record of any attempt made to determine a preliminary groundwater balance for the Pisões 

catchment.  

 

Clay topsoil 

Weathered gabbro 

Fractured gabbro 

Massive gabbro 
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Hydrostratigraphic unit 1 

Aquifer layer in numerical model 
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A theoretical groundwater balance, applying the components suggested by (Lubczynski & Gurwin, 

2005) that are present in the Pisões catchment is described below and shown on Figure 4.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Pisões aquifer’s idealized local and regional groundwater flow system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3: Schematic components of Pisões’s groundwater balance 
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Inflow:       

1) Recharge from rainfall (known from EARTH modelling) 

Outflows: 

2) Groundwater transpiration Tg (unknown, but considered as negligible in Pisões study area 

due to scarce trees and the assumption that root depth of the crops is shallow so the water is 

taken from  the moist clay);   

3) Groundwater evaporation Eg (unknown, to be evaluated by 2D MODFLOW model 

calibration  that could be significant due to shallow water table and open fractured soil); 

4) River base flow (dry season base flow measurement available)  

5) Lateral catchment groundwater outflow (low and relatively easy to estimate) 

6) Regional downward groundwater outflow (unknown) 

7) Abstractions for urban and agricultural use (practically available estimates) 

 

4.2. Numerical groundwater model 

4.2.1. Code selection 

In order to describe and mathematically simulate the Pisões aquifer groundwater system, its behaviour 

and the effects of recharge, wells and rivers, under the existing different spatial variable 

hydrogeological conditions, numerical modelling was performed using the MODFLOW-2000 

(Harbough et al., 2000) code through PMWIN Pro (Processing MODFLOW, Version 7.0.31, (Chiang, 

2005)).  

 

The proposed conceptual model turned field three-dimensional hydrogeological conditions, into a 

two-dimensional area problem by applying the Dupuit assumption (no change of head with depth, 

assuring horizontal flow only), and a two-dimensional profile into a one-dimensional by assuming that 

recharge is only vertical.  

 

Numerical modelling can be performed under steady state, constant averaged fluxes or parameters 

during the modelled period, or transient state, where fluxes change in time. Results from steady state 

modelling are used as guides for input values for the transient modelling. 

 

4.2.2. Steady-state model 

The steady-state model of the Pisões catchment was developed and calibrated by Rafael Cortez in his 

MSc thesis (Cortez, 2004). The model consisted of 80 columns by 40 rows (3200 cells) grid of 100 m 

x 100 m cell size, covers the entire catchment of which 1980 were active cells and others were set to 

inactive cells and had the following UTM, European 1950, coordinates: top left X-coordinate 592000 

Y-coordinate 4210200, bottom right X-coordinate 600000 Y-coordinate 4206200. The steady state 

model was set up as one layer, two-dimensional and unconfined with an anisotropy factor of one 

(Cortez, 2004).  
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The main input data (in m/day units) are recharge, hydraulic conductivity and aquifer top and bottom. 

It was prepared and resampled, in ILWIS, and imported into MODFLOW as ASCII format files or 

input manually cell be cell. The results were validated against field measured heads. 

 

4.2.2.1. Boundary conditions 

All the horizontal aquifer’s boundaries correspond to natural water divides, except the 500 m long 

catchment outlet front. Water divides were assigned as laterally restricted no-flow boundaries 

(inactive cells) to the outside area of the catchment boundary. Boundary conditions were input 

through the IBOUND option. Of the five cells at the outlet, in direction perpendicular to the flow, four 

were assigned General Head Boundaries (GHB) and one Constant Head (Appendix 6A). In this way 

lateral groundwater flow was accounted. 

 

4.2.2.2. Initial heads 

A total of 23 field measured head values from March 1999, under the influence of pumping for 

irrigation and Beja’s public service, were used to obtain the piezometric surface, further assigned as 

initial heads of the model. The point head measurements were manually interpolated to obtain a 

realistic piezometric surface taking into account the number and spatial distribution of points, the 

topography, rivers, flow direction, distance between points and probable head distribution at places 

where there were no field measurements, such as the water divide aquifer no flow boundaries 

(Appendix 7E). These individual values and the piezometric surface were later used as the reference 

during calibration (Cortez, 2004).  

 

4.2.2.3. Fluxes 

Recharge 

The ten point recharge values obtained by EARTH modelling were interpolated in ILWIS using the 

Thiesen polygon method. This interpolation was used instead of applying the GIS recharge potential 

map because of the maps general high recharge potential values and because it’s spatial variability did 

not satisfactorily match the EARTH recharge values (Cortez, 2004). 

 

Regional downward groundwater outflow 

Being the Pisões aquifer and catchment in the “Gabros de Beja” regional aquifer’s recharge area, 

there must be a component of recharge to the groundwater regional flow through the faults and 

lineaments in the aquifer. This component is accounted for in the Evapotranspiration package and 

adjusted in the model calibration as difference (Cortez, 2004). The magnitude however is unknown 

and there is unfortunately no method to measure it. 

 

Evapotranspiration 

Components such as groundwater transpiration and direct evaporation from groundwater are 

accounted for in the Evapotranspiration package. The magnitude of these two components is 

unknown. However, groundwater transpiration is negligible due to scarce trees. Main component 
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groundwater evaporation (Eg) is dependent on depth to groundwater table. In steady-state 

evapotranspiration components are assumed spatially uniform and continuous throughout the 

catchment (Cortez, 2004). 

 

Well water abstractions 

The thirteen public and twenty-five private wells and their discharge rate ranges (0 to 8 l/s), 

inventoried in the catchment (Paralta, 2001), were first grouped into permanent and seasonal activity. 

Those with seasonal activity had their discharge rates divided by four. They were manually 

introduced, into the model’s Well Package (Appendix 7B) (Cortez, 2004). 

 

Base flow 

The main draining rivers were introduced into the model through the Drain Package. Using this 

package assures that the river only drains the aquifer, does not receive water even during the wet 

season. Input was done manually in the cell-by-cell mode using the 1:50 000 topographic map as a 

base map. Drain hydraulic conductance values were taken from Table 3.7 Ranges of Intrinsic 

Permeability and Hydraulic Conductivity for Unconsolidated Sediments (Fetter, 2001), for silt and 

sandy silts.  Elevation of the drain was assigned according to topography and piezometric surface and 

changed during calibration (Appendix 7B).  

 

4.2.2.4. System parameterisation 

Hydraulic conductivity 

Hydraulic conductivity values, manually introduced by zones, were initially estimated based on the 

aquifer thickness (Appendix 7D) in such a way that when hydraulic conductivity was multiplied by 

aquifer thickness, they would result in transmissivity values proximate to those obtained by pumping 

tests (Appendix 8A). The input values were changed during calibration as the main calibration 

parameter, maintaining the transmissivity values within reasonable ranges (Appendix 7C). 

 

Aquifer bottom 

The aquifer’s bottom was prepared in ILWIS by moving surface interpolation of 40 depth to bedrock 

values, obtained from vertical electrical sounding (VES) (Goncalves, 1999) (Rocha, 2001) and 

borehole logs (IGM, Portugal) (Appendix 8C).  Then it was subtracted from the DEM and resampled 

to the MODFLOW model’s grid and cell size, before importing it as an ASCII format file.  The 

interpolation results, in the area adjacent to Beja town, were unrealistic due to lack of measurements 

and interpolation error therefore was manually adjusted (Cortez, 2004). 

 

 

 

Aquifer top 

Being the aquifer unconfined, the topographic surface 1:25000 was used as its top. The DEM was 

resampled and it was subtracted by the top clay soil thickness to MODFLOW grid and cell size and 

then imported into MODFLOW as an ASCII format file (Appendix 8B). 



ASSESSMENT OF GROUNDWATER EVAPORATION THROUGH GROUNDWATER MODEL WITH SPATIO-TEMPORALLY VARIABLE FLUXES 

 

 

50 

 

4.2.3. Transient-state model 

 

In the standard transient model solutions, the temporal head variability in only due to the change of 

aquifer storage craven by stresses, e.g. well abstractions, whereas the fluxes R and ETg are time 

invariant, similar to steady state solutions. Such transient solutions, termed also as partially or quasi-

transient (Lubczynski, 2000), can provide adequate results for groundwater management, but only if: 

(1) stress responses (e.g. drawdowns) are substantially larger than the natural system responses (e.g. 

natural groundwater table fluctuation); (2) well abstractions and related drawdowns are recorded 

adequately spatially and temporally. Among transient models, the most reliable but also the least 

explored, probably due to the demanding input data requirements, are the models with temporally 

variable R and ETg, also termed as fully transient models (Lubczynski, 2000). In these models the 

temporal variability of heads is dependent not only on the temporal variability of aquifer storage but 

also on the temporal variability of fluxes. These fluxes are dependent on the processes occurring at 

the ground surface and in the unsaturated zone. This study has been conducted with appropriate data 

acquisition and data integration spatio-temporally allowing for fully transient model calibration. All 

the steps of this procedure are explained and concluded by spatio-temporal groundwater flux analysis. 

 

4.2.3.1. Groundwater heads 

 

Groundwater heads are the only observed data for model calibration. Temporal groundwater heads 

were observed in one piezometer and 9 wells’ locations since 2000 to 2007 (Figure 3.16).  

 

4.2.3.2. Hydrostratigraphic units 

 

A single-layer model with a regular square grid of 100 x 100 m was used. The weathered and 

fractured rock layer was assigned as a MODFLOW layer type 3. The top clay soil layer was not 

considered in the model layer because groundwater table does not rise up to the clay layer. The top of 

the non-fractured massive rock basement was assigned as the impermeable base of the model. In order 

to define hydrostratigraphic boundaries of the model (a) available logs and new boreholes made with 

a portable Cobra drilling set; (b) resistivity sounding and profiling; and (c) electromagnetic 

measurements with EM31 and EM34-3.  

 

4.2.3.3. Hydraulic conductivity 

 

Hydraulic conductivity for transient-state model was remained unchanged as calibrated in steady-state 

model (Cortez, 2004) when the model was run for the first time in transient-state. But when all input 

was calibrated manually, the distribution of hydraulic conductivity was also slightly adjusted in 

transient-state model (Appendix 10A). 
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4.2.3.4. Specific yield  
 

The assignment of the spatial variability of the specific yield (Sy) was processed in similar way as the 

assignment of hydraulic conductivity. It was also adjusted in transient-state model within the zones of 

Sy (Appendix 10B).  
 

4.2.3.5. Time discretization 
 

The time discritization in the developed MODFLOW model refers to the period from March 1999 to 

September 2007 and was chosen after analyzing the temporal variability of the measures groundwater 

table fluctuation (Table 4.1 and Figure 5.2), temporal variability of rainfall and recharge simulated 

with EARTH 1D model. This helped in the identification of 20 irregular stress periods, which held on 

the principle of uniformity of the groundwater regime within each of the stress periods represented by 

the multiplication of 1 week, considered as a unit of time step. The lengths of stress periods varied 

from 4 to 86 weeks. The first stress period is the longest and a combination of dry and wet period 

because, the steady-state model was calibrated on the base of the groundwater heads of 1 March 1999 

in 23 observed locations and after that there were no observed heads available for the whole period of 

stress period-1. The other stress periods are divided into three categories; groundwater recharge 

period during wet winter season, no fluctuation of groundwater table, and groundwater declining 

period during dry summer season. Long stress periods (5 to 10 months) were assigned to the dry 

seasons (May to September) characterized by lack of recharge and therefore continuous groundwater 

table recessions. The shortest stress periods were assigned to the wet seasons, which are characterized 

by the variable length of recharge events.  

 

4.2.3.6. Recharge 

 

The spatial distribution of recharge was delineated by producing recharge index map (RIM) (Figure 

3.13) from mainly three criteria for the Pisões catchment namely the top clay soil thickness, soil type 

and land cover. The temporal distribution of recharge was delineated from 1D EARTH model of ten 

locations in the study area. The delineated recharge for each stress period from each EARTH model 

location was then averaged using thiessen polygon weighted area average method. The average 

recharge of all model locations was distributed to the whole Pisões catchment according to the RIM 

(see Chapter 3 for detail description).  
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Table 4.1: Stress periods of transient groundwater model 

Stress period no Start End Days Weeks Comment 
1 01-Mar-1999 19-Oct-2000 599 86 All 
2 20-Oct-2000 24-Dec-2000 66 9 Recharge 
3 25-Dec-2000 29-Mar-2001 95 14 No change of GWT 
4 30-Mar-2001 01-Sep-2001 156 22 ET/ GWT decline 
5 02-Sep-2001 27-Nov-2001 87 12 Recharge 
6 28-Nov-2001 09-Apr-2002 133 19 No change of GWT 
7 10-Apr-2002 15-Sep-2002 159 23 ET/ GWT decline 
8 16-Sep-2002 19-Dec-2002 95 14 Recharge 
9 20-Dec-2002 10-May-2003 142 20 No change of GWT 

10 11-May-2003 23-Sep-2003 136 19 ET/ GWT decline 
11 24-Sep-2003 05-Apr-2004 195 28 Recharge 
12 06-Apr-2004 26-Oct-2004 204 29 ET/ GWT decline 
13 27-Oct-2004 15-Dec-2004 50 7 Recharge 
14 16-Dec-2004 11-Oct-2005 300 43 ET/ GWT decline 
15 12-Oct-2005 12-Dec-2005 62 9 Recharge 
16 13-Dec-2005 30-Mar-2006 108 15 No change of GWT 
17 31-Mar-2006 19-Oct-2006 203 29 ET/ GWT decline 
18 20-Oct-2006 16-Nov-2006 28 4 Recharge 
19 17-Nov-2006 08-May-2007 173 25 No change of GWT 
20 09-May-2007 28-Sep-2007 143 20 ET/ GWT decline 

Total 3134 448   
 

4.2.3.7. Groundwater evapotranspiration  

 

As there is very little number of trees in the study area, so according to the Assumption 4 groundwater 

evapotranspiration is equal to the groundwater evaporation. As yet, there is no direct method to 

estimate spatio-temporal Eg. For Pisões catchment, two indirect methods were used to support 

formulation of Eg as input for groundwater modeling: (1) remote sensing solution of simplified 

surface energy balance index called S-SEBI (see Chapter 3 for more details) (Roerink et al., 2000), 

which provides ET spatially; (2) 1D water balance EARTH model which provides ET for the assessed 

point usually representative for the adjacent area (weighted Thiessen polygon).  

 

The spatial distribution of ET was delineated from the S-SEBI remote sensing energy balance method 

of evaluating ET from Landsat TM5 image of 1 September 2007 for the study area (Figure 3.14). The 

temporal distribution of preliminary Eg was delineated from 1D EARTH model. The modeling with 

EARTH indicated high variability of daily AET values, varying from 0 to 3 mm/d (Figure 3.17 and 

3.18). The AET from 1D EARTH model was averaged for the whole study area taking the Thiessen 

weighted area average of 10 EARTH model locations for each of the stress periods. The calculated 

average ET values of dry stress periods were taken as the temporal variation of 100% of Eg and 

multiplied the weighting factor to the ET map from S-SEBI method. For recharge stress periods Eg has 

been assumed as zero and for the transition stress periods Eg has been taken as 50% of calculated AET 

from EARTH model to distribute as Eg in the Evapotranspiration Package of MODFLOW model. The 

dynamic Eg was then distributed to the whole Pisões catchment according to the ET map from S-SEBI 
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method multiplying by the factor of Eg for each stress period. The preliminary Eg was then manually 

calibrated changing the rate into the groundwater model (see Chapter 3 for detail description).  

 

4.2.3.8. Regional groundwater outflow 

 

Though unfortunately there is no direct and easy method of determining regional groundwater flow, it 

can be delineated together with Eg (Hypothesis 2) because, both are outflows from the catchment. In 

the transient-state of groundwater MODFLOW model, regional groundwater flow was considered 

together with Eg using Evapotranspiration Package. 

 

4.2.3.9. Groundwater abstraction 

 

Groundwater abstraction was implemented in two parts in the model as abstraction by the 

Municipality (location in in Appendix 9B) for domestic and industrial uses and abstraction by the 

farmers for irrigation. Here only municipal abstraction has been considered for Well Package of 

MODFLOW 2000. The irrigation abstraction was not considered in the calculation because  

(a) The farmers use both groundwater and surface water for irrigation. There are three small 

reservoirs that collect surface water during the whole year if the surface water from the 

discharge of the waste water treatment plant is available. 

(b) There is no data of abstraction by farmers of private irrigation 

 

Due to lack of data of groundwater abstraction by the municipality, some assumptions have been 

made to describe the well abstraction physically for the catchment. The assumptions of groundwater 

abstraction by the municipality are 

(a) Public water supply from Pisões catchment was estimated according to the population and per 

capita demand as a value of 912 m3/day (average daily abstraction during the dry season by 

the municipality for four months in a year) from the Pisões catchment. 

(b) From 1st July to 31st October (4 months) has been considered as the time period for 

groundwater abstraction by the Municipality at the rate of 912 m3/day with 19 wells. 

(c) For the rest of time (8 months) the domestic water is supplied from Roxo reservoir that 

reserves water during the wet season. 
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5. Model Calibration, sensitivity analysis, 
water balance and validation 

5.1. Model calibration 

 

Calibration of a model is one of the most important steps in the application of models. In calibration 

process, model simulated results like groundwater heads are compared to the observed heads in the 

field. Calibration can be manual trail and error or automatic parameter estimation like PEST. As all 

the numerical models that deal with several parameters, there is a non-uniqueness of the solutions, 

meaning that several possible combinations of parameters and fluxes will numerically correct 

solutions. The model must be run several times in order to obtain the most likely numerical solution.  

 

5.1.1. Steady state model calibration 

 

The calibration target in the steady state model (Cortez, 2004) was to match heads of 1 March 1999 

calculated by the model with 23 head locations. The steady state calibration was performed manually 

trail and error and automatic parameter estimation (PEST) which also can mathematically quantify the 

uncertainty of the model. Manual and automatic calibration both were performed by readjusting 

hydraulic conductivity since pumping test obtained transmissivity was often lower than actual field 

measured values (Appendix 9A). The hydraulic conductivity output data from the manual calibration 

was used as input for the automatic calibration. After running PEST, confidence of the results was 

95% and the sum of squared weighted residuals was reduced from 10.369 of the manual calibration to 

3.215 (Cortez, 2004). The calibrated heads are shown in Figure 5.1.  
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Figure 5.1: PEST calibrated heads of steady state model (Cortez, 2004) 
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5.1.2. Transient state model calibration 

 

The calibration target in the transient state model was to: (1) match heads calculated by the model 

with the time-series 8 measured head points. In the steady state calibration process, the PEST-

MODFLOW optimization procedure was used based on automatic minimizing of the discrepancy 

between calculated and measured heads.  

 

The transient model calibration was carried out based on the groundwater hydrograph data from 8 

piezometers (Figure 3.16). In the first step, PEST code was used to optimize the spatial variability of 

storage coefficient (S) / specific yield (Sy) assigned in zones within the predefined variability ranges 

on the base of laboratory measurements. In the second step, improvement and fine-tuning of the model 

was performed by trial and error adjustments of R and Eg. These adjustments were guided by the 1D 

EARTH water balance solutions and controlled by matching calculated and observed heads. In these 

adjustments however, the aim was not to strive for the lowest mean square error of the difference 

between calculated and observed heads, but to have the best fit of the pattern of rises and recessions 

of the groundwater table. The scatter plots of SDH1 piezometer and JK7 well are presented in Figure 

5.2. The final calibrated and measured hydrograph heads are shown in Figure 5.3, 5.4 and 5.5.  
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Figure 5.2: Scatter plot of calibration of transient groundwater model at SDH1 piezometer and JK7 well 
location 

 

Initially four cells were assigned as GHB and one cell was assigned as CHB at the steady-state model. 

At the end of calibration process, both GHB and CHB cells were assigned to drain cells using Drain 

Package of MODFLOW for increasing the flexibility of groundwater movement. 
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Groundwater heads by EARTH and Modflow model of SDH 1 piezometer
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Groundwater heads by EARTH and Modflow model of JK7  well
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Groundwater heads by EARTH and Modflow model of F6 well
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Figure 5.3: (A) Calibrated groundwater heads: Solid line – simulated by MODFLOW model, dotted line – 
simulated by EARTH 1D model, dots – observed heads 

Stress       1            2  3    4     5    6     7    8    9    10    11       12   13     14     15 16   17  18   19   20 
period 

GWL observed

GWLs EARTH

GWLs Modflow
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Groundwater heads by EARTH and Modflow model of F10 0 well
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Groundwater heads by EARTH and Modflow model of P5 well
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Groundwater heads by EARTH and Modflow model of P24  well
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Figure 5.4: (B) Calibrated groundwater heads: Solid line – simulated by MODFLOW model, dotted line – 
simulated by EARTH 1D model, dots – observed heads 

Stress       1            2  3    4     5    6     7    8    9    10    11       12   13     14     15 16   17  18   19   20 
period 
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GWLs EARTH

GWLs Modflow
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Groundwater heads by EARTH and Modflow model of P26  well
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Groundwater heads by EARTH and Modflow model of PN well
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Figure 5.5: (C) Calibrated groundwater heads: Solid line – simulated by MODFLOW model, dotted line – 
simulated by EARTH 1D model, dots – observed heads 

 

 

5.2. Sensitivity analysis 
 

The purpose of sensitivity analysis is to quantify the uncertainty in the calibrated model, which 

potentially may arise as a result of any variations in the estimates of aquifer parameters, stresses and 

boundary conditions. Sensitivity analysis is typically performed by changing one parameter value at a 

time and assessing the impact of this change on the model output. However, automated inverse 

models give the best optimized parameter fit for the given head values, and provide sensitivity 

analysis internally (in the programme) through the uncertainty estimate.  

 

For each optimization (or calibration) step as well as for the final one, MODINV calculates the 

following stochastic properties of the various parameters: covariance matrix, correlation coefficient 

matrix, matrix of eigenvectors and eigenvalues. Among them the most important covariance matrices 

of different parameters have been presented. 

 

Stress       1            2  3    4     5    6     7    8    9    10    11       12   13     14     15 16   17  18   19   20 
period 

GWL observed

GWLs EARTH

GWLs Modflow
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5.2.1. Sensitivity of specific yield (S y) 
 

The diagonal, bolded elements of the covariance matrix are the variances (squared standard deviation) 

of the specific yield zones, while the off-diagonals elements are the covariances between respective 

parameter value pairs – these latter are indicative of how highly correlated two different parameter 

values are. For the 12 calibrated zones illustrated in Appendix 10B, these standard deviations are 

(from sy_101 to sy_112 zones respectively) 2.13, 1.18, 2.02, 0.96, 6.29, 0.87, 1.62, 0.42, 1.5, 3.14, 

1.18 and 0.63.  

 

The principle role of the storage covariance matrix is that of an indicator of how well borehole head 

measurements are able to define aquifer properties. If the covariance matrix indicates that the standard 

deviation of a particular parameter is relatively large (as in case of the smallest area storage zone with 

standard deviation 6.29), this implies that in this specific zone, this parameter can vary widely i.e. has 

relatively higher uncertainty, but that the zonal value can still be successfully applied in the calibrated 

model as a final value. The values are summation of each value for each stress period of the transient 

model. 

 

Table 5.1: Covariance matrix of specific yield zones 
 sy_101 sy_102 sy_103 sy_104 sy_105 sy_106 sy_107 sy_108 sy_109 sy_110 sy_111 sy_112 

sy_101 4.54600 -0.73610 -0.63040 0.08837 -3.13000 0.03164 -0.29400 -0.00160 0.15280 0.03834 0.06971 0.00894 

sy_102  1.38100 -0.32350 -0.11650 0.77140 -0.02747 0.12210 -0.00388 0.06139 -0.14570 0.00373 -0.00333 

sy_103   4.08400 -0.50690 -0.88760 -0.09764 -0.60750 -0.00751 -0.45340 0.35450 -0.26960 0.01126 

sy_104    0.92930 -0.21140 -0.04799 0.09849 -0.03801 -0.33420 0.05346 0.05115 -0.00624 

sy_105     39.59000 0.15450 -0.45300 -0.06031 -0.24950 -0.71920 0.02390 -0.00414 

sy_106      0.75930 -0.58500 0.00415 -0.02951 0.08168 -0.02487 0.00794 

sy_107       2.63000 -0.00754 -0.22740 -0.05536 0.03138 -0.05682 

sy_108  Symmetrical     0.17270 -0.01218 -0.00065 -0.01091 -0.00006 

sy_109         2.25600 -0.30300 -0.46420 0.03587 

sy_110          9.85000 -2.91100 0.11950 

sy_111           1.38400 -0.04412 

sy_112            0.40080 

 

5.2.2. Sensitivity analysis of hydraulic conductivi ty 

The covariance of hydraulic conductivity of zones 2, 5, 7, 8 and 10 was very high, that means in this 

zones this parameter is very sensitive that increases uncertainty of the model. 
 

Table 5.2: Covariance matrix of hydraulic conductivity zones 
 hk_1 hk_2 hk_3 hk_4 hk_5 hk_6 hk_7 hk_8 hk_9 hk_10 

hk_1 36.8800 -36.5300 4.5190 -0.7988 -4.4230 0.0388 1.4220 -0.0359 -0.1436 -0.2183 

hk_2  405.2000 -16.3600 -3.8450 -105.5000 -0.5014 23.2300 -1.7660 -1.6620 -2.3740 

hk_3   6.5870 -0.5207 0.4669 0.0403 0.0646 0.0612 -0.0554 -0.0720 

hk_4    4.1470 -3.0030 -0.1602 -0.9894 -0.4294 0.4416 0.6017 

hk_5     216.2000 -0.6999 -59.4300 6.1350 2.1750 4.5710 

hk_6      1.2650 -0.5003 0.1512 -0.0788 -0.0575 

hk_7       258.0000 -25.4800 -8.1270 -21.2300 

hk_8        631.6000 -0.4667 -396.8000 

hk_9         8.3590 1.1010 

hk_10          431.3000 
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5.2.3. Sensitivity analysis of recharge 

Groundwater recharge is highly sensitive because it is the only inflow of the aquifer. Most of the 

variances of recharge locations are high because recharge has been assigned individual cells, not in 

zones. Covariance matrix was calculated for both spatial and temporal variability of recharge such as 

rch_21 cell is the recharge of stress period 2 and cell 1 for covariance matrix in that stress period.  
 

Table 5.3: Covariance matrix of recharge 
 rch_21 rch_51 rch_61 rch_62 rch_81 rch_82 rch_83 rch_84 rch_85 rch_86 rch_87 rch_88 

rch_21 44.92000 -1.69700 -0.76550 0.00081 0.06262 0.00169 -0.04371 0.00724 0.03896 0.03661 -0.23660 0.00000 

rch_51  36.52000 -5.93700 -0.00779 -2.80100 -0.01619 -0.72860 -0.06873 -0.18000 0.08577 -0.09322 0.00000 

rch_61   13.38000 -0.00190 -1.79400 -0.00394 -0.18620 -0.01675 -0.04455 0.01949 -0.01442 0.00000 

rch_62    1.49500 0.00129 -0.39900 -0.00297 -0.08479 -0.04517 -0.00655 -0.02394 0.00000 

rch_81     21.58000 0.00269 -0.03678 0.01145 0.03920 0.00783 -0.09858 0.00000 

rch_82      2.60700 -0.00618 -0.10610 -0.09437 -0.01395 -0.04983 0.00000 

rch_83       8.61500 -0.02587 -0.05201 -0.02695 -0.18050 0.00000 

rch_84        9.18200 -0.46780 -0.10600 -0.22290 0.00000 

rch_85         24.17000 -6.80200 -3.86300 0.00000 

rch_86          20.78000 -7.02300 0.00000 

rch_87           40.02000 0.00000 

rch_88            6.12800 

 

5.3. Water balance 

The water balance evaluated from the MODFLOW model describes all the groundwater fluxes 

namely groundwater recharge, groundwater evaporation, groundwater storage, base flow to the river 

(drain package), groundwater inflow or outflow at the downstream of the catchment assigned as drain 

cells for which water budget was estimated assigning sub-regions in those cells and the municipal 

well abstraction. The highest recharge occurred during the stress period 18 (4.37 mm/d) while the 

lowest during the stress period 13 in 2004-2005 (0.09 mm/d) because hydrologic year 2005 was the 

driest year of the model period. The model calibrated highest Eg occurred during the stress period 17 

(0.515 mm/d) where the lowest Eg among the dry stress periods occurred during the stress period 14 

(0.276 mm/d). The detail water budget generated by transient state MODFLOW model for the 

particular solution is shown in Table 5.4. The average groundwater fluxes are shown in Figure 5.6 

The temporal variability of fluxes and the budget of the transient model are shown in Figure 5.4 and 

5.5. The average dry season Eg (Stress period 4, 7, 10, 12, 14, 17 and 20) has been evaluated as 0.457 

mm/d when the recharge was almost zero. Actually this amount is the sum of Eg and Qr. The model 

calibrated average base flow of SP20 was 26.3 l/s where the discharge was measured at the catchment 

outlet at the end of September 2007 (end of SP20) as 23 l/s. This measurement included the discharge 

from waste water treatment plant which was approximately 8-10 l/s. So the measured base flow was 

15 l/s that is not so far away of the model result. 

 

Water balance of all the stress periods has been presented in Table 5.4. The average daily components 

of groundwater inflows and outflows for the whole model time domain (March 1999 to September 

2007) have been drawn in Figure 5.8. 
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Table 5.4: Water balance of all stress periods (1 March 1999 – 28 September 2007) 
Rainfall  Recharge Eg  Storage Drain HBO Well  Stress  

period 
Start End Days Weeks 

m3/d 
Comment 

1 01/03/1999 19/10/2000 599 86 20,590 3,913 5,482 -3,6031,677 0 356All 

2 20/10/2000 24/12/2000 66 9 78,690 17,269 0 14,9942,097 13 166Recharge 

3 25/12/2000 29/03/2001 95 14 57,441 34,261 5,580 25,4753,109 97 0No change 

4 30/03/2001 01/09/2001 156 22 6,879 013,912 -16,1191,839 0 368ET/ GWT decline 

5 02/09/2001 27/11/2001 87 12 59,923 17,450 0 14,3972,408 16 629Recharge 

6 28/11/2001 09/04/2002 133 19 47,788 21,078 5,834 12,0613,133 50 0No change 

7 10/04/2002 15/09/2002 159 23 12,166 011,819 -14,2281,967 0 442ET/ GWT decline 

8 16/09/2002 19/12/2002 95 14 53,127 19,825 0 16,5992,761 24 442Recharge 

9 20/12/2002 10/05/2003 142 20 43,895 18,971 7,587 7,9353,408 40 0No change 

10 11/05/2003 23/09/2003 136 19 1,252 0 9,785 -12,4342,364 0 285ET/ GWT decline 

11 24/09/2003 05/04/2004 195 28 36,696 8,887 0 5,7043,075 19 89Recharge 

12 06/04/2004 26/10/2004 204 29 8,095 0 9,181 -11,2991,854 0 264ET/ GWT decline 

13 27/10/2004 15/12/2004 50 7 36,036 1,782 0 -1711,907 0 46Recharge 

14 16/12/2004 11/10/2005 300 43 4,844 0 5,474 -6,9611,331 0 157ET/ GWT decline 

15 12/10/2005 12/12/2005 62 9 59,783 25,372 0 23,2921,933 0 147Recharge 

16 13/12/2005 30/03/2006 108 15 35,347 13,904 0 11,3712,513 21 0No change 

17 31/03/2006 19/10/2006 203 29 10,241 010,208 -11,9531,495 0 249ET/ GWT decline 

18 20/10/2006 16/11/2006 28 4 184,706 86,599 0 83,8162,547 40 195Recharge 

19 17/11/2006 08/05/2007 173 25 32,069 9,625 0 6,4093,178 38 0No change 

20 09/05/2007 28/09/2007 143 20 10,855 0 7,457 -10,0132,269 0 287ET/ GWT decline 

Total / Average 3,134 448 26,467 7,857 5,648 -2162,184 13 228  

 Note: Eg: groundwater evaporation, Qr: regional groundwater outflow, HBO: head boundary outflow,  

Well: municipal well abstraction 
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Figure 5.6: (A) Temporal variability of groundwater fluxes 

Stress      1             2  3     4    5    6     7    8    9     10    11       12  13    14      15 16   17 18 19     20 
period 
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Figure 5.7: (B) Temporal variability of groundwater fluxes 

 

Stress     1              2  3   4    5    6     7    8    9   10   11     12   13    14     15 16   17 18 19   20 

period 
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Figure 5.8: Diagram of daily average groundwater fluxes (1999-2007) 

 

5.4. Model validation  

For a numerical groundwater model, external fluxes like recharge, evapotranspiration have to be 

verified to assure the reliability of the model. When the recharge process is used as a boundary 

condition for groundwater flow model, such recharge has a significant effect on the groundwater flow 

pattern. If a model is tested during two independent simulation periods for two different recharge 

patterns and the model is able to simulate. Then it is said that the model is validated (Rientjes, 2007). 

Here for transient groundwater model, both fluxes recharge (R) and evaporation (Eg) was validated 

with the fluxes determined by other independent methods that have been summarized below. 

 

5.4.1. Validation of R by 2D EARTH model 

 

The calibrated recharge for stress period 8 (SP8) (95 days starting from 16 September 2002 to 19 

December 2002) transient MODFLOW model was compared to the recharge optimized from 2D 

EARTH model conducted by Alain Pascal Frances in his MSc thesis (Francés, 2008). Francés (2008) 

concluded the recharge estimated by the developed 2D EARTH model for the period of SP8 as 0.32 

mm/d where the calibrated recharge of SP8 by the transient MODFLOW model was determined as 

1.002 mm/d from 2.68 mm/d of precipitation (37% of precipitation). 2D EARTH model calibrated 

recharge was found only one-third recharge calibrated from MODFLOW model. This discrepancy 

was occurred for considering the time delay of recharge in 2D EARTH model. There was no delay 

considered for transient MODFLOW model. But in the hilly recharge zone of Pisões catchment, there 

is always a delay occurred after each rainfall event to infiltration and percolation processes in the 

unsaturated zone where in the valleys the delay is only 1 to 5 days (Table 3.3). Because the thickness 

of unsaturated zone is higher in the hill’s top than in the valleys In the EARTH model this delay or 

shifting of recharge are considered as the parameter Unsaturated Recession Constant. The only hill 

top location in the EARTH simulation is SDH1 where the unsaturated recession constant was 60 days 

(Table 3.3). So, it can be concluded that long term average recharge might be closer if both models 

would simulate for same time period. 

 

R (7,857) 
Eg+Qr (5,648) 

Qo (2,184)+HBO (13) Qi (0) 

W(228) 

Unit (m3/d) R: recharge, Eg: groundwater evaporation, Qr: regional groundwater flow, Qo: groundwater outflow 

as base flow HBO: head boundary outflow, W: municipal well abstraction, Qi: groundwater inflow, S: change of 

groundwater storage 

Groundwater 

S (-216) 
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5.4.2. Validation of E g by stable isotope analysis 

Totally inpendent to model, stable isotopes namely Deuterium (2H) and 18O analysis was conducted 

for the model validation by comparing Eg to evaporation from unsaturated soils determined by stable 

isotopic concentration during the end of dry season when there is no soil moisture available for 

evaporation. Unsaturated zone evaporation by isotopic concentration was evaluated using methods 

described by (Zimmermann et al., 1967) and (Barnes & Allison, 1983). For stable isotope analysis, a 

total of 19 samples were collected of which 12 were soil sample of depth between 30 to 160 cm in the 

unsaturated zone, 6 groundwater samples from municipal wells and 1 rain water sample. The details 

of sampling have been discussed in Chapter 3 and the location of sampling has been shown in Figure 

3.2. The collected samples were sent to the Environmental Isotope Laboratory of Waterloo University 

at Ontario, Canada for evaluating the δ
2H, δ18O and δT concentration in water and soil moisture.  

 

5.4.2.1. Isotope definitions 

 

Environmental isotopes now routinely contribute to investigations of complementing geochemistry 

and physical hydrogeology. The stable isotopic composition of water, for instance, is modified by 

meteoric processes, and so the recharge waters in a particular environment will have a characteristic 

isotopic signature. This signature then serves as a natural tracer for the provenance of groundwater. 

On the other hand, radioisotopes decay, provides us with a measure of circulation time, and thus 

groundwater renewability. Environmental isotopes provide much more than indications of 

groundwater provenance and age. Environmental isotopes are now used to trace recharge processes, 

subsurface processes, geochemical reactions and reaction rates.  

 

The variations in numbers of neutrons in an element provides for the different masses (atomic 

weights) of the element and the molecules of which they may be a part. For example, heavy water, 
2H2

16O, has a mass of 20 compared to normal water, 1H2
16O, which has a mass of 18. Molecules with 

differences in mass have different reaction rates. This leads to the isotope partitioning or fractionation 

described by (Urey, 1947).  

Stable environmental isotopes are measured as the ratio of the two most abundant isotopes of a given 

element. For oxygen it is the ratio of 18O, with a terrestrial abundance of 0.204%, to common 16O 

which represents 99.796 of terrestrial oxygen. Thus the 18O/16O ratio is about 0.002044. Fractionation 

processes will of course modify this ratio slightly for any given compound containing oxygen, but 

these variations are seen only at the fifth or sixth decimal place.  

 

Measuring an absolute isotope ratio or abundance is not easily done and requires some rather 

sophisticated mass spectrometric equipment. Further, measuring this ratio on a routine basis would 

lead to tremendous problems in comparing data sets from different laboratories. However, the 

methods are applied in comparing the variations in stable isotope concentrations rather than actual 

abundance. Rather than measuring a true ratio, an apparent ratio can easily be measured by gas source 

mass spectrometry. The apparent ratio differs from the true ratio due to operational variations 

(machine error, or m) and will not be constant between machines or laboratories or even different 
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days for the same machine. However, by measuring a known reference on the same machine at the 

same time, we can compare our sample to the reference. Isotopic concentrations are then expressed as 

the difference between the measured ratios of the sample and reference over the measured ratio of the 

reference. Mathematically, the error (m) between the apparent and true ratios is then cancelled. This is 

expressed using the delta (δ) notation: 

 

reference

referencesample
sample OOm

OOmOOm
O

)/(

)/()/(
1618

16181618
18 −

=δ  (5.1) 

 

As fractionation processes do not impart huge variations in isotope concentrations, δ-values are 

expressed as the parts per thousand or permil (‰) difference from the reference. This equation then 

becomes the more familiar: 

 

( )
( ) VSMOW

OO

OO
O

reference

sample
sample ‰10001

/

/
1618

1618
18 ×














−=δ  (5.2) 

 

VSMOW is the name of the reference used, in this case Vienna Standard Mean Ocean Water. A δ–‰ 

value that is positive, say +10‰, signifies that the sample has 10 permil or 1% more 18O than the 

reference, or is enriched by 10‰. Similarly, a sample that is depleted from the reference by this 

amount would be expressed as δ
18Osample = -10 ‰ VSMOW. 

 

5.4.2.2. Meteoric Water Line (MWL) 

 

When the isotopic compositions of precipitation samples from all over the world are plotted relative 

to each other on δ18O versus δD plots, the data form a linear band of data that can be described by the 

equation (Craig, 1961): 

 

δD = 8 δ18O +10     (5.3) 

 

and is called the Global Meteoric Water Line (GMWL) or just the MWL, or even the Craig Line. The 

slope is 8 (actually, different data sets give slightly different values) because this is approximately the 

value produced by equilibrium Rayleigh condensation of rain at about 100% humidity. The value of 8 

is also close to the ratio of the equilibrium fractionation factors for H and O isotopes at 25-30°C. At 

equilibrium, the δ-values of the rain and the vapor both plot along the MWL, but separated by the 18O 

and 2H enrichment values corresponding to the temperature of the cloud base where rainout occurred. 

The y-intercept value of 10 in the GMWL equation is called the deuterium excess (or d-excess, or d 

parameter) value for this equation. The term only applies to the calculated y-intercept for sets of 

meteoric data “fitted” to a slope of 8; typical d-excess values range from 0 to 20 (Kendall & 

McDonnell, 1998).  
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However, the stable isotopic ratios of a local region may represent different meteoric conditions and 

be described by a local meteoric water line (LMWL) of a slightly lower slope (7.9294) and higher 

intercept (10.464). The LMWL has been drawn with historical stable isotope results from IAEA 

website (www.iaea.org) and a field observation. But both lines are very close to each other (Figure 

5.7). These lines are useful in describing the stable isotopic composition of precipitation or meteoric 

water in a specific region for the purpose of comparison.  

Deuterium and O18 of rain water in Beja
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Figure 5.9: Comparison of global meteoric water line (GMWL) and local meteoric water line (LMWL). 

 

5.4.2.3. Evaporation line 

 

Unlike in the ocean, the remaining water in smaller water bodies is isotopically affected by 

fractionation during the loss of the evaporating vapor. Because the evaporating vapor, compared to the 

remaining water, is isotopically depleted, the remaining water must become enriched. Because the 

isotopic compositions of the remaining water becomes enriched by a ratio of less than that described 

by equilibrium fractionation (δD/δ18O) resultant water will plot below the GMWL. The resultant 

slopes of water undergoing evaporation are less than  8, commonly between 4 to 7 (Kendall & 

McDonnell, 1998). The resultant slope of evaporation line (Figure 5.6) is within the limit (5.42). So it 

is clear that water is evaporated from the saturated groundwater zone. 
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Figure 5.10: Evaporation line and local meteoric water line of the study area 
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Figure 5.11: Isotopic concentration (‰ VSMOW) of all samples from precipitation, soil and groundwater 
in the study area (one precipitation sample was collected, others are historical data from website of IAEA) 

 

5.4.2.4. Evaporation from δ2H and δ18O 

 

(Zimmermann et al., 1967) used isotope concentrations in soil water to estimate evaporation rates 

from saturated sand columns. The isotope profile in soil water is generally exponential, as δ becomes 

more depleted with depth. (Zimmermann et al., 1967) attributed this to competition between 

convective and diffusive fluxes. The convective flux drawing depleted water to the soil surface due to 

evaporation at the surface is balanced by the diffusion of enriched soil water from the surface deeper 

into the profile at equilibrium: 

LMWL 

Evaporation 
line 

LMWL 
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)(* resE
dz

d
D δδδ −=     (5.4) 

 

where  D*   = effective liquid diffusivity of isotopes (m2/s), 

 δ   = isotope content of liquid water, 

 E  = evaporation rate (m/s), 

 δres  = isotope content of water entering the soil column from below, and  

 z  = depth coordinate, positive downwards (m) 

 

Solution in terms of E gives: 

 

z

D

E res

res









−
−=

δδ
δδ

0

/
ln*

    (5.5) 

 

where δ0 is the isotope content of water at the soil surface (z = 0) i.e. rain water. This approach was 

extended to evaporation from unsaturated soils (Barnes & Allison, 1983), and the method provides an 

integrated estimate of evaporation over relatively long time periods. 

 

5.4.2.5. The effective liquid diffusivity 

 

The total liquid diffusivity for isotope transport (m2/s)  

 

ll
lol qDD Λ+= τθ*     (5.6) 

 

where Dlo is the molecular diffusivity of isotope in liquid water (m2/s), τ is the tortuosity of the pore 

space in the soil (-), θl is the volumetric liquid water content (-), Λ is the dispersivity length (m) and ql 

is the liquid water flux (m/s). 

 

In all the calculations, the dispersivity length Λ was set to zero (Braud et al., 2005). Even a small 

value, namely Λ = 0.005m, can lead to an unrealistic rapid progression of the isotopic concentration 

towards the bottom of the soil because, the second term in the liquid diffusivity is much larger than 

the first one. Now the effective liquid diffusivity D*  for δ2H is proportional to the self diffusion 

coefficient of water, which takes the value of 2.3 x 10-9 m2/s at 20°C (Mills, 1973), but is reduced by a 

factor which takes into account the volumetric water content in soil and the tortuosity factor of the 

pore space in the soil. For the aquifer, the field measured volumetric water content has been taken for 

each sample depth, while the tortuosity factor, a value of 0.66 (for sand) measured by (Penman, 1940) 

appears to be adequate. The effective liquid diffusivity D*  for δ18O is calculated as taking the 
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diffusion coefficient of water in toluene solvent a value of 6.19 x 10-9 m2/s at 20°C (Lide, 1993) and 

volumetric water content and tortuosity value as usual.  

 

Table 5.5: Stable isotope concentration (δ18O and δ2H) result from collected samples from the study area 
in September 2007 (by Environmental isotope laboratory, Waterloo University, Ontario, Canada). 

 

δ
18O δ

2H 
Result Repeat Result Repeat Seri

al 
Sample 

ID 
Depth 
in m 

X (UTM 
Zone 29 
ED50) 

Y (UTM 
Zone 29 
ED50) VSMOW Sample type 

1 MIRO2_I 0.60 596320 4207037 -3.48   -25.17 -25.39 Soil 
2 MIRO4_I 1.40 596320 4207037 -4.10 -4.17 -28.89 -28.99 Soil 
3 COB4_I2 0.30 593911 4209180 -3.01   -27.28 -27.68 Soil 
4 COB4_I3 1.60 593911 4209180 -3.63   -29.83 -29.72 Soil 
5 COB4_I1 0.80 593911 4209180 -2.44   -23.83 -23.94 Soil 
6 COB5_I1 0.90 593328 4206733 -3.24   -21.97 -22.04 Soil 
7 COB5_I2 1.60 593328 4206733 -2.86   -20.16 -19.60 Soil 
8 COB6_I1 0.90 593041 4207127 -4.05 -4.01 -29.24 -29.63 Soil 
9 COB7_I1 0.90 592301 4206932 -3.06   -22.28 -22.03 Soil 

10 COB9_I1 0.80 594743 4207024 -3.55   -30.37 -31.12 Soil 
11 COB8_I1 0.80 597623 4208633 -3.13   -18.18   Soil 
12 COB8_I2 1.30 597623 4208633 -3.66   -23.10 -22.68 Soil 
13 JK3   596721 4208399 -3.19   -17.16 -17.08 Groundwater 
14 AC3   594346 4205868 -4.07   -23.43 -23.08 Groundwater 
15 AC9   594761 4208431 -3.46 -3.71 -19.78 -19.60 Groundwater 
16 ML1   596421 4206267 -3.95   -19.62 -19.28 Groundwater 
17 LF4   595660 4208884 -3.51   -19.27 -19.04 Groundwater 
18 JK7   597925 4207971 -3.73 -3.61 -21.68 -21.52 Groundwater 
19 RF       -1.72   1.46 0.95 Rainwater 

 

5.4.2.6. Validation results 

The Equation 5.5 has been used for calculating bare soil evaporation at the end of dry season when 

soil moisture comes from only groundwater. In the Equation 5.5, isotopic concentration of surface 

water, soil water and groundwater is needed for the same location. Although the locations are not 

same for groundwater and soil water, nearby groundwater was considered for each soil water sample 

location. In Table 5.4, groundwater samples from wells considered for each soil water sample were 

listed. As the isotopic concentration of surface water, isotopic concentration of rain water has been 

taken. From the typical analysis of schematic view of an evaporating soil column, stable isotope 

concentration is almost constant below 30 cm depth from the surface, but more below than 50 cm is 

reliable (Barnes & Allison, 1983). Bare soil evaporation has been calculated from δ
2H and δ18O using 

the data of Table 5.5 analyzed by the Environmental Isotope Laboratory of Waterloo University in 

Ontario, Canada. The groundwater evaporation estimated from δ2H and δ18O data is presented in 

Table 5.6 and Figure 5.7. The Eg values from MODFLOW have also been enclosed in one column of 

Table 5.6. The model Eg was calibrated for 100m x 100m grid cells. The model result of the total 

study area for the dry season of 2007 i.e. stress period-20 (SP20) of transient MODFLOW model. The 

average groundwater evaporation for stress period 20 from the calibrated MODFLOW model is 0.238 

mm/d (Table 5.6). The calibrated Eg from MODFLOW is the sum of groundwater evaporation and 
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regional groundwater outflow. But unfortunately there is no direct method of estimating regional 

groundwater flow for complete estimate of the water balance.  

 

Table 5.6: Groundwater evaporation result from stable isotope (δ2H and δ18O) analysis 

δ18O δ2H 
δ2H  
Repeat 

MODFLOW 

Sample ID 
Depth 
 in m 

Volumetric 
 Water 

 content θv 

δ 
groundwater 

used E mm/d 
Eg 
mm/d 

Soil material of samples 

MIRO2_I 0.60 0.292 ML1 0.159 0.179 0.174 0.266 blackish brown clay 
COB4_I1 0.80 0.149 AC9 0.059 0.070 0.069 0.268 brown clay 
COB5_I1 0.90 0.360 AC3 0.153 0.172 0.169 0.230 white calcrete 
COB6_I1 0.90 0.120 AC3 0.040 0.052 0.051 0.247 white calcrete with clay 
COB7_I1 0.90 0.150 AC3 0.067 0.071 0.071 0.211 reddish brown calcrete with clay 
COB9_I1 0.80 0.266 AC3 0.116 0.129 0.126 0.173 reddish brown calcrete with clay 
COB8_I1 0.80 0.170 JK7 0.065 0.092   0.274 white calcrete 

Average 0.094 0.109 0.110 0.238   
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Figure 5.12: Evaporation (E) estimated from stable isotopes (left δ18O and right δ2H) analysis comparing 
to the model calibrated Eg 

 

In the soil moisture monitoring (see Chapter 3), there was a clear evidence of increasing soil moisture 

without entering water from the surface, i.e. water comes from groundwater (Figure 3.19 and 3.21). 

From the Figure 5.11 it can be observed that the evaporation (E) from both δ2H and δ18O isotopes 

produced low values comparing to the model calibrated Eg. Though there are uncertainties about the 

isotopes e.g., (a) different sampling locations for groundwater and soil water, but not so much distant, 

(b) estimating average E from isotope should be from a continuous column of soil, (c) the rain water 

is related to the isotopic concentration, so sample should be of the last rainfall event of recharge 

occurring (22 May 2007 in this case) before the soil samples had been collected for isotope analysis, it 

resulted a sufficient good quality estimation of E comparing to Eg. The isotope result proved the 

Hypothesis-2 of the study that the model calibrated Eg is a sum of actual Eg and regional groundwater 

flow. It can be an alternative method of estimating regional groundwater flow through a fully-transient 

groundwater flow model and isotopic analysis if the model result and isotope delineated results are 

reliable and uncertainties can be minimised.  
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6. Discussion, conclusions and 
recommendations 

6.1. Discussion 

 

The objective of developing a fully-transient model with spatio-temporally variable fluxes was 

fulfilled though there are a lot of limitations of data and uncertainties of fluxes. State-of-the-art of 

technology of fully transient groundwater modeling is a high data demanding tool for better 

understanding of groundwater regime and thus better groundwater management.  

 

Fully transient groundwater model was developed by data integration of different sources with spatio-

temporally variable fluxes and storage. The groundwater fluxes are dependent on the processes 

occurring at the ground surface and in the unsaturated zone. From the calibration result, it can be 

observed based on the simulated and observed heads that simulated heads matched close the observed 

heads of JK7 well and SDH1 piezometer. The observed heads of the rest six wells are less well 

matched because these wells are situated at or near valleys and the abstraction by farmers for 

irrigation purpose was not taken into account because of lack of appropriate data such as abstraction 

rate, time of abstraction, number of wells and their spatial distribution etc. Out of these six wells, in 

three wells the simulated heads went higher than the observed head that allows huge water of 

abstraction for irrigation and underestimated municipal water supply. In the rest three wells, the 

simulated head went lower than the observed head. This might be because of erroneous initial head 

for the transient model or the likely elevation error because accurate DEM was not available in the 

study area.  

 

The average dry season Eg (Stress period 4, 7, 10, 12, 14, 17 and 20) has been evaluated as 0.457 

mm/d when the recharge was almost zero. Actually this amount is the sum of Eg and Qr. where the 

average dry season AET from 1D EARTH model simulation was found as 0.53 mm/d during the dry 

season stress periods.  

 

During the dry season when there was almost no rainfall and nearly no trees, all individual 

evapotranspiration fluxes were assumed negligible except Eg. A comparison of actual 

evapotranspiration (AET) from Bowen ratio surface energy balance (BSEB) method, 1D EARTH 

simulations weighted average and Eg from calibrated MODFLOW model has been made in Figure 6.1 

for the dry season stress periods (Table 4.1, 5.4 and Figure 5.2 – 5.6). The MODFLOW model 

calibrated Eg during the dry season is more similar to the AET by 1D EARTH model. AET by BSEB 

was found to be largely overestimated which confirmed its performance limitation in water limited 

conditions.   
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Comparison of average AET by BSEB and EARTH and Eg by MODFLOW
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Figure 6.1: Comparison of average AET by BSEB method, 1D EARTH model, and Eg by MODFLOW for 
the stress periods of dry season 

 

The water balance evaluated from the MODFLOW model describes all the groundwater fluxes 

namely groundwater recharge, groundwater evaporation, groundwater storage, base flow to the river 

(drain package), groundwater inflow or outflow at the downstream of the catchment namely general 

head boundary, constant head boundary at the outlet river, and the municipal well abstraction. The 

highest recharge occurred during the stress period 18 (4.37 mm/d) while the lowest recharge occurred 

during the stress period 13 in 2004-2005 (0.09 mm/d) because hydrologic year 2004-5 was very dry. 

The model calibrated highest Eg occurred during the stress period 17 (0.515 mm/d) while the lowest in 

the stress period 14 (0.276 mm/d).  

 

The model calibrated average base flow of SP20 was 26.3 l/s whereas the discharge measured at the 

catchment outlet at the end of September 2007 (end of SP20) was 23 l/s. This measurement included 

the discharge from waste water treatment plant which was approximately 8-10 l/s. So the measured 

base flow was 15 l/s that is possibly in quite good agreement with the simulated value because 

substantial amount of water in the catchment is abstracted in uncontrolled manner mostly by farmers. 

 

Francés (2008) concluded the recharge estimated by the newly developed pyEARTH 2D model for the 

period of SP8 as 0.32 mm/d whereas the calibrated recharge of SP8 by the transient MODFLOW 

model was 1.002 mm/d from 2.68 mm/d of precipitation (37% of precipitation). The selection of the 

stress period was purposive to show the capability of pyEARTH 2D in the most difficult calibration 

case where in certain piezometers groundwater upraise in response to rain and in other continue 

declining after the dry season. The difference between the two model solutions is attributed to the 

MODFLOW difficulty in handling the time delay of recharge in the specific top hill locations like 

SDH1 piezometer, which in the limited time of this study was not well accomplished. The large 

difference between the two solutions and the standard MODFLOW calibration discrepancy limited to 

one SDH1 piezometer only, may also indicate that Frances pyEARTH 2D model that was run for one 

stress period only and without calibration, underestimated the recharge.  

 



ASSESSMENT OF GROUNDWATER EVAPORATION THROUGH GROUNDWATER MODEL WITH SPATIO-TEMPORALLY VARIABLE FLUXES 

 
 
 

75 

In the soil moisture monitoring, there was a clear evidence of increasing soil moisture without 

entering water from the surface, i.e. water was coming from groundwater table by capillary rise 

(Figure 3.19 and 3.21). Soil moisture sensor installed at 60 cm depth in calcrete layer reflected that 

increment in dry season when supply of water from the surface was not feasible (circled areas in 

Figure 3.19).  

 

The evaporation (E) from both δ2H and δ18O isotopes produced low values comparing to the model 

calibrated Eg. It results reliable estimation of E comparing to Eg. The model calibrated Eg occurred 

during the stress period 20 (0.238 mm/d for the cells where isotopic concentration was measured) was 

found much lower comparing to the evaporation estimated from the isotopic enrichment in the 

unsaturated soil (E = 0.11 mm/d from δ
2H and 0.094 mm/d from δ18O). Therefore 0.238 mm/d is the 

sum of Eg and regional groundwater outflow Qr and the stable isotope E = Eg. This is roughly equal to 

0.1 mm/d. This means that most likely the difference 0.238-0.1= 0.138 mm/d is (i) gone to: Sado river 

by deep regional drainage; and/or (ii) taken/stolen by farmers. 

 

6.2. Conclusions 

 

 The study answered the research questions positively that spatio-temporally distributed groundwater 

model is an improvement as compared to the steady state groundwater model describing the 

groundwater regime in a more reliable way. All other research questions have been also answered. 

The objectives of developing a fully-transient groundwater model and comparing model calibrated Eg 

with other independent experimental estimates of Eg have also been achieved. The major conclusions 

of the study are derived and listed as below: 

 

• Fully-transient groundwater model data input integration includes spatio-temporal 

groundwater fluxes like recharge, groundwater evaporation, base flow, regional groundwater 

flow spatially distributed parameters. All the groundwater fluxes were found reliable 

comparing to estimated or other model calibrated results. 

• The estimated temporal recharge and AET from 1D EARTH modeling is reliable as 

preliminary input for 2D MODFLOW model. 

• In the soil moisture monitoring, there was a clear evidence of increasing soil moisture without 

entering water from the surface, i.e. of capillary rise of water from groundwater table. 

• The use of stable isotopes of rain, soil moisture and groundwater provided reliable estimate to 

groundwater evaporation. 

• The dry season, remote sensing assessment of actual evapotranspiration with S-SEBI method 

showed useful and reliable spatial pattern of evapotranspiration considered in dry season as 

groundwater evaporation. If however the stable isotope evaporation results (~0.1 mm/d) can 

be considered as reference then it has to be concluded that the S-SEBI overestimated ET 

approximately ten times. 
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• Recharge is highly spatio-temporally variable in the study catchment. Probably because of 

large impact of the top clayey layer and its unusual fracturing there are locations specially in 

the valleys which react nearly immediately and others on the hill top like SDH1 piezometer 

where the reaction takes several months. 

• Calibration of the numerical groundwater models with spatio-temporally variable fluxes is 

difficult particularly when in one study area there are various groundwater regimes 

characteristic of certain sub-areas of the model. Such calibration with MODFLOW automated 

optimization procedure like PEST is not feasible due to the large processing time required to 

test one single calibration hypothesis. On the other hand, handling spatio-temporal flow 

system complexities in fully transient models through the manual “trail and error” method is 

extremely time consuming and requires large experience in modelling.  

• The average dry season Eg (Stress period 4, 7, 10, 12, 14, 17 and 20) has been evaluated as 

0.457 mm/d when the recharge was almost zero.  

• The model calibrated highest Eg occurred during the stress period 17 (0.515 mm/d) where the 

lowest Eg among the dry stress periods occurred during the stress period 14 (0.276 mm/d). 

• The model calibrated average base flow of SP20 was 26.3 l/s where the base flow measured at 

the catchment outlet at the end of September 2007 (end of SP20) as 15 l/s. 

• The calibrated MODFLOW ET represents combined groundwater discharge effect of (i) 

groundwater evaporation, (ii) regional groundwater outflow to Sado river by deep drainage, 

and (iii) uncontrolled water abstraction by farmers and inhabitants of the area. 

 

6.3. Recommendations 

 

 Recommendations for the future studies should include 

• Further studies should cover more data on pumping test transmissivity, specific yield of 

saturated upper and lower zone material, pumping rate temporally and spatially, tracing of 

regional groundwater flow etc. 

• Continuous soil column of unsaturated zone should be sampled to measure the evaporation 

loss from the unsaturated bare soil during the dry season more accurately and precisely. 

• If all the abstraction data would be available, the study would be more precise and the 

observed heads would match more closely to the simulated heads. 

• Further studies should be carried out to the fractured zone below the massive rock zone found 

the existence of the second aquifer under the upper Pisões aquifer (Ramalho, 1998). 

• Accurate and high resolution DEM should be delineated by field survey using Total Station 

survey by remote sensing method like LIDAR for better representation of the terrain, aquifer 

top and bottom and the groundwater heads. 
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Appendices  

Appendix 1: Bulk density, Gravimetric water content (gg-1) and volumetric water content (m3m-

3) of collected soil samples from auguring test boreholes in the field (September 2007) 

Soil 
sample ID 

Depth of 
soil 
sample 
(cm) 

Bulk 
density 
(gm/cm3) 

Gravimetric 
water content 
(gg-1) 

Volumetric 
water content 
(m3m-3) Description of soil sample 

Cob1-60 60 1.53 17.2% 26.4% clay 
Cob1-120 120 1.51 24.4% 36.8% clay 
Cob1-180 180 1.55 27.6% 42.6% clay 
Cob1-240 240 1.48 32.0% 47.5% clay 
Cob2-1 20 1.18 19.4% 22.9% brown clay 
Cob2-2 60 1.20 20.0% 24.0% white CO3 
Cob2-3 100 1.37 11.3% 15.5% white CO3 
Cob2-4 140 1.25 24.1% 30.1% white CO3 
Cob2-5 170 1.25 15.8% 19.7% brown CO3 
Cob2-6 220 1.24 13.6% 17.0% brown CO3 
Cob3-1 20 1.32 25.6% 33.7% blackish brown clay 
Cob3-2 60 1.44 28.0% 40.3% blackish brown clay 
Cob3-3 100 1.27 27.2% 34.4% brown clay 
Cob3-4 135 1.13 31.4% 35.6% white CO3 
Cob3-5 180 1.40 20.3% 28.5% white CO3 
Cob3-6 200 1.31 21.7% 28.5% whitish green CO3 
Cob4-1 20 1.12 11.6% 12.9% brown clay 
Cob4-2 60 1.10 13.5% 14.9% white CO3 
Cob4-3 100 1.13 13.1% 14.8% white CO3 
Cob4-4 140 1.77 11.7% 20.8% white CO3 
Cob5-1 20 1.15 24.4% 28.2% light brown clay 
Cob5-2 60 1.11 26.6% 29.5% white CO3 
Cob5-3 100 1.05 35.0% 36.7% white CO3 
Cob5-4 140 1.06 28.8% 30.4% white CO3 
Cob6-1 20 1.14 6.9% 7.9% light brown clay 
Cob6-2 60 1.26 10.3% 12.9% white CO3 + clay 
Cob6-3 100 1.29 8.8% 11.4% white CO3 + clay 
Cob7-1 20 1.21 17.6% 21.4% brown clay 
Cob7-2 60 1.31 17.7% 23.2% transition of white CO3 + clay 
Cob7-3 100 1.23 10.7% 13.2% reddish brown CO3 
Cob8-1 20 1.25 18.7% 23.3% clay 
Cob8-2 60 1.13 23.3% 26.4% transition clay-CO3 
Cob8-3 100 1.07 25.1% 26.8% CO3 
Cob9-1 20 1.41 12.4% 17.6% clay 

Cob9-2 65 1.54 7.2% 11.1% 
weathered diorite, at 60cm not 
possible (loose material) 

Miro1_A 20 1.56 18.2% 28.4% blackish brown clay 
Miro2_A 60 1.53 19.1% 29.2% blackish brown clay 
Miro3_A 100 1.39 17.2% 24.0% blackish brown clay 
Miro4_A 140 1.76 8.4% 14.7% white CO3 
MiroA1   1.71 17.0% 29.0% for Stephen 
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Appendix 2: Quick Bird image of the Pisões catchment (20 September 2006) and transect lines 
of EM34-3 survey during the field work September 2007 
 

 
A: Quick Bird image of the Pisões catchment (20 September 2006) 

 
B: Transects of EM34-3 data acquisition (September 2007) (Source: Ramalho, 2007) 
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Appendix 3: Transect-2 (T2) of EM31 and EM34-3 data inversion by Romalho (2007) and 
Francés (2008).  
McNeill and Tikhorov method of inversion gives better result. The groundwater table and aquifer 

bottom level can be easily delineated from the inversion by McNeill and Tikhorov method comparing 

to VES11 (aquifer bottom 14.6m) 
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Appendix 4: Details of infiltration test in the study area during the field work of September 2007. 
Constant infiltration rate has been delineated analysing the power trend line. 

 

 
ID Xutm Yutm Local Pitch  Auger Cracks Comment Date 

R1 595758 4208617 ADAS - 
Olive grove 

56 0 No cracks Drip irrigation 30-08-2007 

R2 595769 4208632 ADAS - 
Olive grove 

50 0 No cracks Drip irrigation 30-08-2007 

R3 595791 4208638 ADAS - 
Olive grove 

53 0 No cracks Drip irrigation 30-08-2007 

R4 595594 4208759 Lobeira 
olive grove 

95 50 No apparent crack 31-08-2007 

R5 595614 4208761 Lobeira 
olive grove 

0 140 Cracks depth 35, 
50, 25 cm 

2 pictures of 
cracks; soil 
thickness very 
high, >150cm 

31-08-2007 

R6 595636 4208772 Lobeira 
olive grove 

0 0 Cracks too big, no 
infiltration test 

  31-08-2007 

R7 596289 4206991 Piezometers 0 130   log 01-09-2007 

R8 596297 4206977 Piezometers 0 93  log 01-09-2007 

R9 596270 4206967 Piezometers 0 60   log 01-09-2007 
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Appendix 5: Water retention curves of clay samples (up) and of calcrete samples (down) 
determined by WP4-T potentiometer.  
 

WP is wilting point at matric pressure of -1.5 MPa, FC is the field capacity at matric pressure of -

0.033 MPa, RSM is the residual soil moisture at matric pressure of -3.1 MPa (Dingman 2002) 
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Appendix 6: Scores and weights assigned to each input map 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Soil type (regional scale) 

Type Score 
Silty well drained calcareous black mud 5 

Silty non compact calcareous 5 

Clayey badly drained calcareous black mud 2 

Silty non calcareous 1 

Urban area 0 

Soil thickness 

Meter Score 
0 – 0.5 7 

0.5 – 1 6 

1 – 1.5 5 

1.5 – 2  4 

2 – 2.5 3 

2.5 – 3  2 

3 – 4  1 

Soil type from quick bird 
image (Sep 20, 2006) (local 

scale) 

Type Score 
Calcareous (whitish) 5 

Mix of calcareous and 

clayey (greyish) 

3 

Clayey (blackish) 1 

Streams 

 Final 
Score 

Both sides 

50m from the 

river de 

Chaminé 

0  

(hard 

erase) 

Land cover 

Cover Score 
Cotton 4 

Lagoon 1 

Melon 4 

Olive trees 4 

Resting land 4 

Sugarcane 2 

Sunflower 2 

Urban 0 

Wheat 3 

Map weight 

Map Weight 
Top clay soil thickness 10 

Soil type from Quick 

Bird image 

5 

Soil type 5 

Land cover 3 

Total weight 23 
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Appendix 7: Steady state model inputs 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

A: MODFLOW Model grid and cell layout over base 1:50 000 topographic map. 

 

 

 

 

 

 

 

 

 

 

 

 

B: Abstraction wells and drain river cells. 

 

 

 

 

 

 

 

 

 

 

 

 

C: Calibrated model’s hydraulic conductivity (K) spatial distribution. 

               Active cells         Inactive cells, no flow 
boundary 
 

 

         

          Drain river cells       Abstraction wells 

 

            2          3          4          7          8            10         21        25 (m/d) 
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 Contours 
*      Field measured Heads (m 
a.s.l.)  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

D: Calibrated model’s recharge spatial distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

E: Calibrated model’s output groundwater heads contours and field measured head values used for calibration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

F: Piezometric map, March 1999. (Manually interpolated from field measured heads used to calibrate the model). 

             109        121       150        152       182        199        212  (mm/y) 
 

             218        230       236        273        303        327 

 

---   Groundwater contours                         Field measured 
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 Aquifer thickness 

Thickness (m) 

Aquifer top 

Elevation 

 (m a.s.l.) 

Aquifer bottom 

Elevation 

(m a.s.l.) 

Appendix 8: Model system parameters 
 

 

 

 

 

 

  

 

 

 

 

 

A:  Pisões aquifer thickness map. 

 

 

 

 

 

 

 

 

 

 

 

 

B:  Pisões aquifer top elevation map. 

 

 

 

 

 

 

 

 

 

 

 

 

 

C:  Pisões aquifer bottom elevation map. 
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*  Pumping test obtained transmissivity values (m2/day). 

 

Appendix 9: Pumping test transmissivity values and municipal well locations 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A: Spatial distribution of transmissivity values (Paralta, 2001) 

 
B: Map of municipal wells for water supply 
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Appendix 10: Transient state model calibrated parameters and heads 
 

 

 

 

 

 

 

 

 

 

 

 

 

A: Calibrated hydraulic conductivity of transient model 

 

 

 

 

 

 

 

 

 

 

 

 

 

B: Storage coefficient (S) / specific yield (Sy) 

 
C: Groundwater head contour of Stress period 20 time step 20 (28 September 2007), red cells are 

municipal wells and blue cells are drainage channels 
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Appendix 11: Aquifer’s layers thicknesses and bedrock depths. Data obtained from vertical 
electrical soundings (VES), drill logs (JK, LF, AC, FD), hand auguring (IT, COB), excavation 
(MIRo) 

Point_ID UTM29_ UTM29_y Z_masl SThick_ Weatherd_m Fructured_ Beddepth_
VES1 596325 4207025 232.0 1.30 11.30 0.00 12.60 
VES2 597900 4207925 227.0 0.60 20.10     
VES3 598275 4209060 230.0 2.10 7.40 20.00 29.50 
VES4 596625 4208875 222.0 0.60 29.30 0.00 29.90 
VES5 596375 4207970 225.0 0.90 11.20 0.00 12.10 
VES6 595675 4208550 217.0 0.60 9.20 43.00 52.80 
VES7 594525 4209025 212.0 0.60 14.40 0.00 15.00 
VES8 593100 4208100 205.0 1.30 8.00 15.90 25.20 
VES9 595000 4207475 213.0 3.80 8.50 0.00 12.30 
VES10 594250 4206950 209.0 0.80 7.00 0.00 7.80 
VES11 593450 4206850 200.0 0.60 14.00 0.00 14.60 
VES13 592575 4206875 190.0 0.50 18.20 0.00 18.70 
VES14 598375 4207050 242.0 1.40 5.20 61.00 67.60 
VES15 598850 4208550 239.0 3.60 4.70 18.50 26.80 
VES16 593250 4207450 192.0 0.90 18.20 0.00 19.10 
VES17 598200 4208000 228.0 0.90 18.00 0.00 18.90 
VES18 597650 4207650 232.0 0.70 10.10     
VES19 598275 4208250 231.0 1.20 23.70 0.00 24.90 
VES20 597475 4208100 229.0 1.10 15.90     
VES21 598238 4208967 230.7 2.50 11.10 9.70 23.30 
VES22 595941 4206987 222.7 1.00 7.80 22.00 30.80 
VES23 593029 4209196 215.0 0.80 22.00 0.00 22.80 
JK1 597170 4208365 220.0 2.35 22.90 6.45 31.70 
JK2 597110 4208365 219.9 3.10 14.55 14.75 32.40 
JK3 596731 4208301 218.8 2.45 11.50 17.85 31.80 
JK4 597004 4208974 228.0 2.85 9.65 17.50 30.00 
JK5 598383 4208007 225.0 1.90 9.60 22.20 33.70 
JK7 597934 4207973 226.0 0.65 16.35 16.45 33.45 
LF1 596026 4208865 207.6 3.20 12.00 7.80 23.00 
LF2 596314 4209047 210.3 2.30 17.70 13.00 33.00 
LF3 596514 4209079 211.6 1.60 11.20 14.50 27.30 
LF4 595635 4208911 205.0 1.30 28.10 6.50 35.90 
TS1 597808 4207511 229.9 1.80 21.00 12.13 34.93 
AC2 597074 4209034 218.0 4.00 16.20 20.50 40.70 
AC3 597784 4209011 225.0 2.10 12.70 16.80 31.60 
AC7 594879 4208514 210.0 2.00 4.00 20.00 26.00 
AC9 594770 4208433 208.0 2.50 13.50 6.50 22.50 
AC10 594472 4208190 206.0 1.50 8.00 14.30 23.80 
AC11 593985 4207886 200.0 1.90 12.80 2.30 17.00 
AC12 594568 4207551 208.0 2.00 19.50     
AC13 593265 4207959 210.0 2.20 15.80 3.00 21.00 
FD4 597113 4210204 215.0 2.00 15.00 3.00 20.00 
IT1 597883 4207936 233.0 0.60       
IT2 596439 4206984 233.0 0.98 14.58 0.00 15.56 
IT3 595589 4208034 217.0 1.53       
IT4 595600 4208066 224.0 0.55       
IT5 595375 4208012 225.0 0.25       
IT6 593575 4209988 216.0 0.30       
IT7 594733 4206860 216.0 1.10       
IT8 595941 4206987 215.0 0.55       
IT9 595344 4208117 219.0 2.33       
IT10 594275 4208087 213.0 1.60       
COB1 595604 4208769 232.3 2.48       
COB2 595778 4208625   0.20       
COB3 596290 4206981 238.3 1.15       
COB4 593911 4209180   0.50       
COB5 593328 4206733 220.3 0.43       
COB6 593041 4207127 203.7 0.40       
COB7 592301 4206932 181.8 0.80       
COB8 597623 4208633 225.8 0.75       
COB9 594743 4207024 220.0 0.55       
MIRo 596320 4207037 229.0 1.00       
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Appendix 12: VES interpretations 
 
 

Source: Goncalves, R., 1999.  
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Thickness 
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1 6.0 1.3 18.0 0.6 12.0 2.1 18.0 0.6
2 19.0 3.7 35? 1.5 20.0 7.4 43? 1.7
3 10.0 7.6 4.0 1.0 140.0 20.0 19.0 7.6
4 4950.0 bedrock 23.0 17.6 940.0 bedrock 23.0 20.0
5 900.0 33.0 393.0 bedrock
6 280.0 bedrock
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(m)
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(m)

Ro   (Ohm-
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Thickness 
(m)

1 11.0 0.9 22.0 0.6 10.0 0.6 21.0 1.3
2 60? 4.7 71? 2.2 63? 3.0 45? 4.1
3 32.0 6.5 15.0 7.0 15.0 11.4 26.0 3.9
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Source: Nkhoma, J., 2003. 
 
 

 
 
 
 
 
 

Source: IGM Portugal. 
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Appendix 13: Photographs of field work September 2007 
 

Cracks during the dry season   Soil column by auguring with Cobra machine 

 

WP4-T water potentiometer  

 

 

Permeameter     

         JK7 well house 

 

Discharge 

measurement 

by RBC flume 
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Appendix 14: Detail configuration of automatic data acquisition systems (ADAS) installed in 
September 2003 inside the study area 
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