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SUMMARY 
 

This case study illustrates how a qualitative uncertainty assessment of an issue relevant 

for Water Framework Directive (WFD) implementation may be carried out. In 

particular, this study assesses qualitatively the uncertainties involved in the estimation 

of the two factors that determine the assignment of good or bad (quantitative) status to a 

groundwater (GW) body, namely the available resource and the total abstraction. For 

each factor, the sources of uncertainty affecting the individual elements (parameters, 

variables or models) from which they are estimated are studied separately. Each 

uncertainty source is briefly described, including its relative importance, its relation 

with the variable(s) affected, its synergies with other sources, and possible measures to 

reduce it. The subject of study is the Mancha Oriental Aquifer (MOA), Jucar River 

Basin Disctrict (RBD), Spain. MOA is the largest GW body within the Jucar RBD (20% 

of total area, i.e. some 8,000 km2), and is a nice example of the challenges that irrigation 

agriculture poses for sustainable water management in Mediterranean basins. 
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1. INTRODUCTION 
 

1.1. General 
 

The Water Framework Directive (WFD), issued by the European Council and 

Parliament as Directive 2000/60/CE on 23 de October 2000, provides a European policy 

basis at the river basin scale. The goal of WFD is to harmonise water-related actions and 

laws, and achieve good status and protection for all water bodies within the European 

Union. The river basin management and planning process prescribed in the WFD 

focuses on integrated management, involving all physical domains in water 

management, sectors of water use, socio-economics and stakeholder participation. 

 

As such, the WFD poses new challenges to water resources managers. The traditional 

physical domain specific and sectoral approaches need to be combined and extended to 

fulfil the WFD requirements. In order to address the challenges in a co-operative and 

coordinated way, the Member States agreed on a Common Implementation Strategy 

(CIS). Within this endeavour, a number of guidance documents were prepared by 

technical Working Groups and these documents were tested in pilot river basins across 

Europe, the Jucar River Basin (Jucar RBD) being one of them.  

 

Notwithstanding this effort, the preparation of the WFD-prescribed river basin 

management plans is in addition to these new challenges, influenced by uncertainties on 

the underlying data and modelling results. This involves the making of a large number 

of decisions. A decision maker has to make decisions based on available information. In 

most cases this information is deficient, incomplete and uncertain. How does this affect 

the soundness and effectiveness of the decisions?  

 

The goal of HarmoniRiB is to help managers and researchers to answer the above 

question, by developing methodologies for quantifying uncertainty and its propagation 

from the raw data to concise management information. Thus, the HarmoniRiB project 

aims to support the WFD implementation, by addressing issues of uncertainty in data 

and modelling, and by developing a ‘virtual laboratory for modelling studies’. This 

virtual laboratory will comprise of a set of river basins, of which data relevant to 

modelling and the WFD implementation are readily available for the scientific 
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community. The data can be used for comparison and demonstration of methodologies 

and models relevant to the WFD. 

 

1.2. The Jucar River Basin  
 
This section is based upon appendix D4 of HarmoniRiB Requirements Report 

(www.harmonirib.com) and on the information obtained from (www.chj.es), including 

the Jucar RBD Provisional Art 5. Report. 

The Jucar River Basin District (RBD) comprises all river basins which run into the 

Mediterranean sea, between the left bank of ”La Gola del Segura”, in its mouth, and the 

mouth of the Cenia river, as well as the endorreic basin of Pozohondo. The total area is 

42.989 km2, and extends over the autonomous regions of Castilla-La Mancha (36.6%), 

Valencia (49.6%), Aragon (13.2%) and Catalonia (0.6%) (Fig. 1). There are 

approximately 4.360.000 inhabitants (year 2001). Due to tourism, an additional 

1.400.000 non-permanent residents live in the area.  

 

 
Figure 1. The Jucar River Basin District 
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Within the Jucar RBD two zones can be distinguished, coastal plains and inland, 

mountainous areas. The coastal plains are separated by inland relief, which is mainly 

composed of carbonate rocks. Some 25% of the total basin area is above 1000m 

altitude, 33% corresponds to coastal plains, and the remaining 42% comprise to the high 

plateau of the ” Llanura Manchega”.  

 

The Jucar River Basin is mainly influenced by the Mediterranean climate, which is 

characterised by an intense and long dry summer period. Nevertheless, and due to 

geography and geomorphology, there are some notable differences among Northern and 

Southern, Eastern and Western parts. These differences increase climatic effects such as 

thermal inversions that produce catastrophic floods along the coast. The Jucar RBD 

could be defined as a semi-arid or even arid zone as a whole. There are erosion 

problems mainly due to wildfires that have devastated the RBD in recent years.  

 

The rivers within Jucar RBD have Mediterranean regime, characterised by intense 

droughts during summer and floods in autumn. Only three rivers have an average 

discharge over 10 m3/s, the Mijares, the Turia and the Jucar river, that supply 80% of 

the total surface water resources. From them, the Jucar River is the largest, with a mean 

supply of 1,825 Hm3 a year which is equivalent to 55% of the total available resource. 

The rest of the river network does not play an important role on water supply, except for 

those located at the Marina Alta system.  

 

The water demand in the JUCAR RBD was 3.625 hm3/year for year 2001. This demand 

arises from uses such as urban (653hm3/year), industry (120 hm3/year) and agriculture 

(2.852 hm3/year). The large agricultural demand is due to the large extension of the 

irrigated land within JUCAR RBD, which is mostly fed with groundwater. As point of 

fact, groundwater represents 73% of total water consumption within JUCAR RBD.  

 

There are 52 delimited GroundWater (GW) Bodies, or Hydrogeological Units2 (HU), 

within the Jucar RBD. This case study is focused on one of these, the HU 08.29, 

“Mancha Oriental”, thereafter MOA (where the ‘A’ stands either for Aquifer, even if 

MOA is actually a set of aquifers, or Area, when the context refers to the portion of 

                                                 
2 In the relevant Spanish law (Royal Decree 849/1986), a Hydrogeological Unit is defined as a set of 
contiguous aquifers that are administratively bound together in order to achieve good management. 
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Earth surface above this Aquifer). MOA is the largest HU within the Jucar RBD (20% 

of total area), and is a nice example of the challenges that irrigation agriculture poses for 

sustainable water management in Mediterranean basins. 

 

 

 
Figure 2. The 52 groundwater bodies within Jucar RBD. HU 08.29 ‘Mancha 

Oriental’ is shown in red. 

 

1.3. Objectives 
 

The goal of this case study is to illustrate how a qualitative uncertainty assessment of an 

issue relevant for WFD implementation may be carried out. In particular, this study 

assesses qualitatively the uncertainties involved in the estimation of the two factors that 

determine the assignment of good or bad (quantitative) status to a GW body, namely the 

available resource and the total abstraction. For each factor, the sources of uncertainty 

affecting the individual elements (parameters, variables or models) from which they are 
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estimated are studied separately. Each uncertainty source is briefly described, including 

its relative importance, its relation with the variable(s) affected, its synergies with other 

sources, and possible measures to reduce it. 

 

1.4. Relevance for Water Framework Directive Implementation 
 

The WFD advocates the enhancement and rehabilitation of groundwater bodies so that 

they achieve good status by year 2015. Regarding quantitative status, annex V.2.1 of 

WFD says that  

 

“The level of groundwater in the groundwater body is such that the available 

groundwater resource is not exceeded by the long-term annual average rate of 

abstraction. Accordingly, the level of groundwater is not subject to anthropogenic 

alterations such as would result in i) failure to achieve the environmental objectives 

specified under Article 4 for associated surface waters; ii) any significant diminution in 

the status of such waters; iii) any significant damage to terrestrial ecosystems which 

depend directly on the groundwater body. Alterations to flow direction resulting from 

level changes may occur temporarily, or continuously in a spatially limited area, but 

such reversals do not cause saltwater or other intrusion, and do not indicate a sustained 

and clearly identified anthropogenically induced trend in flow direction likely to result 

in such intrusions.” 

 

Therefore a GW body is in (quantitative) good status if total abstraction does not exceed 

the available resource. Obviously the uncertainties attached to the estimation of both 

terms impact the reliability of good status assessment, hence the relevance for WFD 

implementation. The importance of uncertainty in this context is framed by WFD CIS 

Guidance on Monitoring (EC 2003), which in page 118 says: 

 

“The degree of precision and confidence needed in this understanding will depend on 

the risks of failing to meet the objectives for the body of groundwater and the 

implications of errors in an assessment of groundwater status.” 

 

This case study is focused on a GW body for which that assessment has already been 

made, which makes this case study even more interesting. As a matter of fact, the Jucar 
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Pilot River Basin (PRB) exercise started at the end of 2002 as part of the WFD 

Common Implementation Strategy. Since then, much of the benchmark information on 

the provisions of article 5 of the WFD concerning the current status of the basin has 

been acquired, processed, organised and analysed. In the case of MOA, Jucar RBD 

Provisional Art. 5 Report concludes that it shows a bad quantitative status. Therefore a 

Program of Measures has to be established. This study may also help assess how the 

uncertainties involved may affect the Program of Measures. 

 

1.5. Reading Guide 
 

In the following section, the study area is described, together with the pressures and 

impacts it is subject to, and the preliminary program of measures that has been set up. In 

section 3, a qualitative assessment of the uncertainties involved in the estimation of the 

variables (available resource and total abstraction) that have led to the declaration of 

bad status is carried out. Finally, the main conclusions are summarised in section 4. 
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2. MANCHA ORIENTAL AQUIFER (MOA) 
 

2.1 General description 
 

The Mancha Oriental Aquifer (MOA, HU 08.29) is the largest (7,660 Km2) 

Hydrogeological Unit within Jucar RBD (Fig.3). This unit is located in the Eastern end 

of the Llanura Manchega, is completely confined within the physical Jucar river basin, 

and encompasses parts from the provinces of Albacete, Cuenca and Valencia. MOA has 

some 300,000 inhabitants, with some 60% dwelling in Albacete city. The official limits 

established by the Jucar River basin Authority (Jucar RBA) for MOA are:  

• N: Open limit formed by the parallel connecting the dams of Alarcon and Contreras 

reservoirs.  

• NW: Surface (and groundwater) water divide between Jucar and Guadiana river 

basins. 

• W-SW: Barrier formed by Jurassic clay materials that disconnect MOA from the 

upper basins of Jardin and Lezuza rivers.  

• S: Divide between Jucar and Segura river basins. 

• E: Barrier formed by a Triassic diapiric outcrop. 

 

Geomorphologically, MOA is a high plain of 700 masl, surrounded by smooth relieves 

that increase their complexity towards the exterior of the system. The main river 

traversing MOA is the Jucar, which cross MOA North to South by the NW corner of 

MOA (Alarcon dam), turning W to E by the central zone. There are also two tributaries 

of Jucar that traverse MOA: Valdemembra river, a ephemeral stream entering N and 

reaching Jucar river at the central part of MOA; and the Cabriel river, that enters by the 

NE corner (Contreras dam) and runs close to the NE boundary until it exits MOA a little 

upstream of its junction with Jucar river. Apart from them, the Jardin and Lezuza rivers 

enter MOA by the South-Western side, and infiltrate into the plain yielding their flow to 

the aquifer. Finally, the Tajo-Segura transfer channel traverses MOA N to S along some 

120 km. Even if it makes no direct contribution to aquifer storage due to its impervious 

covering, indirectly it contributes to recharge via the use of waters from this channel to 

substitute groundwater for irrigation (see 2.3.4) . 
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Figure 3. The Hydrogelogic Unit 08.29, Mancha Oriental 

 

MOA climate is continental, reaching extreme temperatures both in winter and in 

summer. Average rainfall is 350 mm/year, varying from 280 mm/yr in the Southern part 

to 550 mm/yr in the North. There is also a great interannual variability. In dry years, 

rainfall can go as low as 150 mm/yr, and in humid ones, as high as 750 mm/yr.  

 

Geologically, MOA is located in a zone where the main axis of the Iberian Mountain 

Chain (to the North) confronts that of the external Prebetican Mountain Chain (to the S 

and SE). The various sedimentary sequences give way to a multilayered 

hydrogeological system with complex relations among the layers (IGME 1980, 1988). 

The major aquifer units within MOA are, by descending order in terms of area and 

thickness a) dolomite and limestone from Jurassic (partly Dogger), present everywhere 
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in MOA, unconfined near the border and confined in the other areas, with an average 

thickness of 250-350 m (mean transmissivity 10.000 m2/day); b) limestone and 

dolomite from upper Cretacic, located in the NE half, with an average thickness 

between 50 and 100m and a transmissivity similar or a little lower than the former; and 

finally, c) limestone from Miocene that occupy central MOA in a unconfined state, 

with some 150 m thickness and 1.200-7.200 m2/day transmissivity). These three 

aquifers are separated by aquitard layers from lower Cretacic and detritic Tertiary (Fig. 

4).  

 

Figure 4. MOA Conceptual Model. From Sanz, 2005. 
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2.2. Pressures and impacts  
 

Since the 80’s, the exploitation of groundwater resource has become a key driver for the 

socioeconomic development of MOA. Irrigation agriculture area currently exceeds 

100,000 ha, and groundwater abstraction runs at rate of more than 400 hm3/yr, from 

which 98% is used for irrigation (Table 1). This figure contrasts with the available 

groundwater resource3 estimated in the Jucar Hydrological Plan (JHP), which is 320 

hm3 (Table 2). The overexploitation has caused two major quantitative impacts, namely 

a steady drop in groundwater level and a reduction of MOA discharge to Jucar River.  

 
Urban 

abstraction 

Agriculture 

abstraction 

Industrial 

abstraction 

Total 

abstraction 

8.87 397.73 0 406.60 

Table 1. Total abstraction (hm3/year) in the Mancha Oriental. Source: Jucar RBD Prov. Art. 5 Report. 

 

Rain 

infiltration 

Losses 

from 

rivers 

Return 

from 

irrigation 

80% 

lateral 

recharge 

Reserved 

river flow 

Available 

resource 

147.72 60 78.91 72 -35.54 323.09 

Table 2. Available groundwater resource (hm3/yr) in MOA. Source: Jucar RBD Prov. Art. 5 Report 

 

 

Another significant impact from irrigation agriculture pressure is the change of direction 

in groundwater flow. Prior to the outset of irrigation agriculture (1980), GW flow 

converged towards Jucar River, so that its river bed downstream Fuensanta town acted 

as the discharge channel for this aquifer, while recharge areas coincided with the 

outcrop of aquifer layers to the North and with the Jardin and Lezuza river beds. 

However, in 2002, after more than 20 years of intensive groundwater abstraction for 

irrigation agriculture, there has been a permanent shift in flow direction (Fig. 5). In 

Eastern MOA, groundwater flow still converges towards Jucar. However, in W and SW 

MOA, flow goes to a sink created by a large irrigation area existing in that part. 

Recharge areas remain the same, but now there is a positive aquifer recharge from the 

                                                 
3 This concept is defined in WFD as the long term annual average rate of overall recharge of the GW 
body less the long term annual rate of flow required to achieve the ecological quality objectives for 
associated surface waters, to avoid any significant diminution in the ecological status of those waters, and 
any significant damage to associated land ecosystems. 
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Jucar river flow (in the sector from the Alarcon dam to Valdeganga), due to hyporeic 

infiltration, as the river bed is now disconnected from the aquifer in this sector. 

 

 

Figure 5. Water level contour lines and irrigation agriculture area within MOA, for two different years A) 
1982 and B) 2002 (from Sanz et al 2005). 
 
 

 

2.3 Program of Measures 
 

The quantitative analysis made by the Jucar RBA for MOA clearly indicates that 

environmental objectives are not currently satisfied and that there is a risk of not 

reaching good status by 2015. Therefore a program of measures is required. Actually, 

the current Jucar Hydrological Plan (JHP, approved in 1998) established four main 

actions for tackling overexploitation in MOA that are listed below. It is likely that the 

upcoming WFD-compliant Program of Measures for MOA builds upon these measures, 

therefore the discourse focuses on these measures, particularly measure 2.3.1 

(abstraction control) and 2.3.4 (abstraction substitution). From a participatory 

perspective, we note that they have been implemented in co-operation with the Mancha 

Oriental Irrigation Association (JCRMO), a non-profit organisation that gathers all users 

(almost a thousand) and that is committed to promote the sustainable use of water 

resources within this region.  
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2.3.1 Annual exploitation plan 
 
The aim of this plan is to control water abstracted for irrigation agriculture. In order to 

achieve this, a first step was to delimit water management units (WMA) that consist of 

sets of neighbouring cadastral parcels having a common owner and/or irrigation system. 

Every year, WMA owners submit to JCRMO a crop plan whose water requirement 

should not exceed the amount of groundwater allocated yearly to each WMA. The 

allocation takes into account overall water demands and available resource. These 

WMA plans are later checked against a crop map derived from several Remote Sensing 

images acquired throughout the growing season. In cases of disagreement, the owners 

of offending WMAs are fined proportionally to the excess water they have consumed. 

This measure has contributed to the stabilization the total irrigated area since 2001.  

 
2.3.2. Irrigation advisory service 
 
This service, established in 1988, provides users with weekly information on actual 

water requirements of their crops, and advises them on enhancements for their irrigation 

systems and operations. Once the total irrigated area is kept constant, the overall goal of 

this measure is to decrease water demand by increasing irrigation efficiency. 

 
2.3.3 Substitution of water supply for Albacete city 
 
In 2003, water supply for Albacete city, which formerly was provided by a group of 

boreholes to the South of the city, was substituted with surface water from the Alarcon 

reservoir (Júcar River). Although the main reason for this measure was the poor 

drinking quality of these groundwaters, it has impacted positively quantitative status by 

reducing groundwater demand in some 8 hm3/yr.  

 
2.3.4. Substitution of water abstraction for irrigation 
 
This measure, adopted since 2001, consisted in closing the boreholes that fed a network 

of irrigation channels built in the 60’s in the Salobral-Los Llanos zone (that had 

experienced a groundwater level drop up to 70m), and feeding this network with some 

15 hm3/yr from a derivation that takes water from the Tajo-Segura transfer channel. It 

has achieved a certain stabilisation of groundwater level in this zone, so that the plan is 

to implement this measure in other zones and increase the use of surface water up to 80 

hm3/yr so that abstraction does not exceed available resource.  
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3. UNCERTAINTY ANALYSIS 
 

3.1 Rationale 
 

MOA has been characterised in Provisional Art. 5 Report as a groundwater body at risk 

of not achieving good status by 2015. This characterisation is based on the Pressures 

and Impacts analysis, where both the available resource and the abstractions have been 

estimated. While there is little uncertainty on whether this GW body is at risk (the 

dramatic drop of groundwater level in irrigated areas suffices as evidence), the actual 

value of the available resource and total abstraction is uncertain. This uncertainty may 

affect the soundness of the program of measures. Recall e.g. measure 2.3.4. If the 

available resource is much less than estimated, abstraction replacement with the 

projected amount of surface water will not result in the achievement of good status. Or 

recall measure 2.3.1. If water abstraction is much higher than estimated by Remote 

Sensing, neither this measure will achieve good status even if all users conform to the 

plan. If on the other hand, available resource was higher than estimated and actual 

abstraction was lower than estimated, then the measures would lack cost/effectiveness 

and could even be considered a unnecessary hindrance for regional development. 

 

The best way of evaluating the effects of the program of measures on the MOA system 

would be through Monte Carlo simulations using uncertain data as input to calibrated 

models, as it is done in other HarmoniRiB case studies. However, such kind of analysis, 

if limited only to data uncertainty, may lack practical interest in situations where model 

uncertainty is high, i.e. when it is unlikely that the available model is an accurate 

representation of the system’s structure and function. This is probably an 

underestimated problem so far: When implementing the WFD, basins with few 

available data and models will likely need to rely very much on expert judgements. 

Assessing how reliable these judgements are, even if the assessment is only qualitative, 

will provide decision makers with better information. The aim of this case study is to 

illustrate how such a qualitative assessment may be carried out. Notwithstanding, we 

note that the above situation does not really apply to Jucar RBD, which is one of the 
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WFD pilot river basins that has committed more seriously to the PRB exercise. In 

particular, Jucar RBA actually has a calibrated model for MOA that has been 

implemented into MODFLOW. However, this model is not publicly available and 

unfortunately we could not take advantage of it for our case study. 

 

In short, the issue under scrutiny in this case study is the quantitative status of a GW 

body, MOA. Let us begin by explaining plainly what this is about. There is only a 

certain amount of recharge into a GW body each year, and of this recharge, some is 

needed to support connected ecosystems. For good management, only that portion of 

the overall recharge not needed by the ecology can be abstracted - this is the available 

resource, and the WFD limits abstraction to that amount. So River Basin Authorities 

(RBAs) should manage GW bodies so that abstraction does not exceed the available 

resource. If the statu quo is like this, the GW body is said to be in good (quantitative) 

status. If not, RBAs have to implement a program of measures in order to warrant that 

the GW body will remain in good status after the deadline (2015). So the prime factors 

to this problem are the available resource on the one hand, and the abstraction on the 

other. What we have done in this case study is to assess qualitatively the uncertainties 

involved in their estimation. For each factor, we study separately the sources of 

uncertainty affecting the individual elements (parameters, variables or models) from 

which these two factors are estimated. Each uncertainty source is briefly described, 

including its relative importance, its relation with the variable(s) affected, its synergies 

with other sources, and possible measures to reduce them.  

 

3.2 Available resource 
 

The available resource is defined in WFD as the long term annual average rate of 

overall recharge of the GW body less the long term annual rate of flow required to 

achieve the ecological quality objectives for associated surface waters. That is, available 

resource is the recharge less the environmental volumes (discharges to rivers, lateral 

outflows to other aquifers, and flows to wetlands). In the case of MOA, Jucar RBD 

Provisional Art. 5 Report estimates the available resource in some 320 hm3/yr. 
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3.2.1. Recharge 
 
Groundwater recharge is the amount of water that enters the aquifer in a given period of 

time, typically a year, and should be equal to the outflow plus groundwater storage 

change. This balance is based on the concept that all inputs of water (inflow) in a 

defined space and time are equal to the sum of all outputs of water (outflow), and the 

changes of water storage, in the same space and time. Space (3D) is given by the 

external boundaries and the conceptual model of the aquifer system, while time is 

obviously given by the period considered. In order to analyse uncertainty in recharge 

estimation, the spatio-temporal constraints are addressed first, including the conceptual 

model, and thereafter the variables involved in the estimation of inflows (rain 

infiltration, losses from rivers, return from irrigation, and lateral inflow). 

 

3.2.1.1. Spatio-temporal considerations 
 
According to Konikow and Reilly (1999), two major sources of uncertainty affect the 

computation of the hydrogeological balance: conceptual errors on the extension and 

structure of the system, and insufficient spatio-temporal measurement frequency of the 

variables involved in the balance.  

 

The system geographic extent is given by the boundary established by Jucar RBA for 

MOA. This boundary is partly based on surface physical features, such as drainage 

divides between river basins (Jucar and Segura, and Jucar and Guadiana), and some on 

geological features, like the Triassic diapiric outcrop that is part of the Eastern border. 

However, there are parts that have been arbitrarily delimited. For example, the NE 

border consists of two straight lines that correspond to no geological feature and that 

intersect the Cabriel river, which discharges into Jucar river downstream MOA. Also, 

the Northern border has been defined by convention as the (parallel) line connecting the 

dams of Alarcon and Contreras reservoirs. Although this border is considered an open 

limit, there is high uncertainty on the lateral recharge that takes place across it, even 

more when there hardly are monitoring boreholes around that open frontier. This 

uncertainty may be reduced by increasing the density of the monitoring network in the 

northern part of MOA, and by redefining the border according to more natural limits 

(such as those proposed by CHJ 1999 and Sanz 2005). 
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Regarding the temporal dimension, inter-annual weather variability may impact the 

representativeness of the estimated available resource, especially in semi-arid zones, 

where annual rainfall may drop dramatically for several consecutive years (Custodio 

and Llamas, 1983). For example, rainfall in Albacete city for last hydrologic year 

(Oct04-Sep05) was only 160mm, and a low value is also expected for 2006, while the 

mean is 350 mm. Obviously, the available resource for MOA during 2005 was lower 

than the one based on mean values. However groundwater allowances granted to 

farmers by the Exploitation Plan (see 2.3.1), having been computed from the mean 

available resource, are fixed irrespectively of the drought situation. Hence this Measure 

not only hardly tackles the adverse consequences of the drought, but even fosters 

overexploitation in those periods. The conclusion is that a fixed unique value for the 

available resource makes little sense in semi-arid zones like MOA. A possible solution 

would be the one adopted by the California Department of Water Resources, where 

there are two values for the available resource, one for normal years and another for 

years within a drought sequence (CDWR 1994). 

 

3.2.1.2. Conceptual model 
 
The three-dimensional structure of MOA is given by the conceptual model, a graphical 

representation in the form of cross sections describing the hydrostratigraphic units of 

the system. The MOA conceptual model (Sanz 2005) is based on a comprehensive set 

of drilling samples that have been extracted throughout the region in the last decades, so 

it can be said that MOA is well characterised conceptually. However, this does not 

mean at all that MOA conceptual model is accurate and unique and therefore free from 

uncertainty. On the contrary, several conceptual models can be constructed departing 

from the same field data, depending on the subjective interpretation of the 

hydrogeologist and on the chosen method for stratigraphic interpolation in the transects 

between samples. Each conceptual model will yield a different numerical model which 

in turn is likely to behave differently (Sweetkind et al. 2002).  

 

A nice example of this can be found in Refsgaard et al. (2006). In 2000, the County of 

Copenhagen asked five Danish consulting firms to conduct separately a study of the 

aquifer’s vulnerability towards pollution in a 175 km2 area. As the task was one of the 

first consultancy studies on a new major market, so it was considered by the firms a 
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very important job. The vulnerability maps delivered by the five consultants are shown 

in Fig. 6. It is apparent that the five estimates differ conspicuously from each other. The 

fact that the consultants all used the same raw data and put a lot of effort and expertise 

point to conceptual model uncertainty as the main cause of the difference between 

results. Therefore, the conceptual model is a major source of uncertainty in model 

predictions.  

 

 
Figure 6. Model predictions on aquifer vulnerability towards 
nitrate pollution for a 175 km2 area west of Copenhagen 
(from Refsgaard et al., 2006). 
 

 

Since this uncertainty is difficult to quantify, the usual way of tackling it is to ignore it 

by assuming that the conceptual framework is unquestionably correct (Nilsson 2005). 

Unfortunately this is not the only uncertainty ignored. For example, other HarmoniRiB 

case studies focus on input data uncertainty, and hence do not consider other sources of 

uncertainty. By doing so, the parameters of the numerical model are assumed to be 

perfectly calibrated (so that they can be kept unchanged during the simulation). In the 

light of this discussion, the results of this kind of uncertainty analysis may be rightly 

criticised on grounds that there is no evidence whatsoever that the impact on model 

output of the uncertainty from both the conceptual model and the calibrated parameters 

is negligible compared to input data uncertainty. On the contrary, predictive 
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uncertainties will be significantly underestimated if model structure uncertainty is not 

explicitly accounted for (Højberg and Refsgaard, 2005). Furthermore, in situations 

where it is unlikely that the available model is an accurate representation of the system’s 

structure and function, such exercise would be completely futile, as the uncertainty 

under analysis would be insignificant compared to the one ignored.  

 

The only sensible way to tackle this uncertainty is to increase the knowledge on the 

system, especially in areas where field data are scarce. In the case of MOA, there is a 

conspicuous lack of knowledge about the hydrogeologic connection between the 

aquifers from middle Jurassic and upper Cretacic in northern MOA. There is also little 

knowledge about the river-aquifer relationship, and about the degree of connection 

between different aquifer layers. In the mean time, any attempt to go beyond qualitative 

aspects of uncertainty would be of uncertain usefulness. 

 

3.2.1.3 Rain infiltration 
 
Direct recharge from rain infiltration is a well-known process. However, the spatio-

temporal quantification of the amount of precipitated water reaching the saturated zone 

is subject to a great deal of uncertainty. Indeed, rain infiltration depends on factors such 

as rain intensity; slope; land cover; and soil and unsaturated zone characteristics. The 

knowledge on the spatial distribution of some of these factors is rather poor, and in any 

case, the propagation of the uncertainties each one of them bears may impact 

considerably balance computations (Rana et al., 2001). For example, Jucar RBD 

Provisional Art. 5 Report states that rain infiltration amounts to 45% of available 

resource. However this figure may vary conspicuously in different years, both relatively 

and in absolute terms. A study carried out under the EFEDA project (Bromley 1998), 

which included MOA, concluded that annual recharge from rain infiltration varies more 

markedly than annual rainfall (Fig. 7). In particular, estimating recharge using a series 

with annual rainfall 28% less than average, yielded a value for recharge 90% less than 

the one obtained with a normal series (Cruces 1998). This supports the recommendation 

made in 3.2.1.1 of setting a lower ‘official’ amount of available resource for years 

within a drought sequence. 
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Figure 7. Recharge from rain infiltration (hm3/yr) for MOA in 
the period 1940-1995 (Source: El Libro Blanco del Agua en 
España, 1999)  
 

 

 

3.2.1.4 Losses from rivers  
 
Provisional Art. 5 Report states that river losses contributing to MOA amount to 60 

hm3/yr, a little less than 20% of the official MOA available resource. This comes on the 

one hand, from Lezuza and Jardin rivers, that give their whole flow to MOA (as their 

respective streams disappear soon after entering MOA from SW); and on the other 

hand, from Jucar river, that enters from North and exits to the East). There is also the 

Cabriel River that runs close to the NE boundary, but it is complicated to include 

eventual losses from this river as there is no evidence on whether this volume would 

end in or out of MOA, since that boundary is arbitrary. A sounder solution for this river, 

proposed by CHJ (1999), is to redefine the NE boundary as the drainage divide between 

Jucar and Cabriel, which is likely to correspond to a groundwater divide also. In this 

way uncertainty in this part would be greatly reduced and the balance simplified. 

Regarding Jardin and Lezuza rivers, there is some uncertainty regarding the contributed 

flows, as the relevant gauging stations do not provide continuous measurements and 

both streams are effluent outside MOA and only have flow when the water table of their 

upper basin aquifer (separated from MOA by an impermeable barrier) raises after a 

rainy period. 

 

As for the Jucar River, the conceptual model enables the hydraulic characterisation of 

the relation between MOA and Jucar River. However, to date there is no accurate 

quantification of the volumes gained or lost by the river and their temporal evolution. It 

could be argued that this could be achieved through differential flow measurements 
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between gauging station at the entrance and exit of Jucar River in and out of MOA, but 

the calculations are not straightforward as there are some small reservoirs between these 

points whose input and output are unknown. Besides, the relationship Jucar/MOA has 

changed in recent times due to abstraction. Before the outset of irrigation agriculture, 

Jucar was a losing river only during the first 20 km of its 125 km journey through 

MOA. Since the 90’s, the losing length has increased by some additional 40 km. The 

estimated volume taken out from Jucar river flow because of this additional loss has 

been estimated in some 200 hm3/yr Font (2004), which is as much as the average flow 

at the exit of MOA. This induced flow reduction may have a negative impact for 

ecosystems downstream MOA and therefore may force a revision of the available 

resource. The conclusion is that the uncertainty on river losses is an important one and 

should be reduced by increasing the spatio-temporal frequency of flow measurements, 

conducting new studies on river-aquifer hydraulic conductance, and contrasting the 

estimations with results from alternative methods such as chloride balance. 

 

3.2.1.5 Return from irrigation 
 
Provisional Art. 5 Report estimates that total abstraction in MOA (98% of which is used 

for irrigation agriculture) amounts to some 400 hm3/yr. From this volume, Art. 5 

assumes that some 80 hm3/yr (20%) return to MOA via infiltration. We don’t know 

what is basis for such estimation, but in any case it seems likely that this figure has been 

overestimated. Water moves downward to the zone of saturation only when the amount 

of water absorbed by the soil is greater than can be held against the pull of gravity, i.e. 

when the soil moisture is at its maximum. Near the end of the growing season, when the 

bulk of irrigation volumes is applied, moisture in the upper part of the soil zone is 

quickly depleted by evapotranspiration, thereby causing a deficiency in soil moisture. If 

irrigation is adequate, any water surplus will be retained in the soil, and there will be no 

groundwater recharge.  

 

So the only possibility for percolation to occur would be either that a traditional 

watering system (i.e. flood irrigation, very unusual in MOA, as most farmers use 

sprinkler irrigation) is applied, or that irrigation good practices are not followed by most 

farmers and they overwater their fields. In this latter case, which may not be unlikely 

given the fact that so far they do not have to pay for groundwater, returns from 
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irrigation may actually occur, but abstraction would remain largely underestimated (see 

3.3.2), so the balance computation would be even worse. Anyway, in order to better 

estimate recharge from irrigation, a more thorough knowledge of local irrigation 

practices, soil characteristics, and evapotranspiration would be required. 

 

3.2.1.6 Lateral inflow 
 
The amount of lateral inflow for MOA has been estimated in Provisional Art. 5 Report 

as some 90 hm3/yr. This inflow takes place mainly through the Northern border, which 

is an open limit that has been arbitrarily set following a geographic parallel. There is 

also some exchange through the NW border, which corresponds to the drainage divide 

between Jucar and Guadiana river basins and that is a groundwater divide too. The latter 

is subject to temporal changes due to abstraction throughout both sides of the border, so 

the net lateral flow have to be estimated from hydraulic head measurements at boreholes 

located in both sides. Regarding the N border, the best solution would be to adapt the 

boundaries to more natural features, so that the possibility of lateral flow between 

adjacent aquifers is considerably reduced as well as the uncertainty involved. Actually a 

new more natural limit, which incorporates the upper basin (N of MOA) of the 

Valdemembra river –a tributary of Jucar, has been proposed in a study (CHJ 1999) 

conducted afterwards the official limits were established. However it has not been 

adopted yet due to the difficulty of redefining all GW bodies within Jucar RBD. 

 

Regarding the hydrogeological balance, only 80% of lateral inflow is taken into account 

in the computation of the available resource, as the remaining 20% is considered an 

environmental restriction that must be secured an hence is taken away from the 

available resource. This 20% restriction is the same for all GW bodies within Jucar 

RBD, irrespectively of the volume it represents and of the requirements of the 

associated terrestrial ecosystems. Being this restriction arbitrary, it might be more 

precautionary (and hence less debatable) to simply not to include at all lateral recharge 

in the estimation of available resource. In any case, the best way to reduce uncertainty 

on lateral recharge is to define GW body boundaries based on geological and/or 

geomorphologic features, and where this is not possible, to study flow dynamics in 

order to estimate net flow between adjacent GW bodies separated by an open limit. 
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3.2.2. Environmental volumes 
 

As conceived in Jucar RBD Provisional Art. 5 Report, ‘environmental volumes’ is a 

lump sum of the minimum admissible discharges to rivers, lateral outflows to other 

aquifers, flows to wetlands and discharges to the sea. That is, ‘environmental volumes’ 

is assumed to be the ‘long term annual rate of flow required to achieve the ecological 

quality objectives for associated surface waters, to avoid any significant diminution in 

the ecological status of those waters, and any significant damage to associated land 

ecosystems”. The total annual volume that this rate represents has been estimated as 

35.54 Hm3. This has been derived following the criteria of minimum flow rates 

established by the Jucar Hydrological Plan (CHJ 1998). The fact that environmental 

volumes are lumped together makes difficult to assess the uncertainty surrounding this 

figure. In any case, the concept of ‘significant damage’ due to groundwater pressures 

cannot be applied at the whole aquifer scale but at the local, site-specific one (UKTAG 

2003). Therefore, a more thorough analysis is required that should include an inventory 

of groundwater dependent terrestrial ecosystems (GWDTE) within Jucar RBD, and a 

segregation of the specific volume required for each particular environmental unit, be it 

a wetland, a river, or an adjacent aquifer.  

 

3.3 Total abstraction  
 

Good or bad status depends on whether the long term annual rate of abstraction exceeds 

the available resource. In the case of MOA, abstraction is an important factor as there 

are more than 100,000 ha of irrigated fields and more than 90% of them use 

groundwater, totalling 400 hm3/yr, 80 hm3/yr more than the available resource. Since 

other uses (urban, industrial) represent less than 3% of total abstraction and are subject 

to rigid control, the uncertainty assessment will only focus on irrigation abstraction. 

 

Monitoring groundwater abstracted from MOA would be an easy task if every borehole 

had a flow meter in operation. Then uncertainty in total abstraction would be related to 

the accuracy of the flow metres and the data collection procedure. Unfortunately, this is 

not feasible. There are thousands boreholes within MOA, many of which are not even 

registered and few have operational flow meters. Therefore, an indirect method has to 
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be used instead. The actual method used for MOA is based on Remote Sensing 

techniques and estimations crop water requirements. Every year, a crop map is derived 

from a multitemporal set of Landsat images acquired during the growing season. Also, 

for each crop, the total amount of water required during the whole season is also derived 

(Table 3). Total abstraction is estimated from the crop map and the water consumption 

table. Both items will be treated separately. 

 
3.3.1. Spatial distribution of irrigated crops 
 

Deriving a crop map from Remote Sensing is a relatively well established technique that 

has been applied to MOA since 1998 (Castaño 1999; Calera and Beltran, 2001; Martin 

et al., 2003). It is based on the particular evolution of green cover that each type of crop 

exhibit from sowing to harvest. Hence a minimum of three Landsat images are required 

to obtain a rough profile of this evolution, from e.g. May, July and September. In each 

image the Normalised Difference Vegetation Index (NDVI, which can be taken as a 

surrogate of green cover) is computed from bands 3 (red) and 4 (near infrared) of the 

Thematic Mapper multispectral image. Then a hybrid classification method is applied to 

the multitemporal set of NDVI images, that classifies every pixel into either non-

irrigated, spring-irrigated, summer-irrigated, and spring&summer-irrigated. A further 

class, trickle-irrigated woody crops (such as vineyards and olive trees), is overlain later 

from other source of information, since it cannot be detected with Remote Sensing. The 

reported accuracy of this map is quite high. For example, the error in the discrimination 

between irrigated and non-irrigated areas is less than 1%. Being this so, we can reliably 

state that the major source of uncertainty in the estimation of total abstraction comes 

from the next item. 

 
3.3.2. Groundwater consumption of irrigated fields 
 

Groundwater consumption of irrigated fields is estimated from water requirements and 

actual precipitation. For each week of the growing season, the actual evapotranspiration 

ET of a reference crop (Festuca arundinacea), which is maintained in the same 

conditions during the whole season, is derived from both micrometeorological data and 
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lysimetric4 measurements made in a experimental farm (‘Las Tiesas’) located in the 

middle of MOA. The actual evapotranspiration of other types of crops is expressed as a 

proportion of the aforementioned reference evapotranspiration ET0. The proportion, 

called crop coefficient Kc, is dependant on the type of crop and development stage, and 

there are tables available for the weekly evolution of each crop’s Kc during the growing 

season, that have been derived also from crop-specific lysimetric data. Then water 

requirements in each week for each crop are equated to actual ET on the assumption 

that soil humidity is maintained in optimal conditions. Finally, weekly groundwater 

consumption is equated to water requirements less the effective rainfall (that part that 

reaches the soil, which is assumed to be 70% of registered rainfall) during this period. 

The summation of these weekly estimates from sowing to harvest gives an estimation of 

groundwater abstracted for each type of crop and area unit. Total abstraction is obtained 

as the product of these estimates by the total surface estimates derived from the crop 

map. 

 

Class Groundwater allowance  

Spring 2,705 m3/ha·yr 

Summer 6,259 m3/ha·yr 

Spring-Summer 7,415 m3/ha·yr 

Woody 1,500 m3/ha·yr 
Table 3. Groundwater allowances per crop class in MOA for year 

2004 ( www.chj.es/WEB/PDF/EvolucionRegadiosINTERNET.pdf) 

 

Being a complex process, this estimation is subject to many sources of uncertainty. 

First, there is the issue of the representativeness of the weather monitoring station at 

‘Las Tiesas’ as a surrogate of the meteorological situation in other parts of MOA. For 

example, cloudiness may affect unevenly MOA, so that estimated ET0 may not be as 

representative as expected. Also, rainfall shows a N to S decreasing pattern, so that 

fields located in Southern MOA may require more water than estimated. Second, there 

is the issue of the representativeness of the estimated groundwater requirements for the 

lumped classes (e.g. summer-irrigated) appearing in the crop map. These requirements 

                                                 
4 A lysimeter is a container with an open side and sealed walls and bottom that is usually buried in a 
experimental plot and filled with the same soil existing in the surrounding plot and with the same type of 
crop. It has a weighing device that gives daily measurements from which evapotranspiration is estimated. 
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are computed as the weighted sum of the requirements of all specific crops (e.g. corn, 

sugar beet, potato, etc) that are summer-irrigated, where the weight of each crop is 

proportional to the total area sown with that crop. The problem is that the total area is 

estimated from the farmers’ crop plans, which may be subject to changes that in most 

cases are not reported, and there may be considerable differences in water requirements 

from one crop to another. Last but not least, there is the validity of the assumption that 

irrigation good practices are widely followed, so that actual irrigation is close to actual 

irrigation requirements. This may be the weakest link in the estimation of total 

abstraction. For example, it is not unusual to see sprinklers working at noon in a sunny 

and windy summer day. This may be due to the fact that some farmers manage more 

irrigated area than their irrigation system can water if it works only at dawn, night or 

dusk, and therefore are forced to irrigate 24h even if it means a lower irrigation 

efficiency; and/or that some others have some outdated systems that require some 

human supervision and therefore prefer not to pay extra hours. They are also aware that 

their water allowances are based on crop area rather than in actual groundwater 

consumption, so all in all they have no incentive but the electricity bill to follow 

irrigation good practices.  

 

The following measures would help to tackle uncertainty in total abstraction. First, the 

development of new classification methods that, combined with ancillary information, 

would enable the compilation of a more specific crop map. Second, the periodic (e.g. 

weekly) production of distributed ET maps (or Kc maps) from which to compute more 

accurate water requirements estimates. As a matter of fact, there is an EC-funded 

project that has developed a method to produce such maps for MOA (www.demeter-

ec.net). Finally, there is the need for creating incentives in order for farmers to follow 

irrigation good practices. 

 

 

3.4 Storage change 
 

The reliability of the estimation of both the available resource (3.2) and total abstraction 

(3.3) could be validated by an accurate estimation of MOA storage change, since they 

are the three terms involved in the balance equation. Unfortunately, the currently 

available direct method of estimation of aquifer-storage change (ASCH) requires a 
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thorough knowledge of the structure and status of the aquifer. ASCH in a given period 

is the product of change in saturated thickness (CIST), i.e. the difference in water-table 

elevation at the beginning and end of the period, times the surface area (A) times the 

specific yield Sy (applies to unconfined aquifer layers) or specific storage Ss (applies to 

semi and confined aquifer layers). Specific yield Sy is the volume of water that can be 

drained by gravity from the pores in the saturated zone divided by the total volume of 

this zone and expressed as a percent. Specific storage Ss is the amount of water that a 

volume unit of aquifer would produce after a unit change in hydraulic head is applied to 

it (while it still remains fully saturated) (Fetter 2001). There is a lack of precise 

knowledge on the 3D distribution of these two parameters throughout MOA. In 

addition, the actual value of Sy or Ss in a given portion of the aquifer may vary by 

orders of magnitude (from 0,5-5·10-2 to 10-3-10-5). To worsen the situation, the 

conventional method to estimate Sy or Ss through pumping tests is not reliable for 

heterogeneous aquifers like MOA (Sanchez et al. 2000). Therefore its impact in the 

uncertainty of the estimation of ASCH outweighs that of CIST, whose uncertainty is 

mainly due to an insufficient monitoring network. The only current way to reduce this 

uncertainty is to increase the density of sampling points as to obtain a more precise 

knowledge of both Sy/Ss and CIST. However, in future it might be possible to 

accurately monitor groundwater storage change from space. Actually, the Gravity 

Recovery and Climate Experiment (GRACE) tandem satellite mission has been proved 

to have the potential to track changes in aquifer storage (Rodell and Famiglietti, 2002). 

This is done by directly measure ASCH through measurement of change in the mass of 

water beneath the gravity instrument.  

 

4. CONCLUSIONS 
 

The uncertainties involved in the computation of the available resource and the total 

abstraction, the two main factors that have determined the decision of assigning MOA 

to the WFD-prescribed bad (quantitative) status and that will shape the subsequent 

Program of Measures, are numerous and some of them significant (Table 4). By 

significant we mean that it is likely that the errors in the estimation have such a 

magnitude that put the success of the (current) Program of Measures in jeopardy. 

Furthermore, for some variables, such as the ‘return from irrigation’, the errors may 

have the same order of magnitude than the estimation itself. This case study has 
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illustrated how a qualitative assessment of these uncertainties may be carried out. We 

hope that it is useful for a wide audience, but more specifically, we hope that it 

contributes to the improvement, in what refers to MOA, of the Jucar Art. 5 Final Report 

and the future Program of Measures to be defined in 2009. This case of study has 

identified the major sources of uncertainty in the estimation of the available resource 

and the total abstraction in MOA, and has put forward some measures to reduce the 

uncertainty of such estimation, the most relevant of them are listed below: 

 

- The redefinition of the arbitrarily delimited parts of MOA according to more natural 

boundaries, so that uncertainty in lateral recharge is greatly reduced. 

 

- The use of two different estimates of recharge from rain infiltration (and hence of the 

available resource), one for normal years, and another (lower) for years within a drought 

period. 

 

- The revision of the estimate of ‘return from irrigation’, which is likely to be close to a 

null value. 

 

- The segregation of the ‘environmental volumes’ into the individual items that 

compound it (in the case of MOA, discharges to rivers and lateral outflows to other 

aquifers). 

 

- The gain of further knowledge on the efficiency of actual irrigation practices within 

MOA, as to increase the irrigation volume estimates with a correction factor that takes 

into account the inefficiency of current practices (or put it in a prescriptive mode, the 

establishment of some measures that foster the abandonment of such inefficient 

practices). 

 

- To increase the density of the monitoring network as to i) better characterise the 

relationship aquifer-river and that between the different aquifer layers, and ii) gain 

further knowledge on the spatial distribution of hydraulic properties such as Sy and Ss. 
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Factor Estimated 

Volume 

Importance for 

Quantitative 

Status in terms 

of percentage 

Uncertainty 

of the 

estimation 

Bias (overestimation 

[+], underestimation [-

], or unbiased [0]) 

Quantitative 

impact of the 

uncertainty 

Rain 

infiltration 

147.72 20 High [+] in drought periods High 

Losses from 

rivers 

60 9 High [0] Moderate 

Return from 

irrigation 

78.91 11 Very high [++] High 

80% lateral 

recharge 

72 10 High [0] Moderate 

Reserved 

river flow 

-35.54 5 High [0] Low 

Available 

Resource 

323.09  50 (sum of the 

above) 

High [+] High 

Abstraction 406.60 50 Moderate [-] High 

Difference 

([1]-[2]) 

 

-83.51 

 

100 

 

High 

[-] (Difference is likely 

larger than estimated) 

 

High 

 

Table 4. Summary table of the qualitative assessment of uncertainty on the quantitative status of MOA 
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