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1. Introduction and objectives 
 

 
As agriculture has increased the exploitation of the natural resources, their impacts on the 
environment have been increasing. Irrigated agriculture is both cause (the discharge of 
pollutants and sediments) and victim (the use of contaminated water) of water resources 
pollution (agriculture is a major factor in eutrophication of surface waters). In recent decades, 
this has occurred very rapidly, due to the need to increase productivity to meet the increased 
demand resulting from population growth. In this situation, the need to turn to highly productive 
systems that are compatible with environmental conservation has been gathering strength. 
 
The water pollution can be diffuse pollution, which is the release of potential pollutants 
(sediments, nutrients, pesticides, etc.) from a range of agricultural activities that individually may 
have no effect on the water environment, but at the scale of a catchment can have a significant 
impact. The main features of diffuse pollution are that it responds to hydrological conditions and 
presents difficulties in measurement or direct control. Therefore it is necessary to develop and 
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implement watershed information systems for environmental assessment and water resources 
planning, combining water quality information and quantity data with simulation models.  
 
There are numerous studies to obtain information on pollution caused by irrigated agriculture. 
Canatário (2006) studied diffuse pollution from agriculture at watershed scale, linking irrigation 
systems, amount of water applied, rainfall, and agricultural practices with the quality of water 
infiltration and runoff. Our study, based on this work, will analyse the runoff flows and diffuse 
pollution in a small watershed with different land uses and different irrigation systems. 
Furthermore, a simulation model will be used to supply quantitative outputs of the catchment 
hydrologic balance. Thus, our objectives are: 
 
 

- To select irrigation watershed large enough in order to monitor the medium and long-
term behaviour of irrigation and agricultural practices, and their environmental effects. 

 
- To measure the quantity and quality of the runoff flows in the watershed outlet. 

 
- To parameterize and evaluate a simulation model in order to diagnose the impact of 

irrigation water use on the water resources downstream.   
 

 
 
The study is being carried out during three irrigation seasons (2011-2013). 
 
 
 

2. Methodological framework 
 

2.1. Study area 
 
The study area is located within the Genil-Cabra irrigation scheme (GCIS), in the Guadalquivir 
Valley, Southern of Spain (37º 31’ N, 4º 51’ W) (Figure 1). This irrigation scheme (divided into 
two zones, ‘Santaella Irrigation Area’ and ‘Puente Genil Irrigation Area’) covers 15,223 ha, 
managed by 1174 farmers. The study watershed is located within the ‘Santaella Irrigation Area’ 
(SIA), which encompasses 6,990 ha of irrigated land and was developed around 1990 (Figure 
2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Location of the Genil-Cabra Irrigation Scheme in the map of irrigation schemes in Andalusia. 
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Figure 2. Location of the study watershed within the Santaella Irrigation Area. 

 
 
 
The climate in the area is typically Mediterranean with an annual average precipitation of 
around 600 mm, and a dry summer, and an average annual reference evapotranspiration (ETo) 
of 1300 mm. The average air temperature ranges from 10 ºC in winter to over 27 ºC in summer. 
The predominant soil types are Chromic Haploxererts (35%) and Typic Xerorthent (35%), 
according to the Soil Conservation Service (1975) classification. In recent years, winter cereals, 
cotton, olive, and maize have been the most frequent crops, occupying over 65% of the area. 
Other important crops have been sunflower, garlic, sugar beet, beans, peppers, and other 
horticultural crops. 
 
The irrigation water is provided by the Iznajar dam. The water flows along the Genil River to the 
Cordobilla dam, where the main pumping station raises the water 24 m in height to the main 
channel (up to 22 m3 s-1). Along this channel are the sectorial pumping stations that distribute 
water to the whole irrigation area. The SIA has a modern pressurized on demand delivery 
system, which provides complete flexibility of frequency, rate and duration of delivery. 
Approximately 2600 ha in the lower part of the area are watered from a gravity-fed branched 
network. The remaining area (4400 ha) is supplied by another branched network. Both networks 
start at the same point, where all the water is diverted and filtered from a main canal (Figure 3). 
The whole area is divided into command areas, each composed of one or more parcels, 
depending on the size of the parcels. A parcel is an administrative unit within a unique boundary 
that belongs to a single owner. A parcel may be divided into several fields, which comprise the 
crop-management units. The pressurized network supplies water to 44 command areas and the 
gravity network supplies water to 39 command areas. Water delivery is measured at the inlet of 
each parcel. Farmers pay for irrigation water at a rate of 0.05 € m-3 to cover the energy costs of 
pumping. Additionally, there is an annual fee of about 160 € ha-1 to cover the operation and 
maintenance costs and recover part of the investment cost. 
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Figure 3. Overview of the main canal  
 
 
Land use has the following characteristics: there are 290 parcels of less than 2 ha, occupying 
4.3% of the area, about 360 parcels between 2 and 10 ha, representing 22.6% of the area, and 
190 parcels between 10 and 100 ha (65.7% of the area). Three command areas serve parcels 
that are over 100 ha, occupying 8.5% of the area. Over 90% of the individual parcels are less 
than 20 ha in size. 
 
The method of irrigation has evolved over the years and depends on the crop. Until the drought 
period of 1995/1996, almost all the SIA was watered with hand-move sprinkler systems; 
gradually, these systems were substituted with permanent sprinkler and drip systems. There are 
also pivots and other irrigation machines. Since 2001/2002, drip irrigation has occupied a 
greater area than sprinkler irrigation. Thus, crops such as wheat or sunflower are irrigated with 
hand-move sprinkler systems, while horticultural crops or olive are mainly irrigated with drip 
systems. In maize and cotton, approximately half of the area is drip irrigated and the rest with 
sprinkler systems. 
 
 

2.2. Selection of the study watershed 
 
The limits of the study watershed and its natural channels network were determined from a 
digital elevation model (DEM) using ArcHydro Tools v1.2, an extension of ArcGIS software 
(ESRI Inc., Redlands, CA, USA). The selected watershed (Figure 4) has 303 ha, and natural 
channels with density 12.77 m ha-1 and fluvial hierarchy of three levels, draining into the 
Fontanarejo Stream. It has an elongated shape, west-east orientated. Altitude varies from 284 
m to 176 m at the watershed outlet. The slopes are in the interval 0-41.7% (Figure 4), thus the 
topography is undulating.  
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Figure 4. Limits and slopes map of the study watershed 

 
 
 
The predominant soil types are weakly developed soils (56%) In summary, the study watershed 
has three types of soil (Figure 5): 
 

- Calcimagnesic, lime brown carbonate soils: They have some characteristics similar to 
Vertisols. They are located in the higher areas of the watershed (107 ha), with steep 
slopes. 

- Weakly developed soils (Regosols and Litosols): They are located in one of the steeper 
areas of the watershed (169.6 ha), occupied by olive groves in the south. 

- Vertisols (high clay content): They appear in the bottom of the watershed (26.4 ha), in 
areas with lower slope. 

 
An impermeable soil layer underlies the three soil classes at approximately 1.5 m in depth, 
which greatly determines the hydrology of the watershed. 
 
 
 

 
Figure 5. Soil map of the study watershed 

 
 

Land use has the following characteristics: there are 46 parcels, and 17% of them have less 
than 1 ha (Table 1). 
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Table 1. Area distribution of the parcels in the study watershed 
 

Parcel area (ha) Parcel % 
  

0 - 1 17 
1 - 5 32 

5 – 10 32 
10 - 20 13 
20 - 30 6 

  

 
 
 
The most important crop in the watershed is olive, representing 45% of the irrigated area 
(2010/2011 season). Other relevant crops in the area include wheat, sunflower, garlic, cotton, 
melon, and several horticultural crops (Figure 6 and 7).The irrigation methods used in the study 
watershed are sprinkler and drip systems.  
 
 

 
Figure 6. Land use in the study watershed, year 2010/2011. 
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Figure 7. Distribution of the crops in the study watershed, year 2010/2011. 
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2.3. Data acquisition 
 
 

All acquired data will be integrated into the ArcGIS system, in which the biophysical and 
agricultural practices information can be extracted from the GIS database to help in the 
simulation and analysis of the runoff and non-point pollutant loading in the watershed.  
 
 

2.3.1. Biophysical information 
 

The daily meteorological data required for the study are obtained from an agrometeorological 
station (CSIC-IAS) located within the SIA. The precipitation and temperature is also measured 
and reported daily from a rain gauge and temperature sensor located at the watershed outlet. In 
this study, the precipitation is considered spatially uniform over the watershed. 
 
Detailed spatial soils data will be obtained from a soil sampling in the watershed. The dominant 
soil type will be determined for each parcel, and associated characteristics for that soil type will 
be assigned. The hydraulic characteristics considered are: field capacity (FC) or the upper limit 
of volumetric water holding capacity, permanent wilting point (PWP), taken as the lower limit of 
water holding capacity, drainage coefficient (τ), and hydraulic conductivity at saturation (Ksat).  
 
 

2.3.2. Agricultural practices 
 
Agricultural practices were recorded by the farmers and verified by direct observations during 
visits to the watershed. To characterize these practices, farmers’ interviews are carried out 
during each irrigation season. The interviews are structured into six main blocks of questions: 
sowing, tillage operations, fertilizing, phytosanitary treatments, irrigation, and harvest. The 
detailed content of the interviews can be analyzed in Annex I. 
 
Irrigation water applications for each parcel are monitored by meter radio transmission units 
(Dialog 3G system – Software Greentree), allowing to analyse the irrigation management within 
the irrigation season. Also, these records are compiled by the staff of the irrigation scheme, who 
read the meters at least four times throughout the irrigation season. 
 
 

2.4. Remote sensing estimations 
 

Estimates of actual ET will be produced using satellite-based energy balance, and thus high 
resolution ET maps are derived. METRIC (Mapping EvapoTranspiration with high Resolution 
and Internalized Calibration) is an ET estimation model developed by the University of Idaho, 
USA (Allen et al. 2007) and based on the SEBAL (Surface Energy Balance Algorithms for Land) 
model of Bastiaanssen et al. (1998).  
 
Landsat 5 and Landsat 7 images are used in this study, covering Landsat path 201 and row 34. 
The images have corner coordinates shown in Table 2. 
 
 

Table 2. Coordinates for the four corners of the images used located in UTM zone 30N. 
 

UTM zone 30N  
Corner coordinates 
 X Y 
   

Upper left 327567 4161534 
Upper right 341898 4161558 
Lower left 327543 4148815 
Lower right 341945 4148791 
   

 

 7



 
The images are processed using the METRIC energy balance computation procedure (2006 
version) of Allen et al. (2007) to obtain daily ET for each image date. METRIC estimates ET as 
a residual of the energy balance at the surface, where energy consumed by the ET process is 
calculated as a residual of the surface energy equation: 
 
 

LE = Rn – G – H 
 
 

where LE is the latent energy consumed by ET, Rn is net radiation, G is sensible heat flux 
conducted into the ground, and H is sensible heat flux to the air. Details of the METRIC model 
are given in Tasumi et al. (2005) and Allen et al. (2007). 
 
Net radiation is computed by subtracting all outgoing radiant fluxes from all incoming radiant 
fluxes and includes solar and thermal radiation. Incoming shortwave radiation is calculated by 
analyzing solar position and intensity of radiation. Surface albedo is calculated by integrating 
reflectivities from bands 1–5 and 7 of Landsat. Incoming longwave radiation is estimated using 
a regionally calibrated equation, and outgoing longwave radiation is calculated by surface 
temperature (Ts) and emissivity. 
 
Soil heat flux is estimated as a function of Rn, Ts, and vegetation indexes. Sensible heat flux is 
estimated by deriving a near surface air-temperature gradient (dT) and aerodynamic resistance 
between two near surface heights (0.1 and 2 m above zero plane displacement), assuming dT 
is linear to radiometric Ts. Calibration of the dT function is accomplished by selecting two 
extreme ‘calibration pixels’ representing very dry and very wet agricultural surfaces, as 
described in Allen et al. (2007). Some site specific coefficients (e.g. surface roughness length 
by land use type) must be locally derived and were adapted here to Andalusian conditions. 
 
Landsat 5 and Landsat 7 images are also used to determine the green canopy cover (CC) 
evolution from the Normalized Difference Vegetation Index (NDVI; Haboudane et al., 2004) and 
leaf area index (LAI). Previously, during the irrigation season 2010/2011, photographs are taken 
above the canopy of several crops with a digital camera every Landsat image date, estimating 
CC through an image processing procedure (classification supervised) using ENVI 4.3 software 
(ITT Corporation). From this information, a relationship between CC and NDVI-LAI will be 
developed. 
 

 
2.5. Hydrological station and water quality sampling 

 
A hydrological station has been installed in June 2011 at the outlet of the watershed (Figure 8). 
The station consists of i) a longthroated flume, with control section triangular for small water 
depths and triangular/trapezoidal for large water depths, designed and calibrated following the 
procedure in Bos et al. (1991), and ii) an ultrasonic sensor connected to a datalogger for 
measuring and recording water depth. 
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Figure 8. Flume with an ultrasonic sensor at the outlet of the watershed (June 2011). 
 
 
The location and design of the flume required the calculation of the sections of approach and 
departure control, and the transitions of convergence and expansion, length and height (Figure 
9). The outlet of the flume is made without transition, and consists of a 21 cm step. The 
expected rating curve for the flume is show in Figure 10. The ultrasonic sensor is ‘The Probe 
Level Monitor’ (Siemens Milltronics). 
 

 

 
 

Figure 9. Final dimensions of the flume (3D view and cross section) 
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Figure 10. Expected rating curve for the flume 

 
 
Water samples are collected at the hydrological station when a determined runoff flow is 
detected. The sample collection frequency is chosen to quantify changes in water quality as a 
result of daily management practices. Water is collected as it is sucked from the flume and 
stored in a rotating drum. Later, the samples are transported to the University of Cordoba’s 
general laboratory (SCAI) in a cold environment to determine the concentration of sediments, 
nitrogen (in its three mineral forms: ammonium, nitrate and nitrite), total phosphorus, salinity (as 
EC), pH, and some specific herbicides and pesticides. We assume the pollutant concentration 
constant along the runoff event, thus knowing the runoff rate we could determinate sediment 
and pollutant losses (Duarte, 2006). 
 
In order to facilitate this task, in the next months a multiparameter probe (TROLL 9500, In-Situ) 
will be installed in the flume. The TROLL 9500 is a powerful, portable unit that houses up to five 
water quality sensors (temperature, pH, conductivity, turbidity, and nitrate), internal power, and 
optional data logging capabilities. This instrument with automated sampling and connection to 
telemetry systems for remote data management, reduce costs, maintenance, and field visits. 
 
 
 

2.6. Modeling framework 
 
A modeling framework has been developed to simulate properly the water and pollutant 
movement during a growing season at the watershed level. AquaCrop model (Raes et al., 2011) 
is used to simulate in a daily time-step the runoff and deep percolation for each parcel of the 
study watershed. Surface runoff and subsurface runoff (deep percolation) are routed to the 
watershed outlet through the natural channel network due to the impermeable soil layer present 
in the study area (described above). According to the distances to the watershed outlet (small 
time lag), the outlet flows are considered as an aggregation of flows of all plots. 
 
The modelling framework will allow us to perform an environmental assessment of variations in 
water management. Thus, it can also be very useful for scenario simulations and for proposing 
strategies of water use. 
 
 

2.6.3. AquaCrop model 
 
AquaCrop is a crop water productivity model developed by the Land and Water Division of FAO, 
in that it is meant for a wide range of herbaceous crops. It simulates soil water balance, yield, 
and WP, and is particularly suited to address conditions where water is a key limiting factor in 
crop production. The last fact together with the emphasis placed on the soil water balance and 
the effects of the agricultural practices were the cause of the model selection. The model 
requires a relatively small number of explicit and mostly-intuitive parameters and input variables. 
AquaCrop attempts to balance accuracy, simplicity, and robustness (Raes et al., 2011).  
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For the soil profile, the model performs a daily water balance that includes the processes of 
infiltration, runoff, internal drainage, water extraction in different depth layers, deep percolation, 
evaporation, and transpiration. The model keeps track of the incoming and outgoing water 
fluxes, as described by Raes et al. (2009) (Figure 11). 
 
 

 
 

Figure 11. The root zone as a reservoir (from Raes et al., 2011.AquaCrop Calculation Procedures 
Reference Manual. FAO, Rome, Italy) 

 
 
To accurately describe the retention, movement, deep percolation, and uptake of water, 
AquaCrop divides the soil profile into small fractions. The soil profile is divided into soil 
compartments (12 by default) with thickness Δz (0.10 m by default). However, AquaCrop will 
adjust the size of the compartments to cover the entire soil profile. The hydraulic characteristics 
of each compartment are that of the soil horizon to which it belongs. 
 
Surface run-off is simulated by the curve number method (USDA, 1964). The specified Curve 
Number (CNII) is adjusted for the simulated wetness of the top soil layer. Relationships derived 
from Smedema and Rycroft (1983), presenting corresponding CN values for antecedent 
moisture class (AMC) I (dry), II, and III (wet), are used. The maximum amount that can infiltrate 
the soil, either as rainfall or irrigation, is limited by Ksat of the topsoil layer. After infiltrating into 
the soil, the soil water movement and the drainage out of a soil profile are simulated by a set of 
equations in terms of the dependent variable, θ (soil water content), using a dimensionless 
drainage coefficient (τ) as derived from Ksat for downward water movement in the profile. For 
more details see Raes et al. (2011). 
 
In AquaCrop, some management aspects are explicitly considered (e.g., field-surface practices 
such as mulching to reduce soil evaporation, or the use of soil bunds to control surface run-off 
and infiltration), as they will affect the soil water balance. The water management considers 
options related to the irrigation method (sprinkler, drip, or surface, either by furrow or flood 
irrigation).  
 
 
 

2.6.4. Parameterisation and test of AquaCrop 
 

The model performance to simulate the surface runoff and subsurface runoff will be tested for 
the period from July 2011 to September 2012. The calibration and validation of the model will be 
performed at two levels, at field and watershed scale. 
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Field level 
 
The AquaCrop performance has already been tested in the study area for several crops with 
satisfactory results (García-Vila et al., 2009; García-Vila, 2010). Nevertheless, some 
adjustments will be made comparing the simulated values of CC and ET with the estimated 
values by remote sensing techniques (see above).  
 
Watershed level 
 
The flow data obtained from the flume at the watershed outlet will be compared with the 
aggregate flows simulated by AquaCrop. Some adjustments will be performed to obtain a better 
fit of the simulations. 
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