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Abstract

Land use changes increases availability of necessities, but there is also a risk of damag-
ing or depleting natural resources. Groundwater, which is one of the most important
natural resources, is dependent on having a balance between the inputs and outputs
to avoid changes in the water levels. Water shortage and salt water intrusion result-
ing from lowered water levels, are becoming a more and more serious problem along
the Mediterranean coast in southern Spain, and also in other arid places around the
world. One of the few coastal aquifers in southern Spain that still do not suffer from
saltwater intrusion is the aquifer in the coastal area of Motril, south of Granada, but
now the aquifer is undergoing hydrodynamic changes due to a shift in land use. Using
a combination of recharge calculations and a groundwater flow model the impact of
land use changes on groundwater resources is studied.

Changes in land use from the 1950’s to 2012 have been categorized using satellite
images. The excess water from precipitation and irrigation recharging the aquifer
was calculated for the different categories of as deep percolation return flow using the
FAO Penman-Monteith method.

In the 1950’s, sugarcane was covering 70 % of the aquifer surface. By 2007 all
sugarcane fields had been replaced by other crops in need of less irrigation, like
subtropical trees, vegetables and crops in greenhouses. In the same period the urban
areas was also expanding. The water used for irrigation in the area of Motril have
been reduced by 28 Mm3/year from 1956 to 2012 due to land use changes. This
decrease in irrigation have caused an estimated 65 % reduction in surface recharge.

Scenarios of the past have been modelled to better understand how the changes on
the surface have altered the dynamics in the groundwater. Following the reductions in
surface recharge, the water levels have been reduced by 1 - 2 meters in the lowlands
and in vicinity of the river, while the levels in the eastern sector of the aquifer
have decreased by up to 10 m. The change in water levels affects the flow in the
aquifer surrounding the river, From 1959 to 2012 the stretch that is gaining water
has decreased to from approximately 3000 to 1000 m.
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Introduction

1. Introduction

Human activity has been oriented to exploit natural resources during thousands of
years, changing the environment while satisfying human necessities. Modifications
to land cover and land use have been implemented to increase the availability of
specific resources. One of the most evident impacts is the activity oriented to modify
croplands and pastures to increase food production. Today, croplands and pastures
are together covering approximately 40% of the total land surface on the planet (Foley
et al. 2005; Alexandratos and Bruinsma 2012). The driving force of land use changes
are usually the immediate effects they give, either if it is the increased production
of food, or development promoting economic advantages (Lambin et al. 2001). The
strive for economic growth is making the agriculture change to more effective and
profitable crops.

Rapid increase in population and consumption, and also the use of machines and
technology, have caused the changes in land use to be more widespread in the last
centuries (Ramankutty and Foley 1999). The amount of irrigated land grew five-fold
over 100 years, during the 20th century, giving an increase in food production which
fed the growing population and stabilized the availability and prices (Rosegrant et al.
2002). The modification of nature has provided an increased availability of necessities,
but also damaged and depleted natural resources. In some cases, intervention in
nature causes long term consequences that are difficult to predict, like disruptions in
the water balance, resource depletion, reduced flow in rivers or oxygen depletion in
waters (Ramankutty and Foley 1999).

One of the most important natural resources is groundwater, being the largest
source of freshwater in the hydrological cycle. More than 2 billion people depend
on groundwater for their daily needs (Kemper 2004). Even if the groundwater is
tied to surface supplies for recharge, the long residence time of groundwater makes
it resistant to short-term droughts, giving a steady supply when there is shortage of
surface water (Hiscock 2005). But excessive usage is at risk of depleting the volume
of groundwater beyond the natural replenishment rate (Christopherson 2009).

Sustainable use of groundwater in aquifers needs to have a balance between the
inputs and outputs, otherwise changes in the natural conditions can be triggered as
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Introduction

the steady drop of the water table and associated negative impacts already observed
in many regions, as saltwater intrusion (Benavente 1985; Ergil 2000; Kouzana et al.
2009) or land subsidence (Syvitski et al. 2009). The main sources of natural recharge
in aquifers are proceeding from precipitation and the inputs are due to the infiltration
of surface water (rivers or lakes), while the outputs are the discharge to surface
water, such as rivers, lakes or the sea. Anthropogenic activity adds an extra output
through the pumping of groundwater for irrigation of crops and human supply, which
is especially common in dry areas where precipitation is scarce and surface water is
not always available (Switzman et al. 2015). In these areas, irrigation that exceeds
the demand of the crop and the evaporation rate, is added as a new recharge to
the aquifer. It is also very common to transport water from different catchments
or sources via canals or pipe conductions. Thus, land use changes that increases
the recharge can, when magnificent enough, raise the groundwater level (Dahlhaus
et al. 2010). Under continuous irrigation the deep percolation has shown to raise the
water table as for example in Australia Schofield and Ruprecht (1989), while water-
saving irrigation technology have caused the water table to drop (Xu et al. 2010).
Roberts (2012) states that one of the disadvantages when changing from a flooding
to a sprinkler system is a potential decrease in storage of groundwater. Therefore,
the land use is significant for how much water infiltrates into the soil.

The soil moisture increases when water is infiltrating below the surface and de-
creasing from evapotranspiration. When the infiltrating rate exceeds the evapotran-
spiration rate the soil moisture content increases until it reaches its field capacity.
After that, all surplus infiltration will go to the groundwater as recharge (Hiscock
2005). The process of water infiltrating below the root zone is called deep percolation
(Allen et al. 2008; Bethune et al. 2008), and depends on the crop, irrigation rate and
the soil type (Macaulay and Mullen 2007; Ali 2010). It is assumed that the water
that percolates below the root zone is not significantly affected by evapotranspira-
tion, and therefore will drain downwards and ultimately reach the water table and
recharge the aquifer (Delin et al. 2000).

The impact of change in land uses has been studied with the assistance of ground-
water numerical models as they involve long term modifications and systems where
there are multiple factors interacting, and it may be required to change both recharge
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and pumping (Switzman et al. 2015), as they are often connected with each other.Krause
et al. (2007) found that different scenarios of land use change only showed minor ef-
fects on the groundwater in the areas close to surface waters. At further distance from
surface waters the deviations in recharge and storage were more significant, with the
maximum change in water table being 4 m on a simulation of 10 years when having
a smoothed annual recharge dynamic (less recharge during winter, and less ground-
water loss during summer). A study conducted in the UK investigated the changes
from agriculture to forestry, where the scenarios showed a decrease in recharge of up
to 45 % (Zhang and Hiscock 2010). However, because of the high storage capacity
of this aquifer, the effects on the groundwater levels would be limited, decreasing the
water table with less than 10 % of the natural long-term variations.

In the Mediterranean coastal areas in Spain, the groundwater is an extensive
source for freshwater, used to supply drinking water to the population, for agri-
culture and providing necessities of tourism and industry. Economical and tourist
development have necessitated high water demands, and now a high percentage of the
coastal aquifers struggles with saltwater intrusion (Gómez et al. 2003). This situation
is caused by the combination of hot and dry summers, which increases evapotranspi-
ration rates and therefore decreases recharge and increased pumping for high water
consumption during the summer months.

One of the few coastal aquifers in southern Spain that still do not suffer from
saltwater intrusion is the aquifer in the coastal area of Motril, south of Granada
(Figure 1), but now the aquifer is undergoing hydrodynamic changes due to a shift
in land use. In this area the production of sugarcane dates back a thousand years,
to the 10th century when the Arabs introduced this crop due to the suitable climate
conditions, with mild winters and high temperatures all year (Ayuntamiento de Motril
2015). The sugarcane crops were irrigated using canals with water distributed from
a river (Guadalfeo River) that cross the aquifer in the western sector. The Guadalfeo
River has a wide catchment, and therefore presents a yearly mean flow of 6000 L
s�1, that allows to provide water for irrigation. The water from the irrigation canals
was then used to flood the sugarcane fields for several hours to provide the optimal
conditions for the growth of this plant. However, during the last 50 years other
types of crops requiring less water has replaced the sugarcane, as greenhouses and
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drip irrigation for optimizing the use of water resources. Crops grown in greenhouses
typically get watered by advanced systems that provide the exact amount of water
required, giving a minimum water spillage going to the groundwater (Shock and
Welch 2013). In addition, other modifications as the expansion of the urban areas,
due to tourist activity, can be detected. Therefore, this study focus on the impact of
land use change in the Motril-Salobreña aquifer on groundwater resources as well as
the hydrodynamical modifications to the flow in the aquifer.

1.1. Objectives

The main goal of this study is to:

1. Quantify the land use changes in the Motril-Salobreña aquifer,

2. Estimate the recharge produced by the different irrigation techniques,

3. Implement the changes induced in the aquifer in a groundwater flow model,

4. Analyse the hydrodynamic changes in the groundwater during the last 60 years
to better understand how the changes on the surface has altered the dynamics
in the groundwater.
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Area description

2. Area description

The Motril-Salobreña aquifer is located about 60 km south of Granada in the An-
dalucia region in southern Spain (Figure 1). The area of the aquifer is approximately
42 km2, and it has three centers of population distributed on top of it. Motril, which
is the largest (61171 inhabitants (2012)), is located at the north border at the cen-
tral part of the aquifer. The second largest town in the area is Salobreña (12747
inhabitants (2009)), which is located at the western border, close to the coastline.
Torrenueva is located in the south eastern corner of the area, and is a smaller village
with a population of 2988 people (2014). Due to the comfortable climatic conditions,
there have been an intense growth in tourism during the last decades, and the ar-
eas along the coastline have had an increase of urban establishment with apartment
buildings, hotels and golf courses.

Figure 1: The location of the Motril-Salobreña aquifer in southern Spain, showing the city of both Motril and
Salobreña, the mountain range Sierra Nevada and the course of the river Guadalfeo. The terrain elevation is
exaggerated by a factor of 2 (Satellite image from Google earth)
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2.1. Climate and Hydrology

The area of Motril has a subtropical microclimate, with warm summers and mild
winters (Figure 2), having an average annual temperature of 18 �C (Ayuntamiento de
Motril 2015). The area has 320 days of sun in a year, and an average precipitation
of 400 mm per year (Calvache et al. 2009).

Figure 2: The monthly mean temperature and precipitation, calculated from 2002-2013. The blue line represents the
mean minimum temperature and the red line the mean maximum temperature.

The Guadalfeo River is the main surface water body in the area, and the main
source of recharge to the aquifer, and it is located in the western part of the aquifer,
between Motril and Salobreña. The Guadalfeo River runs from the mountain area
Sierra Nevada and down to the Mediterranean sea, crossing the Motril-Salobreña
aquifer (Figure 1). The catchment extends over 1294 km2. Despite the low rate of
precipitation in the area of Motril, the precipitation in the mountain range Sierra
Nevada reaches more than 1000 mm year�1 making the average annual precipitation
for the whole catchment to be 586 mm (Calvache et al. 2009). Before 2005 the
average flow rate, calculated over a 20 year period, was 6000 L s�1 (Duque et al.
2009). The highest flow rates takes place during the snow melting periods in Sierra
Nevada and spring rains. In 2005 a dam was build upstream, to make the flow steady
and avoid floods. In the 7 km track over Motril-Salobreña aquifer the river is feeding
the groundwater throughout most of its course, only in the lower part, close to the
sea, the aquifer is discharging into the river (Calvache et al. 2009; Duque et al. 2009)
(Figure 4).
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The river was channelized during the 1950’s, and was earlier a natural delta with
several smaller branches (Figure 3) (López 2009; Calvache et al. 2009). In addition
to the natural branches of the delta, there were also man made irrigation canals
distributing the water throughout the area for irrigation using gravity (Figure 5).
The water of these canals is diverted from the river Guadalfeo, upstream of the
aquifer. The first irrigation canal was made during the Nasrid period (13th to 15th
century) (Ayuntamiento de Motril 2015), and several of the old irrigation canals are
still functioning today (Calvache et al. 2009).

Figure 3: Map of the Motril-Salobreña aquifer in 1722, showing the old river channels at the delta and the water
distribution system for irrigation of the sugar cane (López 2009).

Figure 4: The Guadalfeo River at two locations; upstream where it enters the aquifer and downstream where it enters
the Mediterranean sea.

2.2. Geological setting

Geologically the aquifer is composed of detrital sediments carried out by the Guadalfeo
River and other smaller streams coming from the nearby mountains. The sedimen-
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Figure 5: The irrigation water where it is diverted from the River Guadalfeo upstream of the aquifer, and a functioning
irrigation canal passing crop fields.

tary environment is connected to delta deposition and removement by the marine
processes. The sediments in the surface of the aquifer are mainly Quaternary, while
at its deepest, closest to the shore, it is up to 300 m deep with sediments of Pliocene
age (Duque et al. 2007). Previous drilling of boreholes in the area showed that the
sediments are ranging from coarse gravel to clay (Figure 6), with large amounts of
gravel and sand in the western sector, whereas the eastern sector has higher propor-
tions of silt and clay (Duque et al. 2007). Being a former natural delta the sediments
are layered with coarser materials in the river beds and banks of prior streams, while
there is bands of fine textured sediments in the old flood plains (Calvache et al. 2009)
The older and deeper part of the delta consists of higher percentages of clay than the
upper layers, as a result of the development of the delta.

The aquifer is located over schists, phyllites, and marble from the Paleozoic and
Triassic (Duque et al. 2007) (Figure 6) seen as outcrops in the borders of the aquifer,
generating steep reliefs.

2.3. Hydrogeological setting

The aquifer is defined as an unconfined detrital aquifer (Duque et al. 2009)with high
hydraulic conductivity in general (1 - 300 md�1 (Duque et al. 2009)), with the natural
changes connected to grain size variations due to different sedimentary environments.
A decreasing gradient of the granulometry of the sediments from north to south and
west to east (Duque et al. 2009). The geometry of the surface is limited by the
outcrops of the basement hard rocks, and the depth of the aquifer is increasing from
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Figure 6: A simplified illustration of the aquifer from the northern boundary with impermeable shist, to the Mediter-
ranean Sea in the south. The aquifer consists of detrital sediments, sand with some lenses of gravel and silt/clay,
placed on top of impermeable schists. The thickness of the detrital sediments is exaggerated in this figure. A layer of
massive clay is present from a depth of approximately -130 m. The water table is near the aquifer surface. Modified
from Calvache et al. (2009).

north to south. The deepest points are approximately under the location of the
river mouth, 250 m below the surface. Nevertheless, based on the analysis of the
boreholes drilled in 2009, the sediments at a depth of more than 130 m presents a
high proportion of clay, which can produce a hydraulic barrier to flow (Calvache et al.
2010) (Figure 6).

The water budget of the Motril-Salobreña aquifer has been studied by several
authors (Castillo 1975; Benavente 1982; Ibánez 2005; Duque et al. 2009; Calvache
et al. 2009), showing different values depending on the length of the data series used
for the estimation and the methods applied. The recharge due to the infiltration
from the Guadalfeo River is the most agreed on by the different studies, with 25 -
70 % of the aquifer recharge. For the irrigation and precipitation, the excess water
percolating and reaching the groundwater table is more variable since it depends on
the amount of precipitation during the studied period, but ranges from 15 to 47 % of
the total recharge. The recharge from only precipitation is estimated to be 5 - 10 %.
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The flow coming from the alluvial aquifer of Guadalfeo River, a narrow valley filled
with coarse sediments, is estimated very variable depending on the method applied,
from 10 to 47 % of the inputs. The contribution from a carbonate aquifer in the
north is hard to estimate since the water table elevation of the carbonate and the
geometry of the contact between the two aquifers is not well mapped (Duque et al.
2007), but it has been considered to account for 4 to 12 %.

In spite of being a coastal aquifer in a semiarid area, there have not been reported
problems with salt water intrusion. Based on TDEM soundings and gravimetry, the
zone of contact between the fresh- and saltwater is less than 500 m from the coast,
and more than 150 m below the surface (Duque et al. 2006; Duque et al. 2007). This
has been confirmed by recent drilling of new wells (Calvache et al. 2010).

2.4. Previous work

The area of the Motril-Salobreña aquifer has been subject to several studies and
groundwater numerical models. Due to the fact that it is one of the few aquifers along
the Mediterranean coast in southern Spain that still has excellent quality groundwa-
ter, as it is not affected by saltwater intrusion, monitoring the development due to
human influence has been a research objective for the national and local administra-
tions in order, to avoid a potential water quality loss in the future.

Since 2001 the aquifer has been monitored more frequent, mainly because of
the building of the Rules dam upstream caused concerns about how the aquifer
would be affected. Heredia et al. (2003) constructed a flow model in MODFLOW in
collaboration with the Geological Survey of Spain for a study that was mapping the
possible impacts of the dam (IGME 2000). The study included a constant density
flow model which calculated the flow budget of an average year using data from 1982
to 1998. The model had three layers, an upper unconfined layer and an aquitard as
the middle layer, making the third layer confined. Using only average values, the
flow model was steady state; thus, the results obtained are only approximations to
the general patterns of inputs and outputs of the system.

The first variable density flow model was made by Ibánez (2005) with the aim of
simulating the dam’s effect on saltwater intrusion processes. The model was made
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with 12 layers, and seven zones were defined due to sedimentological knowledge to
calibrate the hydraulic conductivity and specific yield. The model was simulated
for the year 2001-2002 with 15 days time-step. The year was chosen as it had pre-
cipitation close to the mean of 415 mm. The predictions that were made from the
simulation showed a general advance of the saline wedge in future scenarios where
the inputs from the river and the irrigation were modified due to the dam effect, and
the changes that this would produce in the aquifer

Calvache et al. (2009) constructed another numerical simulation of the aquifer
based on the model and results by Ibánez (2005). Most of the different scenarios
simulated indicated a saline advance as in the previous study, with the highest risk
being at the old mouth of the Guadalfeo River, where the worst case scenario showed
an advance of the saline wedge of 1200 m.

Duque et al. (2009) investigated the relations between the Guadalfeo River and
the aquifer using the differences in water temperature. The study revealed that the
highest infiltration rates from the river to the groundwater aquifer was present in
the upper parts of the river, and then decreased further downstream. During periods
with high flow rates, the infiltration was also increasing, with up to 18 % of the river
flow infiltrating.

To study the different recharge sources contributing to the aquifer, Duque et al.
(2011) conducted a study measuring stable isotopes, comparing the incoming water
and the water in the monitoring wells. This study showed the contribution from
The Guadalfeo River, the carbonate aquifer, especially in the northern sector of the
aquifer, and the contribution of irrigation during summer months.

None of the previous models have been calibrated for a longer time period includ-
ing the natural fluctuations due to the inter-annual climatic variations. The area of
study has variable climatic characteristics, with dry and wet years with precipita-
tion ranging from 261 mm (2004-05) to 847 mm (2010-11), but also the distribution
within a year can differ from year to year. For example did the hydrological year of
2005 have the heaviest rainfall event during spring, while the next year had it in the
autumn.

The previous studies have also used simplified values of deep percolation from
irrigation, adding this to the infiltrated water from precipitation. The percentages
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used for the deep percolation from the water supplied on the surface are highly
uncertain, due to the complexity of the estimation as there are multiple parameters
that have to be considered, and most importantly, due to the fact that it does not
consider precipitation.

To improve the results obtained in the previous studies, the deep percolation can
be calculated and implemented in a transient calibration and validation numerical
model with a longer time period. This is now possible due to the long time series of
data data that have been collected during the last 15 years, the availability of new
data regarding the last drilling in the aquifer, and the more frequent release of aerial
images.
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3. Methods

A combination of methods will be used for reaching the objectives proposed, starting
with analyses of aerial images to map how the prevalence of the different land uses are
changing, and estimating the impact on the recharge to the aquifer. To quantify the
effects of the changes, a groundwater numerical model will be implemented, consider-
ing the current conditions and how it was prior to the changes. Possible scenarios for
the future based on the trends observed will also be considered and modelled. A flow
chart resuming the main procedure followed in this study, connecting the available
data to the applied methods and the objectives, is presented in Figure 7.

Figure 7: Flow chart of the applied methods, using data available for the Motril-Salobreña aquifer.

3.1. Data provided

Daily data of precipitation and temperature has been collected by the University of
Granada at a weather station located east of Motril (latitude/longitude: 36,729049/-
3,486419). The daily data is available from 2001 to 2014. From 1954 to 2001 there
is monthly values of precipitation available. Data from October 2001 to September
2012 is shown in Figure 8.

Monthly data of the water table are available for 2001-2014 from 18 wells (Figure
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Figure 8: Provided climatic and hydrological data of the study area from October 2001 to September 2012; A) daily
temperature, B) precipitation [mm], both daily and annual (calculated for the hydrological year), C) incoming river
flow [m3d�1], and D) measured heads in 18 wells (Figure 9), including well 470 that is representing the carbonate
aquifer and well 22 which is located in the alluvial aquifer surrounding the Guadalfeo river.

8D) distributed around the aquifer, 8 of them close to the river Guadalfeo (Figure
9). The water table is regularly measured by the University of Granada and the
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Geological Survey of Spain (Figure 10).

Figure 9: The wells located on top of the aquifer, regularly monitored from 2001.

Sporadic yearly data of pumping is available from 1973 (Castillo 1975; Benavente
1982; IGME 1999) (Figure 11). Monthly data of pumping rates from 18 wells are
available from 2001-2007 showing small differences during this period.

The river flow has been monitored from 2001 to 2012 by the University of Granada,
providing monthly data (Figure 8c).

Data of how much water is being used for irrigation is provided by the Office of
Agriculture in Motril (OCAM 2008). Monthly irrigation rates for each type of crop
is given in Table 1.

Table 1: Monthly irrigation rates [m3ha�1year�1] for the different types of crops in the Motril region (OCAM 2008)

Crop Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Sugarcane 1340 1510 1510 0 380 760 3030 2660 1900 1510 950 950
Vegetables 1410 1460 900 380 730 700 370 580 580 1150 1180 860
Subtrop. trees 0 570 570 570 1130 1130 1130 1130 1130 570 570 0
Greenhouses 690 710 440 180 350 340 180 280 280 560 570 420
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Figure 10: Field measurements of water table depth.

Figure 11: Average annual pumping data from 1973 to 2006.

3.2. Mapping the land coverage

To make the basis for the models and investigate the historical changes, the distri-
bution of the different land uses is mapped from available aerial photographs of the
area (Figure 12). The pictures used are from 1956, 1974, 1998, 2004, 2007 and 2012.

The land coverages have been divided into six categories based on their impact
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Figure 12: The process of mapping the different landuses.

on surface recharge; sugarcane, subtropical trees, greenhouses, grassland with no use,
urban areas, and vegetables (Figure 13).

Different growth stages of the plants, depending on which season the photo was
taken, and visual similarities of some categories, makes the land uses difficult to sep-
arate from each other by an automatic characterization. Therefore, manual mapping
was applied, making it possible to consider which season the photo was collected.
Additional field reconnaissance was done to verify the connection to the aerial pho-
tographs (Figure 13), as well as cross correlation with historical photos of the region.
The extension of each coverage was quantified, and the changes for the time periods
represented by each satellite image were calculated.

3.2.1. Sugarcane

Sugarcane (Saccharum officinarum) is widely produced for the manufacturing of
sugar in tropical and subtropical regions. The stalks can grow up to 5 m tall, but
more common at matured stage (after 8 months) is 2-3 m. The length of the crop
cycle is varying on the climate, but for irrigated production the time until harvest
is normally 12 months. (Steduto et al. 2012) The evapotranspiration rate (ET) for
sugarcane is a little higher than for short grass (Inman-Bamber and McGlinchey
2003), ranging from 800 to 2000 mm depending on the climate (Steduto et al. 2012).
Sugarcane have traditionally been flood irrigated, which can have as much as 40 %
deep percolation (Thorburn et al. 2011; Arnold 2011).

The sugarcane have not been produced in the area of Motril after 2006, since the
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(a) Subtropical trees

(b) Greenhouses

(c) Urban areas

(d) Vegetables

Figure 13: Examples the four land uses; subtropical trees, urban areas, greenhouses and vegetables.
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Figure 14: An aerial image from 1956 shows the sugarcane fields as dark, almost black squares. The sugarcane is at
this time grown widespread in the whole area.

national subsidies were ended (Ayuntamiento de Motril 2015). On the older satellite
images, it is noticeable by its dense and darker colour (Figure 14). Depending on
the light and quality of the satellite image, it can be difficult to distinguish between
sugarcane and vegetables.

3.2.2. Subtropical trees

The subtropical trees are the easiest crop to spot of the agricultural land uses, as they
are characterized by a dotted pattern (Figure 13a). The subtropical trees growing in
the area are mainly cherimoya (Annona cherimola), also called custard apple, avo-
cado (Persea americana), mango (Mangifera indica) and a variety of citruses (Ayun-
tamiento de Motril 2015). An average evapotranspiration rate of these subtropical
trees is used for the whole category.

The subtropical trees require aeration conditions in the soil, and therefore the ir-
rigation system is similar to the drip method used in greenhouses, but with a higher
amount, and with longer irrigation intervals. This method is considered to not pro-
duce surface runoff.
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3.2.3. Vegetables

The vegetables are characterized by the long furrows they are grown in (Figure 13d)
The vegetables mainly grown in the area of Motril are spinach (Spinacia oleracea),
escarole (Cichorium endivia ’latifolia’ ), pointed cabbage (Brassica oleracea), celery
(Apium graveolens ’dulce’ ) and potatoes (Solanum tuberosum) (Ayuntamiento de
Motril 2015).

Furrow irrigation has low water application efficiency and high rates of deep per-
colation if the distribution of water is not optimally managed (Thorburn et al. 2011;
Moravejalahkami et al. 2009).

3.2.4. Greenhouses

In the greenhouses (Figure 13b), dutch cucumber (Cucumis sativus), cherry tomatoes
(Solanum lycopersicum ’cerasiforme’ ), green beans (Phaseolus vulgaris) and both
italian and lamuyo peppers (Capsicum annuum ’frigitello’ and ’lamuyo’ ) are grown
(Ayuntamiento de Motril 2015).

The crops in the greenhouses are irrigated with the drip method, which is min-
imizing the water usage and the applied water to the plant, giving less recharge to
the aquifer through deep percolation (Ayars et al. 1999; Abou Lila et al. 2013). Also,
in some of the greenhouses there is an impermeable layer underneath to avoid water
loss.

3.2.5. Grassland with no use

There are areas in the central parts of the aquifer which not have been cultivated in
the past years, that mainly are old sugarcane fields which no longer are maintained
or irrigated (Figure 15). This means that these areas have similar evapotranspiration
rates as the sugarcane, but the only water recharging is proceeding from precipitation.

3.2.6. Urban areas

The category of urban areas has been mapped to include both space for transporta-
tion, low- and high-density housing (Figure 13c) and industrial areas. The urban
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Figure 15: The areas that today are not being cultivated are mainly former sugarcane fields.

Figure 16: One of the two small lakes in the protected wetlands in the area of Motril.

areas are mostly covered with low-permeable surfaces, which creates higher rates of
surface runoff than for the other land uses, and hence, lower groundwater recharge
(Haase 2009; Gill et al. 2008).

3.2.7. Wetlands

A small protected area of wetlands (1.2 ha)are still present close to the harbour of
Motril, which is located at the central part of the coastline. It consists of two small
lakes surrounded by tall vegetation, and have a thriving bird life (Figure 16).

3.3. Deep percolation return flow

To calculate the deep percolation return flow from precipitation and irrigation a study
of the climatic conditions in the study area and the properties of the different crop
types and local irrigation techniques was accomplished.
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The deep percolation return flow was calculated using the FAO Penman-Monteith
method (Allen et al. 2008) by the Food and Agriculture Organization of the United
Nations (FAO), which is widely used and considered as a standard (Watanabe et
al. 2004). This method combines the Penman-Monteith equation of the reference
evapotranspiration ETo (Monteith 1965) with a crop coefficient factor (Kc), to obtain
the actual evapotranspiration.

The FAO Penman-Monteith method requires meterological data of air tempera-
ture (mean minimum and mean maximum), solar radiation, relative humidity and
wind speed. At the main weather station in Motril only the air temperature have
been measured. The other data needed were collected using unofficial weather sta-
tions in the area (Windfinder 2015; Weather Undergound 2015), and by doing further
calculations for missing data based on assumptions stated by Allen et al. (2008). To
check the reliability of the calculations the calculated reference evapotranspiration
has been compared with the results from using the Thorntwaite method (Thorn-
thwaite 1948) and the Hargreaves potential ET equation (Hargreaves and Samani
1982). The Hargreaves equation is suggested by Allen et al. (2008) as an alternative
to the Penman-Monteith method when some of the meteorological data are lacking.

3.3.1. Reference evapotranspiration ETo

The Penman-Monteith reference evapotranspiration ETo is calculated by;

ETo =
0.408�(Rn �G) + � 900

T+273u2(es � ea)

�+ �(1 + 0.34u2)
(1)

where � is the slope of the saturation vapour pressure curve [kPa/�C] at tempera-
ture T; � is the phsychometric constant [kPa/�C] which depends on the elevation;
Rn is the net radiation at the crop surface [MJm�2d�1]; G is the soil heat flux
density[MJm�2d�1] ; T is the daily air temperature at 2 m height [�C]; u2 is the
wind speed at 2 m height [m s�1]]; es is the saturation vapour pressure [kPa] and ea

is the actual vapour pressure [kPa].

For daily time-steps the soil heat flux can be ignored, as it is approximately zero,
and small compared to Rn (Allen et al. 2008).
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The slope of the saturation vapour pressure, �, is calculated for the daily tem-
perature T using the following equation (Allen et al. 2008):

� =
4098[0.6108⇥ exp( 17.27T

T+237.3)]

(T + 237.3)2
(2)

The net radiation at the crop surface, Rn, is the difference between the incoming
short-wave radiation, Rns, and the outgoing long-wave radiation, Rnl (Allen et al.
2008):

Rn = Rns �Rnl (3)

The radiation has not been measured at the weather station, and was therefore
calculated as described by Allen et al. (2008). The potential incoming radiation is
varying by time of the year and the latitude of the location, and the actual radiation is
dependent on the amount of clouds and turbulence in the atmosphere. The difference
between Tmin and Tmax is used to indicate the transparency of the atmosphere, due
to the fact that clear days gives high temperatures during the days because the
atmosphere is letting in more solar radiation, while the nights gets cold because less
of the outgoing longwave radiation gets absorbed in the atmosphere (Allen et al.
2008).

The calculations of the extraterrestrial radiation (Ra) [MJ m�2 day�1], which is
the radiation hitting the outer part of the atmosphere, is done using the latitude,
daylight hours (N ) and the difference in minimum and maximum temperature:

Ra =
24(60)

⇡
Gscdr[!ssin(')sin(�) + cos(')cos(�)sin(!s)] (4)

where Gsc is the solar constant (0.0820 MJ m�2 min�1); dr is the inverse relative
distance from Earth to the Sun (Equation 6); !s is the sunset hour angle (Equation
7) [rad ]; ' is the latitude [rad ] and � is the solar declination (Equation 8) [rad ].

The latitude in radians (') is calculated from the latitude in decimal degrees:

[Radians] =
⇡

180
⇥ [decimal degrees] (5)

The inverse relative distance from the Earth to the Sun (dr) is calculated with
the number of the day in the year (J ), where the 1st of January is day one, and the
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31st of December is day 365:

dr = 1 + 0.033cos

✓
2⇡J

365

◆
(6)

The sunset hour angle (!s) is calculated using the latitude (') and the solar
declination (�):

!s = arccos[�tan(')tan(�)] (7)

where the solar declination is calculated from another equation using the number of
the day (J ):

� = 0.409sin

✓
2⇡J

365� 1.39

◆
(8)

Using the result of the previous equations (Equation 6, 7 and 8)in equation 15
gives the extraterrestrial radiation (Ra) that are used in the following equations. The
solar radiation (Rs) [MJ m�2 day�1], which is the radiation that is left of Ra after
it has penetrated the atmosphere, being scattered and reflected, and is reaching the
ground, is derived from the differences in air temperature:

Rs = kRs

p
(Tmax � Tmin)Ra (9)

where kRs is an empirical adjustment coefficient to compensate for missing calibrated
ȧngström values (fraction of extraterrestrial radiation reaching the earth on clear-sky
days), which is depending on amount of humidity and dust there is present and the
solar declination. The suggested value of kRs for coastal locations is 0.19 (Allen et al.
2008).

The potential radiation reaching the ground on a cloudless day is called the clear-
sky solar radiation (Rso), and is calculated using the elevation z [m] of the weather
station:

Rso = (0.75 + 2 ⇤ 10�5z)Ra (10)

The net solar radiation (Rns) [MJ m�2 day�1] is the radiation hitting the surface
that are not reflected, and is therefore calculated by subtracting the albedo (↵):

Rns = (1� ↵)Rs (11)
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where the albedo for the grass reference crop is 0.23.
When the radiation is absorbed it heats the surface, leading to the emission of

longwave radiation. Some of the longwave radiation will either be absorbed by the
atmosphere and emitted back to earth, or it is emitted out of the atmosphere. The
net longwave radiation (Rnl) [MJ m�2 day�1] is the difference between the longwave
radiation emitted in and out from the atmosphere:

Rnl = �


T 4
max,K + T 4

min,K

2

�
(0.34� 0.14

p
ea)

✓
1.35

Rs

Rso

� 0.35

◆
(12)

where � is the Stefan-Boltzman contant = 4.903 ⇤ 10�9 MJ K�4 m�2 day�1; Tmax.K

is the maximum temperature during the 24-hours period (K = �C + 273.16); Tmin,K

is the minimum temperature during the 24-hours period (K = �C + 273.16); ea is
the actual vapor pressure [kPa] (Equation 15) and Rs/Rso is the relative shortwave
radiation. The results from equation 11 and 12 is then used in equation 3 to calculate
the net radiation.

Continuing on calculating the other parameters needed to find the reference evap-
otranspiration in equation 1, the mean saturation vapor pressure es and the actual
vapor pressure have to be calculated. The saturation vapor pressure is the pressure
exerted by the water in the air when the air is saturated. The difference between the
saturation vapor pressure and the actual vapor pressure, ea, is then the capacity of
evaporation to the air, also called the vapor pressure deficit.

The mean saturation vapor pressure is calculated from the air temperature:

es =
e0(Tmax) + e0(Tmin)

2
(13)

where e0(T ) is the saturated vapor pressure at the air temperature T [kPa], and is
calculated from:

e0 = 0.6108exp


17.27T

T + 237.3

�
(14)

whle the actual vapor pressure, ea, is calculated using monthly average dew temper-
atures, Tdew:

ea = e0(Tdew) = 0.6108exp


17.27Tdew

Tdew + 237.3

�
(15)

The average wind speed of the area is assumed to be 3 m/s (Windfinder 2015).
The wind speed has been measured at a weather station west of Salobreña. For

25



Methods

normal ranges, ETo is not highly sensitive to wind speed (Allen et al. 2008), and it is
therefore assumed that this approximation is not affecting the end result significantly.

3.3.2. Crop evapotranspiration ETk

The crop evapotranspiration ETc [mm d�1] is the product of the reference evapotran-
spiration and the crop coefficient;

ETc = KcETo (16)

where Kc is the crop coefficient [dimensionless], which is a factor adjusting the evap-
otranspiration to be valid for a specific crop with different evaporation and tran-
spiration rate than short grass, which is the reference crop. The crop coefficient is
defines as the ratio of the crop evapotranspiration over the reference evapotranspira-
tion (Kc = ETc/ETo) (Allen et al. 2008). Kc considers the crop height, albedo of the
soil surface, canopy resistance to vapor transfer and the direct evaporation from the
soil.

Splitting up Kc into the crop evapotranspiration, primarily the transpiration of
the crop, and the soil evapotranspiration, the evaporation of the water in the soil
surface, gives:

ETc = (Kcb +Ke)ET0 (17)

where Kcb is the basal crop coefficient and Ke is the soil evaporation coefficient.
The FAO table value of Kcb from Allen et al. (2008) is based on a sub-humid

climate with moderate wind speed. To adjust this value to the local climate, Kcb is
calculated with;

Kcb = Kcb(Tab) + [0.04(u2 � 2)� 0.004(RHmin � 45)]

✓
h

3

◆0.3

(18)

where Kcb(Tab) is the given value for Kcbmid or Kcbend if � 0.45; u2 is the average
daily wind speed at 2 m height [m s�1]; RHmin is the mean value for daily minimum
relative humidity [%] and h is the mean plant height [m]. All during the plants mid
or late season stage.

Average yearly data for humidity is used, RHmin as 23 % (based on one year
measurements 2014-2015) (Weather Undergound 2015).
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While the crop coefficient is mainly focusing on the plant, the soil evaporation
coefficient is calculated considering the soil properties;

Ke = Kr(Kcmax �Kcb)  fewKcmax (19)

where Kcmax is the maximum value of Kc after rainfall or irrigation, Kr is the di-
mensionless evaporation reduction coefficient, few is the fraction of soil that is both
wetted and exposed.

Kcmax

Kcmax = max

 (
1.2 + [0.04(u2 � 2)� 0.004(RHmin � 45)]

✓
h

3

◆0.3
)
, {Kcb + 0.05}

!

(20)
where h is the maximum plant height [m].

The soil evaporation reduction coefficient (Kr) is a factor indicating how much
water is available in the soil for evaporation. Kr is ranging from 0 - 1, with 1 meaning
that the soil is wet, and 0 that the soil is dry. Kr will after precipitation or irrigation
be reduced until water is added again:

Kr =
TEW �De,i�1

TEW �REW
for De,i�1 > REW (21)

where De,i�1 is the cumulative depth of evaporation (depletion) from the soil surface
layer at the end of the previous day (dayi�1) [mm]; TEW is the maximum cumula-
tive depth of evaporation (depletion) from the soil surface layer when Kr = 0 [mm]
(Equation 22) and REW is the cumulative depth of evaporation (depletion) at the
end of the initial stage [mm].

REW (Readily evaporable water) is the maximum depth of water that can be
evaporated from the topsoil layer before the evaporation rate starts reducing. Typical
values of REW given by Allen et al. (2008) ranges from 5 to 12 mm, with the highest
values for finer materials.

TEW, the total evaporable water [mm], which is the maximum depth that water
can be evaporated after the soil surface has been completely wetted (Kr = 1), is
calculated using soil properties:

TEW = 1000(✓FC � 0.5✓WP )Ze (22)
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where ✓FC is the soil water content at field capacity [m3 m�3]; ✓WP is the soil water
content at wilting point [m3 m�3] and Ze is the depth of surface soil layer that
is subject to evaporation [m]. The recommended value for Ze is 0.10-0.15 when
unknown (Allen et al. 2008).

The fraction of exposed and wetted soil (few) is indicating how much of the surface
in the field that are subject to evaporation. The part of the soil that is not wetted
or is covered by vegetation is assumed to have a lower evaporation rate. Since few is
either the soil exposed, or the soil wetted, it is calculated as:

few = min(1� fc, fw) (23)

where 1� fc is the average exposed soil fraction and fw is the average fraction of soil
wetted by irrigation or precipitation.

Figure 17: The wetting fraction coefficient (f
w

) and the ground surface coverage (f
c

). Flooding covering the whole
field is giving a wetting fraction of f

w

= 1, while methods distributing smaller amounts of water, like the drip method,
gives a smaller wetting fraction. Modified from Allen et al. (2008), figure 39.
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The parameters used in the calculations of the crop evapotranspiration are given
in Table 2. Most of the top soil in the area is in the range of sandy clay loam to
sandy loam (Pleguezuelo et al. 2011; IGN 2006). The values chosen for the hydraulic
conductivity and porosity for sandy clay loam in this aquifer is taken from the typical
values and the standard deviation presented in Dingman (2002) and Allen et al.
(2008).

Table 2: Properties of the top soil used in the Penman-Monteith calculations, based on Dingman (2002) and Allen
et al. (2008).

Parameter Top soil
Soil texture Sandy clay lome
✓FC [m3m�3 ] 0.2
✓WP [m3 m�3] 0.07
Ze [ m ] 710
REW [mm] 8
TEW [mm] = 1000(✓FC � 0.5✓WP )Ze 16.5
u2 [m s�1 ] 3

Table 3: Parameters of the different types of crops used in the Penman-Monteith calculations, based on Allen et al.
(2008). * Weighted arithmetic mean of the crops for each category, and for the periods of growing (Equation 24).
** Surface runoff only when precipitation or irrigation exceeds 30 mm d�1.

Parameter Sugarcane Vegetables Subtropical trees Greenhouses Urban areas Wetlands No land use
Kcb�ini 0.15 0.15 0.50 - 0.75 0.15 - 1.05 0.88
Kcb�mid 1.20 0.90 - 1.10 0.75 - 1.10 0.95 - 1.10 - 1.05 0.88
Kcb�end 0.70 0.65 - 0.90 0.70 - 0.80 0.60 - 0.80 - 1.05 0.88
Kcb* 0.88 0.75 0.78 0.73 - 1.05 0.88
fw [-/-] 1.0 0.8 0.5 0.3 1.0 1.0 1.0
Surface RO** [% ] 20 20 20 0 30 0 20
Interval [days ] 7 7 2 1 - - -
Max plant height [h] 3 0.3 4 0.3 - 3 2

The parameters used for calculating the basal crop coefficient (Kcb) are presented
in Table 3. The stage of the crops have been defined as one parameter that can
modify the evapotranspiration rate, since the crop is using different amounts of water
at different stages. To simplify the calculations without knowing the exact stage of
the crop for each month, an average table value crop coefficient (Kcb(tab)) is used for
the different categories. Based on the description of the length of each crop stage in
Allen et al. (2008), The weighted arithmetic mean value for each crop category has
been calculated as:
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Kcb =
Kcbini + 2⇥Kcbmid + 2⇥Kcbend

5
(24)

it is assumed that the initial stage is one part long, while both the mid and the final
stage is two parts long. The crops in the area are having their mid stage at different
times, so in total the an average value is assumed to be representative for the whole
area at all times. For this estimation it was required to know which specific crop was
considered in each category. The FAO reference values do not include all the crops
present in the study area (crops mentioned in section 3.2), but the primary crops
that have given reference values was used for the calculations of Kcb. The primary
crops in greenhouses used for the calculations are cucumber and tomatoes. For the
vegetables category the crops considered was; spinach, celery, cabbage and potatoes;
and for the subtropical trees; avocado, stone fruit trees and citrus.

The fraction of wetted soil surface fw (Figure 17) is chosen based on the typical
values from Allen (2008) that are given for each irrigation technique. For vegetables,
which are watered using furrow irrigation, a value of 0.8 is chosen, for the subtropical
trees with a mixed technique a value of 0.5 was chosen, and for the crops in green-
houses the fraction of wetted soil is only 0.3. For the flooding of sugarcane a value of
1.0 is chosen, even if this is furrow irrigation. When watering sugarcane in this area
the whole field is being flooded covering all the soil, and therefore the wetting factor
is 1.0. For precipitation, the factor is also 1.0, as the water is also distributed evenly
on the whole surface.

Flood irrigation is totally submerging the furrows in water for several hours
(Mundy et al. 2003), making the surface runoff be approximate 10 % - 20 % or
higher (Mundy et al. 2003; Austin et al. 1996). When there is irrigation or precipi-
tation that exceeds 30 mm d�1, the surface runoff is assumed to be 20 % for fields
and unused land, and 30 % for the urban areas, assuming a 35 % to 50 % impervious
surface (FISRWG 1998).

The irrigation of sugarcane and vegetables is set to have an interval of seven days
(weekly), while subtropical trees which are irrigated more often are set to have an
interval of two days. In greenhouses the irrigation is continuous, and is calculated
with daily intervals (Shock and Welch 2013; Abou Lila et al. 2013).
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3.3.3. Thornthwaite and Hargreaves equation

To validate the calculations done it section 3.3.1, the potential evapotranspiration
rate for the area has also been calculated using the Thorntwaite and the Hargreaves
equation to compare with the FAO reference evapotranspiration rate. The potential
evapotranspiration rate considers infinitely water availability.

The Thornthwaite potential evapotranspiration (ETp) (Thornthwaite 1948) cal-
culates monthly evapotranspiration rate based on the average daily temperatures:

ETp = 1.6

✓
L

12

◆✓
N

30

◆✓
10Ta

I

◆↵

(25)

where L is the monthly average sun hours; N is the number of days in the month; Ta

is the average daily temperature [�C]; I is the heat index calculated from the monthly

mean temperatures I =
1P

i=1
2
�
T
ai

5

�1.514 and ↵ is calculated by ↵ = (6.75⇥ 10�7)I3 �

(7.71⇥ 10�5)I2 + (1.792⇥ 10�2)I + 0.49239.
Hidrobas 3.0 (Alonso-Martinez et al. 2000) have been used to calculate the monthly

potential evapotranspiration according to the Thornthwaite equation.
The Hargreaves ETp (Hargreaves and Samani 1982) is calculated by the following

equation based on the difference in maximum and minimum temperature:

ETHG = 0.0135(Tmean + 17.8)Kr(Tmax � Tmin)
0.5Ra (26)

The extraterrestrial radiation (Ra) is calculated as in section 3.3.1, and expressed as
mm d�1.

3.4. Modelling framework

To simulate the influence of a change in vertical recharge on the groundwater dy-
namics, a 2D numerical groundwater model was developed to simulate the transient
groundwater flow. GMS (Groundwater Modeling system; Aquaveo 2015), which is a
graphic interface for using the USGS groundwater flow model MODFLOW (Harbaugh
2005), was used for the simulation. MODFLOW is solving the following equation,
based on Darcy’s law, of two-dimensional flow through a porous media:

�

�x

✓
Kxh

�h

�x

◆
+

�

�y

✓
Kyh

�h

�y

◆
+N = Sy

�h

�t
(27)
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where Kx and Ky are the hydraulic conductivity in the x and y direction, h is the
potentiometric head (or aquifer depth), N is the recharge [m3/d], Sy is the specific
yield of the porous material and t is time.

3.4.1. Boundary Conditions

The conceptual model is based on the outline of the aquifer and the boundaries are
based on the geological and hydrological conditions (Figure 18).

Figure 18: A geological map of the area with the different boundaries marked. The surrounding shists from the
different tectonic units (T.U.) are assumed to be impermeable. Geological map based on MAGNA 50 (2nd Series) -
Geological Map of Spain 1:50.000, modified from Duque et al. (2007).

The alluvial valley where the Guadalfeo River is entering the aquifer at the point
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furthest to the north is hydraulically connected with the Motril-Salobreña aquifer
(Figure 19). The inflow from these sediments is represented as a Dirichlet boundary,
a specific head boundary with varying head.

The area west of the river has flow from the carbonates, where it is in contact
with the detrital aquifer (Figure 19). This boundary was established as a Cauchy
boundary (Harbaugh et al. 2000), where the flow will depend on the difference in
heads of the carbonate and the detrital aquifer, and the connectivity between both
units. The boundary extends for almost 2.5 km, but the water table in this aquifer
is only measured in one well located furthest to the north. A decrease of the water
table along this contact is expected, and hence, based on the natural slope of the
terrain, the water table was decreased by 5 % along the border.

Figure 19: The northern area of the aquifer where the river is entering the aquifer, together with flow through the
alluvial aquifer surrounding the river, and water from the adjacent carbonate outcrops enters the detrital aquifer.
Well 470 is placed in the carbonates, while well 22 is located in the alluvial aquifer, close to the river. Modified from
Duque et al. (2011).

The contact between the aquifer and the Mediterranean Sea in the south is rep-
resented with a Dirichlet boundary condition with the mean elevation of the sea (0
m). The rest of the aquifer is delimited by surrounding low permeable schist that is
represented with a no-flow boundary.

The Guadalfeo River was simulated using Cauchy boundary conditions with the
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Streamflow-Routing (SFR2) package (Niswonger and Prudic 2005). This package
allows to have extreme changes in flow, even a dry channel if the environmental con-
ditions are promoting it. In the Guadalfeo River, especially during summer, the river
channel can get totally dry, and even if there is a small amount of flow in the northern
sector, this infiltrates or evaporates before reaching the river mouth. The river is rep-
resented with eight stream segments, with their elevation taken from a topographic
map. Based on field measurements, the stream channel was simplified to be symmet-
ric, with the depth and width constant for all three segments, respectively 3.0 and
20.0 m. The roughness of the riverbed is assumes to be 0.05, based on comparison
with the visual guide of river roughness characteristics (Barnes 1967). The conduc-
tance in the river is assigned using the thickness (b) and hydraulic conductivity (K )
in the riverbed (Harbaugh 2005):

Cb = K
A

b
(28)

where A is the area of the riverbed. Both the thickness and the hydraulic conductivity
are unknown parameters, and are part of the calibration process.

The pumping has been established based on the monthly groundwater withdrawals
in each of the wells (Neumann boundary condition) . The recharge has been estab-
lished as a Neumann boundary condition with specific flow, adding the flux resulting
from adding precipitation and irrigation and removing evapotranspiration and soil
retention for each of the land cover categories.

3.4.2. Aquifer Geometry

The model consists of 4563 100⇥100 m grid cells with varying thickness. The top
elevation of the aquifer is obtained from a digital terrain model (DTM) with spacial
resolution of 10x10 m from the Spanish Geographical Institute (IGN n.d.).

The bottom elevation was interpolated from previous geophysical data (Duque
et al. 2009) together with placed points around the border of the aquifer (Figure 20).
The maximum depth of the aquifer was set to be at 130 m below sea level, due to
presence of massive clay. The clay is assumed to be a hydrogeological barrier because
of its low permeability.
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Due to the high increase of elevation at the border of the aquifer because of the
steep topography, the interpolated surface representing the bottom of the aquifer
had to be corrected. The correction consisted of adding points around the border of
the aquifer to keep the elevation of the bottom of the aquifer below the topographic
surface, as well as the removal of points that induced errors. The highest elevation
of the bottom was set to be -10 m.a.s.l. This is an artificial chosen number to make
sure all the cells made flow possible, but since the saturated zones in these areas are
thin compared to the rest of the aquifer, it is assumed that it will not influence the
results in a great extent. Natural neighbor was chosen as the interpolation method
of the points, after observing the most realistic result and with least errors of higher
elevation of the bottom of the aquifer than the topographic surface.

In the areas where the aquifer extension was one single cell, the cell was as inacti-
vated (Figure 21) to avoid converging errors. As the surface is reduced, this will not
be influencing the final result.

3.5. Model Calibration and validation

The data from October 2001 to September 2007 are used for calibrating, while the
data from October 2007 to September 2012 are used for validating the model. Cal-
ibration of the groundwater model is based on the comparison of the simulated and
observed groundwater table stages after the modification of the parameters of the
model and the distribution of them. The model was initially calibrated in steady
state with average values for recharge and stream flow to reach starting values of hy-
draulic conductivity and S . After that the model was calibrated in transient regime
with monthly stress periods, and daily time steps. The parameters calibrated were
the horizontal hydraulic conductivity, the specific yield (Sy), the conductance of the
carbonate aquifer border and the conductance of the riverbed.

The horizontal hydraulic conductivity was calibrated because the sediments ob-
served in the lithological columns were changing from clay, silt and sand to gravel
in short distances due to the mixed sedimentological environments, and it was dif-
ficult to establish a pattern based only on the information from the boreholes. In
addition, since the model is in 2D, the hydraulic conductivity of each cell is rep-
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(a) Detailed points (b) Selected points for simplified version

(c) Detailed bottom elevation (d) Simplified bottom elevation

Figure 20: (a and b)The points for making the bottom elevation in both the original detailed version and the simplified
bottom. In the simplified version the points in the upper corners represent the highest points with an elevation of
-10 meters. (c) Detailed bottom elevation interpolated from the dataset with detailed bottom elevation points. (d) A
simplified bottom elevation with a lower maximum elevation. The lower part of the aquifer has the same detail level
for both versions.

Figure 21: Cells that are not connected with flow are defined as inactive.
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resenting an average of the hydraulic conductivity at different depths. Considering
this, the calibration of hydraulic conductivity was done using automated parame-
ter estimation (PEST) with the pilot points technique (Doherty 2003). The pilot
points were placed between the observation points to make sure the pilot point al-
ways has two or more heads to calibrate from (Figure 22). PEST adjusts the model
parameters by minimizing the difference between the modelled value and the corre-
sponding measurement, using a non-linear estimation technique. This technique is
known as the Gauss-Marqwardt-Levenberg method (Doherty 1998). Pilot points con-
siders a gradual change of the variables between the defined pilot points, in contrast
to zonation-method which creates sudden changes from one cell to another (Doherty
2003).

Since the hydraulic conductivity in this model is a vertical average, and the sed-
iments that compose the aquifer are well known, gradual changes of hydraulic con-
ductivity is the most likely possibility.

For the calibration of the specific yield a zonation was defined based on analysis
of boreholes and previous data (Calvache et al. 2009), and the final values for each
zone calibrated using PEST (Figure 23).

Flow through the stream bed and through the border between the carbonate
and the detrital aquifer are connected with the conductance between the riverbed .
The riverbed conductance was calibrated as a ratio of the hydraulic conductivity of
the riverbed and the thickness (Equation 28), since detailed knowledge about both
are lacking. Keeping the riverbed thickness at 1 meter for the whole calibration
process, the conductance was calibrated changing the hydraulic conductivity. This
was accomplished both with PEST and manually by trial and error to fit the model
results to the observed variations.

The calibration of the riverbed thickness/permeability of the river and the leakage
from the carbonate aquifer border was calibrated manually by the trial-and-error
method.

As shown in the flow chart of the methods (Figure 7), the results from the cal-
ibration were used together with the data sets for the period from October 2007
to September 2012 in order to validate the results. The validation process showed
that the calibration can produce different sets of data that had a different effect in
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Figure 22: The observation wells (circles) and the pilot points used for calibration of the hydraulic conductivity
(squares).

Figure 23: The aquifer divided into zones to calibrate the specific yield.
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the results. It was required to obtain six calibrated sets until obtaining a result
that showed an acceptable validation result. During this process the specific yield,
the conductance of the riverbed and the hydraulic conductivity were modified until
reaching a solution that could be validated.

3.6. Generation of scenarios

Two scenarios were considered to study the changes related to the recharge in the
aquifer and the hydrodynamic changes. Model 1 is representing the time period
when the sugarcane was covering the aquifer, as the irrigation system by flooding is
expected to affect to the groundwater dynamic, this is corresponding to the 1950’s.
Model 2 represents the 1970’s, which was a transitional period when subtropical trees
and greenhouses where started to be introduced in the area, in addition to an initial
expansion of the urbanized areas.

The data available for the earlier years are not as detailed as from after 2000, so
to make sure that the different data inputs correspond, the scenarios are modelled
using data from years after 2000 with similar precipitation. Since the other data, both
heads in the carbonate and alluvial aquifer, flow in the river and deep percolation, are
products of the precipitation, it is assumed that the whole dataset is representative
for the period with similar precipitation. Each scenario includes a dataset with
fluctuating precipitation similar to the actual fluctuations of the period (Figure 24
and Table 4).

Figure 24: The annual precipitation of the hydrological years in the 1950’s and the 1970’s.

The earliest estimated pumping data available is for 1973 (Castillo 1975), and is a
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Table 4: The years considered in the simulations, with the respective precipitation, together with the corresponding
dataset.

MODEL 1 MODEL 2
Simulated Precipitation Dataset Precipitation Simulated Precipitation Dataset Precipitation
year sim year year data year year sim year year data year
1954-55 395.2 2001-02 348 1970-71 516 2002-03 493
1955-56 566.6 2002-03 493 1971-72 379 2001-02 348
1956-57 392.6 2001-02 348 1972-73 335 2001-02 348
1957-58 393.9 2001-02 348 1973-74 383 2001-02 348
1958-59 634.7 2011-12 724 1974-75 282 2004-05 261
1959-60 532.6 2002-03 493 1975-76 417 2008-09 463

1976-77 405 2001-02 348
1977-78 425 2008-09 463
1978-79 576 2002-03 493
1979-60 363 2001-02 348

rate of 15.7 hm3/year. This is an estimate on the total amount of water being pumped
up from the whole area, and it was divided on all the 18 present wells proportional to
which wells withdraws the most water today, since information on which wells that
were actively used during the scenario periods were not available.
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4. Results

4.1. Historic land use change

The land use maps made from the satellite images (Figure 25) shows how the pro-
duction of sugarcane decreased from the 1950’s, when it was occupying most of the
surface. During the 70’s other crops were introduced, and areas with subtropical
trees and greenhouses began spreading in the eastern sector. Around the turn of
the century the sugarcane was still being produced in the lower areas surrounding
the Guadalfeo River, while vegetables had replaced most of the sugarcane fields else-
where. The northwestern area was at this time mainly cultivated with subtropical
trees. For the last 10 years the area has been characterized with a more diverse land
use, with greenhouses spread all over the aquifer, while the sugarcane is no longer
being grown. During all the periods the urban areas were extending in the proximity
of the main villages in addition to new establishments along the coast.

In 1956, the land use was distributed as 70 % sugarcane and 22 % uncultivated
land, while only 4 % was considered as urban area and 3 % as subtropical trees
(Figure 26). In 1974, greenhouses had started to replace sugarcane fields, counting
for 4 % of the land cover. The urban areas were also growing, covering 14 % of the
area in 1974. The amount of sugarcane had been reduced to cover 60 % and the
unused land to 4 %.

From 1974 to 1998 the sugarcane was further reduced to 18 %, while the amount
of unused land was stable only having a minor increase to 6 %. Urban areas had a
slight increase to 15 %, while the amount of greenhouses and subtropical trees had
doubled to cover 9 % and 30 % respectively of the total land area. Vegetable crops
had in 1998 replaced approximately a third of the previous sugarcane fields, and were
covering 19 % of the area.

From 1998 to 2004 greenhouses had the largest increase (from covering 9 % to 14
%), replacing some of the vegetable crops and remaining sugarcane fields that both
had a small decrease from 1998. The vegetable crops were after this decrease covering
18 % and the sugarcane fields were covering 14 % of the land area. In 2007 sugarcane
was no longer being produced in the area, however, vegetables had an increase to 21
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%, urban areas to 20 %, and areas with no land use to 13 %, while the amount of
greenhouses was stable, with only a minor decrease that might be due to measuring
error.

The land use was drastically changing from 1956 to 2007, when there is no sugar
cane fields left in the area. In 2012 the land use is distributed as 32 % subtropical

Figure 25: Maps illustrating the land uses in the area of Motril from 1956 to 2012.
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Figure 26: The distribution of the different land use categories in the area of Motril, from 1956 to 2012.

trees, 13 % greenhouses, 21 % vegetables, 13 % unused land and 20 % was considered
as urban area.

For the whole period, from 1956 to 2012, the sugarcane had a drastic reduction,
while land uses like vegetable crops, greenhouses and urban areas increased (Figure
27). Areas with no land use decreased in total, but the sudden stop in the sugarcane
production left several fields unirrigated.

Figure 27: The sugarcane is decreasing from covering 70 % of the area in 1956 to no longer being present in 2007.
As the sugarcane, the areas with no land use is decreasing from the 50’s to the 70’s, but after that it increase slightly.
At the same time the areas with vegetables and greenhouses and urban areas are increasing. From 2007 to 2012
the increase of vegetables and urban areas flattens out, while the amount of greenhouses have a small decrease from
2004.

Based on the water usage for each crop type provided from the Office of Agricul-
ture in Motril, previously given in Table 1, the changes in land use have caused a
decrease in the total water usage for irrigation by approximately 50 % from 1956 to
2012 (Figure 28).
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Figure 28: The amount of water used for irrigation of sugarcane, vegetables, subtropical trees and plants in green-
houses from 1956 to 2012.

4.2. Recharge

The calculations of recharge from the different crops from 2001 to 2012 resulted in
an average deep percolation from irrigation and precipitation of 35% of the water
applied (Irrigation + PP) for sugarcane, 29 % for vegetables, 14 % for subtropical
trees, 0.45 % for greenhouses, 27 % for unused land and 20 % for urban areas (Figure
29). However, doing the calculations for the hydrological year of 2001, which has a
precipitation of 348, close to the mean precipitation of 400 mm, the percentage of
water going to deep percolation is lower. The average of the deep percolation from
sugarcane fields was 28 %, 22 % for vegetables, 10 % for subtropical trees, 0.27 % for
greenhouses, 11 % for unused land and 11 % for urban areas. The amount of deep
percolation varies drastically due to variation in precipitation and evapotranspiration,
making the percentages inaccurate if used on shorter time periods. The calculated
daily deep percolation for the period of October 2001 to September 2012 is therefore
used in the model as recharge.

The irrigation rate for sugarcane and subtropical trees is higher during the sum-
mer, when evapotranspiration is higher, and precipitation is lower. For vegetables
and crops in greenhouses the irrigation rate is highest in February. The excess water
percolating to the groundwater is, for most of the crops, lowest during summer, but
for sugarcane it is highest in July (Figure 30). During the summer months sugarcane
is the only land use that is giving recharge to the aquifer (Figure 30), while in January
and February vegetables is the type of land use with highest recharge.

Combining the change in land use from 1956 to 2012 with the calculations of
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Figure 29: Monthly average (2001 - 2012) precipitation (PP) and irrigation stacked, together with the calculated
monthly deep percolation (DP) and actual crop evapotranspiration (ET

c

), for sugarcane, vegetables, greenhouses,
subtropical trees, unused land and urban areas.

Figure 30: The average monthly deep percolation for the different land uses (2001-2012).

recharge for the different categories of land use, the decrease in recharge to the aquifer
is calculated. Assuming a precipitation of 400 mm for each year and the percentages
of deep percolation for each crop from the year 2001 - 2002, results in a 65 % decrease
in annual recharge from 1956 to 2012 (Figure 31A). Looking at the model input with
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Figure 31: The annual recharge calculated with A) the mean precipitation (400 mm), and B) with actual precipitation.

actual precipitation, the annual recharge is higher, but the decreasing trend is the
same (Figure 31B). Both the hydrological year of 2011 and 2012 had precipitation
much higher than the average, with 846,7 mm and 724,4 mm respectively, reducing
the difference in recharge from previous years.

4.2.1. Comparison of the FAO reference ET and potential ET by Harg-
reaves and Thornthwaite

The evapotranspiration rate has been calculated with both Hargreaves and Thornth-
waite equation in addition to using the FAO Penman-Monteith method to validate
the calculated ETo.

Comparing the calculated Thorntwaite ETP and the ETo in a correlation graph
(Figure 32) shows that there is some spreading of the values, as the data points
are scattered, but there still is a linear trend. The Hargreaves ETP and the ETo

have a strong correlation and a clear linear trend, but the Hargreaves ETP data is
overestimated with 0.5-1.0 mm d�1 compared to ETo. Since the Hargreaves equation
only contains air temperature and solar radiation, it has a tendency of overestimating
the evapotranspiration rates under high relative humidity conditions (Allen et al.
2008; Droogers and Allen 2002). Based on these results, the calculated ETo used in
the recharge calculations seems to be well adjusted to the area.

46



Results

Figure 32: Relationship between the potential evapotranspiration (ET
P

), calculated using Thorntwaite and Hargreaves
equation (Equation 25 and 26), and the FAO reference evapotranspiration (ET

o

). The evapotranspiration rates has
been calculated using data from October 2001 to September 2012.

4.3. Hydrogeological model

4.3.1. Aquifer parameters

The main objective of the calibration of this model has been to capture the seasonal
fluctuations in the water table and in the hydrological process involved, rather than
reaching the lowest absolute error, due to the uncertainties in the hydraulic parame-
ters of the aquifer and the geometry. With both the flow from the Guadalfeo River
and the carbonate and the alluvial aquifer in the north affecting the heads in the
western area in addition to the recharge on the whole area, this area is the crucial
part of the calibration. The calibration process resulted with six different sets of
combinations (Table 5), and SET 4 was chosen as the best solution after validation.

Decreasing the conductance of the border of the carbonate aquifer produce too
low heads during dry periods. Higher conductance increases the heads in the area,
but if too high, it will induce the flow of the groundwater upstream, which is not
an hydrogeological optimal solution. Therefore, a high enough conductance to pre-
vent very low heads during dry periods, but without reverting the groundwater flow
direction, was selected as the most feasible condition.

Knowing from previous studies (Duque et al. 2009; Calvache et al. 2009) that the
river is highly connected to the aquifer, gives reason to assume a high conductance
of the river. The conductance of the riverbed was adjusted according to the observed
heads in the surrounding wells, making sure it was high enough to give a fast response
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Table 5: Calibration of the parameters leading to five sets of combinations. C.b. Cond.: carbonate border conduc-
tance, R. HK.: river hydraulic conductivity.

Combination L.b. Cond. R. HK Mean absolute error calibration [m] Mean absolute error validation [m]
SET 1 0.1 2.2 1.29 2.66
SET 2 0.1 3.0 1.53 2.35
SET 3 0.5 2.2 0.86 2.01
SET 4 0.5 3.0 0.85 1.70
SET 5 0.8 1.5 0.82 1.88
SET 6 0.8 2.2 0.86 1.56

Table 6: Parameters chosen from the calibration and validation process to be used in the numerical groundwater
model.

Parameter Calibrated value
Carbonate border conductance 0.5
Length of carbonate border 2468 m
Riverbed hydraulic conductivity 3.0 md�1

Riverbed thickness 1 m
Specific yield northern area 0.2
Specific yield south western area 0.3
Specific yield mid area 0.1
Specific yield eastern area 0.2
Hydraulic conductivity 0.4 - 200 md�1

in the groundwater.

Since the hydraulic conductivity and the specific yield is calibrated automatically
for the first time period, the model has less error for this period.

Overall, the model shows a good simulation of the natural system in the aquifer,
with a mean absolute error of 0.85 m for the calibration period and 1.70 for the
validation period (Table 5 and Figure 33). Looking at the two simulated time periods
(Figure 34 and 35) shows that the modelled water tables are following the fluctuating
trends, even if it misses the highest and lowest peaks.

The model is a simplification of the natural system, and due to the grid size of the
model with 100 ⇥ 100 m cells, local differences can produce errors in some of the wells.
The largest errors are seen in wells 109 and 63, and comparing the calibration and
validation time periods it is clear that the modelled water levels are approximately
1 m lower than observed in the calibration time period, and 2 - 3 m lower in the

48



Results

Figure 33: The computed values of head for the calibrated model (left) and the validated model (right), compared with
the observed heads.

validation period. Well 63 is located approximately 500 m from well 10 (Figure 36)
which shows the opposite pattern, with higher water levels in the simulation than
in the observed data. The calibration of this area is interpolating the best result
between the two to make the error in both minimal, while there probably are some
local differences, like small streams or leaking irrigation canals, making the levels
different in a small area.

Something similar happens in the area of well 109, as it is surrounded by other
wells in addition to being close to the sea the one pilot point in the middle is not able
to adjust to the small scale variations in hydraulic conductivity, making consistent
error for this well. This area is part of the flood plain of Guadalfeo River where
former river channels creates high variability in the characteristics of the soil, which
is influencing the water level in each well. As the model is making an average for the
cell, it can be assumed that the simulated total flow of the area is not influenced by
small local errors.

After the calibration process, the values of mean hydraulic conductivity per cell
is ranging from 0.4 to 200 md�1 (Figure 37).The north western areas have hydraulic
conductivity around 150 - 200 md�1, corresponding to coarse sand and gravel (Ding-
man 2002), the locations of the old riverbed downstream has a hydraulic conductivity
ranging from 50 to 100 md�1, coarse sand, while the former flood plains have the low-
est hydraulic conductivity, ranging from 0.4 to 30 md�1, loam to medium sand. The
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Figure 34: The calibration of the model was done using data from October 2001 to September 2007. Calculated heads
illustrated with the black line, and observed heads as the midpoint of the error bars. The error bar is showing the
observed head ± 1 m. Green and yellow colour of the error bars symbolises error less than 1 m, while red colour
symbolises more than 1 m error.

Figure 35: The validation of the model was done using data from October 2007 to September 2012. Calculated heads
illustrated with the black line, and observed heads as the midpoint of the error bars. The error bar is showing the
observed head ± 1 m. Green and yellow colour of the error bars symbolises error less than 1 m, while red colour
symbolises more than 1 m error.
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Figure 36: Well 63 and 10 are located only 500 m apart, but have approximately 2 m difference in water level.

Figure 37: The modelled mean hydraulic conductivity of each cell in the aquifer, ranging from 0.4 to 200 md�1

areas far from the river and other inflows are more consistent at around 25 md�1,
which corresponds to medium sand.

The specific yield was calibrated to be ranging from 0.1 to 0.338 (Figure ??). In
the northern area with highest hydraulic conductivity, the specific yield was calibrated
to be 0.2 (or 20 %), corresponding to gravel (Freeze and Cherry 1979). The south
western area had a specific yield of 0.3, coarse sand, while the eastern floodplain area
was calibrated to have a specific yield of 0.1, silt to fine sand. The specific yield in
the eastern area was 0.2, which in addition to correspond to gravel, also is the value
of fine to medium sand.
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Figure 38: The modelled specific yield of the aquifer, ranging from 0.2 to 0.36

4.3.2. Flow budget

The flow budget of the aquifer is varies depending on the natural variations in in-
coming river flow and precipitation (Figure 39), connected to the seasonal changes
with dry summers and rain concentrated in the fall and spring.

Figure 39: The flobudget for the aquifer from October 2001 to September 2007.

In the calibrated model from October 2001 to September 2007, most of the inputs
are coming from river leakage and surface recharge (from irrigation and precipitation).
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The maximum recharge proceeding from the river is up to 140 000 m³/day during
the period with highest precipitation. During summer, the flow in the river is low,
and the main input to the aquifer is the recharge, mainly from irrigation. The flow
from the alluvial aquifer is lower with around 500 - 1000 m³/day when the flow in
the river is high, but it increases to up to 35 000 m³/day when there is little or
no flow in the river. This is also evident as seasonal trends, with higher flow rates
from the alluvial during the summer periods. The flow from the carbonate aquifer
is relatively stable throughout the whole time period at 20 000 m³/day. This might
be because the water table used for the carbonate aquifer has been too high, as the
actual water table along this border is not known. If the water table in the carbonate
aquifer has a higher altitude than the water table in the detrital aquifer at all time,
it will be continuous inflow according to the conductance. Since the levels in the well
representing the carbonate aquifer follows the same trends as the other wells (Figure
8), the flow will be constant as long as the heads along the border is not alternating
differently.

Most of the flow from the aquifer is discharging to the sea along the coastline,
while the pumping outputs and the flow gained by the Guadalfeo River, where the
water table exceeds the level of the riverbed, are inferior. The amount of discharge to
the river is ranging from 20 000 m³ during the wet period, to less than 10 000 m³/day
during the dry periods, evident as a decreasing trend throughout the calibration time
period. The outgoing flow is directly connected with the incoming flow, with almost
immediate reactions showing that the aquifer has a fast response time.

In the period from 2008 to 2012 (the validation time frame), the same patterns
can be seen as in the period from 2001 to 2007, with incoming flow from the alluvial
aquifer of up to 20 000 m³/day in the dry period from 2008 to 2009 (Figure 40).
In 2010 the precipitation was much higher than average, causing the incoming flow
from the river to increase to as much as 370 000 m³/day. While most of the water is
flowing out through the border along the coast, the large increase in inflow in 2010 is
followed by an increase of discharge to the river downstream from approximately 12
000 m³/day to almost 50 000 m³/day. Even with these large changes of river flow,
the flow from the carbonate aquifer is relatively stable at 25 000 to 30 000 m³/day
of flow, except an abrupt decrease for a short period of time simultaneously with the
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Figure 40: The flowbudget for the aquifer from October 2007 to September 2012.

highest amount of flow in the river.

4.4. Historical scenarios

In the simulation of the 1950’s most of the inflow to the aquifer is coming from
recharge from irrigation (Figure 41), with the largest amounts in July with 140000
m3/day. The river is contributing from November to June, with the highest incoming
flow rates at almost 130000 m3/day during the wet years, 1956 and 1960, while the
highest flow during a normal year is less than 90000 m3/day. The incoming flow from
the alluvial aquifer in the north is highest in late summer and autumn, when the
river flow is low. The highest flow rate is approximately 20000 m3/day. The flow
from the carbonate aquifer is relatively stable at around 20000 m3/day.

The discharge to the Mediterranean Sea in the 1950’s fluctuates from 70000
m3/day to 170000 m3/day at the largest. In 1956 and 1960, which had the high-
est river flow, and the highest discharge to the sea. The outgoing flow to the river
is fluctuating around 20000 m3/day with increased flow from July to January, cor-
responding with the highest recharge rates from irrigation and precipitation. The
pumping rates is in the 50’s is 26000 m3/day.

In the 1970’s the recharge from precipitation and irrigation is still the main con-

54



Results

Figure 41: The flowbudget of the aquifer for the simulation of the 1950’s.

tributor to the total inflow, with peak recharge in July or August, varying from
120000 m3/day to 145000 m3/day (Figure 42). The river outflow into the aquifer has
peaks in November or December and May or June, with the normal peak flow being
around 80000 m3/day, a decrease of almost 10000 m3/day from the 50’s. The inflow
from the alluvial aquifer is reaching 35000 m3/day in the 70’s during the normal peak
periods, and as much as 40000 m3/day when there is no flow from the river (1975).
The carbonate aquifer is contributing with an inflow of approximately 25000 m3/day.

The biggest change between the simulation of the 50’s and the 70’s is the increased
withdrawals of groundwater for industrial use. The total pumping rate for the whole
aquifer in the 70’s is 41000 m3/day, an increase of 15 m3/day from the 50’s. While
the discharge to the Mediterranean Sea stays fluctuating at around 90000 m3/day,
the increased pumping causes the discharge to the river to decrease to 11000 m3/day.

4.4.1. Hydrodynamical changes

Comparing the recent years with the simulated periods there are some clear differences
in both flow patterns and water levels. In the 1950’s, the water level is even from
west to east (Figure 43), because of the distribution of river water for irrigation of
the sugarcanes. The 1970’s (Figure 45b) had low heads due to high pumping rates,
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Figure 42: The flowbudget of the aquifer for the simulation of the 1970’s.

making the change from the 70’s to recent years very little (Figure 45e). However,
looking at the changes from 1959 to 2012, the levels are clearly declining (Figure
45f). The difference in heads are increasing at distance from the coastline, and the
differences in water levels from 1956 to 2012 are very large at higher elevations in the
eastern sector (Figure 46). The dataset for 2012, used for calculating the difference
in heads is at the end of the hydrological year, after having two very wet years with
precipitation above average. This indicates that the changes seen between the model
of 2012 at the simulated 50’s, are at this time low due to elevated levels, meaning
that the 2 m changes in vicinity of the river is a minimum of what could be observed
during periods with mean precipitation.

The interactions between the Guadalfeo River and the aquifer is not only affecting
the water budget, but also the groundwater flow-direction. The Guadalfeo River is
loosing water to the aquifer along most of its course, but close to the river mouth,
the river is gaining water at all times (Figure 45a to 45d). But in the 1950’s the river
is also gaining water at higher elevation (Figure 46), acting as a drain for almost
half of its track over the aquifer. Currently it has a very minor gaining character,
being mainly an efluent river. This process has been observed by differential gauging
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Figure 43: The water level in the simulation of the 1950’s.

during punctual field surveys.

Figure 44: The change in levels from the simulation of 1956 to the model of 2012.
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(a) 1950’s (b) 1970’s

(c) 01-11-2001 (d) 30-09-2012

(e) 2009-1978 (f) 2012-1959

Figure 45: The flow pattern and water levels in the area adjacent to the river mouth in the simulated time periods,
1950’s and 1970’s, and in model in 2001 and 2012. 45e and 45f shows the difference in water levels between 2009
and 1978, and 2012 and 1959, respectively.
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Figure 46: The leakage from the aquifer [m3/day] into the river for 1959 (left) and 2012 (right).
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5. Discussion

5.1. Land use changes and change in recharge

The land use maps from the satellite images from the last 60 years shows clear change
in land use, with the abrupt disappearance of the sugarcane crops, and the increase
in other agricultural crops. From a recharge perspective, this has a big impact, as the
calculations previously presented that sugarcane is the crop with the highest recharge
rate.

5.1.1. Recharge of the aquifer from deep percolation

The estimated recharge resulting from the deep percolation computations indicate
that the recharge is a large part of the total inflow to the aquifer, and changing it
may result in large long term effects. However, the other sources of inflow increase
their flow when the recharge decreases. This is because the boundary conditions are
head dependent, making the inflow larger when the difference increases. This causes
the changes in heads due to a decrease in recharge being minor on a small time scale,
as the levels are fluctuating due to wet and dry years. Droughts or wet periods are
both defined as shorter periods of precipitation below or over the normal or mean
precipitation, which will be followed with other periods that brings the aquifer back
to average state. In contrary to temporary climate conditions, the change of land
use may in a long term perspective result in significant, and maybe even permanent,
effects to the aquifer.

The amount of water percolating during irrigation and/or rainfall has been estab-
lished following a method by the Food and Agriculture Organization of the United
Nations, which is based on the Penman-Monteith equation. Other methods that con-
sider more local factors, as looking at water table fluctuation or measuring the soil
moisture at different depths underneath the different crops, was not available for this
study. The aquifer is too intricate for the water-table fluctuation (WTF) method
(Healy and Cook 2002), since removing one of the inflows only increases the flow in
one of the other, and that the changes are too long-term based to be reflected in
the water table without disturbance by natural fluctuations. Using measurements
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of the soil moisture requires installed equipment under each land use, which was
not available in the field of study. Different studies using different methods, some
field measuring and some only modelling or calculating, shows that there is a range
of different percentages of irrigated water deep percolating, dependent on the local
factors.

The irrigation by flooding of furrowed fields have the most varying values of deep
percolation. The type of soil and how the furrows are placed are affecting how much
of the water is running off on the surface, and how much that is infiltrating. Field
measurements by the USGS (Arnold 2011) using an unsaturated zone water-balance
(UZWB) method, showed approximately 29 % of percolation of precipitation plus
irrigation for their first year of measurements, and 39 % percolation for the second
year when the precipitation was higher. Using the water-table fluctuation (WTF)
method on the same field the percolation was 32 % for the first year. Another study
estimated the deep percolation when flooding sugarcane fields to be ranging from
8 % (medium clay) to 26 % (sillty clay loam) (Thorburn et al. 2011). Previous
studies of the Motril-Salobreñ aquifer have assumed 30 % deep percolation when
irrigating sugarcane, 20 % for subtropical trees, 5 % for greenhouses and 25 % for
vegetables (IGME 1999; Calvache et al. 2009). The estimation of deep percolation
using the FAO Penman-Monteith method provided similar values to the percentages
in the previous studies, with 28 % deep percolation for sugarcane in 2001, when the
precipitation was close to the mean precipitation. Comparing the deep percolation
calculated with a previous study on cherimoya and mango trees in the same area
(Pleguezuelo et al. 2011) shows a similar trend, with more deep percolation in the
autumn than in the spring, with measured deep percolation ranging from 2 to 14
mm monthly. For comparison, the calculations in this study resulted in a monthly
average of deep percolation from 2001 to 2012 of 16 mm. The previous field study
(Pleguezuelo et al. 2011) is not presenting the amount of irrigation used, making
it difficult to compare the amount of deep percolation. From the comparison with
previous studies it is reasonable to rely on the results of the performed calculations.
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5.1.2. Water balance

The recharge of the aquifer from deep percolation is a significant part of the total
recharge accounting for 25 % of the total inflow in 2012. However, in 1956 the surface
recharge was contributing with as much as 48 % (Table 7). As the percentage of crops
that needs less water is increasing, the vertical recharge to the aquifer is decreasing.
The amount and significance of this is however not homogeneous for the different
areas. Compared to precipitation and recharge from the river, the irrigation might
not have the biggest impact on the groundwater close to the river channel. Further
from the river channel the recharge from precipitation and irrigation is the most
important factor to maintain the current water table head.

The water budget of the aquifer has previously been estimated by several other
studies (Castillo 1975; CHSE-YRIDA 1984; ITGE 1988; Heredia et al. 2003; Ibánez
2005) (Table 7). The most uncertain factor in this groundwater balance is the incom-
ing flow from the carbonate aquifer in the north, as the length of the stretch where
the detrital sediments are in contact with the carbonates (as seen in Figure 19) and
the decrease of the water table along the border are unknown. The previous studies
has estimated a low contribution of flow from the carbonate aquifer, with around 4
Mm3/year. With a longer time period for calibration and validation, this study sug-
gests that the water levels in the aquifer may be more depending on the flow from the
carbonate aquifer than previously estimated, with flowrates ranging from 6.8 to 10.6
Mm3/year. During calibration, lower conductances of this border resulted in heads
much lower than observed during periods with low river flow. While the flow from the
carbonates was higher, the flow from the alluvial sediments surrounding the river was
lower than in previous studies, and especially low during the wet years, reaching a
minimum flow of 1.1 Mm3/year. The flow into the aquifer from the alluvial aquifer is
larger when the recharge from other sources is smaller, like the river flow and surface
recharge. This indicates that the the river is always loosing water to the alluvial,
even when the flow is low. When the flow in the river and the surface recharge is
large, the flow from the alluvial gets blocked by high water levels in the north.

The volume of inputs and output varies between different years due to the climatic
environment with varying precipitation and inflows, in addition to anthropogenic
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activity which is altering the aquifer surface. The hydrological year of 2012 had a
precipitation of 724 mm, making the total input be larger than in 2001. However,
even with an increase of precipitation from 348 mm, the surface recharge still had
a minor decrease from 10.2 to 10.0 Mm3/year, caused by the decrease in irrigation
(Figure 28).

Since the previous studies are performed at different years, it is interesting to
look at the differences in recharge for the different years, and compare them with the
simulated years. The two earliest studies (Castillo 1975; CHSE-YRIDA 1984) might
have underestimated the recharge from irrigation and precipitation, but the last three
studies (ITGE 1988; Heredia et al. 2003; Ibánez 2005) have assumed recharge which
correlates with the period between the 70’s and 2001 in the simulations in this study.

Table 7: Estimated water budget of the Motril-Salobreña aquifer for the modelled years 2001 and 2012, and the two
scenarios of the 1950’s and 70’s, and by previous studies for comparison. ⇤ Precipitation + Irrigation.

Inputs and 1950’s 1970’s 2001 2012 Castillo CHSE ITGE Heredia Ibáñez
Outputs [Mm3/year] (1975) (1974) (1988) (2003) (2005)
North alluvial 3.2 7.5 2.6 1.1 13 25 15.5 3.5 4.7
Carbonate aquifer 7.2 8.8 6.8 10.6 6 3 2 4 4.2
River infiltration 13.5 12.7 16.9 19.1 47 13 11.5 11.6 11.5
Recharge⇤ 22.4 20.2 10.2 10.0 14-19 9 16.9 16.8 13.6
Others - - - - 15-20 3 1.4 - -
Total input 46.3 49.2 36.5 40.8 60-70 53 47.3 35.9 34
Pumping 9.4 14.9 7.2 6.2 - 25 17.1 15.4 7.5
Aquifer to the river 7.1 4.2 8.4 7.4 - - - 0.4 0.3
Discharge to the sea 33 31.9 32 30 40-45 22 30.2 16.8 26.2
Others - - - - 6-10 6 - 1.8 -
Total output 49.5 50.9 47.6 43.5 62-71 53 47.3 34.4 34
⇤ Precipitation + Irrigation

With eight wells placed along the river, and the same amount of pilot points, the
hydraulic conductivity along the river course is assumed to be well calibrated. The
average values of hydraulic conductivity from calibration correspond to the materi-
als found in the boreholes, which supports this. However, in the southern part of
the aquifer the characteristics are assumed to be more heterogeneous than further
north (see Section 2.2), which may be the cause of some of the errors seen during
the calibration and validation process. The distribution of hydraulic conductivity
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is previously shown to have a great affect on river-aquifer interaction (Fleckenstein
et al. 2006). The river-aquifer interactions close to the sea may therefore have some
limitations, due to the cell size in the model, which is unable to capture small-scale
heterogeneity in the hydraulic conductivity. Also, the presence of some small streams
not considered in the model, might affect nearby wells with lowering or decreasing
the heads.

5.2. Scenarios of the past and a perspective on the future

The simulation of the 1950’s considers excess water from flooding of sugarcane fields
as the main surface recharge, in addition to precipitation. This have been the state
of the aquifer for centuries, keeping the water level in the whole aquifer close to the
surface. With a high irrigation rate distributed over the whole aquifer, the water level
is at the approximate same elevation at different distances from the river (Figure 43).

The simulation of the 1970’s combined the effects of increased groundwater with-
drawal, irrigation reduction and natural climate variations. The increased pumping
rates, with almost 5 Mm3/year, made the discharge to the river decrease drastically,
and lowered the water table underneath the riverbed elevation. In comparison, the
decrease in recharge was only 2.2 Mm3/year, making it difficult to detect changes to
land use change not related to the increased pumping rates.

The decrease of water withdrawals since the 1970’s may have prevented a possible
change in water levels due to the changes in land use. As the pumping rates have
decreased from 15 Mm3/year in 1975 and a staggering 28 Mm3/year in the 80’s
(Figure 11) to 6.2 Mm3/year in 2012, the surface recharge has decreased with 12.4
Mm3/year during the period from 1954 to 2012. The decrease in recharge is less than
the decrease in water withdrawals considering the pumping in the 80’s, which may
explain why there is no detectable declining trend in water levels in the wells for this
period (Figure 8d). Only looking at the change from the 50’s to the last years, the
decrease in pumping is less than the decrease in recharge, making it possible to assess
the effects from land use change. The water level have clearly decreased since the
aquifer covered mainly by sugarcane, and the recharge calculations indicate that the
levels will continue to decrease if the amount of greenhouses increases.
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6. Conclusions

Six land use maps were constructed to map the distribution of the different land uses,
and how it has been changing during the last 60 years. Based on analysis of satellite
images of different years, the areas corresponding to each type of crop have been
calculated. In 1956 the land use was distributed as 70 % sugarcane, 22 % unused
land, 4 % urban areas and 3 % subtropical trees of at total area of 42 km2. By 2012
sugarcane have been reduced by 100 %, while subtropical trees have increased to
cover 32 %, and greenhouses, vegetables and urban areas have increased to a 32 %,
21% and 20 % coverage respectively. Unused land have been reduced to cover 13 %
of the aquifer area in 2012.

The shift in agriculture have resulted in a reduction of water used for irrigation of
28 Mm3/year, from 1956 to 2012. The amount of recharge produced by the different
land uses are greatly dependent on the amount of precipitation. For 2001, which had
precipitation close to the mean for the area, the recharge by sugarcane fields was
28 % of the total amount of precipitation and irrigation, by vegetables it was 22 %,
10 % for subtropical trees, 0.27 % for greenhouses, 11 % for unused land and 11 %
for urban areas. The decrease of irrigation due to land use change have caused an
estimated 65 % reduction in surface recharge.

A numerical flow model of the Motril-Salobreña aquifer was calibrated for the
period from 2001 to 2007 and validated from 2007 to 2012, with a mean absolute
error of 0.85 m for the calibration period and 1.70 for the validation period. The
hydraulic conductivity of the aquifer was calibrated using the pilot points technique
to range from a maximum of 200 md�1 in the northern sector to a minimum of
0.4 md�1 in the areas close to the coastline. The specific yield was estimated in
zones, delimited by the distribution of hydraulic conductivity and calibrated with
PEST, ranging from 0.1 to 0.3. The conductance of the riverbed was estimated as
3 md�1, while the conductance of the boundary between the carbonate aquifer and
the Motril-Salobreña was estimated as 0.5 md�1.

From 2001 to 2012 the water levels in the aquifer are fluctuating with up to
± 5 m in the northern sector due to natural annual variations in climate. The
fluctuations are reduced closer to the sea and at distance from the Guadalfeo River,
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with fluctuations less than 2 m in the southern areas. However, a prolonged reduction
in irrigation would according to the simulations be larger than that of a brief drought,
causing long term, and maybe even permanent effects to the aquifer.

Two scenarios of the past have been simulated to study the condition under previ-
ous land use distribution, the 1950’s and the 1970’s. The application of the numerical
groundwater model coupled with the recharge estimates allows the assessment of how
the reduced irrigation is influencing the hydrodynamics. From 1956 to 2012 the wa-
ter levels have been reduced by 1 - 2 meters in the lowlands and in vicinity of the
river, while the eastern area have had a simulated decrease of up to 10 m. The larger
decrease in the east is a result from that the irrigation of sugarcane distributed water
from the Guadalfeo River to areas that otherwise were not influenced by river leakage,
artificially increasing the heads to an even level from west to east.

The change in water levels affect the flow in the aquifer surrounding the river.
Areas where the aquifer previously discharged into the river, are now having little or
no interaction. In the 1950’s, the last 3 km of the river stretch (of a total of 7 km
crossing the aquifer) was gaining water from the aquifer. In 2012 the stretch that is
gaining water has decreased to approximately 1000 m. This is a significant change
in the hydrodynamics of the aquifer.
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