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Abstract

In the present research, evaluations of empirical methodologies were carried out with the aim
of calculating the potential aquifer recharge in the Lebrija river basin, located in Santander,
Colombia, a region characterized by its tropical climate. Aquifer recharge refers to the flow
of water that percolates the soil into the groundwater. Empirical methodologies were used to
determine this value, taking into account different variables such as precipitation, temperature,
land cover and land use, actual evapotranspiration, and topographic information. These aspects
are fundamental as they directly affect aquifer recharge.

The calculation and analysis procedure of the results was implemented using the R program-
ming language. This approach was chosen with the intention of presenting an innovative alterna-
tive to traditional Geographic Information System (GIS) software, commonly used for managing
geospatial information in this type of research.

The results obtained through empirical methodologies highlighted the importance of consid-
ering various parameters when calculating the potential aquifer recharge. Furthermore, it was
observed how adverse climate phenomena such as La Niña and El Niño influenced recharge esti-
mates in a tropical climate zone.

Keywords

Potential aquifer recharge, empirical methodologies, tropical climate zone, Lebrija river basin,
Colombia, R programming.
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Resumen

Evaluación de metodologías para estimar la recarga de acuíferos en
una Zona Climática Tropical

En esta investigación, se evaluaron metodologías empíricas para calcular la recarga potencial
de acuíferos en la cuenca del río Lebrija, ubicada en Santander, Colombia, una región de clima
tropical. La recarga de acuíferos se refiere al proceso en el que el agua se infiltra en el suelo
hasta alcanzar las aguas subterráneas. Se emplearon metodologías empíricas para estimar este
valor, considerando variables clave como la precipitación, la temperatura, la cobertura y el uso
del suelo, la evapotranspiración real y la información topográfica, aspectos cruciales que influyen
directamente en la recarga de acuíferos.

El análisis y cálculo de los resultados se realizaron utilizando el lenguaje de programación R,
elegido por su potencial como alternativa innovadora a los sistemas tradicionales de Información
Geográfica (SIG) utilizados en la gestión de datos geoespaciales en investigaciones de este tipo.

Los resultados obtenidos resaltan la importancia de tomar en cuenta múltiples parámetros al
estimar la recarga potencial de los acuíferos. Asimismo, se observó cómo fenómenos climáticos
adversos, como La Niña y El Niño, afectan de manera significativa las estimaciones de recarga en
zonas tropicales.

Palabras Clave

Recarga potencial de acuíferos, metodologías empíricas, zona tropical, cuenca del río Lebrija,
Colombia, lenguaje de programación R.
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Chapter 1

Introduction

W ater is needed in all aspects of life. More than 70% of the surface of the world is covered

by water, the most prevalent substance. Its critical importance extends beyond human

necessities; it is the lifeblood that nourishes all terrestrial organisms, fundamental to the intricate

web of life itself. Estimates suggest the amount of water moving through the hydrological cycle

of the planet as1:38� 1018 m3. However, just around2:5% of it is freshwater, with oceans making

up the majority. Only a small amount of this freshwater can be used for drinking because68:7%

of it is covered in ice and snow,1:2% is found in other geographic areas (such as lakes, rivers,

marshlands), and the remaining30:1% is considered to be �fresh� groundwater [9].

Figure 1.1: Pie chart that re�ects the distribution of fresh drinking water in di�erent zones around
the world.

While fresh groundwater is about100 times more abundant than fresh surface water, we tend
to use more surface water because it's easier to access and utilize. It is important to note, though,
that a lot of the groundwater is deep in the Earth's crust and has high salt content, which makes
it unsuitable for many uses [3].
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Estimates suggest that around2:5 billion people globally depend on groundwater for their
potable water supply. As the proportion of individuals without access to safe drinking water
persistently decreases, this �gure is projected to escalate [9]. The objective of the Millennium
Development Goal -speci�cally aimed at reducing the percentage of people without sustainable
access to safe drinking water- was successfully met in2012, considerably ahead of its intended
2015deadline. However, as of2020, a signi�cant 26% of the world's population, approximating 2
billion individuals, remained without access to clean water supplies [10].

Groundwater resources, play a fundamental role in the hydrological cycle, become a crucial
area of research in regions su�ering from signi�cant surface water de�cits. These groundwater
sources are often the only viable water supply in such areas. Prioritizing research into these
resources is vital not only for mitigating the e�ects of climate change but also for securing the
water supply in these water-scarce regions.

Assessing groundwater resources presents a host of challenges, the most daunting of which is
establishing the rate of aquifer replenishment. To accurately gauge groundwater recharge, it is
essential to devise a model that encapsulates the intermingling of all key processes integral to
the hydrological cycle. This comprises understanding the dynamics of in�ltration, surface runo�,
evapotranspiration, and �uctuations in groundwater level [11]. Techniques for gauging groundwa-
ter recharge can be broadly classi�ed into three overarching categories: physical methods, chemical
approaches, and numerical strategies.

An aquifer is a geological structure or natural formation capable of storing and transmitting
a certain amount of water and thus supplying a quantity of water to a well or spring due to its
high hydraulic conductivity [12]. In aquifers, it is important to know their recharge, which can be
as the �ow of water that percolates the soil into the groundwater [9]. Recharge can be in�uenced
by di�erent issues, such as climate, land cover and land use, slope and soil characteristics, and
geology; but the most important factor is rainfall [13].

The aquifer recharge quanti�cation is of great importance for the management of water re-
sources as an important source of water supply for human consumption and agroindustry activi-
ties [13]. Thus, the understanding of its origin, functioning, relationship with other sources is a
crucial issue. In addition, groundwater has the advantage that it has been considered an econom-
ical alternative source due to its better quality and relatively low management cost compared to
surface water [14].

This research is focused in the estimation of groundwater recharge in The Lebrija river basin.
The initial part of the research project is to identify empirical methodologies to estimate aquifer
recharge based on the available hydrological, geological, soil, slope and land use information.
Following that, the variable information is processed to calcualte the recharge. R programming
language is used as the main tool for conducting statistical analysis and map algebra. Conse-
quently, the research seeks to compare the potential recharge results obtained from the empirical
methodologies used for a tropical climate zone and to review the e�ect of adverse climatic phe-
nomena such as La Niña and El Niño on aquifer recharge.



Chapter 2

Key Principles for Understanding Groundwater Recharge

D i�erent academic levels, including undergraduate and graduate, are covered by the study of
hydrology in �elds such as agronomy, forestry, agricultural, and civil engineering. The study

of all forms of water on Earth is addressed under the �eld of hydrology, which is crucial to both
people and the environment [15]. The application of this �eld of knowledge and its subdivisions,
such as hydrogeology (the sub�eld of hydrology on which this study activity is focused), become
pertinent as a result, and this has a favorable e�ect on the creation of new information.

In particular, one of the aspects of hydrology and hydrogeology that has gained increasing
relevance is the recharge of aquifers. Aquifers are geological formations that store groundwater
and play a vital role in supplying fresh water in many regions of the world. However, they face
several challenges.

One of these challenges is the accurate calculation of aquifer recharge. This process involves
estimating the amount of water in�ltrating from the soil surface down to the aquifer. The spa-
tial and temporal variability of climatic, soil, and vegetation conditions make the calculation of
recharge a signi�cant challenge. The lack of precise and accessible data can also hinder these
estimates, which can lead to improper management of these valuable water resources.

This chapter will provide an overview of the essential knowledge required to understand aquifer
recharge. It aims to equip readers with the fundamental information necessary to engage with the
work presented in this thesis, comprehend the study's outcomes, and assess the relevance of these
�ndings to other situations.

2.1 Hydrology

Liquid, gaseous, and solid phases of bulk water are the main topics of study in hydrology.
This means that the study of snow and glaciers is included in hydrology. Hydrology refers to the
study of how water is distributed, it is concerned with both quality and quantity that �uctuate
in both location and time. Water is present in geological formations, soil, and on the surface of
the ground. Since water is dynamic, hydrology focuses on how water moves (surface, subsurface
and atmosphere). Hydrology deals with the storage of water since it may be done in underground
environments, lakes, and reservoirs. Includes statistical aspects since the occurrence, distribution,
transportation, and storage of water quality are not always completely predictable. As a result,
hydrology may be summed up as the science that studies properties of the quantity, distribution,
transport, and storage of Earth's water in space, time and frequency [2].
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2.1.1 Hydrologic Cycle

The most basic principle of hydrology is the hydrologic cycle (Figure 2.1). Water evaporates
from various sources, including the oceans, land surface, soil and vegetation, is transported across
the planet by atmospheric circulation as water vapor, precipitates again as rain or snow, is stopped
by trees and other vegetation, produces runo� on the land surface, in�ltrates into soils, recharges
groundwater, discharges into streams, and consequently �ows out into the oceans where it will
eventually evaporate once more. In the presence or absence of people, this enormous water engine
that is powered by gravity and sun energy continues inde�nitely [1].

Figure 2.1: The hydrologic cycle. Taken and adapted from [1].

2.1.2 The watershed or river basin

The watershed or river basin is the most typical spatial unit taken into account while research-
ing the water cycle. The portion of land from which water �ows toward a river and subsequently
through that river to the sea might be referred to as this. The word implies that the region is
comparable to a basin, where all water �ows to a single location (i.e. the plug hole, or in this
case, the river mouth). Rain will fall at every point in a watershed and will always �nish up in
the same location: where the river joins the ocean (unless lost through evaporation) [16].

In contrast to the closed system of the global hydrological cycle, t he watershed or river basin
operates as an open system. Precipitation (rain, snow, and other minimal forms), as well as
solar energy used for evaporation, are inputs to the catchment. The outputs are evaporation
and transpiration from plants (evapotranspiration), moisture replenishment, discharge into the
oceans or other water bodies/watersheds, in�ltration into the subsurface, which may percolate
further into deeper subsoils and eventually to aquifers. Interception storage, depression storage,
soil moisture storage, water collected via roots by osmosis and stored in plants, water stored in
natural or synthetic water bodies, groundwater storage, and channel storage are just a few of
water may be kept in the basin [2].



If we assume that all surface-fallen water �ows downward, we may describe a river basin in
terms of its topography. Therefore, a river basin's real catchment area may be de�ned by drawing
a catchment border, as seen in Figure 2.2.

Figure 2.2: Sketch of a typical drainage basin of the Wuli River in Nothern China. Taken and
adapted from [2].

2.2 Hydrogeology

The study of hydrogeology examines how geological materials and processes are related to
water. Geohydrology is sometimes used interchangeably with hydrogeology, but it actually refers
to a di�erent engineering �eld that deals with subsurface �uid hydrology. Various factors, such
as the physiography, sur�cial geology, topography, and vegetation of a drainage basin, a�ect how
precipitation over the basin interacts with water that drains from it. The existence of mountain
ranges and other prominent topographic characteristics play a substantial role in shaping the
formation and dispersion of precipitation. Both surface water and groundwater actively participate
in sculpting the landscape. The �ow and chemical properties of groundwater are signi�cantly
a�ected by the underlying geological conditions. [17].

Hydrogeology is not only a descriptive science but also an analytical one, with the develop-
ment and management of water resources being important aspects of the �eld [17]. Furthermore,
hydrogeology addresses various issues such as contamination of both surface and groundwater,
the negative consequences of over-exploitation, and the potential repercussions of climate change.
Our ability to cultivate an all-encompassing understanding of the hydrological cycle, rather than
simply the 'aquatic environment', will be a pivotal element in confronting these challenges. [18].



2.3 Aquifer

An aquifer is a collection of rock or sediment that is fully saturated with water, which allows
the storage and movement of this �uid. In order to qualify as an aquifer, there must be enough
passageways for the water to �ow through, and the aquifer must be of su�cient size to yield an
appropriate amount of water. Aquifers vary in thickness from a few meters to several hundred
meters, and in area from a few hectares to millions of square kilometers [19].

Aquifers can be categorized as either uncon�ned or con�ned, as depicted in Figure 2.3. An
uncon�ned aquifer is characterized by the presence of water table within the layer of the aquifer.
These aquifers are also referred to as water table or phreatic aquifers [3].

Figure 2.3: Vertical cross-section through an uncon�ned aquifer and a con�ned aquifer, with a
con�ning layer separating the two. An artesian well is one where the water level rises above the
ground surface. Taken and adapted from [3].

2.4 Permeability

The ability of a rock or soil to allow �uid to �ow through it is referred to as permeability,
according to [20]. Although the term permeability is commonly used in petroleum geology, [9]
indicates that it speci�cally refers to intrinsic permeability, which is a constant value that char-
acterizes the properties of the aquifer matrix regardless of the �uids' density and viscosity.
Intrinsic permeability K is de�ned as follows:

K = � �
_V
A

�
1

� p=l
(2.1)

where

K = Intrinsic permeability
�
m2

�
,

� = Dynamic viscosity (Pa � s),



_V = Discharge rate
�
m3=s

�
,

A = Flow area cross-section
�
m2

�
,

� p = Pressure di�erence(Pa),
l = Flow length (m).

2.5 In�ltration

In�ltration refers to the process wherein precipitation seeps into the ground, replenishing soil
moisture, recharging underground aquifers, and maintaining river �ows during periods of drought.
This process plays a pivotal role in determining the volume of precipitation that contributes to
overland �ows. This is contingent upon other in�uential factors such as interception�the process
where precipitation is intercepted before reaching the surface, depression storage�where water is
stored in various natural surface depressions, and evaporation during storm events [21].

The rate of in�ltration not only in�uences the volume of overland �ows but also signi�cantly
impacts the timing of their entry into channelized systems. This makes it a fundamental element
in the construction of any hydrological model [21]. In�ltration is a key stage in the water cycle
and its importance is widely acknowledged in soil science. The speci�c phenomenon of water
traversing through the unsaturated seepage zone is often referred to as percolation [9].

2.6 Evapotranspiration

Evapotranspiration (ET) is a vital process in the hydrologic cycle, as it returns water to the
atmosphere. It involves two main processes: evaporation and transpiration, which are illustrate
in 2.4. Evaporation mainly occurs on the surface of open water sources like lakes, reservoirs, or
puddels, or on vegetation and ground surfaces. Transpiration, on the other hand, occurs when
plants absorb water from the soil through their roots, transport it up to their leaves, and release
it into the atmosphere through evaporation from their stomata.

Figure 2.4: Evapotranspiration divided into subprocesses. Taken and adapted from [4].

2.7 Recharge and discharge

Groundwater in uncon�ned aquifers is observed to navigate from areas of higher topography
(where recharge occurs) to regions of lower topography (where discharge occurs). In areas of
recharge, the potential energy decreases with depth, which causes the water to move downwards.



Between the recharge and discharge zones, the �ow of groundwater is mostly horizontal but may
also have some slight slope. In areas of discharge, the potential energy increases with depth,
causing the groundwater to move upward [22].

In regions with porous soils that experience high rainfall, up to 25% of the annual precipitation
may be able to recharge the aquifer. However, in arid regions, the amount of recharge is minimal
and may be only around 1% or less of the rainfall. As a result, the water contained in these aquifers
may have been accumulating over many centuries or under di�erent climatic conditions [22].



Chapter 3

Exploring Diverse Approaches to Aquifer Recharge Cal-

culation

D etermining the rate of aquifer replenishment is the most challenging aspect when assessing
groundwater resources. To estimate groundwater recharge, it is necessary to model the

interplay of all signi�cant processes involved in the hydrological cycle, including in�ltration, surface
runo�, evapotranspiration, and variations in groundwater level [11].

Techniques for estimating groundwater recharge can be largely classi�ed into three categories:
physical, chemical, and numerical methodologies. While all these models carry theoretical signi�-
cance, they have confronted issues pertaining to accuracy or implementation, consequently either
being disproven or failing to achieve intended outcomes [23]. It's noteworthy that a substantial
number of these methodologies depend on the water budget equation, a factor that merits distinct
attention and discussion [24].

The main methods for determining groundwater recharge are provided in this chapter as a
summary. It is important to acknowledge that this investigation does not aim to present all of
the available techniques.

3.1 Water Budget

According to [24], one possible way to express the amount of water in a basin is through its
water budget.

P + Qon = ET + Qof f + � S (3.1)

where

P = Precipitation (rate),
Qon = Water �ow onto the site (rate),
Qof f = Water �ow o� the site (rate),
ET = Evapotranspiration (rate),
� S = Change in water storage(rate).

Each component of a water budget is composed of various subcomponents. The movement of
water onto or o� a site can be classi�ed down into three types of �ows: surface �ow, inter�ow, and
groundwater �ow. ET is classi�ed according to the origin of the evaporated water, which can be
from the surface, unsaturated zone, or saturated zone. Water is stored in various locations, such as
snow, surface-water reservoirs, the unsaturated zone, and the saturated zone. The water-budget
equation can be modi�ed to include these subcomponents:
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P + Qsw
on + Qgw

on = ET sw + ET uz + ET gw + R0

+ Qgw
of f + Qbf + � Ssnow

+� Ssw + � Suz + � Sgw

(3.2)

where

P = Precipitation (rate),
Qsw

on = Surface �ow (rate),
Qgw

on = Groundwater �ow (rate),
ET sw = Surface-water evapotranspiration(rate),
ET uz = Unsaturated zone evapotranspiration(rate),
ET gw = Groundwater evapotranspiration (rate),
R0 = Runo� (rate),
Qgw

of f = Water �ow o� the groundwater (rate),
Qbf = Base �ow (release of groundwater into springs or streams)(rate),
� Ssnow = Change in snow water storage(rate),
� Ssw = Change surface-water storage(rate),
� Suz = Change in unsaturated zone water storage(rate),
� Sgw = Change in groundwater storage(rate).

Groundwater recharge, denoted asR, comprises of all the water that enters the saturated zone
through in�ltration, and can be expressed in the following manner:

R = Qgw
of f � Qgw

on + Qbf + ET gw + � Sgw (3.3)

The equation indicates that all water reaching the water table will either leave the basin as
groundwater �ow, be discharged onto the surface, be evaporated or transpired, or be kept in
storage. By inserting this Equation 3.3 into the Equation 3.2, the resulting water budget can be
expressed as follows:

R = P + Qsw
on � R0 � ET sw � ET uz � � Ssnow � � Ssw � � Suz (3.4)

Techniques used to analyze water �ow, known as water-budget methods, rely on a water-budget
equation in various forms. These methods are used in several hydrological models, including those
related to surface-water and groundwater �ow. When examining a particular location, some of
the components in 3.4 may have insigni�cant impact and can be disregarded.

The standard method for determining recharge through the water-budget approach is through
the indirect or residual method, which involves measuring or estimating all of the variables in
water-budget equation except for R, which is calculated as the remaining value. One of the
bene�ts of using water-budget methods is their adaptability [24].

3.2 Physical Methods

The most common and straightforward approach for measuring recharge by precipitation in-
volves physical methods. These methods are preferred since they yield direct results, are simple
to measure, and require minimal cost. The impact of topography, soil properties, and weather
conditions is more pronounced when using these techniques. The aquifer media in a particular
area play a crucial role in determining the potential and actual recharge. The following sections
present the key physical methods employed in the �eld [23].



3.2.1 Lysimeters

A lysimeter is a tool that comprises a measurable column or volume of soil in its natural
surroundings. It allows for the monitoring of in�ow and out�ow of water, as well as changes in
storage by weighing the device. The purpose of this method is to assess evaporation in a natural
setting by gauging other water balance factors. However, it is challenging to utilize this approach
to measure recharge at a sensible spatial scale, as noted previously [11].

Lysimeters come in di�erent sizes and depths, with surface areas ranging from100 cm2 to
approximately 300 m2 for larger pan lysimeters, and depths varying from tens of centimeters to
between 10 and 20 meters. It is worth nothing that if the bottom of the lysimter is shallower
than the root zone, drainage �ow rates measured are likely to overestimate aquifer recharge rates.
Consequently, lysimeters are not typically appropriate for areas with vegetation that has deep
roots. Recharge rates can be determined at various time intervals, spanning from minutes to
years [24].

3.2.2 Zero Flux Plane (ZFP) Method

The zero-�ux plane (ZFP) is a boundary that separates the upward movement of water for
evaporation from the downward movement to the water table, which subsequently drains into
the completely saturated deep soil. This scenario occurs when evaporation exceeds precipitation,
resulting in simultaneous downward drainage and upward movement. Tensiometers can be utilized
to determine the location of the zero hydraulic gradient region [23]. The �ux (q), which is the
volume of water passing through a unit area per unit time, can be determined using Darcy's law.

q = � K (� )
dH
dz

(3.5)

where

K (� ) = Unsaturated hydraulic conductivity,
H = Total water potential h (� ) � z,
h = Matric potential (negative),
z = Depth below the surface,
� = Water content.

Determining K is a commonly encountered challenge, as it tends to vary across di�erent
locations. The zero-�ux plane technique involves a water-budget approach that is applied to a
speci�c depth range within a control volume of the unsaturated zone. However, it should be noted
that the ZFP method is only applicable in areas where FP occurs and the water table lies below
the ZFP, according to the USGS [23,25].

3.2.3 Soil Water Balance Method

The fundamental principle of the soil water balance method involves computing the equilib-
rium between the amount of water entering and exiting the soil, as well as the amount of water
necessary for the soil to reach saturation, which is quanti�ed as a water depth. Thornwaite orig-
inally developed this technique, and subsequent researchers have modi�ed it [23]. The following
expression captures this approach:

Ri = P ! Ea + � W � R0 (3.6)

where



Ri = Recharge,
P = Precipitation,
Ea = Actual evapotranspiration,
� W = Change in soil water storagem,
R0 = Runo�.

The practical usefulness of the soil water balance method is largely impacted by changes that
a�ect soil water storage, which cannot be measured directly. When applying this method to large
areas, it is necessary to assign di�erent values to input parameters according to the speci�c ground
conditions. However, as these parameters are measured in the �eld, there is often a considerable
degree of uncertainty and inaccuracy. Furthermore, a vast amount of data is required to carry
out these calculations [23].

One-Dimensional Soil Water Flow Method

If appropriate models for boundary conditions are available, the one-dimensional soil water �ow
approach can be utilized to estimate recharge [23]. The general equation for the one-dimensional
method is expressed as follows:

@�
@t

= �
@
@z

�
k

�
@S
@z

+ 1
��

� s (3.7)

where

� = Volumetric water content
�
cm3=cm3

�
,

t = Time (min ),
k = The unsaturated conductivity (cm=min),
S = Soil moisture tension,
z = Depth (cm),
s = Sink term (1=min ).

The equation below can be used to calculate the moisture retention(S):

S =
(� � � r )
(� s � � r )

(3.8)

where

� s = Saturated water content,
� r = Residual water content.

This method o�ers a major advantage, as it allows for the examination of the spatial distri-
bution and dynamic behavior of recharge processes [23].

3.2.4 Groundwater Level Fluctuation Method

The groundwater level �uctuation method, also known as the water-table �uctuation (WTF)
method, is a commonly used indirect technique for measuring recharge in uncon�ned aquifers
where seasonal groundwater �uctuation occurs. This method operates under the assumption
that an increase in the water table is directly related to the amount of water that recharges
the groundwater table [23, 24]. The formula for estimating recharge using this method can be
expressed as:

R = Sy
dh
dt

= Sy
� h
� t

(3.9)



where

Sy = Speci�c yield,
h = Hydraulic head,
t = Time.

This method is based on the assumption that subsurface in�ow and out�ow are evenly dis-
tributed across the area. Therefore, it is most applicable in regions with shallow water tables
where there are rapid �uctuations in water levels, particularly over short time periods ranging
from hours to a few days [23]. The challenges of using this method include determining an ac-
curate value for speci�c yield and verifying that water level changes are indeed due to recharge
and not in�uenced by factors such as atmospheric pressure, air entrapped in the soil, or pump-
ing. Despite these di�culties, the method has been applied successfully under various climatic
conditions [24].

3.3 Tracer techniques

Tracers are versatile tools in hydrologic research, with numerous applications including esti-
mating the amount and sources of recharge, determining water velocity and travel time, evaluating
preferential �ow paths, assessing hydrodynamic dispersion, and calibrating models of water �ow
and solute transport [25].

The attractiveness of this approach over other techniques stems from its brevity and simplicity
of data collection. Tracers can be categorized as historical, environmental, and applied tracers,
with the chloride, tritium, and stable isotope methods being the most commonly employed [23].

3.3.1 Chloride Method

According to [23], chloride is considered an excellent environmental tracer due to its low
cost and conservative nature, which enables the preservation of atmospheric inputs without any
signi�cant alteration by subsurface processes or interactions with aquifer media or vegetation.
The estimation of recharge for a particular region can be achieved through the following method:

R =
P (Cp + Cd)

Csi
(3.10)

where

P = Mean annual precipitation,
Cp = Weighted mean concentration of chloride in rainfall,
Cd = The amount of chloride in the dry deposition,
Csi = Average concentration of chloride over intervali in interstitial water in the unsaturated
zone.

Despite this advantages, this method has some limitations. One drawback is the di�culty
in accurately determining the chloride concentration in wet and dry deposition. Additionally,
extreme rainfall events can also a�ect the concentration, which may impact the accuracy of the
calculation based on mean annual rainfall [23].

3.3.2 Tritium Method

The bomb-pulse tritium distribution
� 3H

�
in the unsaturated zone o�ers various methods

for estimating drainage rates, including the tracer-pro�le, peak displacement, or mass-balance



method. Tritium is a suitable tracer due to its conservative nature, being contained in a water
molecule, and the accuracy of its concentration measurements. Tritium has been extensively used
as an unsaturated-zone tracer in all climatic regions during the 1970s and 1980s. However, its use
since around 2000 has primarily been limited to arid and semiarid regions. In more humid regions,
the unsaturated zones are relatively thin, and the drainage rates are high, which has led to the
�ushing out of historical tracers produced by nuclear testing, such as tritium and chlorine-36,
from the unsaturated zones [25].

Tritium is a commonly used tracer due to its shorter half-life compared to other radioactive
tracers. Nonetheless, there are some drawbacks. Tritium is neoconservative, meaning it can be lost
through evapotranspiration, making mass balance studies impossible. Additionally, contamination
during sample collection and processing can pose a challenge, and the entire process can be costly
and requires highly skilled individuals to conduct the studies [23].

3.3.3 Stable Isotopes

The conservative isotopes oxygen-18
� 18O

�
and deuterium

� 2H
�

can be utilized to identify
groundwater recharge from rivers and lakes, as well as to provide insight into processes such as
evaporation, transpiration, and in�ltration [23, 24]. The approach involves using a mass balance
technique to compare the isotopic concentrations in groundwater and precipitation. The concen-
tration of isotopes in precipitation varies signi�cantly from region to region, with hilly and coastal
areas as well as temperature and cold regions displaying marked variations. However, the18O=2H
method is more expensive than �uorescent tracers, making it unfeasible for smaller groundwater
systems. In addition, the analysis requires advanced laboratory facilities and is a time-consuming
process [23].

3.4 Numerical Model-Based Estimation Methods

Numerical models o�er a way to integrate hydrogeological data and create a coherent math-
ematical representation of an actual groundwater system or process, making them valuable tools
for testing and enhancing conceptual models or hypotheses [26]. Simulation models are frequently
utilized in various hydrological studies, and many of these models can be applied to estimate
recharge. By identifying factors that a�ect recharge, models can provide valuable insights into
the processes of hydrological systems. Furthermore, the predictive capability of models can be
used to asses how changes in climate, water usage, land usage, and other factors may impact
recharge rates [25].

Aquifer properties determine the modeling methods, which can be broadly categorized into
unsaturated and saturated zone models. While there is a wealth of literature on unsaturated zone
modeling, saturated zone modeling typically involves the use of numerical groundwater models and
inverse modeling. The latter relies on the relationship between groundwater recharge and hydraulic
conductivity, with the accuracy of the latter being crucial to obtaining reliable estimates [23].

3.4.1 Inverse Modeling

A two-dimensional �nite element (or �nite di�erence) groundwater model is used by the inverse
model to predict recharge rate from hydraulic head, hydraulic conductivity, and other factors. The
accuracy of the prediction depends on the quality of the hydraulic conductivity data since it is
used to estimate the recharge-to-hydraulic conductivity ratio. The model then evaluates the
relationship between the simulated and measured values through nonlinear regression. This can



be done through a trial-and-error method or a direct approach that considers the parameter as a
dependent variable [23].

3.5 Empirical methods

The precipitation that reaches the Earth's surface does not always fully in�ltrate or add to
the groundwater. Instead, certain fractions may evaporate, transpire, or become runo� that �ows
from the watershed. When rainwater in�ltrates, it penetrates the porous spaces of the soil and/or
percolates down to recharge the aquifer [27].

For quick and economical estimates of this recharge, empirical equations are often used. These
formulas, which are usually speci�c to certain regions, link recharge with simpler phenomena to
measure, such as precipitation, temperature, altitude, vegetation, and soil type. Although the
accuracy of these equations may not be suitable for some studies, their simplicity facilitates their
use in wide areas through the application of a Geographic Information System (GIS) and remotely
collected data [28].





Chapter 4

Empirical Methodologies for Aquifer Recharge

T his chapter presents a general description of the empirical methodologies implemented in this
research work to estimate the potential recharge of aquifers. These methodologies were

selected because of their relative simplicity in calculating recharge, the required variables, and
because they are used by stakeholders at government entities such as the Servicio Geológico
Colombiano, the Ministry of Environment, among others. Therefore, with the results obtained
and the analysis of each methodology, a recommendation can be provided to these entities for the
proper use of these methodologies.

4.1 Chaturvedi formula

In 1936, Chaturvedi established an empirical correlation that links the recharge rate of the
Ganga Yamuna doab to the annual precipitation levels, taking into account �uctuations in water
levels and rainfall amounts [29].

R = 2 :0 (P � 15)0:4 (4.1)

where

R = Net recharge due to precipitation during the year(in=yr ),
P = Annual precipitation (in ).

The Chaturvedi equation has gained signi�cant popularity as a preliminary tool for estimating
groundwater recharge attributable to rainfall.

4.2 Chaturvedi modi�ed formula

The Chaturvedi formula underwent further modi�cations through the work conducted at the
U.P. Irrigation Research Institute in Roorkee. As a result, an updated version of the formula was
developed, which is currently in use [29].

R = 1 :35 (P � 14)0:5 (4.2)

where
R = Recharge(in=yr ),
P = Precipitation (in ).

4.3 Methodology by Turc

In 1954, Turc proposed an expression that incorporates not only precpitation but also the
average annual temperature [30].
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(4.3)

where

L = 300 + 25T + 0 :05T2,
R = Annual average recharge rate(mm=yr ),
P = Annual precipitation (mm=yr ),
T = Average annual temperature(°C)

4.4 Methodology by Gunther Schosinsky

The recharge can be estimated using the Equation 4.4. The equation presented below is derived
from the methodology originally proposed by Schosinsky [6] that considers additional variables
such as soil moisture andETR.

Rp = Pi + HS i � HSf � ETR (4.4)

where

Rp = Monthly potential recharge (mm=month ),
Pi = Precipitation that in�ltrates (mm=month ),
HS i = Soil moisture at the beginning of the month(mm),
HSf = Soil moisture at the end of the month(mm),
ETR = Actual evapotranspiration (mm=month ).

The monthly precipitation that in�ltrates is a function of the monthly precipitation, the re-
tention of rain on foliage, and the in�ltration coe�cient. It can be calculated as follows:

Pi = Ci (P � Ret) (4.5)

where

Pi = Precipitation that in�ltrates (mm=month ),
Ci = In�ltration coe�cient (dimensionless),
P = Monthly precipitation (mm=month ),
Ret = Monthly foliage rain retention (dimensionless).

The in�ltration coe�cient (Ci ) can take a maximum value of1, and is calculated as follows:

Ci = K p + K v + K fc (4.6)

where

K p = Fraction that in�ltrates due to slope e�ect,
K v = Fraction that in�ltrates due to vegetation cover,
K fc = Fraction that in�ltrates due to soil texture.

All these in�ltration coe�cients can be obtained from physical information gathered in the
basin, from reference values [6], or a combination of both.



The Ret value is presented for monthly rainfall that must exceed a threshold of5 mm=month .
This value is determined according to hydrometeorological information of the basin. The fraction
of retained rainfall can be estimated as:

Ret = Cf 0P (4.7)

where

Ret = Monthly retention of rain on foliage (mm=month ),
Cf 0 = Foliage coe�cient (dimensionless),
P = Monthly precipitation (mm=month ).

The foliage coe�cient (Cf 0) can vary in the range 0:12 � 0:2 according to the density of
vegetation cover. If precipitation (P) is less than or equal to the retention threshold,Ret = P. If
retention (Ret) is less than the retention threshold, it is assumed to be equal to the threshold.

To calculate potential recharge, it is essential to determine the initial soil moisture(HS i )
in a particular month. However, this data is often unavailable, so it is assumed that the ini-
tial moisture is equal to the �eld capacity. To determine when a month is at �eld capacity, the
month is selected in which the monthly in�ltrating precipitation (Pi ) exceeded the monthly po-
tential evapotranspiration (ETP ) in the preceding months. ETP can be estimated using various
methods.

Once the initial moisture is known, the soil moisture at the end of the month(HSf ) can be
calculated as follows:

HSf = HD + PM � ETR (4.8)

where

HSf = Soil moisture at the end of the month(mm),
HD = Available moisture (mm=month ),
PM = Permanent wilting point (mm),
ETR = Actual evapotranspiration (mm=month ).

HD is the moisture that plant roots can absorb and use for evapotranspiration, and its calcu-
lation involves determining the amount of water in the soil that is accessible to plants for uptake.

HD = HS i + Pi � PM (4.9)

As for the actual evapotranspiration (ETR), it can be obtained through the Equation 4.10.

ETR =
C1 + C2

2
ETP (4.10)

where

C1 = Maximum moisture coe�cient without considering evapotranspiration,
C2 = Minimum moisture coe�cient considering evapotranspiration with C1,
ETP = Monthly potential evapotranspiration (mm=month ).

Moisture coe�cients cannot be greater than 1 or less than 0, and they can be calculated as
follows:



C1 =
HS i � PM + Pi

CC � PM
(4.11)

C2 =
HS i � PM + Pi � ETR1

CC � PM
(4.12)

where

CC = Field capacity (mm),
ETR1 = C1ETP

According to Equation 4.6, the in�ltration coe�cient is comprised of three distinct factors:
K fc , representing the fraction of in�ltration attributed to soil texture; K v , indicating the fraction
of in�ltration attributed to vegetation cover; and K p, representing the fraction of in�ltration
attributed to slope. The corresponding values for the fraction of in�ltration by slope can be found
in Table 4.1, whereas the values for the fraction of in�ltration by vegetation cover are located in
Table 4.2.

Type of slope Percentage (%) K p

Very �at 0.02 - 0.06 0.3
Flat 0.3 - 0.4 0.2

Somewhat �at 1 - 2 0.15
Average 2 - 7 0.1
Steep >7 0.06

Table 4.1: Values of the fraction that in�ltrates due to slope e�ect. Taken from [6].

Vegetation Cover K v

Grass cover less than 50% 0.09
Cultivated lands 0.1
Grassland cover 0.18

Forests 0.2
Grass cover more than 75% 0.21

Table 4.2: Values of the fraction that in�ltrates due to the e�ect of vegetation cover. Taken
from [6].

The coe�cient, K fc , attributed to soil texture, is calculated using the following empirical
equation, as determined by Schosinsky and Losilla [6], for various soil textures.

K fc = 0 :267 lnf c � 0:000154f c � 0:723 (4.13)

where,
f c = Basic soil in�ltration.

The validity of Equation 4.13 is limited to f c values within the range of16 � 1568mm=day.
Values outside this range are subject to the following conditions:

K fc =

8
<

:
0:0148�

f c

16
f c < 16mm=day

1 fc > 1568mm=day
(4.14)



The basic soil in�ltration, fc, can be determined using the soil texture, as described in [7].
For example, Table 5.1 presents thef c values corresponding to di�erent soil textures, as well as
various hydraulic properties such as �eld capacity (CC) and permanent wilting point (PM). These
values are expressed as a percentage of volume, and to convert them to millimeter[mm] units,
it is necessary to know the root depth of crops and vegetation present in the study area. The
thicknesses of di�erent soil textures range from 0.4 to 2 m [7].

The vegetation cover plays a fundamental role in determining the leaf coe�cient,Cf 0, which
is used in the calculation of the fraction of rainfall intercepted by the foliage in Equation 4.7.
According to [31], the value ofCf 0 is 0.2 for dense forests and 0.12 for other cover types.

Once the three fractions -K fc , K v , and K p - that make up the in�ltration coe�cient have
been calculated, their value can be estimated using Equation 4.6. Additionally, it is important to
consider that the maximum allowed value forCi is 1. Therefore, in cases where the sum of the
terms in Equation 4.6 exceeds this limit, it is adjusted so thatCi remains equal to 1.

In addition to the in�ltration coe�cient, Ci , required to calculate the amount of precipitation
that in�ltrates using Equation 4.5, an estimation of monthly rainfall retention in foliage is needed
according to Equation 4.7. A threshold of5 mm=month was established as the rainfall point from
which retention occurs. Once the monthly retention is calculated, if the value of precipitation
(P) is equal to or less than the retention threshold,Ret is assigned asP. If the value of Ret is
less than the retention threshold, it is considered thatRet has the same value as the established
threshold.

To proceed with the calculation of potential recharge, using the variables calculated thus far
and following Equation 4.4, it is necessary to determine the initial soil moisture. Since this data is
often unknown, it is necessary to assume that the soil is at �eld capacity(CC) [8]. To determine
in which consecutive month or months the monthly precipitation that in�ltrates (P i) exceeds the
magnitude of the monthly potential evapotranspiration (ETP ), this condition is evaluated �rst.
The immediate month after which the condition P i > ETP is no longer satis�ed is considered to
correspond to the soil moisture at �eld capacity (CC).

Since the variable P i exhibits spatial and temporal variations, it is necessary to evaluate,
at each point of the grid corresponding to the study area, generated from the DEM, when the
condition P i > ETP is met. In the consecutive months where this condition is no longer satis�ed,
the calculation is initiated assuming that the initial moisture for that month is equal to �eld
capacity (HSi = CC). Grid points with values equal to zero indicate that the condition P i >
ETP was not met, implying that the potential recharge will take a value of 0 (Rp = 0) .

Using the assigned values ofCC (�eld capacity) and PM (wilting point) for the corresponding
points on the grid of the study area, the coe�cients C1 and C2 can be estimated, allowing us
to calculate the actual evapotranspiration by applying Equation 4.10. As we progress in the
calculations month by month using Equations 4.8, 4.9, and 4.4, it is important to consider the
following conditions:

ˆ The coe�cients C1 and C2 must be within the range of 0 to 1. If C1 > 1 or C2 > 1, a value
of 1 is assumed for both coe�cients. If C1 < 1 and C2 < 1, a value of 0 is assigned.

ˆ If the actual evapotranspiration (ETR) is less than or equal to the available moisture(HD ),
ETR is calculated using Equation 4.10. However, ifETR is greater than HD , ETR is set
to HD .



ˆ If the soil moisture at the end of the month (HSf ) is less thanCC, HSf is calculated using
Equation 4.8. In the case thatHSf is greater than CC, HSf is set to CC.

Following all the steps described above, it is possible to estimate the potential recharge(Rp).



Chapter 5

Groundwater recharge estimation in the Lebrija basin

I n this chapter, the study area is described, along with the collected and utilized information
to obtain the potential aquifer recharge results for the area. Additionally, the considerations

adopted for the implementation of di�erent methodologies are discussed.

In the empirical methodologies elaborated in Section 4, the primary focus is on examining the
impact of precipitation. In the case of Turc methodology, it considers the e�ect of temperature
as well as the average temperature. As for the method by Schosinsky, it incorporates multiple
factors including precipitation, soil moisture, and actual evapotranspiration.

5.1 Study Area

The Lebrija River is a tributary of the Magdalena River located in the middle basin. Its mouth
marks the border between the departments of Cesar and Santander, forming an extensive swampy
area. The basin is situated between the eastern and central ranges of the Colombian Andes,
and has been delimited using the hydrological station of San Rafael as a reference (see Figure
5.1). the elevation in the basin varies from 62 to 4183 meters above sea level. Its approximate
geographical coordinates are6:9° to 7:9° North latitude and 73:6° to 72:8° West longitude, covering
an area of approximately 4310 km2. The average temperature in the area is20:65°C. The
annual precipitation �uctuations in the study area are related to the e�ects of the El Niño-
Southern Oscillation (ENSO) climatic phenomenon, while short-term changes are associated with
the latitudinal migration of the Intertropical Convergence Zone (ITCZ), which is in�uenced by
the easterly trade winds and the dynamics of Mesoscale Convective Systems [32]. The average
annual precipitation in the basin is 1734 mm, and the monthly rainfall pattern shows a bimodal
behavior.
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Figure 5.1: Location of the Lebrija River basin.

5.1.1 Geological characterization

The area of study subject to this work is characterized by a geological diversity that has a
crucial impact on local aquifers. There is a predominance of quartz sandstones that range between
�ne grain and conglomerates, intercalated with mudstones and conglomerates. In addition, various
metamorphic rocks are found, including phyllites, schists, quartzites, slates, metaconglomerates,
metasiltstones, and marbles, as well as granodiorites of di�erent compositions. It is suggested
that rock characteristics may in�uence the in�ltration and storage of water in the subsoil.

The geological formations present, with ages ranging from the Ordovician-Llandovery to the
Quaternary, include the Silgará and Tambor formations. Alluvial fans and colluvial deposits also
form part of the geological landscape and could play a role in the distribution and movement of
groundwater. The presence of the Bucaramanga Fault, the most signi�cant within the study area,
is noteworthy. This fault, characterized by a large amount of fractured and locally sheared rock,
establishes a contact between Pre-Devonian units and Jurassic units.

Although it is primarily identi�ed as a large-scale strike-slip fault, near Bucaramanga it dis-
plays vertical displacements with upward movement. It is proposed that this con�guration can
directly in�uence the direction and speed of groundwater �ow. Therefore, the Bucaramanga Fault
represents an essential factor to consider in the calculation of the potential recharge of the aquifers
in the area (refer to the Figure 5.2 for a general geology overview).



Figure 5.2: Geological map with geological units and faults.

5.1.2 Hydrogeological context

In the study area, there are two main aquifers: the Real aquifer, which is part of the aquifer sys-
tem of the Middle Magdalena Valley, and the Bucaramanga aquifer, belonging to the Bucaramanga-
Piedecuesta aquifer system.

Aquifer: Real Formation - Ngc

The aquifer extends towards the eastern and western edges of the Magdalena River Valley,
in the region between the Lebrija River to the south and the town of San Alberto to the north
(see Figure 5.3). It is located in the departments of Santander and Cesar, respectively. It has
also been discovered beneath the Aguachica Colluvial Deposit in the oil �elds of Buturama and
Totumal, which are located west of the Municipality of Aguachica [33].

The aquifer consists of conglomeratic sandstones ranging in color from white to light gray, and
feldspathic. These occur in massive beds, are friable, and contain lenticular layers of polymictic
conglomerates with fragments of sandstones and igneous rocks up to 0.15 m in diameter. Occa-
sional layers of gray and reddish-gray claystones with alternating sandstones are also found. These
sediments were deposited during the Middle Miocene-Pliocene in a �uvial environment, overlying
the Colorado Formation belonging to the Lower Tertiary [33,34]. The Colorado Formation is not
considered an aquifer.

Due to its lithological composition and stratigraphy, this aquifer is considered continuous in
extent and multilayered. It has primary porosity and is con�ned, mainly recharged by rainfall.
So far, the hydrogeological parameters of this aquifer are unknown [33].



Figure 5.3: Location of the aquifer system of the Middle Magdalena Valley where the Real aquifer
is located. Taken from [5].

Bucaramanga Aquifer - Qc

This aquifer covers a signi�cant portion of the Bucaramanga metropolitan area, with an ap-
proximate extension of160 km2 [33]. It corresponds to a Quaternary alluvial deposit formed by
the merging of several alluvial fans, which are de�ned from top to bottom as the members Red
Silts, Gravels, Fines, and Organos. The total thickness of the aquifer is approximately 250 meters,
deposited on Jurassic rocks of the Girón Formation [5].

The aquifer is discontinuous and locally con�ned, ranging from semi-con�ned to con�ned con-
ditions. The recharge area is considered to have a low in�ltration capacity due to the predominance
of �ne-grained particles. However, it receives signi�cant lateral recharge from the crystalline rocks
of the Santander Massif through the Bucaramanga Fault. The regional groundwater �ow primar-
ily follows an east-southwest and east-west direction. The water from this aquifer is primarily
used for industrial purposes and water supply [5].

5.2 Data

5.2.1 Hydrometeorological data

For the development of this research, it was decided to work with daily hydrometeorological
data over a two-decade period processed by Cortés [35], speci�cally from the year 2000 to 2020. In
addition to precipitation, minimum, maximum, and mean temperatures were also used. The data
was obtained from the Instituto de Hidrología, Meteorología y Estudios Ambientales (IDEAM).
The use of daily data allows for a more detailed and accurate representation of hydrometeorological
variations that can in�uence aquifer recharge. Furthermore, the choice of a 20-year period allowed
for the inclusion of a su�ciently wide range of climatic conditions to ensure that di�erent climatic
situations can be considered.

Within the study area, there are 22 stations with precipitation information, 4 with minimum
temperature information, 2 with maximum temperature information, and 3 with mean tempera-
ture information.



Figure 5.4: Map of the Lebrija river basin with hydrometeorological stations.

5.2.2 Land Cover, Agrology and Digital Elevation Model Data

For the implementation of the methodology proposed by Schosinsky 4.4, it was necessary to use
land cover and agrology data in the watershed. These data were obtained in shape�le format from
the Instituto Geográ�co Agustín Codazzi (IGAC). The analysis of land cover provided information
about the vegetation present, while the study of agrology provided data on soil texture.

The Digital Elevation Model (DEM) used in this study was acquired through the ALOS
PALSAR mission and was downloaded with an original resolution of 30 meters per pixel. However,
due to the high resolution, it was resized to 120 meters to reduce computational requirements.
For this, a resampling was performed using the third quartile method.

5.3 Methods

All the robust work to obtain potential aquifer recharge was carried out using the R language
instead of using GIS software. This was done with the aim of showcasing a powerful alternative
for working with geospatial information through programming.

5.3.1 Data processing

For the analysis, a criterion was established to exclude stations with at least 25% of missing
data during the study period. However, no station met this condition, so all of them were included
in the research. Following standard practices in hydrometeorological data analysis, the 25% limit
of missing data was set to ensure the reliability and accuracy of the results.

Since Chaturvedi formula, Chaturvedi modi�ed formula, and Turc methodologies require an-



nual information, the calculation of the di�erent hydrometeorological variables was performed at
this temporal scale. As for Schosinsky methodology, the calculation was done to obtain results at
a monthly scale.

5.3.2 Interpolation process

Due to the availability of point data for each of the hydrometeorological variables, spatial
interpolation of this information was necessary. The decision was made to use the Inverse Distance
Weighting (IDW) method with an order of 1 for interpolation. The choice of this interpolation
method is based on its ease of use, lower computational requirements, and direct control it provides
over the in�uence of nearby and distant points by adjusting the distance exponent.

No additional considerations were made for precipitation interpolation. As for temperature
interpolation, due to its strong relationship with elevation, a thermal gradient of � 6:5°C per
thousand meters of elevation was included. This procedure involves bringing all measurements
to a common elevation (0 m.a.s.l.), performing the interpolation under this condition, and then
returning the measurements to their actual elevation. The interpolation was conducted on a grid
created from the DEM.

Interpolation was not limited to the hydrometeorological stations located within the study area;
nearby stations were also included. In total, 44 stations were used for precipitation interpolation,
6 stations for minimum temperature, 3 stations for maximum temperature, and 6 stations for
mean temperature interpolation.

5.3.3 Potential Evapotranspiration

After obtaining the interpolated hydrometeorological variables, map algebra is performed to
obtain potential evapotranspiration using the Hargreaves-Samani method. Map algebra involves
operating on di�erent raster �les cell by cell, as shown in Figure 5.5.

Figure 5.5: Map Algebra Scheme.

For the respective calculation, the methodology described in the document by Gómez-Blanco
and Cadena [36] was followed.

ETP = 0 :0023� R0 � (Tavg + 17:78) � (Tmax � Tmin )0:5 (5.1)

where,
Tavg = Mean temperature (°C),
Tmax = Maximum temperature (°C),
Tmin = Minimum temperature (°C),



R0 = Radiation at the top of the atmosphere (millimeters of water evaporated per day)
(mm=day).

The radiation at the top of the atmosphere is calculated using Equation 5.2

R0 =
Ra

2:45
(5.2)

where,

Ra = Extraterrestrial radiation
MJ

m2day
.

Generally, the complexity of calculating extraterrestial radiation often leads to the use of
prede�ned tables. However, with the use of a programming language, this process is signi�cantly
simpli�ed, making it more e�cient to program the original formula than to search for data in
tables.

Ra =
24� 60

�
Gscdr [! s sin ' sin � + cos ' cos� sin ! s] (5.3)

where,

Gsc = Solar constant, equivalent to0:082
MJ

m2day
,

dr = Relative distance to the Sun,
! s = Radiation angle at sunset(radians ),
' = Solar declination (radians ),
� = Latitude (radians ).

To calculate the relative distance to the Sun, the radiation angle at sunset, and the solar
declination, equations 5.4, 5.5, and 5.6 are used, respectively.

dr = 1 + 0 :03 cos
�

2�
365

J
�

(5.4)

� = 0 :409 sin
�

2�
365

J � 1:39
�

(5.5)

! s = cos� 1 (� tan ' tan � ) (5.6)

where,
J = Day of the year, from 1 to 365.

5.3.4 Analysis of climatic events

Due to the signi�cant in�uence of the El Niño-Southern Oscillaton (5.1), a comprehensive
analysis of its e�ects on the potential recharge of local aquifers is required in the study area. In
order to obtain a holistic understanding of the various climatic conditions, it has been decided
to employ the Oceanic Niño Index (ONI) provided by the National Oceanic and Atmospheric
Administration (NOAA). This index will facilitate the identi�cation and selection of three key
years that will form the basis for the analysis of the results.

After careful analysis of the study period, years were selected based on the ONI, with a
focus on identifying distinct climate patterns. These include the year with the most signi�cant
manifestation of the La Niña phenomenon, a year characterized by neutral climatic conditions,



and the year with the strongest El Niño phenomenon. Accordingly, the years selected for this
research are 2010, 2013, and 2015, representing each of these climatic conditions, respectively.

This selection will allow for a detailed examination and comparison of the e�ects of di�erent
states of the El Niño phenomenon on aquifer recharge in the study area. Considering both extreme
and neutral conditions will provide a complete and accurate perspective of the hydrological pro-
cesses involved, which will signi�cantly contribute to the knowledge and understanding of water
dynamics in the region under analysis.

Although 3 years were selected to show the most signi�cant results, the recharge was calculated
for the 20 years of analysis.

5.4 Estimation of potential recharge

Once the interpolated hydrometeorological variables have been obtained, the corresponding
map algebra is performed in R for methodologies 4.1, 4.2, and 4.3. As for methodology 4.4, the
pre-map algebra considerations are outlined as follows.

5.4.1 Schosinsky methodology estimation

To obtain the CC and PM values, Saborío [7] proposes an approximation of these values as
shown in Table 5.1, using the texture class and the average thickness. From these values and to
the texture classes of the IGAC soil study, the CC and PM values are assigned (see Figures 5.6
and 5.7).

Texture Symbol fc (mm =day ) CC (mm ) PM (mm )
Clayey Ar 60 437.5 212.5

Silty Clay ArL 72 343.2 166.4
Sandy Clay ArA 96 302.3 146.3
Clay Loam FAr 192 182.3 87.8

Loam F 312 123.2 56
Sandy Loam FA 600 63 27

Sandy A 1200 29.7 13.2
Gravel and Sands ArGr 2400 10.5 3.5

Table 5.1: Approximate physical and hydraulic properties of the soil according to its texture. Taken
and adapted from [7].
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