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Abstract 

The rice-growing area in the right riverbank of the Lower Guadalquivir Marshes (Spain) comprises 

about 22,000 ha. Land productivity in the region is high due to a favourable environment and high 

cropping intensity. The rice fields require about 10,000 m3/ha/year of flood irrigation at a district scale, 

although individual fields may receive four times as much due to a high rate of surface drainage and 

water recirculation. Irrigation water is pumped from the Guadalquivir estuary. Salinity is therefore a 

potential problem which severity depends on the rate of water released from the river reservoirs 

located upstream and the ocean tides. 

A ‘bucket’ mass balance with capacity constraints has been applied to model daily water, salts 

balances and circulation in the rice area. The model computes both balances in single irrigation units 

considering the components evapotranspiration, precipitation, percolation, surface drainage, and 

irrigation. The connections between the irrigation units requires a conceptualization of the system in 

a mesh (looped) layout of the distribution network with connection nodes consisting of drains that 

collect return flows from the irrigation units and supply reused water for irrigation.  

Water mass and salt concentration are monitored in specific points of the rice growing area. These 

measurements were compared with the model outputs. The model was validated by comparing 

measurements and simulation results from year 2020. 
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1. Introduction  

Water resources governance needs simple tailormade models adapted to the requirements of each 

area. This study addresses water management and planning in the rice growing area in the right 

riverbank of the lower Guadalquivir Marshes, Spain (Figure 1). The area comprises about 22,500 ha 

between the estuary of the Guadalquivir River and the Doñana National Park. Land productivity in the 

region is high due to a favourable environment, high cropping intensity and professionalized practices. 

Rice production is traditional in the region and generates a significant amount of rural employment. 

The economic activity associated to rice production includes rice industry, agrochemical suppliers, 

transport, agricultural machinery dealers, and red swamp crayfish (Procambarus clarkii) industry. 

The fields require about 10,000 m3/ha/year of irrigation water at a district scale, although individual 

fields may receive four times as much. This difference is due to a high rate of surface drainage and 

water recirculation. Irrigation water is pumped from the Guadalquivir estuary. 

Water scarcity is the most important limitation to rice production in the Guadalquivir Marshes. The 

water storage in the basin allowed cultivation of only 50% of the area in 2021 and about 30% in 2022. 

Moreover, salinity is an additional problem which severity depends on the influence of the ocean tides 

(greater the further downstream), the water released from the river reservoirs located upstream, and 

how water is circulated across the district. The water that is not consumed or percolated down to the 

underlying water table returns to the estuary with an increased concentration of salts. Therefore, salt 

concentration is spatially distributed across the rice growing area, increasing downstream along the 

estuary and as the number of upstream water reuses increases. 
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Figure 1. Right riverbank of the rice growing area in the lower Guadalquivir River valley (Spain) 

The objective of this paper is the development of a model to predict water and salt distribution in the 

rice growing area on the right bank of the lower Guadalquivir River, in response to water management 

and planning decisions. 

 

2. Materials and methods 

We developed a model of balance and circulation of water and salt with capacity restrictions to 

compute daily water and salts distribution in the study area. The model approach (Mateos et al., 2000, 

Mateos, 2008) computes the water balance in each irrigation and drainage unit in the system 

considering the components evapotranspiration, precipitation, percolation, surface drainage and 

irrigation. 

The connection between both types of units requires topological conceptualization of the system. In 

the study case, the arrangement of the units was determined by its mesh layout. Once the water fluxes 

are computed, salts mass balance equations are formulated for each unit according to its flow 

diagram, and the unknown salt concentration in every unit is calculated daily. 

Volumes of irrigation and drainage are calculated in the irrigation units according to irrigation needs 

and the management of the drainage outlets. Irrigation and drainage volumes flow from and to 

different drainage units or the river according to the topological diagram of the system, which is 

formulated mathematically through two correspondence matrices (Figure 2). The Irrigation 

Correspondence Matrix (𝐼𝐶𝑀) contains factors that indicate the proportion of irrigation that flows 

from the water sources (columns) to the irrigation units (rows). The Drainage Correspondence Matrix 

(𝐷𝐶𝑀) contains factors that indicate the proportion of drainage that flows from each irrigation unit 

(rows) to the main water source and each drainage units (columns). In the matrices, 𝑛 is the number 

of irrigation units represented with the 𝑗 subscript throughout the model, 𝑚 is the number of drainage 
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units represented with the 𝑘 subscript throughout the model, and 𝑟 is the main water source 

(Guadalquivir River for this case study). 
 

Irrigation Correspondence Matrix (𝐼𝐶𝑀)   Drainage Correspondence Matrix (𝐷𝐶𝑀) 

𝑗 \ 𝑘 𝑟 1 2 3 ⋯ 𝑚   𝑗 \ 𝑘 𝑟 1 2 3 ⋯ 𝑚 

1 𝑓1𝑟 𝑓11 𝑓12 𝑓13 ⋯ 𝑓1𝑘   1 𝑔1𝑟 𝑔11 𝑔12 𝑔13 ⋯ 𝑔1𝑘 

2 𝑓2𝑟 𝑓21 𝑓22 𝑓23 ⋯ 𝑓2𝑘   2 𝑔2𝑟 𝑔21 𝑔22 𝑔23 ⋯ 𝑔2𝑘 

3 𝑓3𝑟 𝑓31 𝑓32 𝑓33 ⋯ 𝑓3𝑘   3 𝑔3𝑟 𝑔31 𝑔32 𝑔33 ⋯ 𝑔3𝑘 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮   ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 

𝑛 𝑓𝑗𝑟 𝑓𝑗1 𝑓𝑗2 𝑓𝑗3 ⋯ 𝑓𝑗𝑘   𝑛 𝑔𝑗𝑟  𝑔𝑗1 𝑔𝑗2 𝑔𝑗3 ⋯ 𝑔𝑗𝑘  

Figure 2. Correspondence matrices derived from the conceptualization of the system 

Factors 𝑓 and 𝑔 must meet conditions: 

∀ 𝑗 ;         𝑓𝑗𝑟 + ∑ 𝑓𝑗𝑘
𝑚
𝑘=1 = 1     (1a) 

∀ 𝑗 ;         𝑔𝑗𝑟 + ∑ 𝑔𝑗𝑘
𝑚
𝑘=1 = 1    (1b) 

2.1. Water balance in the irrigation units 

The water mass balance equation for an irrigation unit is: 

𝑽𝒊𝒋 =  𝑽(𝒊−𝟏)𝒋 − 𝑬𝑻𝒄𝒊𝒋 + 𝑹𝒊𝒋 + 𝑰𝒊𝒋 − 𝑫𝒊𝒋 − 𝑷𝒊𝒋  (2) 

Where the 𝑖 subscript represents the day in the balance, the 𝑗 subscript represents the irrigation unit, 

𝑽𝒊𝒋 and 𝑽(𝒊−𝟏)𝒋 are the volumes of water in the unit j on the day of concern and the previous day, 

respectively, and 𝑬𝑻𝒄𝒊𝒋, 𝑹𝒊𝒋, 𝑰𝒊𝒋, 𝑫𝒊𝒋,and 𝑷𝒊𝒋 are the volumes of crop evapotranspiration, rainfall, 

irrigation, surface drainage, and percolation, respectively, in the irrigation unit j on day i. 

𝑬𝑻𝒄𝒊𝒋 was calculated with the FAO Penman-Monteith method (Allen et al., 1998). Daily reference 

evapotranspiration (𝐸𝑇𝑜𝑖) was taken from the Isla Mayor weather station part of the Agroclimatic 

Information Network of Andalusia (RIA, acronym of the name in Spanish, 

www.juntadeandalucia.es/agriculturaypesca/ifapa/ria/), which is located in the study area. The daily 

crop coefficient (𝑘𝑐𝑖𝑗) was considered to be 1.05 when the irrigation unit is flooded and before rice 

plants emerge above the water surface, 1.20 when the crop is fully developed, and 0.6 just before 

harvest (Allen et al., 1998). Satellite Sentinel-2 images of the study area, downloaded from the 

Copernicus open-access website (https://sci-hub.copernicus.eu), were used to derive unit specific 

crop coefficients derived from the vegetation index NDVI (Mateos et al., 2013; González-Dugo et al., 

2013). During the water filling period, that in large irrigation units may take several days, a filling factor 

(varying from 0 to 1) simulating the flooding progression is multiplied by the corresponding 𝐸𝑇𝑐𝑖𝑗. The 

daily filling progression factor (𝐹𝑖𝑙𝑙𝐹𝑖𝑗) is calculated based on the pumping capacity in the irrigation 

unit and the irrigation needs of the day. 

𝐸𝑇𝑐𝑖𝑗 = 𝐸𝑇𝑜𝑖 ∗ 𝑘𝑐𝑖𝑗 ∗ 𝐴𝑟𝑒𝑎𝑗 ∗ 𝐹𝑖𝑙𝑙𝐹𝑖𝑗  (3) 

𝑹𝒊𝒋 was calculated from rainfall data recorded at the Isla Mayor weather station. 

𝑽𝒊𝒋, 𝑰𝒊𝒋, 𝑫𝒊𝒋,and 𝑷𝒊𝒋 are functions of the water depth in the irrigation unit (𝒉𝒊𝒋), which is the water 

depth in the soil profile (𝒉𝑺𝑾𝑪𝒊𝒋) plus the water depth in the free water layer above the soil surface 

(𝒉𝑭𝑾𝑫𝒊𝒋): 

𝒉𝒊𝒋 = 𝒉𝑺𝑾𝑪𝒊𝒋 + 𝒉𝑭𝑾𝑫𝒊𝒋   (4) 

http://www.juntadeandalucia.es/agriculturaypesca/ifapa/ria/
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The value of 𝒉𝑺𝑾𝑪𝒊𝒋 can vary between the soil water depth in the soil profile at wilting point (ℎ𝑊𝑃𝑗) 

and at saturation water content (ℎ𝑆𝐴𝑇𝑗), passing by that at field capacity (ℎ𝐹𝐶𝑗). Wilting point, 

saturation water content and field capacity are soil parameters specific of each irrigation unit. The soil 

profile was considered 1 m deep for this specific application of the model purpose. Thus: 

𝑉𝑖𝑗 = 𝐴𝑟𝑒𝑎𝑗 ∗ ℎ 𝑖𝑗     (5) 
 

 

 
Figure 3. Sketch of an outlet in the 

Guadalquivir case study irrigation unit 

Figure 4. Relationship between percolation and 

water height 
 

𝑫𝒊𝒋 for the Guadalquivir case study is calculated using the discharge equation of a rectangular weir 

with ℎ𝑖𝑗  as independent variable (Fig. 4):  

𝐷𝑖𝑗  = 86400 ∗
3

2
∗ √2𝑔 ∗ 𝐶𝑑 ∗ 𝐵𝑡𝑗 ∗ (ℎ𝑖𝑗 − ℎ𝑆𝐴𝑇𝑗 − ℎ𝑚𝑖𝑗)

3/2
 If ℎ 𝑖𝑗 > (ℎ𝑚𝑖𝑗 + ℎ𝑆𝐴𝑇𝑗) (6a) 

𝐷𝑖𝑗 = 0        If ℎ 𝑖𝑗 ≤ (ℎ𝑚𝑖𝑗 + ℎ𝑆𝐴𝑇𝑗) (6b) 

Where 𝐷𝑖𝑗is expressed in m3 day-1, 𝐵𝑡𝑗 is the width of weir crest (m) in unit j, estimated as 0.20 m ha-

1, 𝐶𝑑 is the discharge coefficient of the weir, and ℎ𝑚𝑖𝑗 is a management parameter equal to de height 

of the weir crest on day i, unit j. 

𝑷𝒊𝒋 is calculated using a three-branch linear equation with ℎ𝑖𝑗  as independent variable (Figure 4): 

𝑃𝑖𝑗 = 0        If ℎ𝑖𝑗 < ℎ𝐹𝐶𝑗   (7a) 

𝑃𝑖𝑗 =  𝐹𝑖𝑙𝑙𝐹𝑖𝑗 ∗ 𝑃𝑆𝐴𝑇𝑗 ∗ (ℎ𝑖𝑗 − ℎ𝐹𝐶𝑗)/(ℎ𝑆𝐴𝑇𝑗 − ℎ𝐹𝐶𝑗)  If ℎ𝑆𝐴𝑇𝑗 > ℎ𝑖𝑗 ≥ ℎ𝐹𝐶𝑗  (7b) 

𝑃𝑖𝑗 =  𝐹𝑖𝑙𝑙𝐹𝑖𝑗 ∗ (𝑃𝑆𝐴𝑇𝑗 + 𝑠𝑙𝑝𝑗 ∗ (ℎ𝑖𝑗 − ℎ𝑆𝐴𝑇𝑗))   If ℎ𝑖𝑗 ≥ ℎ𝑆𝐴𝑇𝑗    (7c) 

Where 𝑠𝑙𝑝𝑗  is the slope for the increase in percolation rate due to a free water layer above the 

saturated soil (Fig. 5). Note that the filling factor used to adjust 𝐸𝑇𝑐𝑖𝑗 during the flooding progression 

is also applied to 𝑃𝑖𝑗. 

𝑰𝒊𝒋 is calculated as the amount of water needed to reach the target free water depth (𝑇𝐹𝑊𝐷𝑖𝑗), which 

is a management daily input value representing the depth of water above the soil surface that is 

desired in the irrigation unit. 𝑰𝒊𝒋 is constrained by the pumping capacity (𝐵𝑚𝑎𝑥𝑗) in the irrigation unit. 

Thus, 𝑰𝒊𝒋 can be expressed as a function of the independent variable ℎ 𝑖𝑗 as: 

𝐼𝑖𝑗 = 0     If ℎ 𝑖𝑗 ≥ (𝑇𝐹𝑊𝐷𝑖𝑗 + ℎ𝑆𝐴𝑇𝑗) or 𝑇𝐹𝑊𝐷𝑖𝑗 = 0 (8a) 

𝐼𝑖𝑗 = (𝑇𝐹𝑊𝐷𝑖𝑗 + ℎ𝑆𝐴𝑇𝑗 − ℎ𝑖𝑗) ∗ 𝐴𝑟𝑒𝑎𝑗 If ℎ 𝑖𝑗 < (𝑇𝐹𝑊𝐷𝑖𝑗 + ℎ𝑆𝐴𝑇𝑗)   (8b) 

𝐼𝑖𝑗 =  𝐵𝑚𝑎𝑥𝑗     If 𝐼𝑖𝑗 > 𝐵𝑚𝑎𝑥𝑗      (8c) 

𝐼𝑖𝑗 and 𝐷𝑖𝑗 are divided according to their sources and destinations using the factors in 𝐼𝐶𝑀 and 𝐷𝐶𝑀, 

respectively: 

𝐼𝑖𝑗 = ∑ (𝐼𝑖𝑗 ∗ 𝑓𝑗𝑘
𝑚
𝑘=1 )  +  𝐼𝑖𝑗 ∗ 𝑓𝑗𝑟   (9a) 

𝐷𝑖𝑗 = ∑ (𝐷𝑖𝑗 ∗ 𝑔𝑗𝑘
𝑚
𝑘=1 )  +  𝐷𝑖𝑗 ∗ 𝑔𝑗𝑟    (9b) 

 

Pij 
(m3/day) 

0 hWP hFC hSAT hij (m) 

PSAT slpj 
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Substituting equations 5, 6, 7 and 8 into equation 2, the later becomes a non-linear function that can 

be solved for ℎ𝑖𝑗  applying the Newton-Raphson method. 

2.2. Water balance in the drainage units 

The drainage ditches act as water reservoirs, accumulating drainage water from the irrigation units to 

be evacuated or reused for irrigation. The dimensions of the drainage units are input to the model. 

The water balance of the drainage units may be expressed as: 

𝑉𝑖𝑘 = 𝑉(𝑖−1)𝑘 − 𝐸𝑖𝑘 − 𝑃𝑖𝑘 + 𝑅𝑖𝑘 + ∑ 𝐷𝑖𝑗 ∗ 𝑔𝑗𝑘
𝑛
𝑗=1 − ∑ 𝐼𝑖𝑗 ∗ 𝑓𝑗𝑘

𝑛
𝑗=1 + 𝐹𝑖𝑛 𝑖𝑘 − 𝐹𝑜𝑢𝑡 𝑖𝑘  (10) 

Where the subscript 𝑖 indicates the daily step and the subscript 𝑘 indicates the drainage unit. 𝑽𝒊𝒌 and 

𝑽(𝒊−𝟏)𝒌 are the volumes of water in the unit 𝑘 on days 𝑖 and 𝑖-1, respectively. 𝑬𝒊𝒌, 𝑹𝒊𝒌, and 𝑷𝒊𝒌 are 

the volumes of evaporation from the drain water surface, rainfall on the drain and percolation through 

the drain wetted perimeter, respectively, for drainage unit 𝑘 on day 𝑖. 𝑭𝒊𝒏 𝒊𝒌 and 𝑭𝒐𝒖𝒕 𝒊𝒌  are the daily 

water flows in drainage unit 𝑘 entering from and discharging to the main source (the river in the case 

study), respectively. 

𝑉𝑖𝑘, 𝐸𝑖𝑘, 𝑃𝑖𝑘, 𝐹𝑖𝑛 𝑖𝑘  and 𝐹𝑜𝑢𝑡 𝑖𝑘 are functions of the water depth in the drainage unit (ℎ𝑖𝑘), which is the 

water depth stored in the drainage ditch. The drains are assumed of trapezoidal cross-section (Figure 

5). Values for the base of the cross-section (𝑏𝑘), slope of the sides (𝑧𝑘), maximum water depth (𝑦𝑘), 

maximum width (𝑇𝑘), and length of the unit (𝐿𝑘) are input parameters. 𝑅𝑖𝑘 is calculated with surface 

𝑇𝑘, and the precipitation of the weather station mentioned in section 2.1. 

 

Figure 5. Trapezoidal cross section of a drainage unit 

𝑽𝒊𝒌 is expressed as: 

𝑉𝑖𝑘 = (𝑏𝑘 + 𝑧𝑘 ∗ ℎ𝑖𝑘) ∗ ℎ𝑖𝑘 ∗ 𝐿𝑘    (11) 

𝑬𝒊𝒌 is calculated from 𝐸𝑇0, an open water evaporation coefficient (𝑘), 𝐿𝑘, and the free water surface, 

which is a function of ℎ𝑖𝑘: 

𝐸𝑖𝑘 = 𝐸𝑇0𝑖
∗ 𝑘 ∗ 𝐿𝑘 ∗ (𝑏𝑘 + 2 ∗ 𝑧𝑘 ∗ ℎ𝑖𝑘)  (12) 

𝑷𝒊𝒌 is estimated from a rate of percolation for the saturated drains (𝐾𝑠𝑎𝑡 𝑘), 𝐿𝑘 and the wetted 

perimeter, which is a function of ℎ𝑖𝑘. 

𝑃𝑖𝑘 = 𝐾𝑠𝑎𝑡 𝑘 ∗ L𝑘 ∗ (𝑏𝑘 + 2 ∗ ℎ𝑖𝑘 ∗ √1 + 𝑧𝑘
2)  (13) 

𝑭𝒐𝒖𝒕 𝒊𝒌 is the volume of water that exceeds the drainage unit capacity (𝑉𝑚𝑎𝑥 𝑘), and thus it is returned 

to the source: 

  𝐹𝑜𝑢𝑡 𝑖𝑘 =  𝑉𝑖𝑘 − 𝑉𝑚𝑎𝑥 𝑘    If  𝑉𝑖𝑘 > 𝑉𝑚𝑎𝑥 𝑘   (14a) 

  𝐹𝑜𝑢𝑡 𝑖𝑘 = 0       If  𝑉𝑖𝑘 ≤ 𝑉𝑚𝑎𝑥 𝑘   (14b) 

During periods of high tides, the drainage units can take up water from the source. This flow (𝑭𝒊𝒏 𝒊𝒌) 

is computed as the volume needed to fill the drainage in one day up to a fraction (𝑞) of 𝑉𝑚𝑎𝑥 𝑘: 

𝐹𝑖𝑛 𝑖𝑘 = 0    If  𝑉𝑖𝑘 ≥ 𝑞 ∗ 𝑉𝑚𝑎𝑥 𝑘  (15a) 

𝐹𝑖𝑛 𝑖𝑘 = 𝑞 ∗ 𝑉𝑚𝑎𝑥 𝑘 − 𝑉𝑖𝑘  If  𝑉𝑖𝑘 < 𝑞 ∗ 𝑉𝑚𝑎𝑥 𝑘  (15b) 

The fraction 𝑞 is assumed to be 0.1 in all the drainage units. Equation 15 is a very rough approximation 

justified by the current limited knowledge of the drains hydraulics. 

Substituting equations 11, 12, 13, 14 and 15 into equation 10, the later becomes a non-linear function 

on ℎ𝑖𝑘 that can be solved applying the Newton-Raphson method. 



6 

 

2.3. Solute balance equations and salt concentration calculation 

The solute mass conservation equation for the irrigation and drainage units are: 

𝑉𝑖𝑗 ∗  𝑐𝑖𝑗 = 𝑉(𝑖−1)𝑗 ∗  𝑐(𝑖−1)𝑗 − 𝑃𝑖𝑗 ∗ 𝑐𝑖𝑗 − 𝐷𝑖𝑗 ∗ 𝑐𝑖𝑗 + ∑ (𝐼𝑖𝑗 ∗ 𝑓𝑗𝑘 ∗ 𝑐𝑖𝑘)𝑚
𝑘=1 + 𝐼𝑖𝑗 ∗ 𝑓𝑗𝑟 ∗ 𝑐𝑖𝑗𝑟   (16) 

 

𝑉𝑖𝑘 ∗ 𝑐𝑖𝑘 = 𝑉(𝑖−1)𝑘 ∗  𝑐(𝑖−1)𝑘 − 𝑃𝑖𝑘 ∗ 𝑐𝑖𝑘 + 𝐹𝑖𝑛 𝑖𝑘 ∗ 𝑐𝑖𝑘𝑟 − 𝐹𝑜𝑢𝑡 𝑖𝑘 ∗ 𝑐𝑖𝑘 − 𝑐𝑖𝑘 ∗ ∑ (𝐼𝑖𝑗 ∗ 𝑓𝑗𝑘)𝑛
𝑗=1 +

∑ (𝐷𝑖𝑗 ∗ 𝑔𝑗𝑘 ∗ 𝑐𝑖𝑗)𝑛
𝑗=1            (17) 

Where 𝒄𝒊𝒋 is the solute concentration in the irrigation unit 𝑗 on day 𝑖, and 𝒄𝒊𝒌 is the solute 

concentration in the drainage unit 𝑘 on day 𝑖. 𝒄𝒊𝒋𝒓 or 𝒄𝒊𝒌𝒓 are the concentration of solutes on day 𝑖 for 

the stretch of the external source (the river water) where the irrigation unit 𝑗 or drainage unit 𝑘 are 

connected. 

There are as many solute balance equations as there are irrigation plus drainage units, while the 

unknowns are the concentration of solutes in each unit. The system of linear equations is solved 

applying the Gaussian elimination method using the LAPACK routine (Anderson et al., 1999) in the 

NumPy library linear algebra submodule (Harris et al., 2020). 

 

3. Results and discussion 

The topological diagram of the hydraulic arrangement for the ‘bucket’ modelling approach applied to 

the rice growing area in the right riverbank of the Lower Guadalquivir valley is in Figure 6. 

 

Figure 6. Conceptual layout for the bucket mass balance model in the Guadalquivir case study 
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Figure 7 shows the daily evolution of the water balance components and input and output salt 

concentrations in one example irrigation unit. The sharp initial increase of irrigation corresponds to 

the filling of the irrigation unit, while the other sudden changes are due to variations of the 

management free water depth and the management height of the drainage weir crest (𝑇𝐹𝑊𝐷𝑖𝑗 and 

ℎ𝑚𝑖𝑗, respectively). Water balances for every irrigation unit during irrigation season 2020 (Table 1) 

resulted on average irrigation of 2500 mm, and average surface drainage fraction (SDF) of 0.52. SDF is 

calculated as the fraction of irrigation that leaves the unit by surface drainage, and thus is susceptible 

for water recirculation. 
 

 

 

Figure 7. Results of the daily evolution of water and salinity in the irrigation unit called Isla Minima for 

the irrigation season 2020 

Table 1. Modelled total values for the water balance during year 2020 

Irrigation unit 
ETc 

(mm) 
Rainfall 
(mm) 

Percolation 
(mm) 

Surface drainage 
(mm) 

Irrigation 
(mm) 

SDF 

IslaMinima 796 97 266 2,365 3,474 0.68 

AbundanciaI 853 97 279 1,917 3,091 0.62 

AbundanciaII 770 97 267 922 2,008 0.46 

IslaMinimaEscobar 779 97 266 2,146 3,240 0.66 

Poblado 824 97 272 2,630 3,771 0.70 

Marmol 809 97 268 2,617 3,740 0.70 

ErmitaCantarita 796 97 267 2,609 3,720 0.70 

PueblaRio 818 97 276 894 2,032 0.44 

Madrigales 757 97 259 1,654 2,718 0.61 

VueltaCojo 770 97 265 476 1,557 0.30 

VetaPalmaII 784 97 273 1,380 2,489 0.55 

PartRio 790 97 270 891 1,997 0.45 

Particulares 777 97 268 900 1,992 0.45 

AguasAlmanzoraA 806 97 271 848 1,967 0.43 

VetaPalmaI 887 97 291 1,169 2,389 0.49 

DehesaAbajo 770 97 268 884 1,970 0.45 

PlayasJeronimos 757 97 266 891 1,963 0.45 

PlayasMinima 763 97 267 895 1,974 0.45 

AguasAlmanzoraB 770 97 267 913 1,999 0.46 

FincaSosa 757 97 266 890 1,962 0.45 

 

The percentages of water inputs and outputs in the study area are in Figure 8. 77.6% of the inputs was 

water pumped from the river, and 45.1% of the outputs was flowed back to the Guadalquivir River. 
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Figure 8. Modelled fractions inputs and outputs in the rice growing right riverbank of the Guadalquivir 

lower valley for year 2020 

To validate the water balance model, measured data of water inputs from the 9 pumping stations 

located in the Guadalquivir River (https://www.chguadalquivir.es/saih/) were compared with the 

corresponding model outputs (Table 2). A difference of a 6 % in total volumes measured and modelled 

is observed. 

Table 2. Comparison of measured and simulated values 

River pumping 
stations 

Measured 
values (m3) 

Simulated 
values (m3) 

River pumping 
stations 

Measured 
values (m3) 

Simulated 
values (m3) 

PueblaRio 28,750,288 21,528,785 IslaMinima 185,008,048 172,896,432 

VueltaCojo 9,944,227 9,702,694 IslaMinimaEscobar 32,358,298 32,608,715 

AguasAlmanzoraA 11,298,381 9,453,351 Ermita 148,443,905 147,381,739 

Marmol 96,584,383 89,784,852 Poblado 28,381,226 25,845,170 

AbundanciaI 15,902,765 12,558,145  
 

Salt concentration in the irrigation units increases during the irrigation season, and starts decreasing 

with precipitations in November (Figure 7). This is because salinity of the water that enters the system 

increases during the summer season, and the evaporation process concentrates salt content. Table 3 

contains simulated mean concentration of salt in the irrigation water and in the irrigation unit. 
 

 

a) Current scenario 

 

b) Increase in water reuse 

 

c) Decrease in water reuse 

 

Figure 9. Spatial distribution of salinity in the input water for irrigation. Average value for year 2020 

(dS/m). Rice growing right riverbank of the lower Guadalquivir valley. 

https://www.chguadalquivir.es/saih/
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Table 3. Modelled salt concentration values for the water balance during year 2020 

Irrigation unit 
Irrigation 

input (dS/m) 
Irrigation 

unit (dS/m) 
Irrigation unit 

Irrigation 
input (dS/m) 

Irrigation 
unit (dS/m) 

IslaMinima 3.7 4.0 VetaPalmaII 5.4 6.5 

AbundanciaI 3.3 3.8 PartRio 2.5 3.0 

AbundanciaII 4.4 4.9 Particulares 3.1 3.4 

IslaMinimaEscobar 4.5 4.8 AguasAlmanzoraA 2.8 3.4 

Poblado 5.0 5.4 VetaPalmaI 5.6 7.0 

Marmol 3.2 3.5 DehesaAbajo 3.1 4.6 

ErmitaCantarita 4.4 4.7 PlayasJeronimos 4.6 4.6 

PueblaRio 1.9 2.4 PlayasMinima 4.3 4.6 

Madrigales 3.74 3.99 AguasAlmanzoraB 4.44 4.57 

VueltaCojo 2.50 3.11 FincaSosa 4.13 4.58 

 

 
Figure 10. Monitored and simulated salinity in Ermita Cantarita, year 2020 

Figure 9a shows the distribution of averaged salinity for the growing season under the management 

practices in 2020. Overall, it may me observed an increase of salinity from north to south, determined 

by the salinity of the river water and irrigation reusing drainage water. 

Simulated daily measurements of salinity at the pumping station Ermita Cantarita, that reuses 

drainage water (Figure 1), were compared with daily measurements (Figure 10). Mean seasonal 

simulated and measured salinity were equal (4.4 dS/m). 

Alternative management practices may be simulated to evaluate potential improvements. Figure 9 

shows also simulated salinity results assuming an increase in water reuse, obtaining an average input 

irrigation in the irrigation units of 4005 mm and a surface drainage fraction of 0.72 (Figure 9b) and a 

reduction on water reuse (Figure 9c), obtaining an average input irrigation in the irrigation units of 

1940 mm and a surface drainage fraction of 0.4. Comparing the three maps in Figure 9, there is a clear 

effect of salt redistribution when we increase water reuse within the system. Salinity in areas with 

higher concentration is attenuated, and areas with relatively low salinity increase their value. 

 

4. Conclusions 

A ‘bucket’ water and salt mass balance model has been set up for the rice growing area in the right 

riverbank of the Guadalquivir lower valley, with an area of 22,500 ha. The main difficulty was found in 

the interconnections of the system, being a large and complex network with supply, drainage and 

water reuse. 

Results show good agreement with measured values, the average irrigation input in the irrigation units 

is 2500 mm with a surface drainage fraction of 0.52, which indicates fraction of irrigation that leaves 

the unit by surface drainage, and is susceptible for recirculation within the system. Average salinity is 

4.4 dS/m, with a value of 1.9 dS/m in the irrigation unit located upsteam, and increasing downstream 

along the Guadalquivir River. 
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The model allows the simulation of different water management practices to evaluate possible 

improvements in the performance of the entire area. 
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