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Resumen

El recurso hídrico es un factor determinante en el desarrollo económico y social de las
comunidades dada la amplia necesidad que se genera en torno a su aprovechamiento. El
uso del agua ha generado a través de los años, presiones sobre su disponibilidad, las cuales
usualmente se resolvían aumentando el suministro, explorando y desarrollando nuevas fuentes
y, expandiendo las extracciones de las ya existentes. En Colombia, la concesión de agua es
el derecho al uso limitado del agua, otorgado para desarrollar una actividad económica.
Esta concesión debe estar relacionada con la disponibilidad de agua para garantizar la
preservación y el uso eficiente del agua. Para asignar el recurso hídrico de manera eficiente
se requieren herramientas que ayuden a tomar decisiones mediante el análisis del régimen
hidrológico integral (aguas superficiales y subterráneas), lo cual es un problema complejo
en áreas que carecen de datos hidrológicos confiables; y que permiten una evaluación sobre
la disponibilidad en un contexto económico. En este orden de ideas, el objetivo principal
de esta investigación fue proporcionar una aproximación metodológica que permita integrar
aspectos hidrológicos, hidrogeológicos y económicos en la asignación de agua entre diferentes
usuarios, priorizando las necesidades humanas y los procesos ecosistemicos, para establecer
estrategias de gestión a escala regional.

En consecuencia, esta investigación realizó una integración de aspectos hidrológicos,
hidrogeológicos y económicos, utilizando la cuenca geológica del Valle Medio del Magdalena
(MMV) como laboratorio a escala real. Debido a que esta zona es centro de abastecimiento
para la pequeñas poblaciones rurales y se desarrollan de manera conjunta actividades
económicas relacionadas con minería, agricultura, acuicultura, producción pecuaria,
industria, generación hidroeléctrica, servicios de seguridad y emergencia y exploración y
producción de hidrocarburos, se analizó el comportamiento hídrico y económico del sistema
respecto a la disponibilidad de agua superficial y subterránea, y su asignación a los diferentes
usuarios. Para ello, se definieron tres etapas: (1.) caracterización del sistema hidrológico,
(2.) caracterización del sistema hidrogelógico, y (3.) su integración en un modelo de
optimización económica.

En la primera etapa, se analizó mediante herramientas numéricas el comportamiento
hidrológico del sistema para caracterizar la oferta hídrica. En adición, se identificaron las
zonas de recarga y se investigaron las alteraciones hidrológicas que afectan la cantidad de
agua en el sistema. La modelación hidrológica permitió realizar una evaluación exhaustiva
de la interacción entre la dinámica del ciclo hidrológico y las condiciones climáticas. Luego,
se realizaron los análisis de sensibilidad e incertidumbre para evaluar la influencia de los
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principales parámetros asociados con el modelo y a partir de ello, se validó una metodológia
que permite: (i) seleccionar valores apropiados para los parámetros de los modelos y (ii)
evaluar en qué medida la variación de estos parámetros afecta una respuesta simulada.

En la segunda etapa, se integraron la caracterización geológica, la hidrológica y la
hidráulica en un modelo hidrogeológico para estimar el volumen de agua y la descripción del
sistema de flujo subterráno. El resultado de esta etapa permitió consolidar una metodología
para restringir asertivamente un modelo inverso altamente parametrizado con pocos o
sesgados datos de campo, estimar parámetros hidráulicos de acuíferos y analizar la variación
espacial y temporal que presentan estos parámetros a escala regional.

Finalmente, en la tercera etapa, se integraron los aspectos hidrológicos superficiales y
subterráneos desarrollados anteriormente, en un marco de optimización económica para
determinar la asignación conjunta de agua y la gestión de la calidad del recurso hídrico. Este
aparte tuvo como objetivo principal análizar el beneficio de uso del agua en un modelo de
flujo regional que integra múltiples ofertas de agua y de demandas por parte de los usuarios.
Aquí, se analizó el modelo de asignación desde una escala regional con el fin de consolidar
tipologías de uso por sector económico y determinar estrategias de gestión a escala regional
que permitan reducir los conflictos por uso y calidad, y fortalecer la gestión y administración
del recurso hídrico en la zona.

Los resultados generales de esta investigación permitieron identificar y evaluar de manera
conjunta los problemas y estrategias de gestión, en una cuenca tropical con escases de
información. Adicionalmente, se concluyó sobre cómo la cuantificación de la oferta hídirica
afecta el proceso de asignación entre diferentes usuarios y este proceso a su vez, esta en
función de la calidad. Como parte de la etapa final de esta investigación, se analizó a través
de escenarios futuros el comportamiento del sitema hídrico.
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Abstract

Water resources are a determining factor in the economic and social development of
communities, given the need that is generated around its use. Over the years, this use has
generated pressure on water availability, which were solved by increasing supply, exploring
and developing new water sources, and expanding the existing extractions. In Colombia,
water concession is the right to the limited use of water, and it is granted to develop economic
activity. This concession must be related to water availability to ensure the preservation
and efficient water use. However, to allocation water resources efficiently, tools that help
to make decisions by analyzing the hydrological regime (surface and groundwater) in areas
with lacking reliable data on water availability in an economic context are required. In this
context, the main goal of this research was to provide a methodological approximation that
allows integrating hydrological, hydrogeological, and economic aspects in water allocation
between different users, prioritizing human needs and ecosystem processes, to establish
management strategies at a regional scale.

In this research performed an integration of diverse hydrological, hydrogeological, and
economical aspects, using the Middle Magdalena Valley (MMV) geological basin as a real
scale laboratory. Because this area is a primary supply center for the Colombian population,
and economic activities related to mining, agriculture, aquaculture, livestock, industrial,
services, and O&G exploration and exploitation are developed in conjunction; hydric and
economic behavior of the system was analyzed. This analysis was carried out in regards to
water availability (surface and groundwater), and its allocation to different stakeholders.
For it, three phases were defined: (1.) to characterize the hydrological system, (2.)
to characterize the hydrogeological system, and (3.) its integration into an economic
optimization model.

In the first phase, the hydrologic system behavior was analyzed through a numeric tool,
to characterize the water supply, the recharge zones were identified, and the hydrologic
alterations affecting the water supply were evaluated. The hydrological modeling allowed to
perform an exhaustive interaction analysis between the hydrologic cycle dynamic and the
weather condition and land use. Then, it was made an analysis of uncertainty and sensitivity
to evaluate the influence of the principal parameters associated with the model. From this
analysis, it was validated a methodology allowing to: (i) select proper values for the model
parameters, and (ii) evaluate how the model parameters variations influence a simulated
response.
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In the second phase, the geological, hydrological and hydraulic characterization was
integrated into a hydrogeological model to estimate the water volume and groundwater
flow system description. The result of this phase allowed to consolidate a methodology to
assertively restrict a highly parameterized inverse model with lack of information, estimate
hydraulic parameters of aquifers and analyze the spatial and temporal variation presented
by these parameters at the regional scale.

Finally, in the third phase, the hydrological aspects (surface and groundwater) were
integrated with an economic optimization framework. This allows them to determine water
allocation and water resources quality management. The main objective of this phase was
to analyze the water use profit in a regional flow model, integrating multiple water supplies
(surface and groundwater) and multiple demands. Here, the allocation model was analyzed
from a regional scale in order to consolidate typologies of use by economic sector, and
determine management strategies at a regional level.

The general results of this research allowed to identify problems and evaluate management
strategies, in a tropical basin at the regional level. Additionally, it was concluded that the
quantification of water supply affects the allocation process between different stakeholders
and this process, in turn, is a function of water quality. As part of the final stage of this
research, the water system behavior was analyzed through future scenarios.
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1. General Introduction

The current dynamics of the human civilization generates a constant rise in demand for
water. This increase is due to the increment of: population, city sizes, industrialization,
energy needs, and human consumption. The world will face a 40% water shortage if the
current water usage is kept (Sordo-Ward et al., 2019). This world water crisis will be a
matter of management and will not be related to resource availability (Vieira, 2009), but,
taking into account the upraise in needs for water from di�erent uses the latter will boost
the possibility of localized con�icts and will drive more di�cult choices regarding water
resource allocation. This situation will also limit the growth of crucial economic sectors for
development. In this context, water�food�energy relation will pose major political decisions
even though each sector is managed separately, and will imply concessions around allocation
and prioritization of water resources (Ki-moon et al., 2014; Schwabe et al., 2017). The social,
political, economic and legal connotations in water management are undoubtedly important,
as it allows the understanding of the lifestyle, traditions, and cultural development of the
population.

Water resources have to be managed according to laws and plans that regulate the water
allocation to di�erent stakeholders including all productive sectors. According to its
economic nature, water is conceived as a limited value asset that economic sectors use
to create goods (Young, 1996; Gunawardena et al., 2018). In an economically e�cient
allocation, the maximum amount of money a user is willing to pay for water use must
be equal for all sectors for the sake of maximizing social well-being. If this does not occur,
society will bene�t allocating water in the sector where payments the higher are (Kirshen
et al., 2018; De O. Torres et al., 2016). The objectives of equitable systems refer to justice
in water allocation within di�erent economic sectors. However, it is possible that these
objectives are not consistent with objectives related to e�ciency (Cai, 2008).

Water management as an economic asset is an important strategy to achieve e�cient and
equitable pro�tability and to favor the protection and preservation of water (Groves et al.,
2008; Räsänen et al., 2017; Wu et al., 2016; Cobourn et al., 2017). Thus, the economic theory
provides tools for decision making through the increase or decrease price analysis. These
tools are useful for water allocation in systems with multiple stakeholders, giving a base for
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comprehension and performance in water planning (Valdés-Pineda et al., 2014; Casadevall,
2016).

The relationship between hydrologic supply (surface water and groundwater) and economic
analysis of water resources, produce new approaches in administration, management and
planning for water resources, through the use of hydro-economic models that allow optimizing
pro�ts and reduce operating costs of water management (De O. Torres et al., 2016;
Lopez-Nicolas et al., 2018; Ward, 2009). For instance, hydrological modelling in a regional
scale provides valuable information for adequate management of water resources, even more
in a high-pressure anthropic context (Neverre & Dumas, 2015; Barthel & Banzhaf, 2016).
The main reason to consider the regional scale is to explore the social well being of a region
(resource allocation between stakeholders) from the perspective of political accountability
(Brouwer & Hofkes, 2008; Hanemann, 2006). Nowadays, authors are adopting regional-scale
models, mainly to guarantee the quality of information that they use reducing the amount
of collected data (Reynaud & Leenhardt, 2008). The main limitation in regional models is a
high level of aggregation, because of resource homogeneity not being a solid assumption in
real-world environments, particularly when water is considered (Meyer et al., 2018). Thus,
regional model construction is important, since it seeks to analyze patterns and trends
of hydrological, hydrogeological and economic variables, and understanding interactions
amount them (Fu et al., 2017; Mukundan et al., 2019).

Additionally, when the value of water is included in hydrological modeling, economic
focalization in water resources management is completed (Rosenberg et al., 2008). Thereby,
the integration of economic aspects is built as a tool to ease the construction of
a hydro-economic model. Álvarez Mendiola (2010) identi�es two approaches for the
model construction: (i ) a modular approach that establishes a connection between the
hydrogeological and economical model, and (ii ) a holistic approach which contains in a
single unit both models. The latter focuses on �nding a proper technique that allows the
representation of these components in a signi�cant manner. An application of this technique
is the water commercialization strategies that Lund & Israel (1995) presented. Booker
et al. (2012) also introduced applications of market analysis and water banks, enabling
the balance between water o�er and demand to decrease the e�ect of drought. Water
markets are also susceptible to market failure, especially due to the presence of natural
monopoly and public goods that compete with private demand, as showed by Young (1996).
Market failures could be reduced trough the insertion of water rights and the structure
of appropriated incentives, as showed by Spulber (1988). Viability of water management
strategies depends on legal, institutional, environmental and economic implications. An
insu�cient organizational context and lack of a solid economical foundation are the main
causes of failure in water resources management projects (Loucks et al., 2005).
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Likewise, integration of hydrologic and economical aspects is increasingly more relevant in
the design of policies for management and administration of water resources through the
de�nition of usages and rates that transmit to the user a sign of the resource real value, and
the cost associated to their supply (Lopez-Nicolas et al., 2018; Pulido-Velazquez et al., 2008;
George et al., 2011). Moreover, this integration will allow local and national authorities to
de�ne strategies to reduce the gap that exists between water demand and the available o�er.
These strategies can be applied in all stakeholders (mining, agriculture, livestock, services,
industrial sectors, and new Oil and Gas (O&G) exploration and exploitation projects),
in order to de�ne the cost of associated impacts to water quality, and to determine the
water marginal price depending on its usage (Pedro-Monzonís et al., 2016; Pérez-Blanco &
Gutiérrez-Martín, 2017).

In Colombia, water concession is the right to a limited use of water, granted to develop
a productive activity. This concession must be related to water availability to ensure the
preservation and e�cient use of water. The Environmental Regional Authority (ERA) has
the responsibility to apply rates de�ned by the Ministry of Environment and Sustainable
Development (MESD) in these concessions. However, modifying concessions volume
requires considering supply and water availability, hydrological regime (surface water and
groundwater), use and water allocation, and land use. These concessions are governed by
policies that determine the allocation, rates and water prioritization analyzing the water
supply. However, these policies have no di�erences between economic activities and con�icts
that are generated by their use. Given the current interest in economic development of
MMV system and the expectation of new O&G exploration and exploitation projects, it
is necessary to evaluate the supply and water allocation between di�erent stakeholders,
due to its use in the economic activities, which can limit supply and water availability
(surface water or groundwater). This limitation could be due to water volumes required
and water quality associated with these economic activities. For instance, in 2012, 55.8
Mm 3 of water were collected from 217 water sources for O&G projects (Valencia, 2014).
Water management, from its shortage or abundance, may constitute a con�ict focus between
stakeholders, demonstrating needs for improvement in the Integrated Water Resources
Management (IWRM), and in the analysis of the territory occupation through an economic
and environmental dynamic that allows to evaluate water resource vulnerability among
di�erent stakeholders.

This situation does not show the current reality regarding IWRM in Colombia, so it requires
tools for decision making by analyzing hydrological regime (surface water and groundwater)
in areas with lacking reliable information on water availability and quality (Agencia
Nacional de Hidrocarburos - ANH, 2012). Consequently, the main goal of this research
is to provide a methodological approximation that enables the integration of hydrological,
hydrogeological, and economic aspects in water allocation between di�erent stakeholders
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to establish management strategies at a regional scale. Thus, three speci�c objectives are
proposed: (i ) to characterize the water system (surface water and groundwater) to quantify
the water supply and recharge, (ii ) to develop an optimization model that permits to de�ne
the water resource allocation based in the usage, cost and quality and (iii ) to evaluate the
model performance in the MMV to determine water resources management strategies.

To approach the challenges proposed in the research objectives, three main activities were
developed and implemented in the MMV zone (described inChapter 2 ): ( i ) hydrological
characterization and recharge determination, (ii ) geological reinterpretation and hydraulic
conductivity estimation in di�erent geological units and, (iii ) establishment of a relationship
among the water availability, quality, and demand in economic terms.

The �rst activity is developed in Chapter 3 , where hydrological zoning is proposed through
the usage of a semi-distributed model. The picking of this model was motivated by the
simplicity in the inclusion of hydrometeorological variables for temporal analysis of an
area. The output used in the model implementation was analyzed with global sensitivity
techniques, starting from statistical moments analysis, local analysis and uncertainty. This
characterization allowed them to determine the water o�er and identify the recharge zones,
making a complete evaluation of dynamic interaction between the hydrologic cycle and
climatic conditions. In summary, this activity helped to improve the comprehension of:
(i ) the surface �ow regimen within the MMV zone, (ii ) identi�cation of likely physical limits
for the model parameters and (iii ) validation of a new metric for the hydrologic model
calibration in tropical zones. This project has auxiliary data in its development shown in
Arenas-Bautista et al. (2018b, 2017).

The second activity focused on the hydraulic conductivity estimation, which was made using
two approaches: (i ) analysis of hydrogeological units as constant zones and (ii ) determination
of hydrogeological units that vary spatially and temporarily, analyzed trough the distribution
of pilot-points (PP) in the zone. Thus, it was necessary to collect the geologic structural,
seismic information, and determine the geological units present in the zone to consolidate
the geological model. With this information, it was interpreted the geologic zones and a
three-dimensional model was created, constituted by blocks of similar characteristics. The
lack of observation points in the hydrogeological model allowed to explore the validity of
the PP technique to assure the soil heterogeneity representation in a numeric model with
real information, showing a satisfactory behavior.Chapter 4 , details the methodology and
results that highlight an advancement in the knowledge of: (i ) streamlines and path lines,
(ii ) surface water and groundwater interaction, (iii ) determination of biased parameters
and validation of PP usage in real scale models, and (iv) assertive restriction in highly
parametrized models with �eld data in tropical zones. The results in this chapter have been
presented in Donado et al. (2018) and published in Arenas-Bautista et al. (2020).
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Consolidation of these models, allowed to perform the integration of economic aspects.
For that, it was developed a hydro-economic optimization model, as a utility tool in the
decision making processes, to allocate water between di�erent stakeholders. The regional
optimization model is described inChapter 5 . It integrates multiple water o�ers (surface
water and groundwater) and multiple demands. The model considered the inclusion of a
water quality parameter and an objective function has established penalties in a way that
the model contemplates the possibility that not all the water demand can be ful�lled. The
di�ered analysis in four scenarios that vary temporally, allowed to widen the knowledge
in: (i ) water availability a�ectation caused by its quality, ( ii ) the cost-bene�t relation
of interaction between multiple users and di�erent requirements, and (iii ) management
strategies consolidation that could provide an e�ective analysis for e�cient price policy
determination in tropical basins.

Finally, the management strategies results are consolidated inChapter 6 , providing an
e�ective analysis for determination of e�cient policies in tropical basins. The document ends
with the principal conclusions of the research and discussion of some possible guidelines for
future research work.



2. The Middle Magdalena Valley
(Geological System)

In this section, a general description of the case study is presented. Then, the hydrological
process is described using variables like precipitation, temperature and evapotranspiration.
The hydrogeological processes considered in the model development were introduced from
the general geological description in the area. All this information and the processes it
describes will help to build the hydrological and hydrogeological models, which will be shown
in the next two chapters. This chapter is based on Arenas-Bautista et al. (2020).

The MMV system is located in the central part of the Magdalena-Cauca Basin (MCB).
This is the most important basin in Colombia in demographic, social and economic terms
(Arboleda-Obando, 2018). The approximate MCB area is 257 000km2 and represents a
complex terrain by its topographic and climatological characteristics. This is mainly due to
the presence of the Andes mountain range and the interaction with the Paci�c and Atlantic
Oceans, making it di�cult to analyze the environmental conditions (Ideam, 2014). About
80% of the country's population is concentrated in this area, where 95% of thermoelectric
energy and 75% of national hydroelectric energy is produced. In national terms, the MCB
concentrates 80% of the nation's economic output (according to Gross Domestic Product
calculations by IDEAM (2019)).
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The MMV system is de�ned as an intramontane basin with an extension about 34 000km2,
which separates the Eastern and the Central mountain ranges in northern Colombia. This
area extends longitudinally fromSouth to North between the Ibague fault and the Girardot
belt, which in turn separate it from the Upper Magdalena Valley Basin. The system is
bounded to the South Eastby Bituima and the La Salina faults system; to theNorth by
the Espiritu Santo faults system; to theWest by the onlap of Neogene sediments against
the base of San Lucas and the Central mountain range, and �nally toNorth East by the
Bucaramanga - the Santa Marta faults system (Ingrain, 2012).

The MMV system is a geographical axis in the middle section of the Magdalena River
in a stretch of 386 km, which supplies di�erent economic sectors making it a central
axis for the country's development. Several departments (national administrative states)
interact in this region, whose relationship strengthens activities of mining, agriculture,
domestic, livestock, aquaculture, services, industrial, construction and O&G exploration
and exploitation processes. This economic development allows contributions to road
construction, environmental development programs and job creation. However, the most
critical factors in the area are water use in agriculture, hydropower, O&G projects and
domestic supply compared to water o�er so that knowledge of spatial and temporal
distribution from its sources is a necessity to achieve an optimal management and planning of
the consumptive use. In this zone, the population is about one million inhabitants distributed
in forty-�ve municipalities (DANE, 2016). The MMV landscape is a tropical rain forest but
currently, there are few remains of its, due to the strong anthropic intervention that brought
the agricultural and livestock expansion.

2.1. Study Area

The characterization of the study area is presented in this chapter, as a basis for analyzing
the hydrological behavior of the system and understanding the impact that the physical
environment's transformation generates at the social, cultural and economic level in the
region. The study area is located in the southern part of the MMV system (Figure2-1) and
represents 17 000km2. This area is located geomorphologically along the central part of
the Magdalena River valley, between Eastern and Central Andes mountain ranges (Ingrain,
2012). The Magdalena River extends approximately 170km across the study area. The
region is abundant in natural resources that includes: quartz, marble, gold, O&G, water,
�ora, and fauna (Ingrain, 2012).
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Figure 2-1.: Location Study Area in MCB (Red), MMV system (Yellow) and Study Area
(black).

2.2. Hydrology Context

The MMV starts in Honda (Tolima) and extends to El Banco (Magdalena) at is shown in
Figure 2-2, a municipality located at an altitude of 33 m.a.s.l. In this system, Magdalena
river presents a length of 542km with an average slope of 0.35m km � 1 and a drainage
area of 105 850km2. In this area, a large number of wetlands begin to form due to �uvial
dynamics and the �at area geoforms. These wetlands exert a regulatory e�ect and behave
as a�uents or e�uents, depending on the river water level.
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Figure 2-2.: Water Flow Diagram of the Magdalena River in the study area.

In the study area, most abundant sources of water include the Magdalena River and its major
a�uents (Cimitarra, Sogamoso, Opon, Carare, Nare and San Bartolome Rivers). The area is
composed of two morphological parts: (i ) the alluvial, and (i ) the mountains. In the former
zone there exists a system of wetlands connected to the rivers, creating a wetland ecosystem.
Rainfall in this area is distributed across two wet periods: march-june and october-december;
the remaining periods being typically dry. The average rainfall amount is about 2 000mm
yr � 1 and the Magdalena River is characterized by an annual average �ow of 2 361m3 s� 1

(with high and low �ows of Q5% 4 298 m3 s� 1 and Q95% 1 578 m3 s� 1; Q5% correspond
to a discharge exceed the 5% of time, and so, characterizes high �ows, meanwhileQ95%

correspond to a discharge exceed the 95% of time, and so, represents low �ows). The annual
average temperature is above 24� C throughout the territory and elevations are between 50
and 3 700 m.a.s.l.

The Magdalena River in the study area is a semi-meandering river with curves controlled by
a rock outcrop, it means the location of the curves depends on the geological controls. The
geological control sites are stable points and in the curves where competent rock does not
appear there are points of instability.
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This research used the regionalization of monthly precipitation using criteria at the
macroclimate level (Inter-tropical Convergence Zone - ITCZ). The amount of monthly
precipitation at a local level is determined by the cloud systems associated with the
local circulation of each slope and, in turn, is conditioned by the altitude, the mountain
ranges location and the convective activity of each locality. Daily rainfall information
in the MMV area basin has been acquired from the Institute of Hydrology, Meteorology
and Environmental Studies (IDEAM). A total of thirty-seven monitoring stations were
considered, as depicted in Figure2-3. The data covers a period of time between 2000 and
2012. Missing data was completed via linear interpolation from the three closest stations.
The average precipitation in the area was estimated by the Thiessen method (Ruelland et al.,
2008; Wagner et al., 2012).

Figure 2-3.: Data used in hydrological model development. Left- DEM. Right- Precipitation
-P and Temperature -T stations and Thiessen polygons.

Discharge data was also obtained from the IDEAM database, through the selection of three
limnimetric stations. The selection of stations considered two at the basin entrance and one
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at the basin exit, in order to obtain the �ow in the area. The input and output stations were
the Puerto Berrio and the San Pablo, respectively (Figure2-4). These stations were selected
because they were used as a reference in the National Water Study (NWS) by Ideam (2014).

Figure 2-4.: Limnimetric stations used in the hydrological model calibration.

Daily temperature information in the study area has been acquired from IDEAM (Figure
2-3). A total of sixteen monitoring stations were considered. The data covers a period
of time between 2000 and 2012. Missing data was completed via linear interpolation from
the three closest stations. The average temperature in the area was estimated by Thiessen
method, correcting the polygon value by its elevation (Zhang et al., 2016; Ayantobo et al.,
2017).

Evapotranspiration was evaluated through the Hargreaves method (Hargreaves & Samani,
1982; Hargreaves & Allen, 2003). This parameter is based on the estimate of solar radiation
(Rs) via assessing the daily air temperature range(TR = T max � Tmin ) and Ra to estimate
Rs, as Eq. 2-1

Rs = K RS RaTR0:5; (2-1)
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here, Tmax and Tmin being the daily maximum and minimum air temperatures (� C),
respectively; K RS is an empirical coe�cient �tted to Rs=Ra versusTR data with a value
of 0.16; andRa is extraterrestrial radiation (mm day� 1) and was calculated according to
(Allen et al., 1998). Rs is the solar radiation in equivalent water evaporation (given inmm
day� 1 since 1mm day� 1 = 2.45 MJ m � 2 day� 1 due to the relationship between latent heat
of vaporization, water evaporated and the energy received by water) (Allen et al., 1998).
Evaluation of ETo is then performed through Eq. 2-2

ETo = CRa(Tmean+ 17:8)TR0:5; (2-2)

here,ETo is the potential evapotranspiration (mm d� 1), C is the original empirical constant
proposed by H. Hargreaves & A. Samani (1985), with value of 0.0023 andTmean is the
observed daily mean air temperature (� C). Mean daily air temperature of dayi , measured
at the gaugej , is computed as the arithmetic mean of measured values from a dry-bulb
thermometer at 7, 13, and 19 (or 18) hours (local time, GMT-5).

P, Q and ETo data between years 2000 to 2008 were employed for model calibration.
Meanwhile, for the validation process, observations between years 2009 to 2012 (Figure
2-5).

Figure 2-5.: Time series used in the sensibility analysis and the calibration-validation
processes in MMV. (A)- Daily ETo obtained from Hargreaves equation using
temperature data. (B)- Daily P obtained from rainfall gauges. (C)- Daily river
�ows obtained from gauging stations.
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2.3. Geology Context

Traditionally, surface water has been the main source of supply in Colombia. However, in the
last decade, groundwater has become more important because it is an alternative source due
to its better quality, the relatively low cost of handling and its in�uence on the industrial
and economic development of the Country (Ideam, 2014). Colombia has possibilities of
using groundwater in 74% of its extension. However, 56% of this area corresponds to
geographic regions with high surface water yields and low percentage of the settled population
(Vargas Martínez et al., 2013). The MMV has 106 131km2 of surface area with resources
and groundwater reserves. These reserves are equivalent to 12.5% of the total area covered
by hydrogeological basins in the country. This potential has led to the hydrogeological study
of the area, through the development of conceptual and mathematical models to understand
its operation (IDEAM, 2019).

In Colombia, sixteen hydrogeological provinces have been identi�ed. The hydrogeological
provinces correspond to larger units referred to smaller scales (1:1 000 000 to 1:500 000),
de�ned on the basis of tectonostratigraphic units separated from each other by regional
structural features. In the MMV, the hydrogeological province has a main aquifer system
(Figure 2-6). The MMV Aquifer System is composed of six aquifers: (i ) Aquifers of
Magdalena River terrace, (ii ) Aquifers of the alluvial deposit of the Magdalena River, (iii )
Mesa Formation, (iv) Real group, (v) Luna Formation, and (vi ) Tablazo and Rosablanca
aquifers.

These features coincide with the boundaries of larger geological basins and, from the
hydrogeological point of view, they correspond to impervious barriers represented by regional
and structural faults. Additionally, they are characterized by their geomorphological
homogeneity (Vargas, 2006). Within each province, hydrogeological units are identi�ed by
characteristics of porosity and permeability, which have di�erent storativity conditions and
allow the groundwater �ow.
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Figure 2-6.: Hydrogeological Provinces of the Magdalena Cauca Basin and the MMV.



3. Hydrological Model

This section presents the consolidation of the hydrological model. This model allows
us to make a comprehensive assessment of the interaction between the dynamics of the
hydrological cycle and climate conditions in the study area. Throughout this chapter, you
will �nd the hydrological simulation and the application of the sensitivity and uncertainty
analyses to assess the in�uence of the main parameters in estimating surface runo�. This
chapter is based on Arenas-Bautista et al. (2018a,b, 2017).

TopModel (TOPography based hydrological MODEL) as a tool for the hydrological
simulation in the south of MMV is presented. Additionally, it shows the application of
the sensitivity and uncertainty analyses to assess the in�uence of the main parameters
associated with TopModel in estimating surface runo�. The model is focused on indices
for variance-based analysis. This methodology is conducive to a Global Sensitivity Analysis
(GSA), according to the statistical moment's characterization of the output simulations. It
does so upon relying on (a) the Sobol indices, associated with a classical decomposition
of variance and (b) the recently developed indices estimating the delivery of each model
parameter to the mean, variance, skewness, and kurtosis of the outputs. The analysis uses a
collection of 150 000 model simulations, each spanning over a 12-years temporal. These are
constructed by assuming those model parameters are random and associated with a uniform
distribution within a range, whose values are supported by literature studies and preliminary
model calibration against available data.
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3.1. Introduction

In the last decade, mathematical models are getting an important role for solving problems
in water resources management (Reynaud & Leenhardt, 2008; Dunne, 1983; Reynaud &
Leenhardt, 2008; Bossa et al., 2012), giving rise to discussions about their use and application
to evaluate and analyze complex hydrological systems (Bellin2016).

Hydrological models have been developed to understand di�erent processes, which must
be evaluated for di�erent environmental conditions (Jenson, 1991; Loosvelt et al., 2014;
Hollanda et al., 2015). However, they are generally focused on ful�lling two main objectives:
(i ) to improve the understanding of the hydrological phenomena in the basins and how the
changes generated in them a�ect the hydrological phenomena and, (ii ) the generation of
synthetic sequences of hydrological data for the design of infrastructure or for its use in
forecasting (Refsgaard, 1997; Kau�eldt et al., 2016; Ibarra-Zavaleta et al., 2017).

These models are classi�ed into three types (Sieber et al., 2005; Hughes, 2016): (i ) Empirical:
where the solution is based on empirical parameters, calculated by identifying statistically
signi�cant relationships between certain variables; (ii ) Theoretical: that are described by
di�erential equations and follow the laws of physical and chemical processes; and (iii )
Conceptual: which are simpli�ed representations of physical processes, in mathematical
terms to simulate complex processes based on key parameters that describe the important
functions of the system of interest.

In this research, it was implemented a rainfall-runo� model known as TopModel (Lamb et al.,
1998; Beven & Freer, 2001b,a). TopModel is usually applied to assess the management of
water resources at the regional scale, using conceptual models for detailed assessment of
surface �ow (Beven & Freer, 2001b; Mockler et al., 2016; Teng et al., 2017). Likewise,
distributed and semi-distributed models (which do not simulate the basin as a group, but
as a set of divided parts) are necessary for the simulation of spatial patterns of hydrological
response within a basin (Mazzoleni et al., 2015; Ibarra-Zavaleta et al., 2017). Moreover,
hydrological models also provide valuable information to study changes in land use or climate
(Karlsson et al., 2016). Thus, changes in land use are directly related to water supply (and
therefore to hydrological modeling), mainly related to human consumption, food production,
and power generation. These activities have become a global priority in the economic and
social sphere due to the growth of the population and the need to establish economic activities
for the communities' empowerment (Buytaert, 2011; Crespo et al., 2012; Harou et al., 2009).
Through models, it has been possible to represent dominant hydrological processes in the
hydrological cycle of a particular ecosystem, mainly by calculating the water balances which
allow exploring the validity of the representation, interactions and various levels of model
behavior (Buytaert, 2011).
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The more hydrological information have the model (precipitation, temperature, evaporation,
evapotranspiration, and �ow), the results will be better. However, the uncertainty due to
scarcity of these data is quite common in several areas of Colombia, due to the complexity
of the topography and to the low gauges density in some areas (Meerveld & Weiler, 2008).
In addition, it is necessary to generate tools for calibration and validation of synthetic data
to the hydrological modeling process (Blanco-Gutiérrez et al., 2013; da Silva et al., 2015).
The calibration and validation of data through modeling, has enabled the veri�cation of the
assumptions that underlie the hydrological model used, which has contributed signi�cantly
to the generation of new knowledge (Ibarra-Zavaleta et al., 2017).

Sensitivity analyses allow the identi�cation of key parameters that a�ect model performance.
Also, these analyses show the parameters' importance and its role on model structure,
calibration, optimization and quanti�cation for uncertainty, helping to improve the �ow
prediction or simulation processes (Yasari et al., 2013; Song et al., 2015; Li & Zhang,
2017). Depending on the uncertainty analysis perspective, global sensitivity methods can be
independent of statistical moments, or based on the model variance decomposition. The aim
of GSA is to determine the contributions of each individual parameter or the combinations
of their values that generate the variance (Kellner et al., 2015; Ballinas-González et al., 2016;
Borgonovo et al., 2017). To exemplify this scenario, Hou et al. (2015), have used sensitivity
analyses to identify important and unimportant parameters in simulated processes in the
Huaihe River basin, China.

3.2. Methodology

This section describes the �eld sampling, the statistical and graphical analysis proposed for
the hydrological database.

3.2.1. Hydrological Model: TopModel

TopModel is a semi-distributed model based on similarities of the topography which are
expressed through a Topographic Wetness Index (TWI ). It can be considered as a
rainfall-runo� conceptual model based on the landscape characteristics which contains three
dynamic storage regions: (i ) a root zone, (ii ) an unsaturated zone and (iii ) a fully saturated
zone (Hollanda et al., 2015; Metcalfe et al., 2017). Figure3-1 depicts the work�ow upon
which TopModel relies and its main conceptual elements. Main assumptions at the basis of
the modeling suite include:

1. processes in the saturated zone are described through a steady-state scenario,
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2. model assumes that the soil properties and hydrologic parameters are homogeneous in
the catchment model, parameters are uniformly distributed in space,

3. hydraulic gradient driving fully saturated groundwater �ow can be approximated by
the topographic gradient (at the scale investigated),

4. hydraulic conductivity decreases exponentially with depth

Figure 3-1.: TopModel model description (Xue et al., 2018).Srmax is the maximum root
zone de�cit, Srz is the root zone de�cit, Suz is the local water storage in the
unsaturated zone,P is the precipitation per unit width, and qv, qb, and qs are
in�ltration, base �ow and saturated surface �ow respectively. Source: Jeziorska
& Niedzielski (2015)

The model theory assumes that the local hydraulic gradient is equal to the local surface
slope and implies that all points with the same value of theTWI have the same hydraulic
properties (Andersen et al., 2001; Mukherjee et al., 2013; Yi et al., 2017; Jeziorska &
Niedzielski, 2015). Its value is computed from the basin topography using Eq. 3-1.
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TWI = ln
ai

tan � i
; (3-1)

here, ai and tan � i are the upslope contributing area, i.e., the area that can potentially
contribute to discharge to the point of interest, and the average slope of the surface of the
i � th pixel, respectively (Suliman et al., 2016).

The process described herein uses a type of digital terrain analysis (DTA) resulting in a TWI
that quanti�es topographic controls of basic hydrological processes (Yi et al., 2017; Jeziorska
& Niedzielski, 2015).TWI is derived through interactions of �ne-scale landform coupled to
the up-gradient contributing land surface area according to the following relationship: the
cells with similar hydrological characteristics were generated from the grouping of pixels into
di�erent categories based on the topographic index function (Figure3-2) (Dai et al., 2017).
For the consolidation of theTWI , it was necessary to export the DEM in ASCII format to
TopModel using the Sp, Raster and Topidx packages (Metcalfe et al., 2015).

Figure 3-2.: Schematic diagram of morphology types used to compileTWI . Adapted from
Zimmerman (2016).

The runo� generation in TopModel is given by the relation between topography and
transmissivity of basin (Dewandel et al., 2017; Jeziorska & Niedzielski, 2015; Xue et al.,
2018). Rain in�ltrates the root zone until its maximum storage capacity is reached, and
then it can be reduced to a linear velocity by the actual evapotranspiration of the surface,
described by Eq. 3-2.
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Ea = ETp(1 �
Srz

Srmax
); (3-2)

where,Ea is the real evapotranspiration,ETp is the potential evapotranspiration,Srmax is
the maximum root zone de�cit and Srz is the root zone de�cit.

After the in�ltration process in the root zone ends, the excess water �lls the unsaturated zone
and recharges the saturated zone generating a decrease in the water table depth. According
to the �rst assumption of TopModel, the depth of the local water table is represented by the
local storage de�cit (D), which can be calculated for eachTWI class using Eq. 3-3.

D i = D + m(� � ln
ai

tan � i
); (3-3)

where, D i is the catchment average water table depth,D is the averageTWI and m is a
scaling parameter.

The water table is equal to the ground level whenD reaches zero. Therefore, the average
value of theTWI for which D i constitutes the threshold for the maximum storage capacity.
Moreover, each point having higher value ofTWI is considered to be in a saturation
condition. Additional rain on saturated surfaces cannot in�ltrate the soil, therefore, excess
water is transferred directly to saturated surface runo�.

The water storage de�cit is reduced by the recharge water �ux from the unsaturated zone
to the groundwater, and its rate can be calculated using Eq. 3-4

qv =
Suz
D lTd

; (3-4)

where,D l is the local storage de�cit, andTd is the mean residence time inSuz.

Therefore, the total recharge rate (qv) is expressed (Eq. 3-5) as the sum of all values ofqv

multiplied by the upslope areaai representing a set of hydrologically homogenous points,
associated with topographic index class of thei � th location (Metcalfe et al., 2015).

Qv =
X

i =1

qvi ai ; (3-5)

where,Qv is the total �ux and ( qvi ) is the �ux of water entering the water table locally (per
unit area).
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The base �ow (Qbase) is represented as the subsurface saturated zone �uxqs, and can be
de�ned by Eq. 3-6

Qbase = qs = Qo� ( � D
m ) ; (3-6)

where,Qo is the hydrological �ux for the entire catchment area whenD = 0. Both surface
�ow qs and base �owQbase account for the total discharge (Van Der Heijden & Haberlandt,
2015).

The transmissivity (T) in the low zones (Eq. 3-7), according to the fourth assumption
of TopModel, decreases with the depth following the negative exponential law versus the
saturation de�cit ( D) being m a recession parameter (Ahmed Suliman et al., 2014).

T = To� ( � D
m ) ; (3-7)

where,To is the local saturated transmissivity.

3.2.2. Global Sensitivity Analysis

A major goal of a GSA is to increase our understanding of the behavior of the model
considered (Anderton et al., 2002; Borgonovo et al., 2017; Gupta & Razavi, 2018). In this
context, the sensitivity of a desired model output is diagnosed to given model input(s) across
the entire parameter space,i.e., globally (Peña-Haro et al., 2009; Pianosi et al., 2016). As
such, aGSA approach enables us to (i ) naturally account for model input uncertainties that
are typically encountered in hydrological models and (ii ) identify sets of parameters that have
the largest in�uence on the output of the model (Mishra & Lilhare, 2016; Khorashadi Zadeh
et al., 2017). Our study relies on two approaches toGSA: (i ) the variance-based Sobol
Indices (Sobol, 2001); and (ii ) the Moment-basedAMA indices proposed by Dell'Oca et al.
(2017). Sobol Indices are tied to one of the most widespreadGSA approaches and rely on
the variance as a key descriptor of uncertainty. TheAMA Indices allow characterizing global
sensitivity in terms of various features of the probability density (pdf ) of the model output,
as rendered by its main statistical moments.

Sobol indices for variance-based GSA

Variance-basedGSA approaches (Sobol, 1993, 2001; Sudret, 2008; Fajraoui et al., 2011;
Sochala & Le Maître, 2013; Wang et al., 2015) consider variance as the metric to quantify
the contribution of each uncertain parameter to the uncertainty of a target model output.It
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can be shown (Sobol, 1993) that if the model responsef (p) (p representing a vector of
N model parameters) belongs to the space of square integrable functions, then the total
variance,V[ f ], of f (p) can be expressed according to the decompositon in Eq. 3-8

V [ f ] =
NX

i =1

Vpi +
X

1<i<j< = N

Vpi + ::: + Vp1 :::pN ; (3-8)

here,Vpi is the contribution to V [f ] due solely to the e�ect of parameterpi , and Vp1 :::PN is
its counterpart due to interaction of model parameters belonging to the subsetp1:::pS. The
Sobol' indices,Spi and Sp1 :::pS are de�ned in Eq. 3-9

Spi =
Vpi

V[ f ]
; Sp1 :::pS =

Vpi:::p S

V[ f ]
(3-9)

quantifying the contribution of only pi and the joint e�ect of p1:::pS on V [f ], respectively.
The total contribution of pi to V [f ] is quanti�ed by the total Sobol' index (Eq. 3-10)

Si
pi

= Spi +
X

j

Spi ;:::;p j +
X

j;k

Spi ;pj ;pk + ::: + Spi ;:::;pN ; (3-10)

In this sense, the total Sobol' index represents the relative expected (average) reduction of
process variance due to knowledge of (or conditioning on) a model parameter.

AMA Indices for moment-based GSA

The AMA indices (Dell'Oca et al., 2017) allow quantifying the expected variation of a given
statistical moment M [f ] of the pdf of f (p) due to conditioning on parameter values. These
are de�ned in Eq. 3-11 and Eq. 3-12

AMA Mpi =

8
<

:

1
M [ f ]

R
� pi

jM [ f ] � M [ f jpi ] � � pi
dpi if M [F ] 6= 0

R
� pi

jM [ f ] � M [ f jpi ] � � pi
dpi if M [ F ] = 0

9
=

;
(3-11)

AMA Mp1 :::pS =

8
<

:

1
M [ f ]

R
� p1 :::p S

jM [ f ] � M [ f j p1:::pS ] � � p1 :::p S
dp1:::dpS if M [ F ] 6= 0

R
� pi :::p S

jM [ f ]j p1:::pS ] � � p1 :::p S
dp1:::dpS if M [ F ] = 0

9
=

;

(3-12)

here,AMA Mpi (3-11) andAMA Mp1 :::pS (3-12) are theAMA indices associated with a given
statistical moment M and related to variations of onlypi or considering the joint variation
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of p1:::pS, respectively;� � pi
is the marginal pdf of pi , � � p1 :::p S

being the joint pdf of p1:::pS;
and M [ f jp1:::pS] indicates conditioning of the (statistical) momentM on known values of
parametersp1:::pS. Note that AMA Vpi , i.e., theAMA index related to the variance(M = V)
of f (p), coincides with the total Sobol' indexSpi only if the conditional variance,V[ f jpi ]
is smaller than (or equal to) its unconditional counterpartV [ f ] for all values ofpi . If V [ f ]
can undertake values that are smaller or larger thanV[ f jpi ] while varying pi , than AMA Vpi

� Spi . Note also that, in this latter case,AMA Vpi can be either smaller or larger thanST
pi

,
depending on the relative impact of the interaction terms (Dell'Oca et al., 2017).

Calibration and Validation Processes

Model calibration relied upon theMCAT library (Pianosi et al., 2015). This is grounded
on the generalized likelihood uncertainty estimation (GLUE) approach (Kellner et al.,
2015; Ballinas-González et al., 2016; Simmons et al., 2017), from which it was evaluated
a probability density of model parameters conditional to available observations. Inputs to
the MCAT come from a Monte Carlo sampling in the parameter space, using a classical
uniform random sampling, where all parameter are simple from an uniform distribution,
without consideration of parameter interaction.

In this model, it was considered the Nash Sutcli�e E�ciency (NSE) as a calibration metric
to analyze the model performed (Eq. 3-13) (Jeong & Adamowski, 2016; Wu et al., 2017;
Dakhlaoui et al., 2017).

NSE = 1 �
P n

i =1 (Qobs � Qsim )2

P n
i =1 (Qobs � ~Qobs)2

; (3-13)

where, Qobs represents observed �ows,Qsim shows the simulated �ows and ~Qobs represent
the average of observed �ows.

In addition, the percentage bias (PBIAS ) is used as a complement in the analysis of the
performance of the model to measure the average tendency of the simulated values to be
larger or smaller than those observed (Wiant & Harner, 1979). The optimal value of the
PBIAS is 0, the positive values indicate an overestimation bias and the negative values
indicate a bias of underestimation of the model. The equation used for its calculation is
shown in Eq. 3-14.

PBIAS = 100
P

Qsim � Qobs
P

(Qobs)
: (3-14)
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