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ABSTRACT 

Climate change and some adaptive human actions will affect water resource 

access and availability for environmental requirements and human supply. 

Hydrological modelling combined with saturated zone routed techniques is an 

effective strategy for evaluating the renewable water resources under stationary 

conditions prior forecasting climate and human impacts under plausible scenarios. 

This methodology has proven to be suitable for sparse-data mountainous basins 

intended to supply densely populated urban areas. In this context, this Thesis used 

the SWAT model to evaluate the renewable groundwater resource (RGR) under a 

stationary condition as a step to assess the impact of climate change on this water 

component in the Pita River basin (PRB), which is a representative area of the 

páramo ecosystem in the Andean Highland in northern Ecuador proposed to meet 

a fraction of the future water demand in the Metropolitan District of Quito (MDQ). 

Tracer techniques and Darcian-based formulations were used to determine the 

groundwater dynamics by means of some essential variables that SWAT model 

does not provide. 

A SWAT model was configured over the period 2006–2015. A stationarity 

analysis prior implementing the numerical model was implemented to asseverate 

that the modelling period is suitable to generate stationary evaluations of the RGR. 

The SWAT evaluation provided average annual streamflow and aquifer recharge 

rates around 0.45- and 0.01-fold the average annual precipitation in the area, which 

is 1,004 mm. The conclusion was that aquifers in the PRB are virtually full, thus 

repealing most of the infiltration water amount. As in other pristine Andean 

Highland basins, in the PRB the natural hydrological regime determined by thick, 

porous andosols over virtually full moderate-permeability volcanic and volcano-

sedimentary aquifers induces high streamflow and low aquifer recharge rates. 

Five regional climate models (RCMs) based on two Representative 

Concentration Pathway (RCP) emission scenarios (4.5 and 8.5) were implemented 

to assess the climate change impact on the RGR for the mid- (2040–2069) and long-

term (2070–2099) time horizons. All the RCMs indicated some less aquifer recharge 

in the mid-term. However, this pattern was softened, and even reversed, in several 



 

scenarios in the long term. Seasonal differences in streamflow and aquifer recharge 

in the baseline scenario were predicted to increase to + 23 %. Future hydrological 

regime could place the highly sensitive soil–vegetation dynamics of the páramo 

ecosystem at risk of degradation, with negative consequences for stream water 

provision. Hence, the RGR fraction seems to be the safest option for water provision 

in the future, despite that much more knowledge about its dynamics is needed to 

asseverate that its quantity and quality properties will remain. 

Chemical, stable isotope and radioisotope tracer techniques corroborated the 

existence of shallow and deep aquifers based on the different average groundwater 

age and sources of salinity associated to each one. The processes controlling the 

chemical and isotopic baseline of shallow groundwater contributed to baseflow 

were atmospheric bulk deposition and water-rock interaction. For the deep 

groundwater discharge, volcanic CO2 degassing and emanations of halides, lithium 

and sulphate adds to those above two processes. Based on measurable tritium 

contents, the contribution of old groundwater was interpreted much minor than 

modern groundwater. For old groundwater, the renewal time of several millennia 

agrees with large low-yielding aquifers and low aquifer recharge rates. The low 

recharge rates estimated with SWAT model corroborates a part of this assertion, 

the relative one to the assumed high thickness (even some thousand meters) and 

low specific yielding (lower than 0.01) of deep aquifers remains unknown until 

conclusive data are available. 

Darcian-based formulations provided tentative evaluations of average 

groundwater residence (renewal) time and total groundwater discharge. Since 

aquifers are virtually full, groundwater storage is much higher than aquifer 

recharge, the groundwater residence (renewal) times are typically low (some to 

dozen years) for shallow groundwater and long to very long, even millennia for 

deep groundwater. Regarding the RGR, average annual discharge was around 340 

mm, which was similar to the sum of baseflow and aquifer recharge calculated with 

SWAT model. The discharge fraction concerned to average annual subsurface 

groundwater transmitting through the aquifer to the basin outlet was around 0.28 

mm, which was coincident with deep aquifer recharge calculated with SWAT 

model. Average aquifer thickness and saturated volume were tentatively estimated 

around 1,350 m and 0.64 km3, respectively. This volume does not amount to a 



 

significant reserve because the large part is associated to high-mineralized (low 

quality) old groundwater having a very low renewal. 

This Thesis evidences how severe could impact an unplanned exploitation 

regime on the RGR and especially on the old groundwater reserve; the outlook 

would worsen if the unplanned exploitation was carried out without considering 

the additional impact of climate change. Future research will be addressed towards 

improving the current geological knowledge. This constraint and the low 

groundwater monitoring prevent implementing coupled surface water-

groundwater numerical models for quantitative groundwater assessments. This 

handicap is similar to that reported in other adjacent basins of the Andean 

Highland and prevents a sustainable groundwater management. 

KEY WORDS 

Groundwater, hydrological conceptualization, stationary evaluation, climate 

change, urban supply, andean highland, Ecuador. 

  



 

 

RESUMEN 

El cambio climático y algunas acciones humanas adaptativas afectarán al 

acceso y a la disponibilidad de los recursos hídricos para usos ambientales y 

suministro humano. La modelización hidrológica, combinada con técnicas de 

evaluación aplicadas en la zona saturada, es una estrategia eficaz para evaluar los 

recursos hídricos renovables en condiciones estacionarias, previa predicción de 

impacto climático y humano bajo escenarios plausibles. Esta metodología ha 

demostrado ser adecuada en cuencas montañosas con datos dispersos destinadas 

a abastecer áreas urbanas densamente pobladas. En este contexto, esta Tesis utilizó 

el modelo SWAT para evaluar el recurso de agua subterránea renovable (RGR) bajo 

una condición estacionaria como un paso para evaluar el impacto del cambio 

climático sobre este componente hídrico en la cuenca del río Pita (PRB), que es un 

área representativa del ecosistema de páramo en el Altiplano Andino en el norte 

de Ecuador propuesta para satisfacer una fracción de la demanda futura de agua 

en el Distrito Metropolitano de Quito (MDQ). Se utilizaron técnicas de trazadores 

y formulaciones basadas en la Ley de Darcy para determinar la dinámica del agua 

subterránea mediante algunas variables esenciales que el modelo SWAT no 

proporciona. 

Se configuró un modelo SWAT para el periodo 2006-2015. Se implementó un 

análisis de estacionariedad previo a la implementación del modelo numérico para 

asegurar que el periodo de modelación es adecuado para generar evaluaciones 

estacionarias del RGR. La evaluación SWAT proporcionó tasas medias anuales de 

escorrentía total y de recarga a los acuíferos de 0,45 y 0,01 veces superiores a la 

precipitación media anual de la zona, que es de 1.004 mm. La conclusión fue que 

los acuíferos en la PRB están prácticamente llenos, repeliendo la mayor parte del 

agua infiltrada. Al igual que en otras cuencas prístinas del Altiplano Andino, en la 

PRB el régimen hidrológico natural determinado por andosoles porosos de gran 

espesor sobre acuíferos volcánicos y volcano-sedimentarios de permeabilidad 

moderada prácticamente llenos induce alta tasa de escorrentía total y baja de 

recarga a los acuíferos. 



 

Se implementaron cinco Modelos Climáticos Regionales (CRMs) basados en 

dos escenarios de emisiones (4.5 y 8.5) de la Trayectoria de Concentración 

Representativa (RCP) para evaluar el impacto del cambio climático sobre el RGR 

para los horizontes temporales de medio (2040-2069) y largo plazo (2070-2099). 

Todos los CRMs indicaron menor recarga a los acuíferos a medio plazo. Sin 

embargo, este patrón se suavizó, e incluso se revirtió, en varios escenarios a largo 

plazo. Se predijo que las diferencias estacionales en la escorrentía total y la recarga 

a los acuíferos en el escenario de referencia aumentarían a + 23 %. El régimen 

hidrológico futuro podría poner en riesgo de degradación la dinámica suelo-

vegetación altamente sensible del ecosistema del páramo, con consecuencias 

negativas para la provisión de agua a partir de los cauces. Por lo tanto, la fracción 

del RGR parece ser la opción más segura para el suministro de agua en el futuro, a 

pesar de que se necesita mucho más conocimiento sobre su dinámica para afirmar 

que sus propiedades de cantidad y calidad se mantendrán. 

Las técnicas de trazadores químicos, isótopos estables y radioisótopos 

corroboraron la existencia de acuíferos superficiales y profundos a partir de la 

diferente edad promedio del agua subterránea y las fuentes de salinidad asociadas 

a cada uno de ellos. Los procesos que controlan el fondo químico e isotópico del 

agua subterránea poco profunda que contribuye al flujo base fueron la deposición 

total atmosférica y la interacción agua-roca. Para la descarga del agua subterránea 

profunda, la desgasificación volcánica de CO2 y las emanaciones de haluros, litio y 

sulfato se suman a los dos procesos anteriores. Sobre la base de contenidos 

medibles de tritio, la contribución del agua subterránea antigua se interpretó 

mucho menor que la del agua subterránea moderna. Para el agua subterránea 

antigua, el tiempo de renovación de varios milenios concuerda con grandes 

acuíferos de bajo rendimiento y baja tasa de recarga. La baja tasa de recarga 

estimada con el modelo SWAT corrobora una parte de esta afirmación, la relativa 

al gran espesor (incluso algunos miles de metros) y bajo rendimiento específico 

(inferior a 0,01) de los acuíferos profundos sigue siendo desconocida hasta que no 

se disponga de datos concluyentes. 

Las formulaciones basadas en la Ley de Darcy proporcionaron evaluaciones 

tentativas del tiempo promedio de residencia (renovación) del agua subterránea y 

la descarga total de agua subterránea. Dado que los acuíferos están virtualmente 

llenos, el almacenamiento de agua subterránea es mucho mayor que la recarga a 



 

los acuíferos, lo que induce que los tiempos de residencia (renovación) del agua 

subterránea poco profunda suelan ser bajos (de algunos a decenas años) y largos a 

muy largos, incluso milenios para el agua subterránea profunda. En cuanto al RGR, 

la descarga media anual fue en torno a 340 mm, similar a la suma del flujo base y 

la recarga a los acuíferos calculados con el modelo SWAT. La fracción de descarga 

asociada al agua subterránea media anual que se transmite a través del acuífero 

hasta la salida de la cuenca fue 0,28 mm, que coincide con la recarga del acuífero 

profundo calculada con el modelo SWAT. El espesor medio y el volumen saturado 

del acuífero se estimaron tentativamente en torno a 1.350 m y 0,64 km3, 

respectivamente. Este volumen no representa una reserva significativa debido a 

que la mayor parte está asociada a agua subterránea antigua de alta mineralización 

(baja calidad) que tiene una renovación muy baja. 

Esta Tesis evidencia la gravedad con la que podría impactar un régimen de 

explotación no planificado sobre el RGR y especialmente sobre la reserva de agua 

subterránea antigua; las perspectivas empeorarían si la explotación no planificada 

se llevara a cabo sin considerar el impacto adicional del cambio climático. Las 

investigaciones futuras se orientarán a mejorar el conocimiento geológico actual. 

Esta limitación y la baja monitorización del agua subterránea impiden la 

implementación de modelos numéricos acoplados de agua superficial-subterránea 

para evaluaciones cuantitativas del agua subterránea. Este obstáculo es similar al 

reportado en otras cuencas adyacentes del Altiplano Andino e impide un manejo 

sostenible del agua subterránea. 
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I - INTRODUCTION 

1.1. GLOBAL WATER ISSUE 

Mountain regions in tropical latitudes play an important role in global 

freshwater supply and are highly sensitive to climate change (Barnett et al., 2005; 

Bradley et al., 2006; Viviroli et al., 2007; 2011; Rangwala and Miller, 2012). Most of 

high-mountain basins in these latitudes, including those partially headed by glacier 

patches with a base at melting point (Cuffey and Paterson, 2010; Koboltschnig et 

al., 2011; Van Vliet-Lanoë, 2014), have preferably been studied for surface 

hydrology purposes. However, the groundwater resource was hardly considered 

and more effort in the assessment of the aquifer functioning (recharge, discharge, 

and storage capacity) and river–aquifer interactions is required to forecast the 

evolution of freshwater resources due to global driving forces and adaptive human 

actions (Vincent et al., 2019).  

Climate change, coupled with adaptive human actions, will introduce a 

variety of physical and biological effects that directly impact hydrological 

processes and indirectly affect water availability for human and environmental 

requirements (Holman, 2006; Green et al., 2007; Kovalevskii, 2007; Kundzewicz et 

al., 2008; Bovolo et al., 2009; Green et al., 2011). In mountainous regions, climate 

change is expected to strongly modify temporal and spatial temperature and 

precipitation, with important consequences for freshwater provision in low-lying 

areas (Kilsby et al., 2007; Woodward et al., 2010; López-Moreno et al., 2011). 

According to projected climate scenarios, changes in long-term precipitation and 

temperature regimes are likely to increase the frequency and intensity of extreme 

rainfall events and droughts (Buytaert et al., 2010; Green et al., 2011; Pulido-

Velázquez et al., 2018). Both global driving forces and adaptive human actions are 

expected to strongly affect the magnitude and natural variability of streamflow, 

soil moisture, and aquifer recharge (Dettinger and Earman, 2007; Kløve et al., 2014; 

Mishra et al., 2018; Blanco-Gómez et al., 2019), with repercussions for food 

provision, hydropower generation, and preservation of dependent ecosystems. 

Assessing the renewable groundwater resource (hereafter RGR) in the Andean 
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Highland is the first step for sustainable policies aimed at attenuating the 

consequences of climate change and adaptive human actions on water supply. 

The Andean Highland constitute one of the most extensive and distinctive 

landscape of South America. It is dominated by the wet alpine meadow (locally 

named páramo) ecosystem in the central and northern sectors (Buytaert et al., 2006). 

This ecoregion roughly extends between latitudes 11ºN and 8ºS from Costa Rica to 

northern Peru over 3,000 meters above sea level (m a.s.l.), play a crucial role in 

global freshwater supply, and is highly sensitive to climate change and human 

pressures (Barnett et al., 2005; Bradley et al., 2006; Buytaert et al., 2006; Viviroli et 

al., 2007; 2011; López-Moreno et al., 2011). As in other high-mountain areas, in the 

Andean Highland many of ecosystem typologies are groundwater dependent, 

including the páramo ecosystem (Bradley et al., 2006; Buytaert et al., 2006; Urrutia 

and Vuille, 2009; Ochoa-Tocachi et al., 2016; Zulkafli et al., 2016). In this region, the 

combined influence of global driving forces and some human actions (e.g., 

deforestation, overgrazing, soil degradation, and water overdevelopment) is 

altering the natural regimes of river flow, soil moisture and aquifer recharge, with 

negative consequences for dependent ecosystems and human water provision in 

low-lying areas (Urrutia and Vuille, 2009; Alves and Marengo, 2010; Buytaert et al., 

2006; 2010; Flores-López et al., 2016; López et al., 2017; Gonzales-Zeas et al., 2019). 

As a consequence, most rivers and streams traditionally considered the main 

freshwater source to meet the water demand of densely-populated urban areas 

have ceased to represent a guarantee of permanent water supply, and the 

groundwater resource is increasingly exploited (Buytaert, et al, 2005a, 2006; 

Vergara et al., 2007; Alcalá et al., 2016; Minga-Leon et al., 2018). However, the 

spatial and temporal coverage of hydrological information in these regions is 

typically low (Célleri et al., 2010; Ochoa-Tocachi et al., 2016, 2018), and only a 

reduced number of basins enables to make confident assessments of the RGR, 

including (i) stationary evaluations and (ii) predictions under climate change 

scenarios for different time horizons. 

1.2. JUSTIFICATION OF THE RESEARCH 

As the standard of living in developing countries rises, the population 

growing and new habits for water consumption adopted could upset the 
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groundwater resource sustainability (Alcalá et al., 2015; 2018; Ibáñez et al., 2022), 

with additional negative consequences for water provision in the future. Increased 

demand in many densely populated Andean urban areas has driven Authorities 

water source diversification to alleviate pressure on traditional ones (Bradley et al., 

2006; Buytaert, et al, 2006; López et al., 2017; Minga-Leon et al., 2018). This is also 

the case in the Metropolitan District of Quito city (MDQ) in northern Ecuador, 

where groundwater from the Andean Highland and surface water transferred from 

the Amazonian watershed supplement traditional sources from local rivers and 

streams (Gonzales-Zeas et al., 2019; Minga-Leon et al., 2018). As in other Andean 

capitals, internal migration since the 1990s has produced rapid population growth 

in the MDQ. The current 2.7 million inhabitants will undoubtedly increase due to 

the noticeable population increase foreseen for the period 2020–2040, leading to 

new water source diversification (Larrea, 2016). 

The Ecuador water authority is the Ministry of Environment, Water and 

Ecological Transition (MAAE), before SENAGUA, and Quito’s Public Water 

Supply Company (EPMAPS) are not immune to this problem. EPMAPS is 

responsible for prospecting, developing, distributing, and managing potable water 

in the MDQ, and promotes groundwater research to improve general 

hydrogeological knowledge as a prerequisite for a sustainable water supply. The 

water supply system currently covers about 99% of the inhabitants, making the 

MDQ one of the best served urban areas in South America. Groundwater meets 

around 16% of the total urban water demand, although this figure will increase 

because population is growing and new caught areas in the Andean Highland are 

planned to be included in the water supply system. The Pita River basin (hereafter 

PRB) is one of these areas intended to supply the most populated southern urban 

districts of the MDQ. 

A question arises, how the increasing groundwater extraction will affect 

reserves and dependent ecosystems in the Andean Highland and compromising 

future water provision? Applied research aimed at defining the aquifer functioning 

needed to assess the RGR is yet incipient to answer this question accurately in most 

of this region (Peñafiel et al., 2016a; 2016b). The first step in making sustainable 

groundwater policies departs from basic research aimed at identifying the essential 

features of the aquifer functioning. The second step is choosing a representative 
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basin having the required spatial and temporal data coverage to implement (i) 

robust techniques to evaluate the RGR, and (ii) procedures to verify that the 

evaluation represents the stationarity condition of the system prior implementing 

tools to assess impacts of climate change. 

Different techniques can be used to evaluate the RGR (Lerner et al., 1990; De 

Vries and Simmers, 2002; Batelaan and De Smedt, 2007; Alcalá and Custodio, 2014). 

In the Andean Highland, systematic monitoring of saturated and vadose zones 

over large areas is quite limited, and seldom the datasets are long and unbiased 

enough to implement groundwater numerical modelling (Hojberg and Refsgaard, 

2005; Poeter and Anderson, 2005; Beven, 2007), Darcian physical techniques based 

on aquifer hydraulic data, or tracer techniques (Lerner et al., 1990; Scanlon et al., 

2002; Alcalá and Custodio, 2014), including stable isotopes and radioisotopes for 

groundwater characterization and dating. The PRB is one of these areas having 

long enough streamflow data series to make confident evaluations of RGR. These 

data must be further combined with specific monitoring of certain variables to 

enlarge the confidence of stationary and near-future evaluations. 

Since 2003, EPMAPS is monitoring the most representative streams in the 

PRB (Muñoz, 2016; Minga-León et al., 2018; Gonzales-Zeas et al., 2019), and the 

groundwater resource to a lesser extent due to its limited access (Peñafiel et al., 

2016a, 2016b, 2020, 2021). Apart from the interest for urban water supply, the PRB 

is a representative area to document the hydrological functioning of the Andean 

Highland, which makes this pilot quite suitable for implementing rainfall–runoff 

numerical models and some saturated-zone routed physical and tracer techniques 

for representative groundwater evaluations. 

Since 2003, EPMAPS is monitoring the most representative streams in the 

PRB (Muñoz, 2016; Minga-León et al., 2018; Gonzales-Zeas et al., 2019), and the 

groundwater resource to a lesser extent due to its limited access (Peñafiel et al., 

2016a, 2016b, 2020, 2021). Apart from the interest for urban water supply, the PRB 

is a representative area to document the hydrological functioning of the Andean 

Highland, which makes this pilot quite suitable for implementing rainfall–runoff 

numerical models and some saturated-zone routed physical and tracer techniques 

for representative groundwater evaluations. 
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For rainfall–runoff models, the required weather, soil, land-use, and 

streamflow input data are available, and the predictions can be later calibrated and 

validated. Streamflow hydrograph filtering techniques to separate the baseflow 

component as a reliable proxy of the RGR can also be applied in this pristine basin 

with gaining streams (Lerner et al., 1990; Scanlon et al., 2002; Paniconi et al., 2003; 

Hilberts et al., 2004), since aquifer recharge and discharge can be equated because 

groundwater transference and abstraction are nil, and direct evapotranspiration 

from shallow aquifers and underflow to deep aquifers can be assumed negligible 

(Peñafiel et al., 2016a; 2016b). For additional evaluations based on saturated zone 

routed physical and tracer techniques, some data concerning to aquifer hydraulic 

parameters and specific groundwater and rainfall chemical and isotopic data series 

gained in former field campaigns are available. Additionally, the critical balance 

period for variables to reach a comparable stationary condition can be defined, as 

prerequisite for the confident long-term representativeness of the evaluation 

obtained from suboptimal temporal and spatial data coverages (Alcalá and 

Custodio, 2015; Alcalá et al., 2018), which is the common in the region. 

1.3. OBJECTIVE 

The objective of Thesis is modelling of the spatiotemporal dynamics of the 

RGR in the Andean Highland, with special focus on the existing condition in 

northern Ecuador. This objective involved two spatial and temporal scales. 

Regarding the two spatial scales, this Thesis was aimed at evaluating the 

groundwater resource in the PRB for sustainable water use in the MDQ and 

enhancing the groundwater dynamics knowledge in the northern Andean 

Highland in general. Otherwise, the two temporal scales involved the initial 

conceptualization and stationary evaluation of the RGR, prior the prediction of the 

RGR under climate change scenarios for different time horizons. 

For the stationary evaluation of the RGR, this Thesis has employed three 

kinds of methodologies. First, the Soil and Water Assessment Tool (SWAT) semi-

distributed rainfall–runoff model was implemented to evaluate daily the surface-

water and groundwater balance components from shallow and deep aquifers over 

the period 2003–2015, including the warm-up (2003–2005), calibration (2006–2010), 

and validation (2011–2015) periods. Next, tracer techniques (including chemical, 
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stable isotopes and radioisotopes) were used to elucidate the atmospheric and 

endogenous sources of salinity, calculate the baseflow fraction contributed to 

streamflow, and dating groundwater. The last was some Darcian-based 

formulations to deduce the hydrological functioning through the aquifer discharge, 

groundwater residence (renewal) times, and aquifer exhaustion under 

groundwater exploitation. Most of SWAT model input data were generated in the 

framework of this investigation. The input data concerning to chemical and isotope 

tracers and hydraulics parameters came from the EPMAPS periodical monitoring, 

different surveys performed in the area, official reports, scientific documents, and 

global repositories hosted in different websites, all of them cited in the specific 

chapters of this Thesis. 

In addition, this Thesis evaluated the impact of climate change on the RGR in 

the PRB, which serves as a proxy of the expected near-future condition in many 

areas of the northern Andean Highland. The results intended to illustrate how 

climate change could modify the regime of this barely known resource, which is 

destined to meet most future water demand. The methodological route to 

achieving this aim included two stages. First, the semi-distributed rainfall–runoff 

SWAT model (Arnold et al., 1998) was implemented and operated over the period 

2003–2015. Next, the variables of a climate change prediction ensemble consisting 

of five Regional Climate Models (hereafter RCMs) (ESM2M, HadGEM2-ES, IPSL-

CM5A-LR, MIROC and NoerESM1-M) using the Representative Concentration 

Pathways (hereafter RCPs) 4.5 and 8.5 emission scenarios for the mid- (2040–2069) 

and long-term (2070–2099) future horizons were implemented into the SWAT 

model to generate future streamflow series, from which the impacts of climate 

change on the RGR were assessed. 

1.4. STRUCTURE OF THE THESIS 

The structure of this Thesis was divided into eight chapters and two 

appendixes. Following the brief introduction, Chapter I introduced the significance 

of the research in the northern Andean Highland in general and the MDQ in 

particular, as well as the objective of the study. Chapter II overviewed research 

background and latest studies in hydrological models and physical and tracer 

techniques used to assess some groundwater properties that SWAT model cannot 
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calculate. Chapter III described the study area. Chapter IV described the research 

methodologies, including SWAT model, tracer techniques and Darcian-based 

formulations aimed at enhancing the groundwater hydrological meaning and 

timing under stationary conditions, as well as the implemented methodology to 

evaluate the impacts of climate change on the RGR for different future horizons. 

Chapter V described the main results and proposed to discuss some implications 

for current and future use of the RGR under sustainable criteria. Chapter VI 

presented the limitations to carry out this study and determined future research 

directions. Chapter VIII contained a bibliography of references cited in this Thesis. 

Appendix A included the articles published in JCR journals. Finally, the Appendix 

B included additional information concerning to SWAT model implementation 

and results. 
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II - JUSTIFICATION 

This chapter complements the literature review that frames the conceptual 

and theoretical framework on which this thesis is based. On the one hand, the most 

recent and representative hydrological modelling research was included. In 

addition, the state of the art of research methods on hydrologic evaluation in 

sparse-data mountainous regions was inquired. Additional to the general literature 

included in this chapter, a huge number of scientific publications and technical 

reports have been compiled. The compiled information served to support the 

exposition of the contents included in the chapters of this Thesis, as well as provide 

essential data. 

2.1. ANDEAN HIGHLAND  

Hydrological literature about the Andean Highland, as in other mountainous 

regions, primarily refers to surface hydrology processes preferentially studied in 

small catchments over short monitoring periods (Buytaert et al., 2004, 2005b, 2006; 

Célleri and Feyen, 2009; Tovar et al., 2013; Crespo et al., 2011, 2014; Ponce-Vega, 

2015; Muñoz, 2016; Minga-Leon et al., 2018). Applied studies concerning to the 

stationary characterization of the RGR component (aquifer recharge, discharge and 

storage) or more advanced studies focused on the impact of climate change on this 

resource in large basins are insignificant in number or virtually non-existent (Mark 

et al., 2010; Favier et al., 2008; Baraer et al., 2012, 2015; Hemmings et al., 2016; 

Peñafiel et al., 2016a, 2016b, 2021; Vuille et al., 2018; Ruiz-Pico et al., 2019). The scant 

knowledge about groundwater systems in the Andean Highland derives from 

limited groundwater accessibility, few operational weather and stream-gauging 

stations, a lack of detailed geological and soil maps and sparse hydraulic and soil-

vegetation data. In recent decades, climate records for the Andean Highland have 

also revealed perturbing changes in precipitation and temperature regimes 

(Espinoza-Villar et al., 2009), the consequences of which for soil moisture, 

streamflow and RGR remain largely unidentified. However, geological knowledge 

determining the capability for advanced hydrogeological conceptualization is by 

far the most important handicap for reliable conceptualization prior confident 
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evaluation of groundwater (Peñafiel et al., 2020, 2021). This constraint determines 

a severe limitation for suitable water policies aimed at warranty the resource 

sustainability, as will be explained in the discussion chapter. 

2.2. HYDROLOGICAL MODELLING TOOLS  

For the water (and groundwater) resource evaluation in semi-gauged basins, 

different rainfall-runoff numerical models exist, including statistical or 

mechanistic, and lumped or distributed ones (Huber et al., 1998; Cambien, 2017). 

In sparse-data areas such as most of the hydrological basins in the Andean 

Highland, a compromise between the above options is semi-distributed, 

mechanistic models which subdivide the area into several, homogeneous (lumped) 

regions with similar hydrological response (Kumar et al., 2009; Cao et al., 2006; 

Harmel, 2006; Jajarmizadeh et al., 2012). 

The semi-distributed SWAT rainfall–runoff model (Arnold et al., 1993, 1995, 

1998) was selected based on the rationales described below. SWAT model operates 

on a daily time step and uses spatially derived data on topography, land use, soil, 

and weather for stream-routed hydrology and water quality modelling (Arnold 

and Fohrer, 2005; Gamble and Babbar-Sebens, 2012; Izady et al., 2015). SWAT also 

includes different statistical tools for measuring the quality of model predictions 

(Neitsch et al., 2005). For model variables and parameters distribution over space, 

SWAT divides the studied basin into several sub-basins, which are in turn 

subdivided into Hydrologic Response Units (HRUs) with homogeneous land use, 

management, and soil properties. SWAT simulates the hydrological output of each 

sub-basin (Gassman et al., 2007, 2014) and enables to evaluate shallow aquifer 

recharge as a soil water balance component in each HRU of the different sub-basins 

in which a basin can be divided. However, deep aquifer recharge is a water balance 

closure component since SWAT model is lumped itself and does not admit 

distributed aquifer parameters such as bedrock hydraulic information nor 

additional data of the saturated zone to evaluate the magnitude and spatial 

distribution of this component. The sum of shallow and deep aquifer recharge, 

hereafter named total aquifer recharge, is the RGR. However, the rough evaluation 

of the deep aquifer recharge makes the RGR evaluation quite uncertainty and 

additional evaluations are needed to verify its magnitude, especially in areas with 
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thicker, productive regional aquifers contributing to streamflow. This limitation 

has usually been solved by using specific saturated-zone routed techniques and 

numerical models to characterize the groundwater components (Han et al., 2015; 

Jin et al., 2015; Devi at al., 2015; Stehr et al., 2009; Abiodun et al., 2018; Tobin and 

Bennett, 2019; Obuobie, 2008; Rahayuningtyas et al., 2014; Senent-Aparicio et al., 

2020; Lee et al., 2018). 

2.3. HYDROLOGICAL MODELLING STRATEGIES AND EXPERIENCES  

The consulted literature shows how both shallow and deep aquifer recharge 

components were indistinctly used to evaluate the RGR, following four typical 

strategies. The first strategy used shallow aquifer recharge as a reliable proxy of the 

RGR in unconfined aquifers having shallow piezometry where the expected 

difference between shallow and total aquifer recharge is low, despite that no 

external verifications were always implemented to verify this assumption, as 

reported in basins in Australia (Sun and Cornish, 2005), India (Awana and Ismaeel, 

2014), New Zealand (Me et al., 2015), Spain (Raposo et al., 2013), Iran (Izady et al., 

2015), and South Africa (Gyamfi et al., 2017). 

The second strategy used shallow aquifer recharge by SWAT to refine the 

total aquifer recharge input in groundwater numerical models. Because 

groundwater numerical models often overlook the required accuracy of aquifer 

recharge (Kim et al., 2008), assumed accurate shallow aquifer recharge by SWAT 

was once used in low-steep areas with enough data coverage. The different 

hydrological meaning and timing of shallow and deep aquifer recharge could not 

always be verified. Most of cases combined SWAT and MODFLOW (McDonald 

and Harbaugh, 1988) as in basins in USA (Sophocleous and Perkins, 2000; Menking 

et al., 2003), France (Conan et al., 2003), South Korea (Kim et al., 2008), Spain 

(Pulido-Velázquez et al., 2015, 2015b), and Iran (Ehtiat et al., 2016). 

The third strategy used streamflow hydrograph filtering techniques to 

separate the baseflow component. These techniques were preferably used in steep 

basins with gaining streams and null groundwater transference and abstraction, 

which allows to equal total aquifer recharge to baseflow discharge (Rutledge and 

Mesko, 1996; Lim et al., 2005; Plesca et al., 2012; Lee et al., 2018). Among the 

techniques identified as the top performers with the lowest data requirements from 
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more than 40 different techniques of baseflow separation (Nejadhashemi et al., 

2008), was the BFLOW program used in SWAT model (Nathan and McMahon, 

1990; Arnold et al., 1995; Arnold and Allen, 1999) the most recursive digital filter 

technique in basins in USA (Chu and Shirmohammadi, 2004; Eckhardt, 2008), in 

western Africa (Obuobie, 2008), South Korea (Chung et al., 2010), China (Luo et al., 

2012), Canada (Stadnyk et al., 2014), South Korea (Jung et al., 2016), and Nepal 

(Bastola et al., 2018). 

The fourth strategy applied specific recharge techniques based on vadose-

zone and saturated-zone studies to refine shallow and deep aquifer recharge 

components by SWAT, respectively. The procedure was to refine the SWAT 

parameters that govern shallow and deep aquifer recharge. There are many 

examples in the scientific literature concerning to the shallow aquifer recharge by 

SWAT refinement in basins in China (Han et al., 2015), Japan (Jin et al., 2015), Chile 

(Stehr et al., 2009), South Australia (Abiodun et al., 2018), and USA (Tobin and 

Bennett, 2019), western Africa (Obuobie, 2008), Indonesia (Rahayuningtyas et al., 

2014), Spain (Senent-Aparicio et al., 2020), and South Korea (Lee et al., 2018). 

The available data type and density and the limited capability for additional 

data acquisition on the field, restrict feasible strategies in the PRB to the first and 

fourth. When additional hydrogeological data are available, other widely-used 

saturated-zone routed techniques can be implemented to evaluate crucial 

groundwater features that cannot be calculated with SWAT and similar other 

rainfall–runoff models (Lerner et al., 1990; De Vries and Simmers, 2002; Batelaan 

and De Smedt, 2007; Nolan et al., 2007; Coes et al., 2007; Alcalá and Custodio, 2014; 

Senent-Aparicio et al., 2020). Based on available information on piezometry and 

aquifer hydraulics parameters, Darcian-based formulations additional to those 

included in SWAT model can be implemented for average groundwater-turnover 

time and total aquifer discharge, which includes the fraction of groundwater 

discharged as baseflow and that one is underground transmitted towards the 

aquifer outlet (Healy and Cook, 2002; Hojberg and Refsgaard, 2005; Poeter and 

Anderson, 2005; Beven, 2007); SWAT model does not evaluate this latest fraction. 

Based on available information on chemical solutes in spring and river water, and 

the stable and radioactive isotopes of water oxygen, hydrogen and dissolved 

inorganic carbon, tracer techniques can be used to elucidate the origin and 
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distribution of groundwater and estimate the average groundwater turnover time 

(Lerner et al., 1990; Scanlon et al., 2002; Alcalá and Custodio, 2014). 

Regarding experiences in similar contexts, SWAT model has been 

successfully applied in many non-homogeneous high-mountain areas (Ahl et al., 

2008; Bruijnzeel et al., 2011; Luo et al., 2012; Palazón et al., 2014; Senent-Aparicio et 

al., 2017, 2020; Jain et al., 2017), including some applications in the Andean 

Highland in general (Quintero et al., 2009; Stehr et al., 2009, 2010; Barrios and 

Uribarri, 2010; Silva, 2010; Uribe and Quintero, 2011; Schwank et al., 2014; 

Francesconi et al., 2016, 2018; Khosravi et al., 2018; Uribe et al., 2018), and in the 

Ecuadorian Andean Highland in particular (Quintero et al., 2009; Crespo et al., 

2006; Plesca et al., 2012; Velasco-Argüello, 2014; Oñate-Valdivieso and Bosque-

Sendra, 2014; Oñate-Valdivieso et al., 2016; Espinosa and Rivera, 2016; Hasan and 

Wyseure, 2018; Salmoral et al., 2018). These SWAT applications mostly contributed 

to conceptualize surface hydrology processes and paid less attention to the 

groundwater resource, so they provided scarcely checked evaluations of shallow 

and deep aquifer recharge. Only few exceptional cases in favourable contexts used 

additional techniques to evaluate (and validate) the RGR. In the most complex 

cases, especially those related to basins with thick, productive aquifers whose 

discharge contributes significantly to streamflow, important simplifications (often 

ambiguous) were introduced. As far as the findings of this literature review 

reached, only a handful of papers pointed out the relevance of the RGR through 

the baseflow component deduced from streamflow hydrograph filtering 

techniques (Plesca et al., 2012; Oñate-Valdivieso and Bosque-Sendra, 2014; Oñate-

Valdivieso et al., 2016). In the PRB, available data meets with data requirements for 

streamflow hydrograph filtering techniques. 
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III - STUDY AREA 

Chapter III was divided into three sections. Section 3.1 described the 

geography and climate of the study area. Section 3.2 presented the geological and 

hydrogeological. Section 3.3 described soils, land use, and water-dependent 

economy. 

3.1. LOCATION AND CLIMATE  

The Pita River basin (PRB) is a representative area of the páramo ecosystem 

in the northern Andean Highland in Ecuador with relatively high data density and 

null groundwater abstraction and where the natural state of soils, streams and 

aquifers is well preserved. This pristine basin was selected to evaluate the status 

and the impact of climate change on the RGR due to its representativeness, 

minimum data coverage requirement to make hydrological evaluations and 

potential to supply approximately 400,000 inhabitants in the MDQ in the future. 

Hence, this basin is significant for future water resource assessment and 

management by local water authorities. This situation is like that reported in other 

large urban areas in the Andean Highland due to the expected reduction in 

renewable water resources and the increasing population’s water use habits. 

The Pita River basin (PRB) is located 50 km southeast from Quito city (0°29’–

0°41’ S and 78°19’–78°26’ W) in northern Ecuador (Figure 1a). This basin covers an 

area of 184.5 km2, is bounded by the north-eastern flank of the Cotopaxi Volcano 

and the south-western flank of the Sincholagua Volcano (Figure 1b), has a mean 

elevation of 4,008 m a.s.l. (outlet is 3,361 m a.s.l. at the north and peak elevation is 

5,897 m a.s.l. at the south), and lies in the Inter-Andean Valley (IAV) between the 

Western Andean Cordillera (WAC) and Eastern Andean Cordillera (EAC). The Pita 

River flows northward through the IAV and is tributary of the Esmeraldas River in 

the Pacific Ocean watershed (Figure 1a) (Erazo et al., 2018; González-Zeas et al., 

2019; Peñafiel et al., 2021). Some illustrative views of representative features of the 

PRB are in Figure 2. 
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Figure caption on next page. 
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Figure 1. (a) Central and northern sectors of the Andean Highland dominated by the páramo 

ecosystem from Costa Rica to Peru (base map modified from Buytaert et al., 2006), showing 

the location of the PRB and the long-term Izobamba weather station (W5) in northern 

Ecuador, and other sites cited in the text. (b) The PRB over a 30-m-resolution Digital 

Elevation Model (DEM) from SavGIS [http://www.savgis.org/ecuador.htm], showing 

location of weather and stream-gauging stations as in Table 2, Bocatoma (S1) and Salitre 

(S2) permanent baseflow springs, Chilcahuayco (S3) permanent thermal spring, and 

location of some illustrative views displayed in Figure 2. (c) Hydrogeological map (scale 

1:50,000) of the PRB after literature data (Malo et al., 1980; Clapperton, 1993; Hall and 

Mothes, 2008) and direct field observations, showing the location of S1, S2 and S3 springs, 

boreholes W1 and W2 used for pumping tests, regional piezometry, and hydrogeological 

cross-sections A–A′ and B–B′. (d) Soil map (scale 1:200,000) of the PRB after Mejía et al. 

(1978) and direct field observations, showing the location of sites T1 to T8 used for soil 

hydraulic tests as in Table 3. (e) Land-use Units of the PRB (scale 1:25,000) after FONAG 

(2018), aerial photographs and direct field observations, showing the Cotopaxi National 

Park (CNP) and the High Pita Water Conservation Area (HPWCA). IAV—Inter-Andean 

Valley; EAC—Eastern Andean Cordillera; WAC—Western Andean Cordillera; PW—

Pacific watershed; AW—Atlantic watershed; ERW—Esmeraldas River watershed; WRC—

water retention capacity at saturation in cm3 cm-3 

Figure caption on next page. 



 LILIA PEÑAFIEL 

 

58 

Figure 2. Some illustrative views of the PRB. (a) Northern flank of the Cotopaxi Volcano 

(COV). (b) Southern flank of the Sincholagua Volcano (SIV). (c) Bocatoma gauging station 

(Q5) and andesitic lavas from the Cotopaxi Volcano Sequence (COVS) at the PRB outlet. (d) 

Ash flows from Chalupas Volcano Sequence (CHVS). (e) Thermal permanent spring S3 

discharging old groundwater. (f) Typical andosol of the páramo ecosystem over pyroclastic 

flows from the CHVS. See location and orientation of views in Figure 1b. 

As other IAV basins, the PRB exhibits a neo-tropical high-mountain climate 

determined by the El Niño–Southern Oscillation oceanographic phenomena and 

the Humboldt current, and the steep orography (Kumar et al., 2000; Bendix, 2000; 

Bendix et al., 2004; Minga-León et al., 2018; González-Zeas et al., 2019). Both global 

climatic forces and orographic features determine a marked distribution of 

biozones at different elevations, including tropical mountain rainforests at low-

lying areas, the páramo ecosystem in mid-slope areas, dry and cold scrublands in 

the highlands, and permanent snow covers at volcanoes peaks (Buytaert et al., 

2006). In the PRB, the páramo ecosystem dominates the landscape. It consists in 

steep, mostly glacier formed valleys and plains with lakes, peat bogs, and wet 

grasslands intermingled with scrublands and low-bearing forest patches (Buytaert 

et al., 2006). 

Precipitation (P) follows a bimodal distribution (Buytaert et al., 2006; 

Makowski Giannoni et al., 2016; Minga-León et al., 2018). Most of P occurs in 

February–May whereas the lowest amount is recorded in July–September 

(Rollenbeck et al., 2006). Annual mean P is around 1,100 mm, with a coefficient of 

variation of 0.21 over the period 1964–2017. Precipitation follows a decreasing 

gradient from east to west controlled by the incoming Atlantic cloud fronts and 

elevation (Garreaud and Falvey, 2009; Makowski Giannoni et al., 2016) and exhibits 

a positive gradient from low-lying areas up to around 3,500 m a.s.l. and a negative 

one above that elevation (Bendix, 2000; Bendix et al., 2004). Extreme rainfall events 

over 50 mm per day have been documented. Snow events are restricted to 

volcanoes peaks, which cover less than 1% of the PRB surface (González-Zeas et al., 

2019). 

Annual mean temperature (T) is around 7.5 °C, with daily minimums in 

June–September and maximums in February–April. The daily T amplitude may be 

as high as 19 °C in the Highland and around 10 ºC in low-lying areas. The 

decreasing T gradient with elevation (lapse rate) is around 0.6–0.7 ºC per 100 m 
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elevation (Van der Hammen and Hooghiemstra, 2000; Castaño-Uribe, 2002). 

Higher air humidity rates may decrease the lapse rate around 0.5 ºC per 100 m of 

elevation (Bacuilima et al., 1999) and the daily T amplitude below 10 ºC (Buytaert 

et al., 2006). Average daily sunshine is around 12 hours. Average daily solar 

radiation is 8.3 MJ m–2; the lowest values occurring in wet season (February–May) 

and the highest ones in dry season (July–September), respectively. Insolation 

increases from low-lying to summit areas due to cloudiness induced by the Foehn 

effect in valleys from incoming Atlantic cloud fronts (Rollenbeck et al., 2006). 

Annual mean potential evapotranspiration is around 1,000 mm. 

3.2. GEOLOGY AND HYDROGEOLOGY 

The study area belongs to the Pacific Ring of Fire, a highly active belt of 

volcanism and seismic activity originating from the subduction of the oceanic 

Nazca Plate beneath the South American Plate, which is the source of the 

compressive tectonics and arc magmatism of the Andes Cordillera (Trenkamp et 

al., 2002; Tamay et al., 2016). The PRB is in the westernmost part of the NNE-

trending fault-bounded Andean compressive structure, which includes the IAV 

between the WAC and EAC (Figure 1a). 

The PRB lies in the IAV (Figure 1c). In the study area, subparallel belts of 

Palaeozoic metapelitic form the western metamorphic basement of the EAC 

(Litherland et al., 1994), which does not outcrop directly but is assumed the 

basement of the PRB (Malo et al., 1980). At present, the basement depth and 

structure in the PRB area remain unknown (EPMAPS, 2012; Peñafiel et al., 2021), 

thus making it undefinable the thickness of overlying formations. A variety of 

Quaternary volcanic and volcano-sedimentary formations from the Sincholagua, 

Cotopaxi, and Chalupas volcanoes is unconformable deposited over the basement 

(Malo et al., 1980; Spikings et al., 2000; Garrison et al., 2011), with the following 

synthetic succession from bottom to top (Hall and Wood, 1985; Hall and Mothes, 

2008) (Figure 1c): (1) early Pleistocene andesitic lavas from the Sincholagua Volcano 

Sequence (SIVS) (Malo et al., 1980); (2) middle Pleistocene andesitic lavas from the 

Cotopaxi Volcano Sequence (COVS); (3) late Pleistocene rhyolitic pyroclastic flows 

from the Chalupas Volcano Sequence (CHVS) overlying andesitic lavas from SIVS 

and COVS (Beate, 1989; Hammersley et al., 2000; Hall and Mothes, 2008); (4) late 
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Pleistocene ash flows from SIVS (Malo et al., 1980); (5) late Pleistocene to Holocene 

ash flows from COVS; (6) Holocene ash flows and extensive avalanche flows from 

COVS; (7) Holocene lahars and andesitic lavas from COVS (Smyth and Clapperton, 

1986; Mothes et al., 1998); and (8) Holocene andesitic lavas, pumice flows, scoria 

flows, and lahars from COVS (Mothes et al., 2004; Garrison et al., 2011). The 

Quaternary sedimentary formations (Clapperton, 1993; Rose, 1996) comprise (1) 

Pleistocene to Holocene fluvial-glacial deposits, (2) Holocene alluvial deposits 

filling the Pita River valley, and (3) current glacier and moraines at the Cotopaxi 

Volcano peak. 

The PRB occupies a large portion of the Cayambe-Rumiñahui 

Hydrogeological Unit and a small part of the Quito-Machachi Hydrogeological 

Unit (Burbano et al., 2015). In hydrogeological terms, the above geological 

formations can be classified into six groups attending to the permeability type and 

specific yield reported in the consulted literature (PETROECUADOR, 2005; 

EPMAPS, 2006a, 2006b, 2012; Burbano et al., 2015); Hemmings et al. (2016); Ruiz-

Pico et al. (2019): (1) the Palaeozoic metapelitic basement is a low-permeability 

formation representing the impervious lower boundary of the regional aquifers; (2) 

the Pleistocene and Holocene andesitic lavas from the SIVS and COVS and 

pyroclastic flows from the CHVS form deep thick regional compartmentalized 

aquifers of moderately permeability, with probable (currently unknown) thickness 

higher than 1,000 m in some sectors and yield dependent upon the degree of 

fracturing and fissuring; (3) the Pleistocene and Holocene ash flows from the SIVS 

and COVS are low-permeability formations, often confining the above Pleistocene 

and Holocene andesitic lavas and pyroclastic flow formations; (4) Holocene lahars 

from the COVS are low- to moderately-permeability formations catalogued as 

aquitard with thickness up to 100 m (Peñafiel et al., 2021); (5) Holocene avalanche 

flows, andesitic lavas, pumice flows, and scoria flows from the COVS are moderate- 

to high-permeability shallow thin aquifers; and (6) Pleistocene to Holocene fluvial-

glacial deposits, alluvial deposits in the Pita River valley, and glacier and moraines 

in the Cotopaxi Volcano peak are moderate- to high-permeability unconfined 

aquifers of intergranular porosity with thickness up to 50 m (Figure 1c). 

Hydrogeological functioning in the PRB depends on: (1) the low permeability 

of the Palaeozoic metapelitic impervious basement; (2) the compartmentalization, 



 CHAPTER III – STUDY AREA 

 

61 

great thickness and extend, and degree of fracturing and fissuring in Pleistocene 

andesitic lavas from SIVS and COVS and pyroclastic flows from CHVS, 

determining a noticeable but unassessed storage capacity for these aquifers; (3) the 

extent and thickness of low-permeability Pleistocene and Holocene ash flows from 

SIVS and COVS, forming aquitards; (4) the hydraulic connectivity between 

Pleistocene and Holocene aquifers and aquitards, favouring the deep percolation 

of aquifer recharge and localized aquifer discharge; and (5) the thickness and extent 

of avalanche flows from COVS and coarse-grained sediments for draining 

interflow runoff and shallow aquifer discharge (Burbano et al., 2015; EPMAPS, 

2012; Muñoz, 2016; Peñafiel et al., 2009, 2016a, 2016b, 2021). 

In spite that the permeability contrast between thick porous soils and 

volcanic and volcano-sedimentary rocks favours the noticeable interflow runoff 

rates (Buytaert et al., 2005a, 2006; Célleri and Feyen, 2009; Flores-López et al., 2016), 

recharge to deep thick aquifers is possible from (1) direct rainfall and interflow 

runoff infiltration (and de-icing in a very minor extent) in mid-slopes and summits 

where these aquifers are unconfined (Hemmings et al., 2016; Muñoz, 2016; Vuille 

et al., 2018), and (2) percolation from lahars and ash flows to deep thick aquifers 

where fracturing and fissuring is dense enough (Changkuon et al., 1989; Alcalá et 

al., 2016). Typically, most of aquifer discharge takes place just where the incisive 

valleys topography intersects the piezometry of regional aquifers and/or through 

fault systems reaching surface, producing permanent baseflow springs that 

contributes significantly to streamflow (Figure 1c). 

3.3. SOILS, LAND USE, AND WATER-DEPENDENT ECONOMY 

In the Andean Highland, cold and wet climate favour organic-matter-rich 

soils. This is the case in the PRB where dark, humic, and allophane-rich andosols 

with a porous structure and bulk density in the 0.13–0.95 g cm-3 range 

predominates (Fontes et al 2004; Crespo et al., 2010; Lahuatte and Recalde, 2015). 

These features together with the clay mineral assemblages and organic-matter 

contents between 10% (degraded state) and 40% (natural state) determine high 

organic-carbon contents in the 1–44% range, high water-holding capacities, and 

water retention capacity (WRC) near to 0.9 cm3 cm-3 at saturation for natural states, 

thus inducing soil infiltration capacity in the 20–60 mm h-1 range higher than 
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typical rainfall intensities (Buytaert et al, 2004, 2005b, 2006; Célleri and Feyen, 2009; 

Crespo et al., 2010). 

In the PRB, the soil typologies include 74.40% organic-matter rich andosols, 

20.65% regosol in northern slopes of the Cotopaxi Volcano having organic-matter 

content less than 1%, 1.43% gleysol in summit areas including the Sincholagua and 

Cotopaxi volcano glacier, 3.52% phaeozems with weathered organic matter over 

fluvial-glacial sediments above 4,000 m a.s.l., (Figure 1d) (Mejía et al., 1978). In the 

study area, Mejía et al. (1978) classified the andosols into three groups, attending 

to the WRC as a proxy of the conservation state as (1) 14.3% at low-lying areas with 

˂0.5 cm3 cm–3, (2) 24.6% at mid-slope areas with 0.5–0.7 cm3 cm–3, and (3) 32.2% at 

high-slope areas with ˃0.7 cm3 cm–3 (Figure 1d). These figures agree with the 

experimental soil hydraulic data measured in the area (Peñafiel, 2009; Lahuatte and 

Recalde, 2015). 

Regarding land use, the PRB is covered 74.1% by xerophytic tussock grasses 

over andosols, phaeozems, and regosols, 14.0% by barren and eroded lands over 

regosols and gleysols, 9.3% by grazing over regosols at low-lying areas and 

andosols at mid-slope areas, 0.8% by shrublands and small natural low-bearing 

forest patches over regosols, 1.0% by sparse irrigated crops over degraded andosols 

in northern areas, 0.1% by reforested pine in the basin outlet, and 0.7% is the glacier 

of the Cotopaxi Volcano (FONAG, 2018) (Figure 1e). The PRB hosts two 

environmentally protected areas, the Cotopaxi National Park (CNP) and the High 

Pita Water Conservation Area (HPWCA) (Figure 1e). The CNP was created in 1975 

by the Government of Ecuador to protect the wildlife and covers 333.9 km2, from 

which 68.7 km2 are in the PRB (MAE, 2014). The HPWCA was declared in 2016 by 

the EPMAPS and the Fund for the Protection of Water (FONAG) to preserve the 

páramo ecosystem in the PRB as source of water and covers 66.2 km2. 

Water-dependent economy in the area includes extensive livestock and 

traditional irrigated crops in small farms. Irrigated crops such as cereals (corn, 

barley, and wheat), potatoes, and vegetables and small rainfed crops are devoted 

to family consumption. Irrigation water is collected from headwater springs in 

lateral catchments and distributed thought a network of ancestral ditches which 

favour permanent water losses and soil saturation (Somers et al., 2018). Water 

irrigation demand is around 5,000 m3 per hectare and year (FONAG, 2018). The 
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traditional livestock is devoted to milk (cows) and wool (alpacas) production. Milk 

production is about 50 m3 per day and wool production is about 10.6 tons per year 

(FONAG, 2018). Other activities are some sportive fishing centres and quarries for 

stone production (Figure 1e). 

This area had 200 inhabitants censured in 2010, according to the National 

Institute of Statistics and Census of Ecuador (INEC, 2018a; 2018b). Most of 

inhabitants live in disseminated farms in low-lying areas, so human impact is very 

low in the protected CNP and HPWCA areas. The CNP attracted about 60,700 

national and international visitors per year over the period 2000–2003 (MINTUR, 

2014; 2017). Tourism is restricted to accessible areas and tourists do not overnight 

in the area because there are not facilities for lodging. 
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IV -RESEARCH METHODOLOGY 

Chapter IV was divided into four sections. Section 4.1 described the 

stationarity analysis required to implement numerical models. Section 4.2 

presented the SWAT model, including used input data and calibration and 

validation analysis for the stationary evaluation of the RGR. Section 4.3 described 

the analysis of climate scenarios implemented to deduce the RGR in future time 

horizons. Finally, Section 4.4 presented the tracer techniques and Darcian-based 

formulations used to deduce other essential variables for the groundwater 

dynamics that SWAT model does not provide. 

4.1. LONG-TERM REPRESENTATIVENESS OF THE WATER BALANCE COMPONENTS 

Stationarity (stable conditions over many years) is a prerequisite for defining 

the minimum, critical modelling period needed for a confident long-term 

prediction on the water balance components (Stahl et al., 2010). This initial 

verification is especially important in sparse-data areas having variable-length data 

series (Alcalá et al., 2018). The stationary evaluation of a given environmental 

variable consists of an average value and a range of its natural (inherent, 

background) uncertainty, which can be characterized by the coefficient of variation 

(CV) of its yearly time series. For the stationary evaluation of the variables involved 

in the long-term streamflow modelling, the critical period for confident averages 

and their CVs must be defined. 

Based on the statistical study of available long data series, the method 

defined by Alcalá and Custodio (2015) was used to determine the desirable length 

of yearly time series to reach stationarity. This method uses the moving average 

(MA) series analysis (Brockwell and Davis, 1991) to screen the long-term behaviour 

of averages and their CVs. For a subset i of n consecutive time-equispaced data jiX +  

of the nX elements series (n≤nX) of a given variable X (for instance precipitation or 

temperature, the average is: 
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𝑋𝑖
𝑀𝐴 =

1

𝑛
+ ∑ 𝑋𝑖+𝑗

𝑛−1

𝑗=0

 (1) 

The 
MA

iX  values of each n-year MA series provide an average value and a 

standard deviation. For increasing n, this average tends to a given value while the 

CV generally decreases, even when the number of MA series decreases and finally 

there is only one, with n=nX for the average and n=nX–1 for the CV (Brockwell and 

Davis, 1991; Tesfaye et al., 2006). 

The average value of each n-year set of 
MA

iX  values is: 

𝑚𝑋 =
1

𝑛
+ ∑ 𝑋𝑖

𝑀𝐴

𝑛

𝑖=1

 (2) 

whose coefficient of variation is cvX. 

The average value of the CVs of each n-year set of 
MA

iX
 values is: 

𝑚𝐶𝑉𝑥 =
1

𝑛
+ ∑(𝐶𝑉𝑋𝑖

𝑀𝐴)

𝑛

𝑖=1

 , n≤nX-1 (3) 

whose coefficient of variation is cvCVX. 

The stationary values of mX and mCVX can be deduced for longer time series 

when the decreasing trend of cvX and cvCVX reaches a critical lower asymptotic 

limit (Brockwell and Davis, 1991; Simpson et al., 2013). Increasing values of n are 

required in order to identify the full temporal variability of the variables, and 

therefore the critical n-value to attain stationarity, hereafter denoted N. Averages 

and CVs for a common N-year period are needed to make a confident stationary 

evaluation of the variables determining streamflow (Simpson et al., 2013; Alcalá 

and Custodio, 2015; Alcalá et al., 2018). 
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4.2. SWAT MODEL 

4.2.1. Basic description 

Once stationarity for representative long-term streamflow predictions was 

verified, the hydrological modelling of the PRB was performed using the semi-

distributed SWAT rainfall–runoff model extension (Arnold et al., 1993, 1995, 1998) 

for the QGIS interface, called QSWAT (Dile et al., 2016) [QSAWT website: 

https://swat.tamu.edu/software/qswat/]. SWAT is a continuous-time, semi-

distributed, and physically based hydrological model that operates on a daily or 

hourly time step and uses spatially derived data on topography, land use, soil, and 

weather for stream-routed hydrology and water quality modelling (Arnold and 

Fohrer, 2005; Izady et al., 2015). SWAT is designed to predict and quantify surface 

and subsurface water flows through rivers and landscapes in basins with different 

climatic conditions, soil properties, land uses, and topography (Arnold et al., 1998). 

The hydrological routines within SWAT account for unsaturated zone processes 

(e.g., soil infiltration, evaporation, plants uptake, and lateral flow), groundwater 

flows (e.g., shallow and deep aquifer recharge), and snow accumulation and melt 

(Zhang et al., 2007). SWAT includes different statistical tools for measuring the 

quality of model predictions (Neitsch et al., 2005). 

SWAT includes the spatial heterogeneity by dividing the basin surface into 

multiple sub-basins attending to the river network and topography. The sub-basins 

are in turn subdivided into Hydrologic Response Units (HRUs) with homogeneous 

land use, management, and soil properties that produce homogeneous hydrologic 

responses not identified spatially within a SWAT simulation (Narsimlu et al., 2013). 

SWAT simulates the hydrological output of each sub-basin but does not 

discriminate the specific output from each HRU (Gassman et al., 2007, 2014). 

Streamflow generated in each HRU adds to the streamflow at the sub-basin outlet 

which in turn contributes to the observed streamflow at a given reference gauging 

station. From groundwater purposes, SWAT evaluates shallow aquifer recharge as 

a soil water balance component in each HRU of the different sub-basins. However, 

deep aquifer recharge is a water balance closure component since SWAT model is 

lumped itself and does not admit distributed aquifer parameters such as hydraulic 

conductivity, specific yield or piezometry. 
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For the hydrological cycle simulation, SWAT establishes two major operative 

components. The first one is the land phase, which determines the water balance in 

each sub-basin as response of climate, soil moisture, and energy inputs (Abbaspour 

et al., 2015). For a daily step, the dynamics of the water balance components can be 

expressed as: 

𝑆𝑊𝐹 = 𝑆𝑊𝐼 + ∑(𝑃 − 𝐸𝐴 − 𝑄𝑈 − 𝑊𝑆𝑆 − 𝑄𝐵𝑇)

𝑡

𝑗=1 𝑖

 (4) 

where t is the simulation period in days in which SWF is final soil-water 

content and SWI is initial soil-water content for plants uptake, and i is a given day 

(24-h) in which P is precipitation, EA is actual evapotranspiration, QU is surface and 

interflow runoff, WSS is percolation below the unsaturated zone, and QBT is 

baseflow, i.e., groundwater discharge from shallow (QBS) and deep (QBD) aquifers 

to streamflow (QT), all of them in mm H2O per day. 

Figure caption on next page. 
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Figure 3. Schematic of surface and subsurface water balance components implemented in 

SWAT model, modified from Luo et al. (2012). Notation for variables used (all in mm H2O 

per day) as (1) P is precipitation; (2) EA is actual evapotranspiration; (3) Q denotes 

streamflow components, where subscript T is total streamflow, U is surface and interflow 

runoff, S is surface runoff, L is lateral flow (interflow) from unsaturated soil, D is drainage 

from tiles, BT is baseflow from shallow aquifer and deep aquifer discharges, BS is baseflow 

from shallow aquifer discharge, and BD is baseflow from deep aquifer discharge; (4) W 

denotes transferable amount of water between two ground layers (hydrological zones), 

where subscript SS is seepage percolation from unsaturated zone to shallow aquifer, SD is 

seepage percolation from shallow aquifer to deep aquifer, RS is shallow aquifer recharge, 

and RD is deep aquifer recharge; and (5) S denotes water storage in a ground layer 

(hydrological zone), where subscript W is unsaturated (soil-root and vadose) zone, S is 

shallow aquifer (fluctuating saturated zone), and D is deep aquifer (permanent saturated 

zone). Notation for parameters used as (1) δ denotes delay time or drainage time (days) 

between two ground layers (hydrological zones), where subscript rs is in-transit WSS to WRS 

and rd is in-transit WSD to WRD; and (2) α denotes baseflow recession parameter (days), 

where subscript bs is shallow aquifer and bd is deep aquifer. 

The detailed simulation of the water balance components is described in 

SWAT manuals (Di Luzio et al., 2002; Neitsch et al., 2005; Winchell et al., 2010) and 

its description has been omitted. The Figure 3 shows the schematic of surface and 

subsurface water balance components implemented in SWAT model, and notation 

for variables and parameters used in this Thesis. 

Once SWAT model has implemented the land phase, the following step is the 

routing phase in which the movement of the streamflow components QU and QBT 

through the channel system towards the reference gauging station is defined 

(Neitsch et al., 2005). This research has integrated the 24-h predictions to provide 

monthly values. 

The baseflow component is a reliable proxy of the RGR in pristine basins with 

gaining streams (Lerner et al., 1990; Scanlon et al., 2002) when aquifer recharge and 

discharge can be equated because groundwater abstraction is nil, and direct 

evapotranspiration from shallow aquifers and underflow to deep aquifers is 

negligible. Originally developed for SWAT, the BFLOW program [BFLOW website: 

http://swatmodel.tamu.edu/software/baseflow-filter-program,2011] was used to 

separate the baseflow component from predicted streamflow by recursively 

passing a digital filter over an observed daily streamflow record (Nathan and 

McMahon, 1990; Arnold et al., 1995; Arnold and Allen, 1999; Szilagyi, 2003, 2004). 

The recursive digital filter of BFLOW uses the signal analysis and processing 

http://swatmodel.tamu.edu/software/baseflow-filter-program,2011
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developed by Lyne and Hollick (1979) to automatically separate low-frequency 

baseflow from high-frequency quick flow (Nathan and McMahon 1990). This 

procedure is, in fact, arbitrary and has no physical basis in groundwater flow 

theory (Arnold and Allen, 1999), despite that it provides easily automated, 

subjective, and repeatable baseflow estimations (Nathan and McMahon, 1990). The 

original filter given by Lyne and Hollick (1979) is expressed as: 

𝑄𝑈,𝑖 = γ. 𝑄𝑈,𝑖−1 +
1 + 𝛾

2
 (𝑄𝑇,𝑖 − 𝑄𝑇,𝑗−1) (5) 

where variables QU and QT (Figure 3) are in mm H2O per day, γ is the dimensionless 

filter parameter, and i is a 24-h streamflow record. Baseflow (QBT) is calculated as: 

𝑄𝐵𝑇,𝑖 = 𝑄𝑇,𝑖 − 𝑄𝑈,𝑖 (6) 

A γ value in the 0.90–0.95 range determines the baseflow attenuation; 

optimally γ being 0.925 (Nathan and McMahon, 1990; Arnold et al., 1998). This 

research integrates the 24-h QBT predictions to provide monthly values. 

4.2.2. Calibration and validation of model predictions 

Calibration was aimed at optimizing predictability of SWAT model through 

the comparison of observed and simulated streamflow data at the reference 

gauging station, searching for the best optimization of an objective function (Nash 

and Sutcliffe, 1970; Moriasi et al., 2007). Validation was aimed at testing the 

robustness of the model by using a period in which climatic conditions and 

subsequent streamflow records are different from those recorded during the 

calibration period. The validation used the values of the calibrated parameters. 

During the setting up, different uncertainties may cause the malfunction of 

the model. According to Bastin et al., (2013), Refsgaard et al. (2007) and Schuol et 

al. (2008), uncertainties may be introduced at (1) the input data stage by missing, 

error data, and adopted spatial and temporal scales; and (2) the model operation 
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level due to parameterization and formalisms used. The model performance must 

be improved to confirm its reliability by studying the difference between observed 

and simulated streamflow (Rollo, 2012). The free Calibration and Uncertainty 

Procedure (SWAT-CUP) Software integrates various calibration/uncertainty 

analysis algorithms for SWAT model (Abbaspour, 2015), such as Sequential 

Uncertainty Fitting version 2 (SUFI-2) (Abbaspour et al., 2004; 2007), Generalized 

Likelihood Uncertainty Estimation (GLUE) (Beven and Binley, 1992), Particle 

Swarm Optimization (PSO) (Eberhart and Kennedy, 1995), Parameter Solution 

(PARASOL) (Van Grinsven and Meixner, 2006), and Markov Chain Monte Carlo 

(MCMC) (Kuczera and Parent, 1998). 

The SUFI-2 algorithm was chosen in this Thesis for model calibration and 

validation because all sources of uncertainty introduced by the inputs and 

parameters can be mapped (Yang et al., 2008, 2011), and many parameters and data 

recorded in many weather and gauging stations can be simultaneously managed. 

Further documentation of the SUFI-2 algorithm can be found in Abbaspour et al. 

(2004). SUFI-2 assumes a large parameter uncertainty within the 95% prediction 

uncertainty (95PPU) that gradually decreases and offers different objective 

functions to assess the model performance in terms of water flows and absolute 

deviations (Bioteau et al., 2002; Moriasi et al., 2007). For model efficiency criteria, 

the following performance statistics were used: Nash–Sutcliffe efficiency (NSE), 

logarithm form of the NSE (ln NSE), coefficient of determination (R2), percent bias 

(PBIAS), root-mean-square error relative to standard deviation ratio (RSR), and 

Kling–Gupta efficiency (KGE) (Table 1). Validation uses the values of the calibrated 

parameters for a monthly time-step simulation. The ranges for the model 

performance statistics in the validation period indicated in Table 1 refers to the 

values proposed by Gupta et al. (1999), Santhi et al. (2001), and Moriasi et al. (2007, 

2012, 2015) for monthly time-step simulations. Section B.1 in Appendix B includes 

a detailed description of these model performance statistics (Di Luzio et al., 2002; 

Neitsch et al., 2005; Winchell et al., 2010). 
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Table 1. Equations, ranges and optimal values for SWAT model performance statistics, after 

Moriasi et al., (2007, 2012). 

Statistic and Equation a Description 

NSE: Nash–Sutcliffe efficiency coefficient 

= 1 −
∑ (𝑂𝑖 − 𝑆𝑖)2𝑛

𝑖=1

∑ (𝑂𝑖 − 𝑂̅)2𝑛
𝑖=1

 

NSE indicates a perfect match 

between observed and simulated 

data. NSE ranges from −∞ to 1. 

Values higher than 0.5 are 

considered satisfactory. 

lnNSE: logarithmic form of NSE 

= 1 −
∑ (ln 𝑂𝑖 − ln 𝑆𝑖)2𝑛

𝑖=1

∑ (ln 𝑂𝑖 − ln 𝑂̅̅ ̅̅ ̅)
2𝑛

𝑖=1

 

lnNSE emphasizes the low flows 

whereas NSE emphasizes the high 

flows. 

R2: coefficient of determination 

= [
∑ (𝑂𝑖 − 𝑂̅) ∙ (𝑛

𝑖=1 𝑆𝑖 − 𝑆̅)

[∑ (𝑂𝑖 − 𝑂̅)2𝑛
𝑖=1 ]

0.5
∙ [∑ (𝑆𝑖 − 𝑆̅)2𝑛

𝑖=1 ]
0.5]

2

 

R2 indicates the degree of linear 

relationship between observed and 

simulated data. R2 ranges from 0 to 

1. Values higher than 0.5 are 

considered satisfactory. 

PBIAS: percent bias 

=  
∑ (𝑂𝑖 − 𝑆𝑖) ∙ 100𝑛

𝑖=1

∑ (𝑂𝑖)𝑛
𝑖=1

 

PBIAS calculates the average 

tendency of the simulated data to 

be higher or lower than their 

observed counterparts. Perfect 

match is 0. Acceptable values are in 

the ±25% range. 

RSR: root-mean-square error relative to 

standard deviation of observed data 

=
√∑ (𝑂𝑖 − 𝑆𝑖)2𝑛

𝑖=1

√∑ (𝑂𝑖 − 𝑆̅)2𝑛
𝑖=1

 

RSR ranges from 0 to ∞. The lower 

the RSR, the lower the RMSE and 

the better the model performance. 

Values lower than 0.7 are 

considered acceptable.  

KGE: Kling–Gupta efficiency 

= 1 − √(𝑟 − 1)2 + (
𝜎𝑆

𝜎𝑂
− 1)

2

+ (
𝑆̅

𝑂̅
− 1)

2

 

KGE establishes equal weighting of 

the correlation, bias, and relative 

variability of observed and 

simulated data. KGE ranges from 

−∞ to 1. Values higher than 0.5 are 

considered satisfactory. 
a n is the number of observations, Oi is the ith observed data, 𝑂̅ is the mean of the n observed 

data, Si is the ith simulated data, 𝑆̅ is the mean of the n simulated data, r is the coefficient of 

correlation of the Oi and Si data pairs, and 𝜎𝑆 and 𝜎𝑂 are the standard deviation of the n Oi 

and Si data, respectively. 
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4.2.3. Input data and model set-up  

SWAT model requires the following inputs: digital elevation model, land use 

map, hydraulic and physical soil data, vegetation cover, and meteorological data 

such as daily precipitation, maximum and minimum air temperature, solar 

radiation, relative humidity, and wind speed. 

4.3. FUTURE CLIMATE SCENARIOS 

The calibrated and validated SWAT model for current hydrological 

conditions can be used to predict streamflow and the subsequent baseflow 

component for future climate scenarios. Data for the different climate change 

scenarios were collected from the Climate Change Toolkit (CCT) outlined by 

Vaghefi et al. (2017). Available at the Water Weather Energy Ecosystems website 

[http://www.2w2e.com], the CCT enables data extraction and set-up for climate 

change studies and hydrological applications. Precipitation and temperature data 

were extracted from the five Global Climate Models (GCMs) available in the CCT 

(GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC, and NoerESM1-M) for 

the historical baseline (1975–2005) and the future (2006–2099). In this Thesis, the 

Representative Concentration Pathways (RCPs) 4.5 and 8.5 emission scenarios 

were used to assess the potential changes in hydrological response in the PRB in 

the mid- (2040–2069) and long-term (2070–2099) future time horizons. 

Climate change scenarios were modelled in four steps. First, historical 

baseline and future GCM climate data was extracted from GFDL-ESM2M, 

HadGEM2-ES, IPSL-CM5A-LR, MIROC, and NoerESM1-M models. Next, the 

GCM products were regionalized to a specific area to obtain a meaningful 

interpretation of the impacts of climate change on a local scale. In addition, climatic 

data was corrected to eliminate potential biases (Chen et al., 2013). Statistical 

downscaling was used to bias-correct the future GCM data against the observed 

data. Different hydro-climatological studies (Vaghefi et al., 2019) have considered 

this statistical bias correction method satisfactory for downscaling the precipitation 

and temperature variables from the GCMs. The CCT software was used for data 

downloading, spatial downscaling and correcting the GCMs for bias. 
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The third step was to select GCMs according to their ability to reproduce 

historical baseline climatology in the study area. A comparative analysis of GCM 

products, previously downscaled and bias corrected, was performed. This task was 

completed using the methodology developed for aquifer recharge projections 

under future climate change scenarios introduced by Pulido-Velazquez et al. 

(2015a). This method compares the monthly means and standard deviations for an 

average year of historical and GCM (hereafter Regional Climate Model, RCM) 

precipitation and temperature series over the same period. For this purpose, the 

index Id was used to measure the goodness-of-fit obtained for each RCM by adding 

the changes (increases) in the means and standard deviations of the control series 

over the historical period 1980–2004 for both climatic variables, as: 

𝐼𝑑𝑖  = ∑ 𝐼𝑑𝑖(𝑉𝑛𝑆𝑚)

2

𝑛,𝑚=1

 

𝐼𝑑𝑖(𝑉𝑛𝑆𝑚) = ∑[(𝑉𝑛𝑆𝑚)
𝑖
𝑗 − (𝑉𝑛𝑆𝑚)𝐻

𝑗 ]

12

𝑗=1

(𝑉𝑛𝑆𝑚)𝐻
𝑗⁄ , 

(7) 

where the subscript i denotes a specific RCM, the subscript H denotes historical, 

the superscript j represents the months of a mean year, V1 is mean precipitation, V2 

is mean temperature, and S1 and S2 are the monthly mean value and monthly 

standard deviation for a specific RCMi, respectively. 

Once the four Id indexes for each RCM were obtained, each corresponding to 

the mean value and standard deviation of the precipitation and temperature series, 

the superior models in terms of goodness-of-fit to the observed time series were 

selected. Finally, the simulation results from the selected RCMs, such as daily 

precipitation and maximum and minimum air temperature data for both scenarios, 

were used as SWAT model inputs to generate the streamflow responses and 

subsequent baseflow predictions in the mid- and long-term future time horizons. 
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4.4. GROUNDWATER DYNAMICS 

4.4.1. Basic rationale  

The correct use of any numerical simulation model as decision-support tool 

requires an additional effort to conceptualize the hydrological functioning of the 

modelled system to improve evaluations and predictions. In scarcely monitored 

areas, the groundwater dynamics deduced from SWAT model (and other rainfall–

runoff numerical models) can be unsatisfactory in what concerns to the essential 

features of the groundwater resource. So, additional techniques to those included 

in SWAT were used to assess (i) the baseflow faction of streamflow over a control 

period, (ii) the resource renewability via different average groundwater age from 

different hydraulically-connected aquifers (different spatiotemporal dynamics) 

contributing to streamflow, and (iii) other essential groundwater parameters for 

sustainable management based on a better knowledge of the aquifer functioning 

(Freeze and Cherry, 1979; Edmunds, 2012). Next two sections describe the 

saturated zone routed techniques used to achieve these targets. 

4.4.2. Tracer techniques  

Some chemical and isotope tracers can be used to quantify the atmospheric 

bulk deposition (precipitation, dust, aerosols, …) control on the chemical and 

isotopic background (baseline) of groundwater, as well as to identify how certain 

endogenous sources may contribute to groundwater modifying its initial 

atmospheric baseline. Other tracer applications based on the chemistry of dissolved 

inorganic carbon (DIC) are of special interest to interpret groundwater radiocarbon 

data. 

In this Thesis, hydrochemistry and isotope data generated in the framework 

of two international R&D projects (Larrea et al., 2016; Alcalá, 2016) were used. This 

information included major and some minor dissolved components in mg/L (Cl–, 

SO4–2, DIC —HCO3– being the main DIC species—, Br–, Li+, Na+, K+, Ca+2, and Mg+2), 

stable isotopes in ‰ (δ18O and δ2H referred to the V-SMOW standard, and δ13CDIC 

referred to the V-PDB standard), and radioisotopes tritium (3H) as tritium units 

(TU) and radiocarbon (14CDIC) activity (A14C) as percent modern carbon (pmc). For 
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simplicity, the ion charge of chemical species is not indicated, except when needed. 

When the ion symbol is preceded by ‘r’, it means that the value is expressed in 

meq/L. 

The interpretative basis included (i) hydrochemical discretization of water 

types; (ii) molar ratios rCl/rBr, rCl/rSO4, rNa/rK, rNa/rLi, rMg/rCa and rCl/rHCO3 

to identify sources of salinity modifying the original atmospheric baseline of 

groundwater (Davis et al., 2004; Alcalá and Custodio, 2008a; Custodio and Jódar, 

2016; Horner et al., 2017; Urrutia et al., 2022); (iii) water-stable isotopes δ18O and 

δ2H to identify conditions for aquifer recharge (Cartwright et al., 2006; Vengosh et 

al., 2007; Urrutia et al., 2022); (iv) 3H to date modern groundwater and surface-

water (Cook et al., 2005; Herrera and Custodio, 2014); and (v) δ13CDIC to elucidate 

the atmospheric and sub-surface sources of DIC as a prerequisite to use A14C to 

date old groundwater (Vengosh et al., 2007; Burg et al., 2013; Huang et al., 2017; 

Han and Wassensaar, 2021). 

Chemical and isotope tracers behaving a quite conservative behaviour during 

the hydrogeological processes are useful to implement a binary mixing model of 

the two end members that contribute to streamflow (QT), both baseflow (QBT) and 

surface and interflow runoff (QU). The selected conservative tracers were rCl/rBr 

molar ratio, water-stable isotope δ18O and radioisotope 3H. The water and tracer 

mass balances were expressed as: 

𝑄𝑇 = 𝑄𝐵𝑇 + 𝑄𝑈 (8a) 

𝑄𝑇𝑅𝑄𝑇 = 𝑄𝐵𝑇𝑅𝑄𝐵𝑇 + 𝑄𝑈𝑅𝑄𝑈 (8b) 

or alternatively in relative terms as: 

1 = 𝑥 + 𝑦 (9a) 

𝑅𝑄𝑇 = 𝑥𝑄𝑄𝐵𝑇 + (1 − 𝑥)𝑅𝑄𝑈 (9b) 

The QBT fraction x contributed to QT is: 

𝑥 =
𝑅𝑄𝑇 − 𝑅𝑄𝑈

𝑅𝑄𝐵𝑇 − 𝑅𝑄𝑈
 (10) 
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where QT, QBT and QU are in mm H2O [L2 T−1] over a control period, and R is the 

tracer content of the balance component identified by the subscript. 

Radioisotopes 3H and 14C were used to calculate average groundwater age. 

Because hydrodynamic dispersion is small in many aquifers, groundwater ages 

using radioisotopes closely approximate hydraulic ages (sub-surface residence 

times) of the water (Ekwurzel et al., 1994; Cook et al., 2005). The assumption of 

constant atmospheric contents of a given radioisotope allows average groundwater 

age (GA) to be calculated from the measured concentration (activity) of the 

radioisotope (Cm) in water using the decay equation (Clark and Fritz, 1997; 

Cartwright et al., 2020; Han and Wassenaar, 2021): 

𝐺𝐴 = −
𝑡1/2

ln (2)
𝑙𝑛 (

𝐶𝑚

𝐶𝑖 · 𝑓
) (11) 

where GA is in T (typically in year), Ci is the initial concentration (activity in pmc) 

of the radioisotope in the recharging water, in which the atmospheric concentration 

of the radioisotope is diminished by the disintegration during the transit time 

through the unsaturated and saturated zones, assumed constant, and f is a 

dimensionless correction factor to account for other non-atmospheric sources of the 

radioisotope affecting Ci; for 3H, the half-life (t1/2) is 12.32±0.02 year, and for 14C, t1/2 

is 5700±30 year. 

For reported 3H data, no correction was considered, thus f =1. For reported 
14C data, f = f’·f’’ and additional correction was needed. The calculation of the 

dimensionless correction factors f’ and f’’ was based on measurable or deducible 
13C and 14C data. Factor f’ reverts the reported normalized 14C values to non-

normalized ones (Clark and Fritz, 1997; Han and Wassenaar, 2021). Factor f’’ 

implies a 13C and 14C binary mixing of two inorganic carbon reservoirs contributing 
13CDIC and 14CDIC to groundwater, for instance biogenic soil CO2 (S) and dead carbon 

volcanic CO2 (M) (Atkinson et al., 2014; Han and Wassenaar, 2021). 

 

𝑓′ = (
1 +

𝛿 𝐶⬚
13

𝑚

1000
0.975

)

2

 (12) 



 LILIA PEÑAFIEL 

 

80 

𝑓′′ = 1 −
𝐶⬚

14
𝑆 − 𝐶⬚

14
𝑀

𝐶⬚
14

𝑀

·
𝛿 𝐶⬚

13
𝑆 − 𝛿 𝐶⬚

13
𝑚

𝛿 𝐶⬚
13

𝑆 − 𝛿 𝐶⬚
13

𝑀

 

 

(13) 

where 14CS and 14CM are the A14CDIC of the end members S and M in pmc, δ13CS and 

δ13CM are the 13CDIC content of the end members S and M in ‰, and δ13Cm is the 

measured 13CDIC content in the water sample in ‰. 

No further correction referred to pass atmospheric 3H and 14C contents was 

applied. Thus, the calculated ages are conventional instead of corrected or actual 

ones (Han and Wassenaar, 2021). 

4.4.3. Sampling and analytical methods  

Representative water points concerning to the Pita River course and 

groundwater discharge from shallow and deep aquifers were sampled over a 

control period. Water samples were initially preserved in a cold box and later 

transferred to a refrigerator in the laboratory. Field work included measurements 

of temperature, pH, and conductivity. Water samples were filtered immediately 

upon reaching the laboratory. They were delivered to national and international 

laboratories upon refrigerating conditions. Numerical treatment of atmospheric 

bulk deposition and spring discharge data following procedures described by 

Alcalá and Custodio (2008b) and Alcalá et al. (2011), respectively. 

The following analytical remarks refer to the samples reported by Larrea et 

al. (2016) and Alcalá (2016). The physicochemical analyses carried out in the 

EPMAPS Laboratory in Quito (Larrea et al., 2016) were (i) temperature (T), pH, and 

electric conductivity (EC) by means of electrometric techniques, with precision of 

±0.1°C, ±0.1, and ±1µS/cm for T, pH, and EC, respectively; (ii) Na, K and Li by 

atomic emission spectrometry (AES), using a Varian Vista MPX® inductively 

coupled plasma (ICP) spectrophotometer with argon emission detection; and (iii) 

SO4, Cl, HCO3, Ca, and Mg by flame atomic absorption spectrophotometry, using 

a Varian SF 330® spectrophotofluorometer with continuous flow auto-analysers. 

The detection limits in mg/L were 1 for Na, K, Ca and Mg, 3 for SO4 and HCO3, and 

0.2 for Li. In the Geological Survey of Spain (IGME–CSIC) Laboratory in Madrid, 

SO4, Cl and Br were additionally analysed, using a DIONEX 600® high-performance 

liquid (anionic) chromatograph (Alcalá, 2016). The detection limits in µg/L were 
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180 for SO4, 100 for Cl, and 1 for Br. The analytical determinations followed the US 

EPA 300.1 method (Hautman and Munch, 1997) on filtered unacidified samples. 

The average precision of the analysis carried out in the EPMAPS and IGME–CSIC 

Laboratories was better than ±5% (±1σ). 

Stable isotopes (δ18O, δ2H, and δ13CDIC) and radioisotopes (3H and 14CDIC) were 

determined in the IAEA Isotope Laboratory in Vienna. Water-stable isotopes (δ18O 

and δ2H) were measured using a gas-source Isotope Ratio Mass Spectrometer 

Finnigan Delta S. Hydrogen samples were reacted at 750 °C with Cr metal using a 

Finnigan H/Device coupled to a mass spectrometer. For oxygen, the samples were 

equilibrated with CO2 gas at approximately 15 °C in an automated equilibration 

device coupled to a mass spectrometer. The measurement standard deviations 

were ± 0.1‰ for δ18O and ± 1‰ for δ2H (±1σ). Isotopic ratios for δ2H and δ18O were 

reported for the V-SMOW standard. 

Liquid Scintillation Counting was used to determine tritium (3H). The results 

of 3H were reported in tritium units (TU) and the analytical error was ±0.09 TU. 

As reported in Larrea et al. (2016) and Alcalá (2016), dissolved inorganic 

carbon (DIC) was measured in the laboratory because the influence regarding its 

measurement in the field is often small when HCO3– is the main DIC species, as 

corroborated previously. CO2 was extracted from the water sample by addition of 

phosphoric acid in a vacuum pumped system. An aliquot of this CO2 was 

combusted at around 800 °C under a 100% oxygen atmosphere, first dried with 

methanol/dry ice, and measured on a gas-source isotope ratio mass spectrometer. 

δ13C was measured on a gas-source Isotope Ratio Mass Spectrometer (IRMS) and 

referred to the V-PDB standard, and its measurement error was better than ±0.06‰ 

(±1σ). The rest of the obtained CO2 in the water sample was subjected to 

graphitization to measure 12C, 13C and 14C by using an Accelerator Mass 

Spectrometer (AMS) on graphite produced by hydrogen reduction of the CO2 

sample over a cobalt catalyst. The results of 14C (radiocarbon) activity (A14C) were 

reported in pmc (percent modern carbon), and they are relative to the normalized 

(standardized) 14C amount in the calibration standard as a combination of δ13C AMS 

and δ13C IRMS values. The reported error of the normalized A14C data was in the 

range of 0.04–0.36 pmc. 
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4.4.4. Darcian-based formulations  

Some Darcian-based formulations were used to assess groundwater 

residence (renewal) time and total groundwater discharge; these variables are not 

evaluated by SWAT model. These variables can not only assess the renewability of 

the resource, but also provide sound evidence to show that the groundwater 

resource is generated by modern or old recharge (Kazemi et al., 2006; Suckow, A., 

2014; Cartwright et al., 2020; Li et al., 2022). 

Groundwater residence (renewal) time (GT) is the time it takes for particles of 

water to travel from the recharge area to the discharge area of the aquifer (Modica 

et al., 1998; Kazemi et al., 2006; Li et al., 2022). Average one- and three-dimensional 

GT were roughly calculated from aquifer hydraulics data by assuming a 

predominant piston (plug) flow condition (Custodio and Llamas, 1983; Alcalá et 

al., 2011; 2015; 2018) as: 

𝐺𝑇 ≈
𝐻

𝑅
 (14a) 

𝐺𝑇 ≈
𝑉

𝐹
≈

𝐻 · 𝐴𝐴

𝑅 · 𝐴𝐵
 

 

(14b) 

where GT is in T (typically in year), R is the one-dimensional steady aquifer recharge 

in L·T–1, F is the three-dimensional steady water flow input in L3·T–1, H is the aquifer 

saturated thickness in L, V is the aquifer saturated volume in L3, AA is the two-

dimensional aquifer extension (the product of width and length) in L2, and AB is the 

two-dimensional basin surface receiving recharge and contributing to aquifer 

storage in L2. 

GT is distinguished from groundwater age (GA), which is the elapsed time 

since a given water molecule was recharged until it reaches a specific location in 

the system where is evaluated (Kazemi et al., 2006; Suckow, 2014). Thus, GA and GT 

are equivalent at the aquifer discharge point or at the basin outlet when the basin 

surface roughly coincides with the boundary of an aquifer whose main 

contribution to streamflow occurs at the basin outlet or close to it (Alcalá et al., 

2015; 2018). In this circumstance, Equations 14a and 14b were combined to express 

average GT (Herrera and Custodio, 2014) as: 
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𝐺𝑇 ≈
𝐻

𝑅
≈

1

𝜆
(

𝐶𝑖·𝑓

𝐶𝑚
− 1) (15a) 

𝐺𝑇 ≈
𝑉

𝐹
≈

1

𝜆
(

𝐶𝑖 · 𝑓

𝐶𝑚
− 1) 

 

(15b) 

where λ = ln(2)/t1/2, being 5.62·10–2 year for 3H and 1.21·10–4 year for 14C. 

The Coutagne (1948) formulation was used for subsurface groundwater 

discharge transmitting through the aquifer to the basin outlet (QA). No thresholds 

for QA due to aquifer geometry and hydraulic-head limitations were imposed. One- 

and three-dimensional ST were expressed as: 

𝑄𝐴 =
(𝐻 · 𝑆)𝑏

𝐺𝑇
 (16a) 

𝑄𝐴 =
(𝐻 · 𝐴𝐴 · 𝑆)𝑏

𝐺𝑇
 

 

(16b) 

where QA is in L·T–1 (1D; Equation 16a) or L3·T–1 (3D; Equation 16b), b is a 

dimensionless flow-path form parameter determined by the aquifer geometry used 

to capture the effect of the aquifer geometry on groundwater discharge flow paths 

(Chapman, 1999), and S is the dimensionless aquifer specific yield or drainable 

porosity for unconfined aquifers. In Equation 16a, GT was derived from Equations 

14a or 15a. In Equation 16b, GT was derived from Equations 14b or 15b. 

Total groundwater discharge (DT) includes QA and the baseflow fraction 

contributed to streamflow (BBT); the latter is evaluated by SWAT model. DT was 

expressed as: 

DT = QA + QBT (17) 

where DT, QA and QBT are in L·T–1 (1D, typically in mm H2O per year) or L3·T–1 (3D, 

typically in m3 H2O per year). Average yearly values of DT, QA and QBT were 

evaluated over the entire modelling period instead of from yearly time series. 

Average GT and/or GA are a part of the necessary data for optimal 

groundwater evaluation prior further exploitation. Groundwater exploitation 
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implies exhaustion. The rate of groundwater reserve exhaustion is assumed 

exponential and was estimated as: 

𝐸 =
4𝑇

𝐿2 · 𝑆
 (18) 

where T is the aquifer transmissibility in L2·T–1 (typically in m2 day–1), which is the 

product of aquifer hydraulic conductivity (K) in L·T–1 (typically in m day–1) and H 

in L (m), and L is the aquifer dimension (width) in L (in m). 

The time to exhaust half the groundwater reserve was expressed as: 

𝐸𝑇 =
ln (2)

𝐸
 (19) 

where ET is in T (typically in year). 
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V -  RESULTS AND DISCUSSION 

Chapter V was divided into four sections. Section 5.1 provided the critical 

stationarity period for a confidence modelling. Section 5.2 presented the SWAT 

model results concerning the modelling of current, stationary streamflow, 

including used input data and calibration and validation analysis. Section 5.3 

presented the SWAT model results concerning the modelling of future streamflow 

scenarios, including data sources and climate scenarios implemented. Finally, 

Section 5.4 described the results provided by the tracer techniques and Darcian-

based formulations in relation to the essential variables for deducing groundwater 

dynamics in the PRB. 

5.1. STATIONARITY OF THE MODELLING PERIOD 

5.1.1. Stationarity analysis 

Determining the stationary condition of a water balance based on short, 

biased or incomplete time series of key variables is a crucial step not sufficiently 

documented in the scientific literature (Alcalá and Custodio, 2015; Alcalá et al., 

2018). An illusory low uncertainty of the evaluation may hide an insufficient 

temporal representativeness of the balance period. As will be described in Section 

5.2, available model input data in the PRB area could be short for a reliable long-

term evaluation, so it’s necessary to ensure the stationarity condition of the 

modelling period prior using SWAT model as decision-support tool. 

Considering that dynamics of precipitation (P) and temperature (T) is 

inferred by global climatic forces, and they ultimately determine streamflow (QT), 

the 54-year P and T time series (period 1964–2017) from Izobamba weather station 

(Figure 1b) were used to define the critical balance period for variables to reach a 

comparable stationary condition needed for long-term representativeness; basic 

statistics of P and T time series from Izobamba weather station are in next section 

(Table 2). In the PRB area, the critical N-year period was defined by studying the n-

year MA mX and mCVX series built for yearly P and T time series (Figure 4). The 
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wide range for 1-year MA mX series quickly narrowed with increasing n. However, 

the averaging interval (the subset length) does not significantly influence the mX 

values (Figure 4a). The wide range for 2-year MA mCVX series also narrowed with 

increasing n (Figure 4b), albeit the mCVX values slightly increased with n 

(periodicity effect) from 0.01–0.39 and 0–0.06 for n=2 MA series of P and T variables, 

respectively, up to 0.17 and 0.03 for n≥40 MA series of P and T variables, 

respectively. These results explain why a short modelling period must has 

produced a poor evaluation of QT, since their natural uncertainties may vary from 

illusory accuracy (low CVs) to excessive uncertainty (high CVs), and more so the 

shorter the series is. 

Figure 4. Results from the n-year moving average (MA) analysis of yearly precipitation (P) 

and temperature (T) time series from the 54-year long Izobamba weather station (see basic 

statistics in Table 2 in next section), with n≤nX for series of averages and n≤nX-1 for series 

of coefficients of variation (CVs); nX = elements series. (a) Average value of the MA series 

of averages, mX: mP and mT, mm year-1. (b) Dimensionless average value of the MA series 

of CVs, mCVX: mCVP and mCVT. (c) Dimensionless error (coefficient of variation) of the 

MA mX series, cvX: cvP and cvT. (d) Dimensionless error (coefficient of variation) of the 

MA mCVX series, cvCVX: cvCVP and cvCVT. N = N-year period for stationarity. 

As n increased, the number of MA series decreased, and the estimation of 

dimensionless errors (cv) became impaired. However, even under this 

circumstance, cvX reached a lower asymptotic limit below 0.05 and 0.03 after 12-

year MA series for P and T variables, respectively (Figure 4c), whereas cvCVX 
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reached that asymptotic limit below 0.05 after 28-year and 22-year MA series for P 

and T variables, respectively (Figure 4d). Thus, N=12-year seems a critical 

modelling period for the stationary evaluation of QT in the PRB area, to be biased 

by assumable values of ˂ 0.05 and ˂ 0.1 after 12 years for averages and CVs, 

respectively. SWAT model was operated over the period 2003–2015 (Figure 5), 

which lightly surpasses the N=12-year critical modelling period for the stationary 

evaluation of QT in the PRB area. Long-term significance for these thirteen years 

was evaluated from the cyclicity analysis of the global El Niño–Southern 

Oscillation (ENSO) index [ENSO website: 

https://origin.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/enso.shtml] 

(Figure 5a). The ENSO index controls long-term P (Figure 5b) and T (Figure 5c) 

regimes in the pacific versant of the Andean Highland in northern Ecuador (Kumar 

al., 2000; Bendix, 2000; Bendix et al., 2004; IPCC, 2007; Makowski Giannoni et al., 

2016). 

The oscillating trend of yearly P and T time series from Izobamba weather 

station (Figure 5) corroborates the existence of irregular 4–14-year long cycles with 

imperfect 2–7-year positive and negative phases that follow the ENSO cyclicity. 

The modelling period 2003–2015 covers one of these cycles with average P of 

1,452±277 mm year–1 and T of 12.2±0.4 ºC that almost match those average values 

deduced from the 54-year long P and T records. So, the 13-year modelling period 

is considered representative enough for a stationary evaluation of QT using SWAT 

model. 
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Figure 5. For years 1964–2017 in the PRB area, (a) Normalized El Niño–Southern Oscillation 

(ENSO) index [ENSO website: 

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php]; 

(b) yearly precipitation (P) time series from Izobamba weather station and cumulative 

deviation (CD) from its average yearly P, mm year-1; (c) yearly temperature (T) time series 

from Izobamba weather station and CD from its average yearly T, ºC. For (a) and (b), 0.2 

percentile, average (0.5 percentile), and 0.8 percentile of yearly data series are indicated. 

Vertical grey shading indicates the entire modelling period 2003–2015, including the 2003–

2005 warm-up (WU), 2006–2010 calibration (CA), and 2011–2015 validation (VA) periods 

implemented in SWAT model. 

https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
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5.2. MODELLING OF STATIONARY STREAMFLOW  

5.2.1. SWAT model setup 

After verifying that the modelling period 2003–2015 enables a stationary 

evaluation of QT, SWAT model was first required to adapt the standardized 

databases for the USA to the local weather, land and soil conditions of the PRB. For 

this data treatment, SWAT includes the Weather Generator (WGEN) program 

(Sharpley and Williams, 1990; Neitsch et al. (2011). The model setup used five 

groups of input data, as follows: 

1. The 30-m-resolution Digital Elevation Model (DEM) of Ecuador (Datum 

PSA56) from SavGIS website [http://www.savgis.org/ecuador.htm] was 

used to define the basin and sub-basins boundaries (Figure 1b). No further 

data treatment was required. 

2. Daily records of precipitation and maximum and minimum air temperature 

from weather stations located in and around the PRB (Figure 1b) were used 

for spatial discretization of precipitation and temperature by using the daily 

weather generator algorithm dGen (Schuol and Abbaspour, 2007). These 

data were compiled from the public repositories of EPMAPS (EPMAPS, 

2017), Institute for Meteorology and Hydrology of Ecuador (INAMHI) 

(INAMHI, 2017), and Fund for the Protection of Water of Ecuador (FONAG) 

over the period 1964–2017 (Figure 1b; Table 2). After a first analysis of data 

goodness, only some precipitation and temperature data series in the PRB 

(see location in Figure 1b) were selected to build the SWAT model; these 

selected stations are indicated in Table 3. 

3. Soil data typologies deduced from the Quito Soil Map (scale 1:200,000) after 

Mejía et al. (1978) and MAG-ORSTOM (1978) (Figure 1d) and experimental 

soil data from the PRB compiled from Peñafiel (2009) and Lahuette and 

Recalde (2015) (Table 4) were updated attending to the Harmonized World 

Soil Database v.1.2 (HWSD) classification (FAO/UNESCO, 1988; FAO, 2015). 

A first comparison of andosol parameters from HWSD and Lahuette and 

Recalde (2015) revealed relative error in the range of ±0.05 (Table 5). Given 

this low relative error, HWSD was used to characterize the soil types in the 
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study area from information on soil texture, hydraulic conductivity and 

water content, among others for two layers depths (0–0.3 m and 0.3–1 m) 

(Nachtergaele et al., 2008). There are four soil types in the study area: 

andosol, gleysol, phaeozem y regosol (Table 5). 

4. Digital land-use map (scale 1:25,000) from FONAG (2018) [FONAG website: 

http://infoagua-guayllabamba.ec/repositorio/web/documento/index] and 

additional information from CLIRSEN-EMAAP-Q (2006) were used to 

define the land-use Units of the PRB (Figure 1e), where 70% of the main land 

use in the PRB is páramo grassland, followed by 15% barren land (Figure 

1e). 

5. Daily streamflow records from gauging station Q5 at the PRB outlet and 

monthly streamflow records from gauging stations Q1 through Q4 at the 

outlet of some sub-basins were compiled from the EPMAPS repository 

(EPMAPS, 2017). These data were used to compare with simulated 

streamflow (Figure 1b; Table 2). 

SWAT offers three options to calculate potential evapotranspiration (EP) 

through the Priestley–Taylor, Hargreaves, and Penman–Monteith models. Because 

only daily records of precipitation and maximum and minimum temperature are 

available in the PRB area, the non-global Hargreaves model was used to estimate 

potential evapotranspiration (EP) (Hargreaves, 1994; Nachtergaele et al., 2008). In 

temperate, humid regions, Oudin et al., (2005) proved that parsimonious 

precipitation- and temperature-based models estimate similarly well EP to other 

more data-requiring global models. Actual evapotranspiration (EA) was calculated 

as the sum of actual plant-canopy interception, plant transpiration, and soil 

evaporation by using an approach similar to that reported by Ritchie (1972). See 

details in SWAT manuals (Di Luzio et al., 2002; Neitsch et al., 2005; Winchell et al., 

2010). 

In spite that SWAT model does not uses hydrogeological information to 

calculate the baseflow component, lithology (scale 1:50,000) (Malo et al., 1980; 

Clapperton, 1993; Hall and Mothes, 2008) (Figure 1c), hydraulic conductivity 

(permeability) and specific yield of the geological formations 

(PETROECUADOR, 2005; EPMAPS, 2006a, 2006b, 2012), as well as piezometry 

and hydraulic gradients deduced from direct observation and geothermal 

http://infoagua-guayllabamba.ec/repositorio/web/documento/index
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modelling (Hemmings et al., 2016) were compiled (Table 6). These data constituted 

the inputs of the tracer and Darcian-based techniques selected to deduce basic 

groundwater parameters, which complements the SWAT model evaluation, as will 

be described in Section 5.2. 
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Table 2. Description of weather (W) and streamflow gauging (Q) stations used in this research. 

ID Name Network Variable 
Coordinates   Elevation 

(m a.s.l.) 

Sampling period 
Years % Gap P a σP a T b σT 

b QT c σQT c 
Latitude Longitude From To 

W1 La Mica EPMAPS P 0° 31' 26" S 78° 13' 34" W  3922 01-01-1988 31-12-2017 30 8 762 224     
W2 Maucatambo EPMAPS P 0° 40' 30" S 78° 20' 60" W  3840 01-01-2003 31-12-2017 15 13 1049 365     
W3 Yangahuagra EPMAPS P 0° 38' 53" S 78° 20' 24" W  3972 01-01-2004 31-12-2017 14 8 1053 155     
W4 Bocatoma EPMAPS P 0° 29' 49" S 78° 26' 17" W  3387 01-01-2003 31-12-2017 15 15 1217 436     
W5 Izobamba INAMHI P,T 0° 21' 57" S 78° 33' 18" W  3058 01-01-1964 31-12-2017 54 0 1442 246 11.9 0.4   
W6 Mudadero FONAG P,T 0° 37' 01" S 78° 24' 07" W  3866 07-02-2012 31-12-2017 6 3 721 224 6.3 0.3   
W7 Cotopaxi FONAG P,T 0° 33' 50" S 78° 26' 35" W  3670 01-01-2008 31-12-2017 10 6 941 212 7.2 1.2   
W8 El Carmen  FONAG T 0° 30' 07" S 78° 19' 59" W  4100 29-11-2009 31-12-2017 8 1   4.8 0.5   
W9 Gordillo FONAG T 0° 25' 05" S 78° 21' 25" W  3248 08-02-2010 31-12-2017 8 1   11.5 0.6   
Q1 Pita EPMAPS QT 0° 37' 28" S 78° 22' 56" W  3895 01-01-2003 31-12-2015 13 98     0.7 0.3 

Q2 Mudadero 2 EPMAPS QT 0° 37' 19" S 78° 22' 60" W  3877 01-01-2003 31-12-2015 13 98     0.6 0.4 

Q3 Salitre EPMAPS QT 0° 35' 32" S 78° 24' 24" W  3760 01-01-2003 31-12-2015 13 98     2.2 0.8 

Q4 Proaño EPMAPS QT 0° 33' 60" S 78° 25' 44" W  3641 01-01-2003 31-12-2015 13 98     2.5 1.1 

Q5 Bocatoma  EPMAPS QT 0° 29' 48" S 78° 26' 08" W  3361 01-01-2005 31-12-2017 13 16     2.6 1.4 

ID and location as in Figure 1b.  
a P—average annual precipitation and its standard deviation (σP) in mm year–1. 
b T—average daily temperature and its standard deviation (σT) in ºC. 
c QT—average daily streamflow and its standard deviation (σQT) in m3 s–1 

  



 CHAPTER V – RESULTS AND DISCUSSION 

 

95 

Table 3. Description of the essential weather (E) and stream-gauging (A) stations in the PRB used to build the stationary SWAT model. 

ID Name Latitude Longitude Elevation 

(m a.s.l.) 

Variable P a T a Q a 

E1 Maucatambo 0°40'30" S 78°20'60" W 3,845 P 1,049   

E2 Yangahuagra 0°38'53" S 78°20'24" W 4,040 P 1,053   

E3 Mudadero 0°37'01" S 78°24'07" W 3,866 P, T 721 6.3  

E4 Cotopaxi 0°33'50" S 78°26'35" W 3,670 P, T 941 7.2  

E6 Bocatoma 0°29'49" S 78°26'17" W 3,360 P 1,217   

E7 El Carmen  0°30'07" S 78°19'59" W 4,100 T  4.8  

E9 Gordillo 0°25'05" S 78°21'25" W 3,248 T  11.5  

A1 Bocatoma  0°29'49" S 78°26'08" W 3,380 Q   2.6 

ID as in Figure 1b.  
a Average annual values of P—precipitation in mm, T—temperature in ºC, and Q—streamflow in m s–1 over the period 2003–2015. 
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Table 4. Hydraulic properties of different soil typologies surveyed at the PRB, after literature data. 

ID Name Soil type 

Coordinates Elevation 

(m a.s.l.) Date WRC a AIR b FC c Reference Latitude Longitude 

T1 Panzapamba Andosol 1 0°30'55"S 78°25'24"W 3551 22-Mar-2007 0.39 29.6  Peñafiel (2009) 

T2 Derrumbopungo Andosol 2 0°34'06"S 78°24'18"W 3915 19-Mar-2007 0.51 42.5  Peñafiel (2009) 

T3 Salitre Andosol 2 0°35'41"S 78°23'48"W 3875 23-Mar-2007 0.52 40.1  Peñafiel (2009) 

T4 Carcelén Phaeozem 0°36'56"S 78°20'11"W 4048 21-Mar-2007 0.35 0.42  Peñafiel (2009) 
T5 Norte Cotopaxi Leptosol 0°33'56"S 78°26'06"W  3666 20-Mar-2007 0.69 119.2  Peñafiel (2009) 

T6 Mudadero 2 Andosol 3 0°37'36"S 78°21'27"W 3939 09-Jun-2013 0.69  0.46 Lahuatte and Recalde (2015) 

T7 Mudadero 3 Andosol 3 0°37'36"S 78°21'24"W 3941 09-Jun-2013 0.72  0.50 Lahuatte and Recalde (2015) 
T8 Mudadero 5 Andosol 3 0°37'36"S 78°21'49"W 3915 09-Jun-2013 0.71  0.47 Lahuatte and Recalde (2015) 

ID and location as in Figure 1d.  
a WRC—Water retention capacity in cm3 cm–3. 
b AIR—Average infiltration rate in mm d–1. 
c FC—Field capacity as a dimensionless fraction. 
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Table 5. The Harmonized World Soil Database (FAO / UNESCO, 1988) soil data used in the SWAT model and andosol experimental data obtained from Lahuette and Recalde 

(2015) in the PRB. 

 Andosol  Gleysol Phaeozem Regosol 

Parameter HWSD Experimental data a  HWSD HWSD HWSD 

HWSD code b / sample ID c 16206 s1 s2 s3 s4 RE d  16207 16197 16201 

Depth, m 0.30 0.40 0.17 0.40 0.36 0.10  0.30 0.30 0.30 

Field capacity (FC), mm H2O 150.0 185.6 84.2 198.3 169.7 0.06  150.0 150.0 150.0 

Wilting point (WP), mm H2O  134.8 61.1 136.0 147.6      

Saturation (SA), mm H2O  317.2 135.3 289.0 290.7      

pH, H2O 5.1 5.8 5.6 5.7 5.71 0.11   6.20 8.50 

Organic carbon, % weight 13.1 15.3 14.5 13.0 14.5 0.08  0.80 0.88 0.34 

Bulk density, g cm3 0.7 0.85 0.76 0.74 0.76 0.13  1.29 1.36 1.29 

Sand fraction, % 27 38 40 38 34 0.28  8 60 48 

Silt fraction, % 56 43 43 47 55 -0.19  57 31 49 

Clay fraction, % 17 19 17 15 11 -0.10  35 9 3 
a Andosol experimental data (ED) obtained from Lahuette and Recalde (2015). 
b Harmonized World Soil Database (HWSD) codes. 
c Sample ID and location as in Figure 1d. 
d For andosol, relative error is expressed as RE = (ED–HWSD)/ED, where ED is the average value of the available data. 
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Table 6. Hydraulic properties of different geological formations surveyed at the PRB. 

Lithology a Age a 
Hydraulic conductivity b 

Transmissivity c Specific yield d Reference 
Magnitude Type 

Glacier and moraines Holocene 0.15–8.2 (1.39) ip  0.02–0.11 PETROECUADOR (2005), EPMAPS (2012) 

Alluvial deposits Holocene 0.18–12.1 (2.92) ip 233.3 (80) 0.05–0.15 PETROECUADOR (2005), EPMAPS (2012) 

Fluvial–glacial deposits Pleistocene 0.07–7.9 (1.25) fi,ip  0.04–0.13 PETROECUADOR (2005), EPMAPS (2012) 

Lahars, COVS Holocene 10–3–10–2 (0.01) fr,fi  <0.01–0.02 EPMAPS (2006a, 2006b, 2012) 

Scoria and pumice flows, COVS Holocene 10–2–10–1 (0.04) fr,fi   PETROECUADOR (2005), EPMAPS (2012) 

Andesitic lavas, COVS Holocene 0.13–2.85 (1.73) fr,fi  <0.01–0.05 EPMAPS (2006a, 2006b, 2012) 

Lahars, COVS Holocene 10–3–10–2 (0.01) fr,fi  <0.01–0.02 EPMAPS (2006a, 2006b, 2012) 

Avalanche flows, COVS Holocene 10–2–10–1 (0.95) fr,fi 39.8 (40)  PETROECUADOR (2005), EPMAPS (2012) 

Ash flows, COVS Holocene 10–3–10–1 (0.02) fr,fi   PETROECUADOR (2005), EPMAPS (2012) 

Ash flows, COVS Late Pleistocene 10–3–10–1 (0.05) fr,fi 0.3 (5) ˂0.01 EPMAPS (2006a, 2006b, 2012) 

Ash flows, SIVS Late Pleistocene 10–3–10–1 (0.03) fr,fi   PETROECUADOR (2005), EPMAPS (2012) 

Rhyolitic pyroclastic flows, CHVS Late Pleistocene 0.04–1.26 (0.66) fr,fi 49.3 (70) <0.01–0.05 PETROECUADOR (2005), EPMAPS (2012) 

Andesitic lavas, COVS Middle Pleistocene 0.03–1.65 (0.79) fr,fi 60.5 (50) <0.01–0.04 EPMAPS (2006a, 2006b, 2012) 

Andesitic lavas, SIVS Early Pleistocene 0.02–1.45 (0.71) fr,fi 12.2 (14) <0.01–0.04 EPMAPS (2012) 
a Lithology and age as in Figure 1c. COVS—Cotopaxi Volcano Sequence, SIVS—Sincholagua Volcano Sequence, CHVS—Chalupas Volcano Sequence. 
b Hydraulic conductivity in m d–1; the range refers to theoretical data or experimental data after pumping tests with average values into parenthesis; fr—fracturation, fi—

fissuration, and ip—intergranular porosity.  
c Transmissivity in m2 d–1; the value refers to single experimental data after pumping tests surveyed for a given saturated thickness in m into parenthesis. 
d Specific yield as a dimensionless fraction; the range refers to experimental data after pumping tests surveying with average values into parenthesis. 
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5.2.2. SWAT model output, calibration and validation 

Aimed at facilitating model processing, the PRB was divided into seven sub-

basins. The subdivision of sub-basins into HRUs was based on land-use, soil, and 

slope maps using internal options of SWAT model. No thresholds to remove minor 

land uses, soil typologies, and slope classes were imposed to calculate the HRUs in 

each sub-basin. Four slope classes were done as 0–5, 5–20, 20–35 and >35. The 

SWAT interface identified 215 HRUs in the PRB. The available daily streamflow 

record for the observation period 2003–2015 was divided into a warm-up period 

(2003–2005) to allow the model parameters to reach equilibrium, a calibration 

period (2006–2010) to minimize the distance between predicted and observed 

streamflow values, and a validation period (2011–2015) (Figure 5). The other 

actions are described below. 

The sensitivity analysis and automatic calibration was done by using the 

SUFI-2 algorithm of the Calibration and Uncertainty Programs from SWAT 

(SWAT-CUP) (Abbaspour, 2007; Abbaspour et al., 2012). The choice for parameters 

selection was based on previous SWAT experiences in the Andean Highland 

(Oñate-Valdivieso and Bosque-Sendra, 2014; Oñate-Valdivieso et al., 2016; 

Salmoral et al., 2018; Quintero et al., 2009; Crespo et al., 2006; Plesca et al., 2012; 

Velasco-Arguello 2014; Espinosa and Rivera, 2016; Hasan and Wyseure, 2018), 

experiences gained by the supervisors of this Thesis in similar neotropical 

mountainous areas in the Americas (Jimeno-Sáez et al., 2021, 2018; Senent-Aparicio 

et al., 2021c), other many examples available in the scientific literature, giving 

relevance to those associated to groundwater flow, runoff and soil data, as well as 

on the combination of the Latin hypercube and one-factor-at-a-time sampling 

strategies (Van Griensven and Meixner, 2006; Schoul et al., 2008b). These SWAT 

experiences allowed to select twenty-one calibration parameters and their ranges 

among the existing 629 ones for sensitivity analysis, as described below. The full 

description of calibration parameters can be found in SWAT manuals (Di Luzio et 

al., 2022; Neitch et al., 2005; Winchell et al., 2010). 

The calibration methodology was based on two steps according to 

Castellanos-Osorio et al. (2023). First, a global monthly scale calibration was 

performed to better adjust the volume of water components. This global sensitivity 
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analysis allowed to identify the most influential parameters governing streamflow, 

with special focus on those governing surface and interflow runoff, surface and 

deep percolation, and baseflow. Table 7 includes the thirteen parameters used to 

match predicted and observed monthly streamflow data pairs. The second step 

consisted of a daily scale calibration to improve the temporality of the model flow 

rates. This step used eight additional parameters (Table 8) to the above described 

thirteen ones to match predicted and observed daily streamflow data pairs. 

Three iterations (each iteration represented 500 simulations) were performed 

to achieve an acceptable calibration. Each parameter range was updated after each 

iteration. Flow data from gauging station Q5 for the periods 2006-2010 (calibration) 

and 2011-2015 (validation) were used. It is important for reliable model calibration 

and validation that both periods include dry, wet and usual values (Arnold et al., 

2012; Gan et al., 1997). This investigation considered wet and dry years the 80th 

and 20th percentiles of annual cumulative precipitation, respectively, which 

resulted in 1,228 mm (80) and 1,033 mm (20). The calibration period (2006-2010) 

ranged from 1,484 mm to 1,025 mm, and the validation values (2011-2015) ranged 

from 1,334 mm to 990 mm. A ranking of parameter sensitivities was obtained after 

500 model runs to identify the impact of each one on the objective function 

(Abbaspour et al., 2018). The parameters ranges were updated after each iteration. 

The stopping of iterations was dictated by values of model performance statistics 

below the standardized ranges proposed in the SWAT literature (Bastin et al., 2013; 

Refsgaard et al., 2007; Schuol et al., 2008). 

The ranges of calibrated parameters showed in Table 7 and Table 8 are found 

physically realistic (Eckhardt et al., 2005). So, the model could be employed for 

assessing the current stationary regime as well as the impact of climate change in 

streamflow in the PRB after the performance metrics analysis, as will be described 

in Section 5.3. The parameters average slope length (SLSUBBSN) and average slope 

steepness (HRU_SLP) varied in the 12.92–172.35 m and 0.01–0.81 m m–1 range in 

the seven sub-basins, with average surface-weighed values of 130 m and 0.05 m m–

1, respectively. These figures were corroborated by additional analysis on GIS. The 

parameter Manning’s ‘n’ value for overland flow (OV_N) was 0.99, the parameter 

average slope of the tributary channels (CH_N1) was 2.08 m m–1, and the parameter 

Manning’s ‘n’ value for the main channel (CH_N2) was 0.13. The parameters 
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average slope of the tributary channels (CH_S1) and average slope of the main 

channel along the channel length (CH_S2) varied in the 0.02–0.09 m m–1 and 0.01–

0.03 m m–1 range in the seven sub-basins, with average surface-weighed values of 

0.023 m m–1 and 0.017 m m–1, respectively. The parameter surface runoff lag 

coefficient (SURLAG) was 3.74. The magnitude of these last three parameters 

agrees with the typical high roughness and slope of high mountain riverbeds. 

Sections B.2 and B.3 in Appendix B describe the calibration parameters used in the 

monthly and daily model, respectively. Section B.4 in Appendix B widens the 

description of the magnitude, range and hydrological meaning of these parameters. 
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Table 7. The thirteen parameters used in the first-step monthly SWAT model calibration in the PRB. 

Parameter a Description and units a 
Range used in 

calibration 
Fitted value Final Value 

r_CN2.mgt Soil Conservation Service (SCS) runoff curve number, [–] –0.1 to 0.1 0.02 70.64 to 96.23 b 

v_ALPHA_BF.gw Baseflow alpha factor, day−1 0 to 0.8 0.63 0.63 

a_GW_DELAY.gw Groundwater delay time, day –10 to 70 58.60 89.6 

a_GWQMN.gw Threshold groundwater depth in the shallow aquifer for return flow to occur, mm –200 to 200 129.50 1129.50 

v_GW_REVAP.gw Groundwater revap coefficient, [–] 0.02 to 0.2 0.10 0.10 

a_RCHRG_DP.gw Deep aquifer percolation fraction, [–] –0.01 to 0.03 –0.004 0.05 
a_REVAPMN.gw Threshold groundwater depth in the shallow aquifer for revap or percolation to the deep aquifer to occur, mm –250 to 250 185.60 935.60 

v_CANMX.hru Maximum canopy storage, mm 0 to 5 0.15 0.15 

v_LAT_TTIME.hru Lateral flow travel time, day 10 to 150 104.01 104.01 

v_SLSOIL.hru Slope length for lateral subsurface flow, m 0 to 50 0.28 0.28 

v_EPCO.bsn Plant uptake compensation factor, [–] 0.3 to 1 0.45 0.45 

v_ESCO.bsn Soil evaporation compensation factor, [–] 0.3 to 0.8 0.71 0.71 

r_SOL_AWC.sol Available water capacity of the soil layer, mm H2O·mm soil–1 –0.02 to 0.02 –0.01 0.099 to 0.165 c 

[–] — dimensionless. 
a Parameter notation, description and units as they appear in SWAT manuals (Di Luzio et al., 2022; Neitch et al., 2005; Winchell et al., 2010). (r_) refers to relative change, i.e., 

the current parameter must be multiplied by (1 + the value obtained in calibration); (v_) means that the existing parameter value must be replaced by the value obtained in 

calibration; and (a_) refers to absolute change, i.e., the fitted value must be added to the existing parameter value. 
b Range for all the 215 HRUs. 
c Range for all soil typologies and soil layer thickness. 
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Table 8. The additional eight parameters used in the second-phase daily SWAT model calibration in the PRB. 

Parameter a Description and units a Range used in calibration Fitted value Final Value 

r_SLSUBBSN.hru Average slope length, m –0.1 to 0.5 0.41 12.92–172.35 b 
r_HRU_SLP.hru Average slope steepness, m m–1 –0.5 to 0.2 0.04 0.01–0.81 b 

v_OV_N.hru Manning’s ‘n’ value for overland flow, [–] 0.1 to 1 0.99 0.99 

r_CH_S1.sub Average slope of the tributary channels, m m–1 –0.5 to 0.2 –0.48 0.02–0.09 b 
v_CH_N1.sub Manning’s ‘n’ value for the tributary channels, [–] 0.01 to 30 2.08 2.08 

r_CH_S2.rte Average slope of the main channel along the channel length, m m–1 –0.5 to 0.3 –0.21 0.01–0.03 b 

v_CH_N2.rte Manning’s ‘n’ value for the main channel, [–] 0.02 to 0.2 0.13 0.13 

v_SURLAG.bsn Surface runoff lag coefficient, [–] 0.05 to 15 3.74 3.74 

[–] — dimensionless. 
a Parameter notation, description and units as they appear in SWAT manuals (Di Luzio et al., 2022; Neitch et al., 2005; Winchell et al., 2010). (r_) and (v_) as in Table 7. 
b Range for all the 215 HRUs 
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The Kling–Gupta efficiency (KGE) (Gupta et al. 2009) was chosen as the 

primary objective function to evaluate the SWAT model performance on monthly 

(first step) and daily (second step) scales (Table 9). Further efficiency criteria used 

to measure the model’s goodness-of-fit included the logarithmic Nash-Sutcliffe 

coefficient efficiency (lnNSE) (Nash and Sutcliffe, 1970), the coefficient of 

determination (R2), percent bias (PBIAS), root mean squared error (RMSE) and 

RMSE relative to the standard deviation of the observations (RSR) (Table 9). The 

description of these statistics is in Section B.1 in Appendix B after Moriasi et al. 

(2007). Krause et al. (2005) advise against using the NSE to evaluate low flow 

conditions. To better evaluate the behaviour of low flows, lnNSE was adopted as 

alternative indicator to NSE. The lnNSE has the advantage of providing a more 

balanced approach at both extremely low and peak values. Previous studies have 

successfully applied this lnNSE index (Castellanos-Osorio et al. 2023; Chen et al., 

2018; Osuch et al., 2018; Parra et al., 2019; Senent-Aparicio et al., 2021a, 2021b). 

Focusing on the KGE and lnNSE statistics (Krause et al., 2005), daily SWAT model 

showed acceptable values –good performance– for the calibration and validation 

periods. 

The observed and predicted streamflow values in the warm-up, calibration 

and validation periods are displayed in the Figure 6a. The predicted (z*) and 

observed (z) streamflow data pairs (QT) were compared for calibration and 

validation periods only (Figure 6b). The relative difference, RE=(z–z*)/z, averages –

0.03±0.34, i.e., the daily SWAT model lightly underestimate streamflow, especially 

peak flows as a typical expected behaviour. RE typically varies in the ±0.2 range, 

with 38% in the ±0.5 range, 5.5% in the ±0.75 range, and 1.5% below –1 (Figure 6b). 

Table 9. SWAT model performance statistics for daily and monthly simulations in the PRB. 

Author’s elaboration. 

Model evaluation statistic 
Daily streamflow Monthly streamflow 

Calibration Validation Calibration Validation 

KGE 0.48 0.60 0.73 0.65 

lnNSE 0.44 0.52 0.67 0.65 

R2 0.31 0.45 0.66 0.67 
PBIAS 1.96 7.43 1.75 7.36 

RMSE 1.25 0.95 0.51 0.58 

RSR 0.85 0.77 0.58 0.62 
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Figure caption on next page. 
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Figure 6. For SWAT model in the PRB, (a) daily precipitation at Izobamba weather station 

(W5; Figure 1b; Table 2); (b) observed and predicted daily streamflow (QT) at Bocatoma 

gauging station (Q5; Figure 1b; Table 2) for the 2004–2005 warm-up, 2006–2010 calibration, 

and 2011–2015 validation periods; (c) predicted (z*) vs. observed (z) daily streamflow data 

for the calibration and validation periods, RE=(z–z*)/z is the relative difference; (d) 

predicted daily baseflow (QBT) at Q5 gauging station; (e) observed vs. predicted monthly 

streamflow (QT) at Q5 gauging station for the 2004–2015 simulation period; (f) RE=(z–z*)/z 

for the calibration and validation periods; and (g) predicted monthly baseflow (QBT) at Q5 

gauging station. 

5.2.3. Stationary water balance components 

In Section 5.1, the stationarity condition of the water balance components 

over the modelling period 2003–2015 was checked. The subsequent hydrograph 

analysis described in Section 5.2.2 was aimed at splitting precipitation (P) into 

actual evapotranspiration (EA) and total streamflow (QT), as well as into other water 

balance subcomponents such as surface and interflow runoff (QU), baseflow (QBT), 

shallow aquifer recharge (WRS), and deep aquifer recharge (WRD). In each of the 

seven PRB sub-basins over the period 2006–2015, the spatial distribution of the 

average yearly value and coefficient of variation (CV) of the water balance 

components P, QT, QBT, WRS and WRD in displayed in Figure 7. Table 10 summarizes 

the results. 

In the PRB over the period 2006–2015, predicted average yearly values of P, 

EA, QT, QU, QBT, WRS, and WRD were 1,004.6, 559.1, 445.5, 92.8, 341.3, 11.1, and 0.3 

mm year–1, respectively, whereas their coefficients of variation CVP, CVEA, CVQT, 

CVQU, CVQBT, CVWRS, CVWRD were 0.26, 0.58, 0.57, 0.39, 0.48, 0.68, and 0.53, 

respectively (Table 10). The yearly average values mean 0.56-, 0.44-, 0.09-, 0.34-, 

0.01-, and <0.01-fold average yearly P. These magnitudes are like those reported in 

other Andean Highland basins with analogous geology, geography, land use, and 

vegetation cover (Buytaert et al., 2006; Minga-Leon et al., 2018; Ochoa-Sánchez, et 

al., 2019). 
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Figure 7. In each of the seven PRB sub-basins (SB) over the period 2006–2015, average yearly 

value (a through e), coefficient of variation (CV) (f through j), and yearly time series (k 

through o) of precipitation (P), total streamflow (QT), baseflow (QBT), shallow aquifer 

recharge (WRS), and deep aquifer recharge (WRD). 

Regarding QBT, it means 0.76-fold QT and 0.34-fold P, thus being QBT the 

predominant streamflow fraction and showing also the relevance of groundwater 

discharge as the prime water resource in the PRB. Similar magnitude of QBT was 

reported in other analogous northern Andean Highland basins (Oñate-Valdivieso 

and Bosque-Sendra, 2014; Oñate-Valdivieso et al., 2016; Quintero et al., 2009; 

Crespo et al., 2006; Plesca et al., 2012; Velasco-Arguello 2014; Espinosa and Rivera, 

2016; Hasan and Wyseure, 2018). Conversely, WRS and WRD mean 0.01- and <0.01-

fold P, respectively. These figures are consistent with observed high piezometric 

levels in shallow and deep aquifers, and deep aquifer discharge (including thermal 

springs) determining permanent baseflow (Peñafiel et al., 2016a; 2016b). Attending 

to these findings and for practical conceptualization, these aquifers may be 
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considered full in its current unexploited state, thus favouring that a noticeable 

fraction of each recharge event could be added to the baseflow as aquifer discharge 

rather than contributing to aquifer storage. 

Table 10. For the period 2006–2015, average yearly value and coefficient of variation of the 

water balance components in each sub-basin (SB) and the entire PRB. 

Variable a SB 1 SB 2 SB 3 SB 4 SB 5 SB 6 SB 7 PRB 

Surface, km2 44.0 17.4 11.4 31.1 28.8 27.5 24.3 184.5 

Average 

elevation, 

m a.s.l.  

4105 3839 4127 4059 4113 3998 3715 4007 

P 1126.6 862.2 862.2 1216.3 862.2 862.2 1011.3 1004.6 

EA 599.7 507.9 488.4 655.0 493.1 516.4 559.3 559.1 

QT 527.0 354.3 373.8 561.3 369.1 345.8 451.9 445.5 

QU 75.7 92.4 104.0 164.2 99.7 38.4 80.5 92.8 

QBT 420.0 259.0 269.5 382.7 267.7 306.0 365.8 341.3 

WRS 30.9 2.8 0.3 13.9 1.6 1.4 5.4 11.1 

WRD 0.41 0.13 0.04 0.64 0.13 0.05 0.26 0.28 

CVP 0.10 0.04 0.19 0.53 0.14 0.44 0.33 0.26 

CVEA 0.21 0.14 0.33 0.75 0.26 1.16 1.17 0.58 

CVQT 0.21 0.14 0.32 0.75 0.25 1.38 0.89 0.57 

CVQU 0.16 0.09 0.28 0.61 0.17 0.70 0.71 0.39 

CVQBT 0.21 0.13 0.32 0.77 0.25 0.98 0.64 0.48 

CVWRS 0.21 0.14 0.32 1.64 0.27 1.07 0.88 0.68 

CVWRD 0.26 0.19 0.35 0.88 0.25 0.92 0.82 0.53 
a Notation and description for variables as in Figure 1. P, EA, QT, QU, QBT, WRS and WRD in 

mm year–1; CVs as dimensionless fractions. 

As shown in Figure 7, the magnitude of the water balance components varies 

over space and time. In what follows, the description will refer to the groundwater 

components only, also including precipitation and total streamflow as governing 

reference components. 

Average yearly P is higher than 1,000 mm year–1 in the south-eastern (sub-

basin 1) and north-western (sub-basin 7) sectors of the PRB, as well as on the 

western versant of the Eastern Andean Cordillera (sub-basin 4) (Figure 7a). In the 

central sector of the PRB (sub-basins 2, 3, 5 and 6), average annual P is slightly 

higher than 850 mm year–1. This lower magnitude of P is associated with the 

orographic shadow that Cotopaxi and Sincholagua volcanoes impose on incoming 

Atlantic and Pacific cloud fronts (Pourrut, 1995; Garreaud, 2009). This orographic 
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shadow also produces a more irregular rainfall pattern and subsequent higher CVP 

values in sub-basins 4 and 6 (Figure 7f). 

Average yearly QT is higher than 500 mm year–1 in sub-basins 1 and 4, where 

average yearly P is also higher, and in sub-basin 7 since it receives streamflow 

generated in the entire PRB area (Figure 7b). In sub-basins 3 and 5, which drain the 

northern slope of the Cotopaxi Volcano, and in the centre of the PRB (sub-basins 2, 

3, 5 and 6), average yearly QT is somewhat less than 400 mm year–1. This general 

behaviour shows how QT tends to decrease from upstream to mid-slope areas, as 

was also identified by Muñoz, (2016). Average yearly QBT narrowly follows the 

spatial distribution of average yearly QT, with values higher than 350 mm year–1 in 

sub-basins 1, 4 and 7 (Figure 7c). The higher CVP values induce the higher CVQT 

(Figure 7g) and CVQBT (Figure 7h) values in sub-basins 4, 6 and 7. 

Average yearly WRS (Figure 7d) and WRD (Figure 7e) follow a similar spatial 

distribution, with higher values in in sub-basins 1 and 4, moderate in sub-basin 7, 

and lower in the other sub-basins. Higher values in sub-basins 1, 4 and 7 are 

attributed to a combination of higher average yearly P values, presence of well-

preserved andosols admitting downward percolation of infiltration events, and the 

existence of deeper piezometric levels and thicker unsaturated zones favouring 

vertical transmission of water to underlying andesitic lavas formations (the 

aquifer). Lower values in sub-basins 2, 3, 5 and 6 are attributed to lower average 

yearly P values, poorly developed soils over lahar deposits in the versants of the 

Cotopaxi and Sincholagua volcanoes, thin unsaturated zones and shallow 

piezometric levels repealing infiltration of recharge events (Figure 7a). The higher 

CVP values induce the higher CVWRS (Figure 7i) and CVWRD (Figure 7j) values in sub-

basins 4, 6 and 7. 

Regarding the temporal evolution of the water balance components, in dry 

years like 2007 and 2008 (Figure 5a), yearly P is higher in sub-basin 7 in the 

northwest sector of the PRB (Figure 7k–o), while in average years like 2013 and 

2014 and wet years like 2015 (Figure 5a), yearly P is higher in the high-elevation 

sub-basins 1 and 4 (Figure 7k–o). In all sub-basins, the yearly time series of QT, QBT, 

WRS and WRD roughly follows the temporal evolution of yearly P values (Figure 7k–

o). 
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5.3. MODELLING OF FUTURE SCENARIOS STREAMFLOW  

5.3.1. Selection of climate change models 

The calibrated and validated SWAT model for the PRB described in the 

previous section was run to evaluate the impact of climate change on streamflow 

(QT) and actual evapotranspiration (EA) and other subcomponents such as surface 

and interflow runoff (QU), baseflow (QBT), shallow aquifer recharge (WRS), deep 

aquifer recharge (WRD), and total aquifer recharge (WR) expressed as the sum of WRS 

and WRD. As described in Section IV.3, the five RMC models available in the CCT 

(GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC, and NoerESM1- M) were 

analysed to identify those that best reproduce the average year from the mean 

values and standard deviations. The selection was based on the Id index, which is 

the sum of the absolute value of the relative differences in the historical and control 

series statistics during the 12 months of an average year. Table 11 presents the Id 

values obtained for the 2006–2015 study period. The higher the Id, the worse the 

goodness-of-fit. Except for the HadGEM2-ES model, the RCM models achieved 

similar mean Id values, Id(Δx), for precipitation and temperature. However, greater 

differences in standard deviations, Id(Δσ), were observed among the RCM models, 

especially for temperature, which ranged from 18.78 (model IPSL-CM5A-LR) to 

55.64 (model GFDL-ESM2M). The IPSL-CM5A-LR, MIROC, and NoerESM1-M 

models achieved lower Id values. This issue is in line with previous similar works 

(Pulido-Velazquez et al., 2015b; Urrutia and Vuille, 2009). Hence, these three RCM 

models were selected to assess the impact of climate change on the RGR in the PRB. 

Table 11. Id index of each RCM model for precipitation and temperature monthly series. 

RCM model Precipitation   Temperature 
Id a  Id(Δx) Id(Δσ)   Id(Δx) Id(Δσ) 

GFDL-ESM2M 0.87 11.6  0.61 55.64 68.72 
HadGEM2-ES 7.97 12.24  7.47 23.12 50.8 

IPSL-CM5A-LR 0.8 5.92  0.61 18.78 26.11 

MIROC 1.22 6.1  0.57 30.32 38.21 
NoerESM1-M 0.92 8.38   0.59 22.65 32.54 

a Id—sum of the absolute values of the mean values, denoted as Id(Δx), and standard 

deviations, denoted as Id(Δσ), of precipitation and temperature monthly series. 
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5.3.2. Changes in projected precipitation and temperature 

The implemented ensembles consisted of three RCM models (IPSL-CM5A-

LR, MIROC, and NoerESM1-M) and RCP emission scenarios 4.5 and 8.5. Table 12 

summarizes the changes in the average values and standard deviations of the 

temperature and precipitation (the climate variables) annual series from the 

implemented ensembles relative to the corresponding values of each RCM baseline 

period (1976–2005). The changes refer to the mid- (2040–2069) and long-term (2070–

2099) future horizons. In addition, the distributions of monthly mean values and 

standard deviations of temperature and precipitation for the three RCM-RCP 4.5 

ensembles and the three RCM-RCP 8.5 ensembles over the baseline period in the 

mid- and long-term future horizons are displayed in Figure 8 and Figure 9, 

respectively. 

Regarding average annual temperature (Table 12), the three RCMs predicted 

increases from +1.4 °C, in the mid-term, to +2.5 °C, in the long term, for RCP 4.5 and 

from +1.9 °C, in the mid-term, to 4.7 °C, in the long term, for RCP 8.5. These figures 

indicate increases of +20–35 % for RCP 4.5 and +30–65 % for RCP 8.5 regarding the 

baseline. The NoerESM1-M model predicted lower temperature increases 

regarding the baseline, with values 10–20 % (depending on the RCP) lower than 

those obtained in the other two RCMs. This increase in temperature is a proven 

historical fact corroborated by the 0.1–0.2 °C increase per decade recorded in the 

last 70–100 years (Buytaert et al., 2014; Sklenár et al., 2021; Vuille et al., 2015), which 

exceeds the threshold of natural climate variation (Gutiérrez-Salazar and Medrano-

Vizcaíno, 2019). These results concur with the average temperature increases of 2 

°C and 5 °C predicted in the coastal versant of the WAC (Ilbay-Yupa et al., 2021; 

Rivadeneira-Vera et al., 2020) and the Andean Highland of Ecuador (Herzog et al., 

2012), respectively. Regarding the average annual temperature standard 

deviations, the IPSL-CM5A-LR and NoerESM1-M models revealed changes lower 

than the baseline for RCP. 4.5, whereas the MIROC model predicted increases of 

more than 100 % for RCP 4.5. The RCP 8.5 ensembles predicted an increase in 

temperature in the 20–90 % range, depending on the RCM. 
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Table 12. Changes in the average values and standard deviations of annual precipitation and temperature predicted by the implemented RCM-RCP ensembles relative to the 

corresponding values for each RCM baseline scenario. 

RCM model 
Emission 

scenario 
Period 

Annual precipitation, mm    Annual temperature, °C   

Mean value 
Change relative 

to baseline a 

Standard 

deviation 

Change relative 

to baseline a 
 

Mean 

value 

Change relative 

to baseline a 

Standard 

deviation 

Change relative to 

baseline a 

IPSL-CM5A-LR 

Baseline 1976–2005 1091.29 – 91.2 –  7.12 – 0.45 – 

RCP 4.5 
2040–2069 1124.11 + 32.82(+3%) 95.06 +3.88(+4%)  9.08 +1.96(+28%) 0.31 –0.14(–31%) 

2070–2099 1143.73 +52.45(+5%) 71.50 –19.68(–22%)  9.55 +2.43(+34%) 0.27 –0.18(–39%) 

RCP 8.5 
2040–2069 1141.76 +50.47(+5%) 84.40 –6.78(–7%)  9.82 +2.71 (+38%) 0.53 +0.08(+18%) 

2070–2099 1309.72 +218.43 (+20%) 104.57 +13.39(+15%)  11.82 +4.70 (+66%) 0.69 +0.24(+54%) 

MIROC 

Baseline 1976–2005 945.32 – 49.18 –  8.20 – 0.47 – 

RCP 4.5 
2040–2069 923.21 –22.12 (–2%) 44.34 –4.84(–10%)  10.03 +1.83 (+22%) 1.00 +0.53(+111%) 

2070–2099 932.08 –13.24 (–1%) 46.16 –3.02(–6%)  10.67 +2.47 (+30%) 0.67 +0.20(+41%) 

RCP 8.5 
2040–2069 948.82 +3.50 (+0.4%) 66.72 +17.54(36%)  10.69 +2.48 (+30%) 0.61 +0.14(+29%) 

2070–2099 1052.05 +106.73 (+11%) 39.27 –9.91(–20%)  12.70 +4.50 (+55%) 0.89 +0.42(+88%) 

NoerESM1-M 

Baseline 1976–2005 970.43 – 70.20 –  7.16 – 0.33 – 

RCP 4.5 
2040–2069 1160.21 +189.79(+20%) 89.38 +19.18(+27%)  8.53 +1.37 (+19%) 0.29 –0.04(–13%) 

2070–2099 1149.02 +178.59 (+18%) 86.31 +16.11(+23%)  8.84 +1.68 (+23%) 0.27 –0.06(–19%) 

RCP 8.5 
2040–2069 1197.85 +227.42 (+23%) 89.81 +19.61(+28%)  9.02 +1.86 (+26%) 0.40 +0.07(+22%) 

2070–2099 1371.91 +401.48 (+41%) 92.55 +22.34(+32%)  10.28 +3.12 (+44%) 0.46 +0.13(+40%) 
a Changes are expressed as positive or negative absolute (in the same unit as the variable) and relative (percentages in parentheses) differences. 
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Figure 8. Distribution of the mean values and standard deviations of monthly temperature 

and precipitation of the three RCM-RCP 4.5 ensembles for the baseline period (1976–2005) 

and the mid- (2040–2069) and long-term (2070–2099) future horizons. Figure modified and 

updated from Senent-Aparicio et al. (2024). 
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Figure 9. Distribution of the mean values and standard deviations of monthly temperature 

and precipitation of the three RCM-RCP 8.5 ensembles for the baseline period (1976–2005) 

and the mid- (2040–2069) and long-term (2070–2099) future horizons. Figure modified and 

updated from Senent-Aparicio et al. (2024) 

At the monthly scale, for RCP 4.5 (Figure 8) and RCP 8.5 (Figure 9), the mid- 

and long-term mean temperature trends are similar to the baseline, regardless of 

the RCM considered. Only the NoerESM1-M model predicted more pronounced 

variation between April and July for RCP 8.5 in the long term, with higher 
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temperature increases for the rest of the year. However, the standard deviations for 

monthly temperature changed significantly depending on the RCM-RCP ensemble. 

While the baseline remained unvaried in the mid- and long-term RCP 4.5 scenarios, 

except for the MIROC model, RCP 8.5 revealed an apparent increase in standard 

deviations for all the RCMs, especially in the long term. Moreover, the dry season 

exhibited the highest values, except in the NoerESM1-M model. Furthermore, the 

change in temperature for RCP 4.5 is much greater in the mid-term than in the long 

term, inversely compared to the RCP 8.5 results. Generally, these projections are 

consistent with the results previously assessed in similar regions studied (Buytaert 

et al., 2011; Cresso et al., 2020; Flores-López et al., 2016). 

Regarding average annual precipitation (Table 12), the MIROC–RCP 4.5 

ensemble revealed slight decreases of –2% and –1% in the mid- and long-term 

horizons, respectively, compared to the baseline. Conversely, the ensembles 

generated from the other two RCMs predicted increases. Unlike the temperature 

trend, precipitation covered a wide range of changes regarding the baseline, 

varying from +0.4 % to +41 % depending on the RCM-RCP ensemble, although RCP 

8.5 generally demonstrated greater increases. Recent studies agree that regional 

warming is more evident than future variations in precipitation. For example, 

several authors have demonstrated a decrease of nearly 15 % in the IAV region 

(Kirtman et al., 2013; Vuille et al., 2008), while others have suggested increases of 

around 10 % in the eastern and western flanks (Ilbay-Yupa et al., 2021). Historical 

precipitation over the last 50 years does not display a definitive trend (Vuille et al., 

2003), only a slight reduction at most (Martínez et al., 2011), as also showed in 

Figure 5, with few impacts on water resource availability. Regarding the average 

annual precipitation standard deviation, the changes vary between –20 % and +35 

%, in contrast to the wide variation between –30 % and +110 % in the average 

annual temperature standard deviation. Notwithstanding, each RCM-RCP 

ensemble differs significantly. The IPSL-CM5A-LR model demonstrated a 

significant decrease (–22 %) for RCP 4.5 in the long term but the opposite (an 

increase of +15 %) for RCP 8.5. The NoerESM1-M model achieved increases of 

approximately 20 % for all the scenarios, whereas the MIROC model revealed 

precipitation increases and decreases depending on the RCP and time horizon 

considered. 
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At the monthly scale, for RCP 4.5 (Figure 8) and RCP 8.5 (Figure 9), mean 

precipitation also exhibits slight seasonal differences. For all RCMs, mean monthly 

precipitation is similar to the baseline, except in June. This finding is especially 

relevant for RCP 8.5 in the long term, where the increase reached +100 % in the 

IPSL-CM5A-LR and MIROC models. No clear trends are evident concerning the 

monthly precipitation standard deviation since variations are indistinctly positive 

or negative depending on the RCM-RCP ensemble, which appear not to be in line 

with Zhiña et al. (2019) whose study in the southern Ecuadorian Andes points to a 

higher increase in monthly precipitation, especially in the long-term period. 

In the mid- and long-term future, the increase in average temperature 

combined with the slight increase in average precipitation obtained in most of the 

RCM-RCP ensembles should result in higher actual evapotranspiration (i.e., the 

evaporative fraction of precipitation that returns to the atmosphere) and, therefore, 

a decrease in the available water for ecosystems and human uses (i.e., the non-

evaporative fraction of precipitation or the water amount that could contribute to 

streamflow and aquifer recharge after discounting transmission losses), as 

presented in Table 12. This plausible framework could also be accompanied by 

changes in the fire regime (Kitzberger et al., 2022) due to warmer temperatures and 

soil degradation resulting from subsequent low- vegetated patches and changes in 

the frequency and intensity of rainfall events (Muñoz et al., 2021) and dry spells. 

This combination could worsen the current hydraulic state of andosols (Young et 

al., 2011), altering or degrading the páramo ecosystem’s hydrological functioning 

and temporal water storage capacity. This alpine ecosystem’s sensitivity to climate 

change (Cuesta et al., 2017) implies a high risk of habitat loss and unsafe water 

provision, as identified by Anderson et al. (2011). 

5.3.3. Response of renewable groundwater resource to climate change 

This section analyses and discusses the response of main water balance 

components to each RCM-RCP ensemble in the mid- (2040–2069) and long-term 

(2070–2099) future horizons. The results are summarized in Table 13. The changes 

in the baseline scenario indicate the expected magnitude of the RGR and its 

hydrological significance in the future. Different experimental relationships for 

aquifer recharge predictions under different precipitation fields associated to 
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current and future climate frameworks can be found in the scientific literature 

(Alcalá et al., 2018, 2011; Ross et al., 2005). For example, Taylor et al. (2013) observed 

a positive relationship between projected changes in precipitation and subsequent 

aquifer recharge responses. In the PRB, although increased precipitation typically 

implies increased streamflow, it does not always correspond with increased aquifer 

recharge, as presented in Table 13. Therefore, precipitation (P) and total aquifer 

recharge (WR = WRS (shallow aquifer recharge) + WRD (deep aquifer recharge)) did 

not follow a linear relationship, and more interdisciplinary information to 

conceptualize the soil–aquifer relationships is needed to interpret the changes in 

lower aquifer recharge rates obtained as differences in P and other significant water 

balance components such as actual evapotranspiration (EA). In most ungauged 

mountainous areas, EA is typically one of the less certain water balance 

components, especially when only non-global models, such as Hargreaves (1994) 

and similar, can be used for potential evapotranspiration due to data scarcity 

(Alcalá et al., 2011; España et al., 2013, 2011; Gerrits et al., 2009; Were et al., 2007). 

This is the case in the PRB, where uncertainty in EA propagates through the model 

equations to reveal relatively uncertain WR rates, which can be uninterpretable 

when attempting to draw conclusions. Therefore, comparisons of aquifer recharge 

with the evaporative fraction of P (EA:P ratio) or the non-evaporative fraction of P 

(1–[EA:P] ratio) instead of P or EA were preferred to analyze changes in streamflow 

and aquifer recharge. Likewise, other authors (Pool et al., 2021; Seddon et al., 2021) 

have used similar indices to provide more accurate relationships between the 

parameters implied in the aquifer recharge. When the EA:P and 1–(EA:P) ratios were 

compared with WR, interpretable negative and positive relationships were 

obtained, respectively, as expected. 

After this conceptualization, the IPSL-CM5A-LR model produced increases 

lower than 6 % in P and EA for the two RCPs. The exception is RCP 8.5 in the long 

term, which reached increases of +20 % and +15 % in P and EA, respectively. Similar 

P and EA magnitudes resulted in slight increases in the EA:P ratio below +2 %, 

contributing to a gradual increase in QT due to the increase in P but a sharp decrease 

in WR of between –14 % and –17 %. In the long term, RCP 8.5 significantly increased 

P (+20 %) and EA (+15 %). However, the greater difference in P and EA increased the 

1–(EA:P) ratio by +6 %, resulting in significant increases in QT (+27 %) and WR (+15 

%). The NoerESM1-M model produced higher increases in P and EA, significantly 
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increasing the 1–(EA:P) ratio compared with the other two RCMs, reaching +25 % 

for RCP 8.5 in the long term. Moreover, the NoerESM1-M model increased WR; the 

observed WR increase is two-fold higher than the observed QT increase. In fact, the 

increase in QT and WR for RCP 8.5 in the long term is +76 % and +173 %, respectively. 

The MIROC model illustrates how the water balance components adjust when P 

decreases and EA increases. Regarding the IPSL-CM5A-LR model, the EA:P ratios 

are also positive (in the 1–2 % range), but the other water balance components differ 

substantially. The decrease in P caused a slight decrease in QT (between –3% and –

6%), but the diminution of WR was significant at approximately –40 % for RCP 4.5 

in the long term. 
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Table 13. Average annual SWAT water balance components in the PRB after implementing the RCM-RCP 4.5 and 8.5 ensembles for mid- (2040–2069) and long-term (2070–2099) 

future horizons. 

RCM model Emission scenario Period P a EA a EA:P a 1–(EA:P) a WYLD a WR a 

IPSL-CM5A-LR 

Baseline 1976–2005 1091.29 663.57 0.61 0.39 412.23 17.54 

RCP 4.5 
2040–2069 1124.11 (+3%) 695.19 (+5%) 0.62 (+2%) 0.38 (-3%) 414.31 (+1%) 14.59 (–17%) 

2070–2099 1143.73 (+5%) 701.92 (+6%) 0.61 (+1%) 0.39 (-1%) 427.89 (+4%) 14.98 (–15%) 

RCP 8.5 
2040–2069 1141.76 (+5%) 701.21 (+6%) 0.61 (+1%) 0.39 (-2%) 428.34 (+4%) 15.05 (–14%) 

2070–2099 1309.72 (+20%) 765.56 (+15%) 0.58 (–4%) 0.42 (+6%) 523.92 (+27%) 20.11 (+15%) 

MIROC 

Baseline 1976–2005 945.32 657.08 0.70 0.30 283.64 4.05 

RCP 4.5 
2040–2069 923.21 (–2%) 651.27 (–1%) 0.71 (+1%) 0.29 (-3%) 267.72 (–6%) 3.08 (–24%) 

2070–2099 932.08 (–1%) 660.99 (+1%) 0.71 (+2%) 0.29 (-5%) 267.93 (–6%) 2.44 (–40%) 

RCP 8.5 
2040–2069 948.82 (+0.4%) 669.39 (+2%) 0.71 (+1%) 0.29 (-3%) 275.03 (–3%) 2.86 (–29%) 

2070–2099 1052.05 (+11%) 719.31 (+9%) 0.68 (–2%) 0.32 (+4%) 327.44 (+15%) 4.70 (+16%) 

NoerESM1-M 

Baseline 1976–2005 970.43 628.23 0.65 0.35 332.88 8.62 

RCP 4.5 
2040–2069 1160.21 (+20%) 693.67 (+10%) 0.60 (–8%) 0.40 (+14%) 452.19 (+36%) 15.72 (+82%) 

2070–2099 1149.02 (+18%) 697.14 (+11%) 0.61 (–6%) 0.39 (+12%) 436.94 (+31%) 14.09 (+63%) 

RCP 8.5 
2040–2069 1197.85 (+23%) 711.10 (+13%) 0.59 (–8%) 0.41 (+15%) 469.32 (+41%) 16.06 (+86%) 

2070–2099 1371.91 (+41%) 765.57 (+22%) 0.56 (–14%) 0.44 (+25%) 585.90 (+76%) 23.54 (+173%) 
a P—average annual precipitation in mm; EA—average annual evapotranspiration in mm; EA:P—evaporative fraction of P as a dimensionless fraction; 1–(EA:P)—non-evaporative 

fraction of P as a dimensionless fraction; WYLD—average annual maximum amount of water that can contribute to streamflow and aquifer recharge after discounting 

transmission losses in mm; and WR—average annual total aquifer recharge in mm. The percentages of the relative changes in the variables and/or ratios to the corresponding 

baseline scenarios are given in parentheses. 
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The distributions of the monthly mean values of the water balance 

components for the three RCM-RCP 4.5 ensembles and the three RCM- RCP 8.5 

ensembles, over the baseline period and the mid- and long- term future horizons, 

are displayed in Figure 10 and Figure 11, respectively. The variations in monthly 

WR are highly dependent on the RCP. For RCP 4.5, WR decreased conspicuously in 

the mid and long term, except in the NoerESM1-M model. However, RCP 8.5 

revealed a significant increase, especially in the second half of the year. The 

differences in QT and WR in the NoerESM1-M model increased significantly, 

especially in the long term. Notwithstanding, the yearly pattern does not differ 

significantly from the baseline, except in June and July (dry season), as previously 

identified in monthly variations in temperature and precipitation (climate 

variables). No significant differences were observed in the average monthly EA:P 

and 1–(EA:P) ratios. 

These findings demonstrate a strong positive relationship between P and QT. 

However, WR variations are predominantly related to the EA:P and 1–(EA:P) ratios. 

This observation supports the rationale that WR highly depends on the water 

available after soil and vegetation water demands have been satisfied (Bhunia, 

2020); in the case of local soils is high as described above. The logical increases in 

QT for low (below +10 %) increases in P are also corroborated by QT increases in the 

1–3 % range for every +1 % change in P, as reported globally by Chiew et al. (2006). 

However, uncertainty propagation in model projections has induced a wide range 

of aquifer recharge changes, as discussed above and observed by Döll (2009). 

Notably, small changes in WR forecasted by Buytaert et al. (2010) in equivalent 

humid Andean Highland with similar predominant andosols do not align with our 

results indicating changes ranging from 40 % to +173 %. This disparity is not 

definitive since it can be attributed to a number of factors, such as the different 

observation scales used, improvability of RCM models over time, and inadequate 

WR estimation as differences in P and EA when data scarcity prevents EA estimation 

using global models (Alcalá et al., 2011; España et al., 2013, 2011; Were et al., 2007). 
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Figure caption on next page.  
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Figure 10. Distribution of the monthly mean values of the main water balance components 

predicted by the three RCM-RCP 4.5 ensembles in the PRB for the baseline period (1976–

2005) and the mid- (2040–2069) and long-term (2070–2099) future horizons. P—precipitation 

in mm; EA (here denoted as ET)—actual evapotranspiration in mm; EA:P (here denoted as 

ET/P)—evaporative fraction of P as a dimensionless fraction; 1–(EA:P) (here denoted as 1–

[ET/P])—non-evaporative fraction of P as a dimensionless fraction; WYLD—maximum 

amount of water that can contribute to streamflow and aquifer recharge after discounting 

transmission losses in mm; and WR (here denoted as TA_RCHG)—total aquifer recharge in 

mm. Figure modified and updated from Senent-Aparicio et al. (2024). 
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Figure caption on next page.   
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Figure 11. Distribution of the monthly mean values of the main water balance components 

predicted by the three RCM-RCP 8.5 ensembles in the PRB for the baseline period (1976–

2005) and the mid- (2040–2069) and long-term (2070–2099) future horizons. P—precipitation 

in mm; EA (here denoted as ET)—actual evapotranspiration in mm; EA:P (here denoted as 

ET/P)—evaporative fraction of P as a dimensionless fraction; 1–(EA:P) (here denoted as 1–

[ET/P])—non-evaporative fraction of P as a dimensionless fraction; WYLD—maximum 

amount of water that can contribute to streamflow and aquifer recharge after discounting 

transmission losses in mm; and WR (here denoted as TA_RCHG)—total aquifer recharge in 

mm. Figure modified and updated from Senent-Aparicio et al. (2024). 

5.3.4. Impact of climate change on magnitude, variability and seasonality of the 

RGR 

As indicated in Table 14, Figure 10 and Figure 11, variation in WR is greater 

in the wet season (February to May) than in the dry season (July to September), 

except in the MIROC model. In the IPSL-CM5A-LR and NoerESM1-M models, WR 

in the dry season is around 0.7–0.9-fold the observations during the wet season. 

However, the magnitude of the relative change in WR in wet and dry seasons 

differs; the change in the wet season is usually greater than that observed in the dry 

season. This typical WR behavior depends on available soil water, as has been 

documented in other mountainous areas (Alcalá et al., 2011; Were et al., 2007). 

However, a discrepancy is observed in the MIROC model: the change is between 

15 % and 54 % in the wet season and between 9% and +47 % in the dry season. 

Similarly, the sharp increases in WR in the NoerESM1-M model are much higher in 

the wet season than in the dry season. WR rates are typically low, in the 0.43–8.38 

mm range. As described above, null groundwater exploitation in the moderate-

permeability volcanic and volcano-sedimentary aquifers in the PRB favors high 

piezometric levels. Hence the shallow and deep aquifers can be considered 

virtually full, repelling most recharge events, while most soil water excess 

percolates downwards and contributes interflow runoff to streamflow in the wet 

season. Consequently, only a minor fraction of the soil water excess during the wet 

season produces WR, delayed, to some extent, when the aquifer marginally empties 

during the dry season. 

Previous studies conducted over a large territory including soils with worse 

hydraulic conditions (less water storage capacity) in nearby regions (Carvajal et al., 

2017) highlight the apparent differences between wet and dry seasons. However, 
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the results in the PRB (where andosols with better hydraulic conditions 

predominate) do not diverge as much by season. In fact, soil hydraulics tests 

performed on degraded and well-preserved andosols (Boulanger et al., 2007; 

Buytaert et al., 2009) also provide different WR responses, which diverge from the 

more similar responses obtained in the implemented RCM-RCP 4.5 and 8.5 

ensemble projections. The exception is the NoerESM1-M model projections, which 

could depend more on specific soil, vegetation cover and climate data for improved 

results. However, this additional work has been considered beyond the scope of 

this Thesis. 

The influence of the soil preservation state on WR response appears evident. 

Alcalá, (2016) used tracer (chemical, stable isotopes and radioisotopes) and 

physical techniques to evaluate WR in a close IAV catchment with equivalent 

binomial of well-preserved andosols over moderate-permeability volcano-

sedimentary geological formations (the typical páramo ecosystem landscape) to that 

existing in the PRB. This author demonstrated WR responses in the three–four-

month range after the wet season had ended. Therefore, the soil preservation 

degree is a determinant for the EA:P and 1–(EA:P) ratios and, thus, controls the 

magnitude and duration of WR events. Climate change could alter (deteriorate) soil 

hydraulic properties, as reported by Kumar et al. (2022) and, therefore, current 

surface water–groundwater dynamics in the andosol-dominated Andean 

Highland, resulting in less soil water storage capacity, more rapid runoff responses 

and prolonged water-deficit periods. 

The magnitude and variability of water resources are critical for conserving 

natural biodiversity and the stability of aquatic environments (Pérez-Sánchez et al., 

2020). The indicators of hydrological alteration included in the IAHRIS (IndicAtors 

of Hydrological alteration in RIverS) software (Fernández et al., 2012), specific for 

the evaluation of the alteration of the natural regime of a river in non-coetaneous 

series, have been used to evaluate the impact of climate change on the magnitude, 

variability and seasonality of the RGR in the PRB. These indexes are (1) Mean value 

of the annual volumes (Mean); (2) Extreme variability (EV), which is calculated as 

the average value of the difference between the maximum and minimum monthly 

discharge for each year; (3) Difference between the daily mean flows corresponding 

to the 10th (Q10) and 90th (Q90) percentiles; and (4) Maximum/minimum relative 
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frequency of the month (MaxRF/MinRF). As shown in Table 15, there is no 

significant overall increase in annual flows except in the long term and under the 

scenario RCP 8.5. Only the RCM Model NoerESM1-M estimates significant 

increases in annual flows in the short and long terms and for RCP 4.5 and 8.5. 

However, there is a wider consensus in estimating an increase in flow variability. 

For example, all models estimate that the extreme variability may almost double in 

the long term and under the RCP 8.5 scenario. It is important to note that this 

increase in variability can significantly affect the geomorphological and ecological 

dynamics of the river and thus the diversity of the river (López-Ballesteros et al., 

2020). Accordingly, variability based on the 10th and 90th percentiles will also 

increase, although to a more limited extent than extreme variability. 

The seasonality in which maximum and minimum flows occur in a river is 

an aspect that is closely and synchronously linked to the life cycles of the species 

(Ngor et al., 2018). As can be seen in Table 16, climate change can significantly affect 

these life cycles. A delay is observed in the MaxRF, with respect to the maximums 

that tend to occur in the month of May and which in the future will occur more 

frequently in June. An increase in the frequency of these MaxRFs is also observed 

in December. Regarding the MinRFs, all models coincide in concentrating these 

MinRFs during the months of September-November. There is a clear tendency to 

delay the occurrence of these minimum values from September to November. 
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Table 14. Seasonal distribution of predicted total aquifer recharge (WR) in the PRB after implementing the RCM-RCP 4.5 and 8.5 ensembles for mid- (2040–2069) and long-term 

(2070–2099) future horizons. 

RCM model Emission scenario Period WR a WR, wet season fraction a WR, dry season fraction a 

IPSL-CM5A-LR 

Baseline 1976–2005 17.54 6.97 4.76 

RCP 4.5 
2040–2069 14.59 (–17%) 4.99 (–28%) 4.49 (–6%) 

2070–2099 14.98 (–15%) 5.61 (–19%) 4.30 (–10%) 

RCP 8.5 
2040–2069 15.05 (–14%) 4.93 (–29%) 4.61 (–3%) 

2070–2099 20.11 (+15%) 6.35 (–9%) 6.14 (+29%) 

MIROC 

Baseline 1976–2005 4.05 0.93 1.57 

RCP 4.5 
2040–2069 3.08 (–24%) 0.51 (–46%) 1.44 (–9%) 

2070–2099 2.44 (–40%) 0.79 (–15%) 1.16 (–26%) 

RCP 8.5 
2040–2069 2.86 (–29%) 0.43 (–54%) 1.35 (–14%) 

2070–2099 4.70 (+16%) 0.61 (–35%) 2.31 (+47%) 

NoerESM1-M 

Baseline 1976–2005 8.62 2.77 2.58 

RCP 4.5 
2040–2069 15.72 (+82%) 5.21 (+88%) 4.47 (+73%) 

2070–2099 14.09 (+63%) 4.96 (+79%) 3.88 (+50%) 

RCP 8.5 
2040–2069 16.06 (+86%) 5.65 (+104%) 4.32 (+67%) 

2070–2099 23.54 (+173%) 8.38 (+203%) 6.13 (+137%) 

a Values of WR in mm. Changes are expressed as positive or negative absolute (in the same unit as the variable) and relative (percentages in parentheses) differences. 

  



 LILIA PEÑAFIEL 

 

128 

Table 15. Quantification of the impact of climate change on the magnitude and variability. 

Parameter RCM model Baseline (1976–2005) RCP 4.5 (2040–2069) RCP 4.5 (2070–2099) RCP 8.5 (2040–2069) RCP 8.5 (2070–2099) 

Mean, Mm3 

IPSL-CM5A-LR 74.37 74.01 76.47 76.88 93.23 

MIROC 50.57 47.63 47.88 48.79 58.47 

NoerESM1-M 59.51 81.23 78.39 83.60 105.51 

EV, Mm3 

IPSL-CM5A-LR 5.13 4.94 5.58 5.15 7.74 

MIROC 2.66 2.92 3.06 3.07 4.98 

NoerESM1-M 4.36 6.84 5.90 6.88 8.26 

Q10%, m3 s-1 

IPSL-CM5A-LR 3.33 3.15 3.33 3.31 4.08 

MIROC 2.05 2.03 2.07 2.10 2.67 

NoerESM1-M 2.52 3.60 3.48 3.71 4.75 

Q90%, m3 s-1 

IPSL-CM5A-LR 1.53 1.63 1.63 1.71 2.03 

MIROC 1.22 1.13 1.11 1.14 1.28 

NoerESM1-M 1.29 1.67 1.65 1.71 2.19 
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Table 16. Quantification of the impact of climate change on the seasonality. 

Parameter RCM model Emission scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Max RF 

IPSL-CM5A-LR 

Baseline (1976-2005) 0.00 0.00 0.38 0.10 0.14 0.21 0.00 0.00 0.00 0.00 0.00 0.17 

RCP 4.5 (2040-2069) 0.03 0.00 0.21 0.07 0.00 0.45 0.00 0.00 0.00 0.00 0.00 0.24 

RCP 4.5 (2070-2099) 0.00 0.00 0.38 0.03 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.34 

RCP 8.5 (2040-2069) 0.00 0.03 0.10 0.14 0.03 0.45 0.00 0.00 0.00 0.00 0.00 0.24 

RCP 8.5 (2070-2099) 0.03 0.03 0.14 0.00 0.00 0.45 0.00 0.00 0.00 0.00 0.00 0.34 

MIROC 

Baseline (1976-2005) 0.00 0.00 0.00 0.00 0.38 0.59 0.03 0.00 0.00 0.00 0.00 0.00 

RCP 4.5 (2040-2069) 0.00 0.00 0.00 0.00 0.10 0.90 0.00 0.00 0.00 0.00 0.00 0.00 

RCP 4.5 (2070-2099) 0.00 0.00 0.00 0.00 0.24 0.76 0.00 0.00 0.00 0.00 0.00 0.00 

RCP 8.5 (2040-2069) 0.00 0.00 0.00 0.00 0.28 0.72 0.00 0.00 0.00 0.00 0.00 0.00 

RCP 8.5 (2070-2099) 0.00 0.00 0.00 0.00 0.38 0.59 0.03 0.00 0.00 0.00 0.00 0.00 

NoerESM1-M 

Baseline (1976-2005) 0.00 0.00 0.00 0.14 0.41 0.21 0.07 0.00 0.00 0.00 0.00 0.17 

RCP 4.5 (2040-2069) 0.07 0.00 0.00 0.03 0.28 0.14 0.00 0.00 0.00 0.00 0.00 0.48 

RCP 4.5 (2070-2099) 0.03 0.00 0.00 0.24 0.17 0.21 0.00 0.00 0.00 0.00 0.00 0.34 

RCP 8.5 (2040-2069) 0.03 0.00 0.00 0.10 0.21 0.10 0.07 0.00 0.00 0.00 0.00 0.48 

RCP 8.5 (2070-2099) 0.00 0.00 0.00 0.07 0.07 0.21 0.03 0.00 0.00 0.00 0.00 0.62 

Min RF 

IPSL-CM5A-LR 

Baseline (1976-2005) 0.03 0.14 0.00 0.00 0.00 0.00 0.00 0.03 0.28 0.21 0.31 0.00 

RCP 4.5 (2040-2069) 0.07 0.10 0.00 0.00 0.00 0.00 0.00 0.03 0.10 0.14 0.55 0.00 

RCP 4.5 (2070-2099) 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.31 0.21 0.41 0.00 

RCP 8.5 (2040-2069) 0.03 0.10 0.00 0.00 0.03 0.00 0.00 0.03 0.31 0.07 0.41 0.00 

RCP 8.5 (2070-2099) 0.03 0.07 0.00 0.07 0.00 0.00 0.00 0.03 0.10 0.24 0.45 0.00 

MIROC 

Baseline (1976-2005) 0.00 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.66 0.03 0.03 0.00 

RCP 4.5 (2040-2069) 0.00 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.24 0.24 0.00 

RCP 4.5 (2070-2099) 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.31 0.41 0.00 

RCP 8.5 (2040-2069) 0.07 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.21 0.28 0.28 0.00 

RCP 8.5 (2070-2099) 0.00 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.66 0.03 0.03 0.00 

Continued on next page.   
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 NoerESM1-M 

Baseline (1976-2005) 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.90 0.07 0.00 0.00 

RCP 4.5 (2040-2069) 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.69 0.10 0.14 0.00 

RCP 4.5 (2070-2099) 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.03 0.76 0.03 0.10 0.00 

RCP 8.5 (2040-2069) 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.07 0.66 0.10 0.14 0.00 

RCP 8.5 (2070-2099) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.28 0.21 0.34 0.00 
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5.4. HYDROGEOLOGICAL FUNCTIONING AND GROUNDWATER DYNAMICS IN THE PRB 

5.4.1. Findings from chemical, stable isotope and radioisotope tracing 

This section used hydrochemistry and isotope data generated in two 

international R&D projects (Larrea et al., 2016; Alcalá, 2016) developed in 2014–

2015. Hydrochemistry and isotope data from selected water points were expressed 

as average weighed values over the control period February–August 2015, which 

was chosen based on having suitable spatial data density and covering the main 

hydrogeological processes. Weighting was done by (i) precipitation volume of the 

atmospheric bulk deposition samples collected in two open collectors installed at 

Bocatoma (W4) and Mudadero (W6) weather stations, (ii) groundwater discharge 

flow measured in springs S1 to S4 from the shallow aquifer and springs D1 to D7 

from the deep aquifer, and (iii) streamflow measured along the Pita River at 

Bocatoma (Q5), Proaño (Q4) and Mudadero (Q2) stream-gauging stations (Figure 

12a). All water points were bimonthly sampled. Table 17 summarizes the average 

weighed hydrochemistry and isotope results. 

The waters initially associated to the current renewable dynamic from 

atmospheric bulk deposition, Pita River course (surface-water) and shallow springs 

are mainly of the Ca-Mg-HCO3 type; the waters initially associated to a low to very 

low renewability from deep springs being of the Ca-Mg-Cl-SO4 type. Below, the 

description of results is focused on the rCl/rBr molar ratio, water-stable isotope 

δ18O, radioisotope 3H, stable isotope δ13C, and radioisotope 14C, with additional 

remarks on DIC and molar ratios rCl/rSO4, rNa/rK, rNa/rLi, rMg/rCa and 

rCl/rHCO3. 
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Figure caption on next page.   
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Figure 12. (a) Classification and location of the selected water points over a 30-m-resolution 

DEM of the PRB (Figure 1b) with the main geological structures overlapped (Figure 1c). (b) 

rCl/rBr molar ratio vs. chloride content in mg L–1; 1—water points with predominant 

atmospheric chloride, 2—water points with volcanic contribution of halides, and 3—

streamflow revealing a mixture of chloride from atmospheric sources and volcanic halides. 

(c) δ18O referred to the V-SMOW standard in ‰ vs. elevation in m a.s.l.; MAL—meteoric 

altitudinal line, SAL—streamflow altitudinal line, and 1—high-elevation recharge water 

points. (d) 3H content in tritium units (TU) vs. calculated water age (GA) in year. (e) 

δ13CDIC referred to the V-PDB standard in ‰ vs. HCO3 (DIC) in mg L–1, indicating 

sources of CO2 after Mook (2001); 1—in-transit recharge usually contributing to interflow 

runoff, 2—water points with volcanic CO2, and 3—shallow discharge contributing to 

streamflow. (f) Non-normalized 14C activity (A14C) in percent modern carbon (pmc) vs. 

calculated conventional age (GA) in kiloyear (kyr). For (b) throughout (f), the values 

correspond to the average weighed hydrochemistry and isotope content calculated over the 

control period February–August 2015, as reported in Table 17. 

The rCl/rBr ratio was used to identify the origin of salinity in groundwater 

and surface-water. This ratio is quite conservative during the hydrogeological 

processes, so it behaves an ideal chemical tracer (Davis et al., 2004; Alcalá and 

Custodio, 2008a). In the ocean, wind-generated aerosols preserve the seawater 

rCl/rBr ratio around 655±5, and decreases in continental atmospheric bulk 

deposition in the range of 100–600, with a decreasing trend along the wind path 

(Butler et al., 2007; Alcalá and Custodio, 2008a; Alcalá et al., 2015). Volcanism is a 

source of halide emissions to the atmosphere and directly into groundwater. The 

volcanic degassing produces volatile Cl and Br compounds. In general Cl is 

released more easily than Br, thus being able to increase the rCl/rBr ratio up to 2000 

(Aiuppa et al., 2005; Schaefer and Fegley, 2005; Alcalá and Custodio, 2008a; 

Marrero et al., 2015). In the PRB (Figure 12b; Table 17), the rCl/rBr ratio in 

atmospheric bulk deposition lightly decreased with elevation from 536 at W4 (3,387 

m a.s.l.) to 445 at W6 (3,866 m a.s.l.). This decreasing trend was also observed in 

shallow springs, passing from 648 in S1 (3,301 m a.s.l.) to 447 in S4 (4,009 m a.s.l.), 

thus showing that shallow springs discharge is associated to local recharge areas. 

The rCl/rBr ratio was in the 1066–1844 range in deep springs D1 to D7. The deep 

springs integrate shallow and deep groundwater flow paths, so their discharges 

represent a variable mixture of modern (recent, contemporaneous) shallow 

groundwater with low (but not always negligible) volcanic influence and old deep 

groundwater with prolonged water-rock interaction and evident contribution of 
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volcanic halides, as described below. The progressive discharge of deep 

groundwater to the baseflow tends to increase the rCl/rBr ratio in streamflow from 

598 at Q2 (Highland) to 773 at Q5 (PRB outlet) (Figure 12b). 

The molar ratios rCl/rSO4, rNa/rK, rNa/rLi and rMg/rCa (Table 17) 

corroborated the sources of salinity identified with the rCl/rBr molar ratio. Shallow 

springs S1 to S4 showed similar ratios to that of the atmospheric bulk deposition, 

evidencing low volcanic influence and low-temperature weathering of volcanic 

rocks. Regarding the atmospheric values, deep springs showed lower rCl/rSO4, 

rNa/rLi and rMg/rCa ratios, and higher rNa/rK ratios. These values are associated 

to a variable influence of volcanic SO4 emanations and volcanic rock weathering 

over a prolonged water-rock interaction in deep high-temperature layers, thus 

inducing neoformation of Ca- and K-rich minerals and excess of Na, Li and Mg 

(Schaefer and Fegley, 2005; Vengosh et al., 2007; Urrutia et al., 2022). 

In atmospheric bulk deposition, δ18O decreased with elevation from -10.9‰ 

at W4 to -12.5‰ at W6, with an altitudinal δ18O gradient of -3.0‰ km–1 (Figure 12c). 

The associated meteoric altitudinal line (MAL) allowed to identify the specific 

elevation for recharge contributing to local springs, as well as those springs whose 

discharge integrates high- and low-elevation recharge (Figure 12c). In the PRB, 

local springs are located at summit areas and provided δ18O signatures close to the 

MAL, whereas the δ18O signatures of large springs discharging at mid-slope and 

low-lying areas appeared variably deviated toward more negative values (lighter 

δ18O signatures) (Figure 12c). This behaviour is more evident in the shallow springs 

D2 and D3 and deep springs D4 and D5, whose discharge integrates high- and low-

elevation recharge produced along the north-western versant of the Sincholagua 

Volcano and the northern versant of the Cotopaxi Volcano, respectively (Figure 

12a). The δ18O signature in streamflow decreased with elevation from -11.5‰ at Q5 

to -12.6‰ at Q2, with an altitudinal δ18O gradient of -2.3‰ km–1 (Figure 12c). The 

streamflow altitudinal line is located between the MAL and the lighter δ18O 

signatures of those shallow and deep springs that integrates high- and low-

elevation recharge, thus verifying the contribution of QU with a meteoric δ18O 

signature and groundwater discharge with lighter δ18O signatures. 

The deuterium excess (d) was used to discern the atmospheric water vapor 

sources in the PRB. It is well known the good linear correlation between δ2H and 
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δ18O for meteoric water, which can be expressed as δ2H=aδ18O+b (Araguás-Araguás 

et al., 2000; Rozanski et al., 1993; Cartwright et al., 2006). For values in ‰, the classic 

a=8.0 and b=10‰ for modern average global precipitation were considered to 

define d=δ2H–8δ18O, which enables to identify the atmospheric water vapor sources 

from the Atlantic Ocean with d > 10‰ and Pacific Ocean with d < 10‰ (Mook, 

2001). In atmospheric bulk deposition d values increased with elevation from 9.7‰ 

at W4 to 10.2‰ at W6 (Table 17). One shallow (S1) and five deep springs (D1, D2, 

D3 and D7) showed d values in the 8.7–10.1‰ range, and three shallow (S2, S3 and 

S4) and two deep (D4 and D5) springs showed d values in the 10.8–12.8‰ range 

due to higher influence of Atlantic Ocean sources at high-elevation recharge areas. 

The d values increased in streamflow with elevation from 10.2‰ at Q5 to 11.0‰ at 

Q2. At station Q5, d values can be explained through the double contribution of QU 

with meteoric d values and groundwater discharge with higher d values. 

All water points sampled to determine tritium had 3H contents in the 0.4–2.1 

TU range (Figure 12d). The 3H content in atmospheric bulk deposition was 2.1 TU 

at W4 and W6 (Figure 12d). The measured 3H content (Cm) was 1.4–1.6 TU in 

shallow springs S2 and S4 and deep spring D5, 1.0–1.1 TU in shallow spring S1 and 

deep springs D1, D2, D3 and D7, and 0.4 TU in deep spring D6, thus giving average 

groundwater ages (GA) of 4.8–7.2 years, 11.5–13.2 years, and 29.5 years, 

respectively. Thus, discharge from shallow and deep springs includes a fraction of 

modern groundwater recharged after the thermonuclear bomb pulse in the 1950s 

and 1960s (Mook, 2001). In the PRB, in-transit diffuse aquifer recharge percolates 

through an unsaturated zone several tens of meters thick before reaching the 

saturated zone. Thus, a fraction of the 3H decreasing content can be explained by 

simple decay after several months to some years of transit time through the 

unsaturated zone. In the saturated zone, the groundwater moves towards the 

discharge points, increasing its age. Groundwater discharge consists of a mixture 

of flow paths with a wide range of transit times in macroscopically unconfined 

aquifers. In streamflow, the 3H content was 1.9 TU (1.8 years) at station Q5 and 1.5 

TU (6.0 years) at station Q4, which is similar to the 1.4 TU (7.2 years) measured in 

deep spring D5. According to the SWAT model evaluation described in Section V.2 

and the additional remarks on calibrated parameters included in Sections B.2 and 

B.3 in Appendix B, the circulation time of QU through the main channel is 1–2 

months, so the 3H content in QU would decay 0.01–0.02 TU at most. This range is 
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less than the determination error of ±0.1 TU. Therefore, the mixing of QU (with 

similar 3H content to that of atmospheric bulk deposition) and groundwater 

discharge (with 3H content similar to that of deep spring D5) can justify the 3H 

content in streamflow at station Q5. These findings corroborated the existence of 

two water sources: modern RGR associated with current climate cycles and old 

groundwater not generated nor substantially influenced by these cycles. 

In atmospheric bulk deposition, δ13CDIC increased with elevation from -27.2‰ 

at station W4 to -25.0‰ at station W6 (Figure 12e; Table 17), with an altitudinal 

δ13CDIC gradient of -4.0‰ km–1. These δ13CDIC signatures differed from the 

atmospheric CO2 (around -8‰) but agreed with the signature of biogenic soil gas 

CO2 derived from C3-cycle vegetation (Bender, 1971; Deines, 1980). The δ13CS range 

adopted for 14C data correction was -28‰ to -25‰. The δ13CDIC values of some in-

transit recharge water sampled at the boundary between natural andosols and 

volcanic formations near to the sites T3, T7 and T8 used for soil hydraulic tests 

(Figure 1d; Table 4; Table 5) ranged from -19‰ to -16‰ (Alcalá, 2006). These values 

showed an apparent isotopic equilibrium of HCO3 with biogenic soil CO2. The only 

six analysed shallow and deep springs showed δ13CDIC values (13Cm) ranging from -

7.2‰ to -2.2‰ (Figure 12e; Table 17). These values indicated that DIC is enriched 

(become heavier) in δ13C regarding the expected values for isotopic equilibriums of 

sole biogenic soil CO2 and dissolved HCO3. Since outcropping volcanic formations 

do not include carbonate minerals, the explanation is a mixture of biogenic soil CO2 

and volcanic CO2 influenced by remobilization and high-temperature 

decomposition of crustal carbon, as other authors (Tassi et al., 2010, 2011); Mason 

et al., 2017; de Moor et al., 2017; Battaglia et al., 2018) suggested to explain δ13CDIC 

values ranging from -9‰ to -1‰ in equivalent arc volcanic areas. In the IAV, deep 

Cretaceous limestones underlying the Pliocene to Quaternary volcanic and 

volcano-sedimentary formations have been documented (Feininger and Seguin, 

1983; Litherland et al., 1994; Hughes and Pilatasig, 2002; Burbano et al., 2015). δ13CM 

range adopted for 14C data correction was -2‰ to 0‰. 

The rCl/rHCO3 molar ratio was used to discriminate the dominant species of 

DIC in this active volcanic area. In the ocean and coastal areas, the rCl/rHCO3 ratio 

is 235±15 and decrease in continental areas according to the decreasing trend of Cl 

in atmospheric bulk deposition along the wind path and natural sources of HCO3. 
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Lithology and volcanism degassing determine pH and dissolved CO2 in 

groundwater (Mook, 2001; Urrutia et al., 2022). In general, HCO3 is the dominant 

species of DIC in fresh groundwater with pH in the 7.0–8.5 range, thus giving 

rCl/rHCO3 ratios around or lower than the atmospheric values. Volcanism is a 

source of Cl emanations and CO2 degassing into groundwater. This means that the 

rCl/rHCO3 ratio can increase regarding the atmospheric values when the Cl 

emanations are significant. In the PRB, the rCl/rHCO3 ratio in atmospheric bulk 

deposition increased with elevation from 0.29 at W4 to 0.36 at W6 (Table 17). The 

shallow aquifer springs S1 to S4 showed rCl/rHCO3 ratios in the 0.04–0.20 range, 

pH of 6.5–8.1, and DIC of 20–120 mg L–1 originated mostly from atmospheric CO2 

dissolution in equilibrium with water. Deep springs showed rCl/rHCO3 ratios in 

the 0.23–0.36 (D1 to D4) and 0.56–1.24 (D5 to D7) ranges, pH of 6.4–8.6, and DIC of 

140–250 mg L–1 in D1–D4 and 220–630 mg L–1 in D5–D7, the latest ones more clearly 

affected by additional CO2 sources, such as magma degassing. The progressive 

groundwater discharge tends to increase the rCl/rHCO3 ratio in streamflow from 

0.58 at station Q2 to 0.85 at station Q5. As found for 3H, these figures also identified 

the DIC of 85 mg L–1 at Q5 as the result of a mixture of QU and groundwater 

discharge. 

Radiocarbon (14C) activity (A14C) was measured in two shallow and four deep 

spring waters to calculate GA. For 14C data correction, (i) the factor f’ was applied to 

revert the reported normalized A14C values into non-normalized ones; and (ii) the 

correction factor f’’ was used to solve the binary mixing model with end members 

δ13CS ranging from -28‰ to -25‰, δ13CM ranging from -2‰ to 0‰, 14CS = 100 pmc, 

and 14CM = 0 pmc; the last two as reported by Mook (2001). Since past atmospheric 
14C was not considered in correction, the GA values corresponded to conventional 

ages instead of corrected ones. In what follows, A14C data and GA are referred to 

non-normalized activities and conventional ages, respectively. The A14C values 

were in the 88.9–113.7 pmc range in shallow springs and between 7.8 and 61.6 pmc 

in deep springs (Figure 12f; Table 17). The volcanic CO2 degassing was reflected in 

water points with low A14C and high DIC, such as in deep springs D5 (41.5 pmc 

A14C and 220.6 mg L–1 DIC) and D6 (7.8 pmc A14C and 336.0 mg L–1 DIC). A typical 

negative relationship between DIC and A14C was observed (Figure 12f). The other 

shallow and deep springs showed higher A14C and lower DIC values, thus 

identifying less contribution of volcanic CO2. Cretaceous limestones underlying the 
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Pliocene to Quaternary volcanic and volcano-sedimentary formations (Feininger 

and Seguin, 1983; Litherland et al., 1994; Hughes and Pilatasig, 2002; Burbano et al., 

2015) was considered the prime source of dead carbon in volcanic CO2. Discharge 

from shallow springs D2 (113.7 pmc A14C, 17.1 mg L–1 DIC, and 7.5 pH), located at 

the northern versant of the inactive Sincholagua Volcano, and D4 (88.9 pmc A14C, 

49.0 mg L–1 DIC, and 8.2 pH), located at the eastern versant of the active Cotopaxi 

Volcano, was considered modern water with GA of 0–0.1 kiloyears (kyr) and 0–0.3 

kyr, respectively. In deep springs, GA was 1.6–5.8 kyr in D1–D3, 5.8–6.6 kyr in D5, 

and 20.3–21.0 kyr in D6 (Figure 12f). These waters are clearly disconnected from 

current climate cycles. Normalized and non-normalized A14C data, correction 

factors f’ and f’’, and GA values are included in Table 17. 

The multiple processes affecting the sampled waters in a heterogeneous 

system make the estimation of GA a difficult and uncertain task to find additional 

trends and features. However, these figures corroborate that spring discharge 

integrates modern (current) and old groundwater. Thus, they are likely explained 

by the mixing of waters from different depths and ages. Since all sampled water 

points have measurable 3H contents, the contribution of old groundwater can be 

assumed much minor than modern groundwater. Old groundwater with renewal 

time of several millennia agrees with large low-yielding aquifers and low recharge 

rates. The low recharge rates estimated with SWAT model (Table 8) corroborates a 

part of this assertion, the relative ones to thickness and yielding of deep aquifers 

remain unknown, although they can be supposed high (hundreds of meters, even 

some thousands) and low (lower than 0.01), respectively, as deduced in next 

section. 
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Table 17. Hydrochemistry and isotope data from representative water points selected to identify the sources of groundwater salinity, identify the existence of shallow and deep 

aquifers, and calculate average groundwater ages in the PRB. Data are expressed as average weighed values over the control period February–August 2015. 

ID Name 
Coordinates  

Elevation,  

m a.s.l. 

Water flow a  Chemicals b  Stable isotopes c  Radioisotopes and groundwater age d 

Latitude Longitude  P Q D  Cl DIC rCl/rBr rCl/rSO4 rCl/rHCO3 rNa/rLi rNa/rK rCa/rMg  δ18O δ2H d-excess δ13C 
 3H GA (3H) A14Cn f' f'' A14Cnn GA (14C) 

W4 Bocatoma 0°29'49"S 78°26'17"W  3387 856      1.4 5.0 536 0.84 0.29   6.60 2.99  -10.9 -77.1 9.7 -27.2  2.1             

W6 Mudadero 0°37'01"S 78°24'07"W  3866 425      1.8 5.0 445 1.11 0.36   3.65 1.37  -12.3 -87.9 10.5 -25.0  2.1             

Q2 Mudadero 2 0°37'19"S 78°22'60"W  3877   2.56    3.0 61.0 598 1.27 0.58 159.5 4.74 0.81  -12.5 -89.1 10.9                  

Q4 Proaño 0°33'60"S 78°25'44"W  3641   2.28    3.2 76.3 711 0.58 0.72 191.5 6.74 1.67  -12.0 -85.2 10.5    1.5 6.0           

Q5 Bocatoma  0°29'48"S 78°26'08"W  3361   0.89    4.2 73.1 773 0.54 0.85 296.2 7.02 2.78  -11.5 -81.7 10.2    1.9 1.8           

S1 El Salto 0°29'02"S 78°26'17"W  3301     3.0  8.1 124.0 648 0.64 0.11 401.7 7.30 1.47  -11.6 -82.5 10.1    1.1 11.5           

S2 Santa Rita 0°29'02"S 78°25'60"W  3294     0.5  5.4 17.3 590 0.73 0.04 127.8 5.36 1.21  -11.3 -79.6 10.8 -7.2  1.5 6.0 109.6 1.04 0.19–0.29 113.7 0–0.1 

S3 Bocatoma 0°29'49"S 78°26'09"W  3381     0.5  10.2 101.4 598 1.09 0.20 316.7 6.36 1.30  -11.1 -76.9 11.6                  

S4 Chirimachay 0°41'27"S 78°2228"W  4009     450.1  2.0 49.0 447 1.01 0.08 150.2 5.75 1.08  -12.8 -90.2 12.1 -4.1  1.6 4.8 85.2 1.04 0.08–0.16 88.9 0–0.3 

D1 Panzapamba 0°31'03"S 78°25'18"W  3540     1.5  29.8 156.5 1723 0.52 0.33 277.8 11.82 0.84  -11.9 -86.3 8.9 -4.0  1.0 13.2 43.8 1.04 0.08–0.16 45.7 5.0–5.8 

D2 Panzatilin 0°31'47"S 78°26'13"W  3527     2.7  17.3 131.2 1066 0.47 0.23 371.7 9.11 1.98  -11.8 -85.1 9.0 -6.4  1.1 11.5 59.3 1.04 0.17–0.26 61.6 1.6–2.5 

D3 Proaño 0°34'31"S 78°25'55"W  3683     0.4  36.4 173.4 1555 0.48 0.36 280.9 25.95 0.80  -12.1 -88.4 8.7 -3.3  1.1 11.5 51.4 1.05 0.05–0.13 53.8 4.0–4.7 

D4 Salitre 0°35'32"S 78°24'24"W  3760     0.5  15.8 243.1 1422 0.57 0.28 263.4 15.57 1.00  -12.7 -89.0 12.7                  

D5 Chilcahuaico 0°36'13"S 78°24'30"W  3802     462.3  47.8 216.1 1425 0.49 0.56 130.1 17.90 0.69  -12.6 -88.4 12.8 -4.1  1.4 7.2 39.8 1.04 0.08–0.16 41.5 5.8–6.6 

D6 Lindoloma 0°36'38"S 78°24'26"W  3859     0.4  447.8 336.0 1707 0.62 1.74 173.7 26.59 0.06  -12.3 -89.5 9.2 -2.2  0.4 29.5 7.5 1.05 0.01–0.09 7.8 20.3–21.0 

D7 Rinconada 0°37'16"S 78°24'29"W  3906     3.2  73.1 278.0 1844 0.45 0.83 136.5 18.58 0.49  -12.5 -90.8 9.4    1.1 11.5           

T3 ITR 0°35'41"S 78°23'48"W  3875        2.5 17.3 521 0.79 0.27   8.73 1.40  -12.3 -88.4 10.1 -16.2                

T7 ITR 0°37'36"S 78°21'24"W  3941        2.0 30.3 487 1.02 0.11   6.21 1.74  -12.5 -89.4 10.6 -18.3                

T8 ITR 0°37'36"S 78°21'49"W  3915        2.1 22.8 479 0.97 0.08   5.62 1.83  -12.4 -88.7 10.6 -19.1                

ID and location of atmospheric bulk deposition collectors W4 and W6, stream gauging stations Q2, Q4 and Q5, shallow springs S1–S4 and deep springs D1–D7, and in-transit 

recharge (ITR) measured at sites T3, T7 and T8 as in Figure 12a. 
a P—precipitation in mm year–1, Q—average streamflow in m3 s–1, and D—average spring discharge flow in L s–1. 
b Cl and DIC in mg L–1; the molar ratios are dimensionless. 
c δ18O, δ2H, d-excess and δ13C in ‰. 
d 3H in TU, A14Cn—normalized A14C and A14Cnn—non-normalized A14C (the product of A14Cn and f’) in pmc, correction factors f’ and f’’ are dimensionless, and GA—groundwater 

age of modern (recent, contemporaneous) water thought 3H (3H) and old water thought 14C (14C) in year and kiloyear, respectively. 



 LILIA PEÑAFIEL 

 

140 

Baseflow (QBT) and surface and interflow runoff (QU) were used as end 

members of a binary mixing model implemented to calculate the QBT fraction 

contributed to streamflow (QT) over the control period February–August 2015. As 

indicated in previous sections, the QBT fraction corresponds to a mixing of RGR 

(modern discharge) associated with current climate cycles and old groundwater 

not influenced by these cycles. As described in Section IV.4.4, R denoted the tracer 

content of the mass balance component identified in the subscript. For the 

conservative tracers rCl/rBr, δ18O and 3H (i) RQT was the average-weighted tracer 

value measured at gauging station Q5; (ii) RQU adopted the precipitation-weighed 

atmospheric bulk deposition tracer value measured at collectors W4 and W6; and 

(iii) RQBT adopted the discharge-weighed tracer value measured at Chilcahuaico 

deep spring (D5), which is the most representative spring in terms of groundwater 

discharge flow (460 L s–1; Table 17), i.e., 0.52-fold average QBT = 0.88 m3 s–1 (0.41 

mm day–1) calculated with SWAT over the same control period February–August 

2015 (Figure 6d). See Table 17 for further information. Table 18 shows the input 

data and results of the implemented binary mixing model. The QBT fraction 

calculated with tracer techniques varied in the 0.26–0.30 range. This range was 

almost identical to the QT fraction of 0.28±0.05 calculated with SWAT model over 

the same control period February–August 2015; average QT being 3.17 m3 s–1 (1.48 

mm day–1) as displayed in Figure 6d. The relative difference was ±0.07 (Table 18). 

This figure allows the tracer mass balance to be proposed as a robust procedure for 

external validation of QBT calculated with SWAT model. 

Hydrochemistry and isotope tracing corroborated the existence of shallow 

and deep aquifers in the PRB, which is a prerequisite for a standard 

implementation of SWAT model, such as carried out in this Thesis. The 

corroboration of two aquifers is based on the different average groundwater age 

and sources of salinity associated to each one. Processes controlling the chemical 

and isotope baseline of the groundwater discharge contributed to the baseflow 

fraction of streamflow are atmospheric bulk deposition and water-rock interaction. 

This is the case for groundwater discharge from shallow aquifer. For groundwater 

discharge from deep aquifer, volcanic CO2 degassing and emanations of halides, 

Li and SO4 adds to the above described two processes. The consequence is a 

relatively easy tracing of modern (recent, contemporaneous) shallow and old deep 
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groundwater contributions to streamflow that corroborates the above 

asseverations. 

Table 18. Input data and results of the binary mixing model implemented to calculate the 

baseflow fraction contributed to streamflow over the control period February–August 2015. 

Selected tracer RQT RQU RQBT QBT fraction RE a 

rCl/rBr, [–] 773 490 1425 0.30 -0.07 

δ18O, ‰ V-SMOW -11.5 -11.1 -12.6 0.27 0.04 
3H, TU 1.9 2.1 1.4 0.26 0.07 

R denotes the tracer content of the mass balance component identified in the subscript, as 

QT—streamflow, QU—surface and interflow runoff, and QBT—baseflow; [–] —

dimensionless. 
a Comparison of the calculated QBT fraction with tracers (z*) and SWAT model (z), RE = (z – 

z*)/z is the relative difference. 

5.4.2. Findings from Darcian based formulations 

Shallow and deep aquifers are hydraulically connected, as deduced from 

hydrochemistry and isotope tracing described in Section V.4.1. The rCl/rBr ratio 

and radioisotope data evidenced how deep spring discharge integrates variable 

fractions of modern and old groundwater, thus indicating a mixing of waters from 

different depths and ages. All sampled water points had measurable 3H contents, 

so the old groundwater fraction contributed to baseflow can be assumed much 

minor than the modern one. This system conceptualization involves 

macroscopically unconfined flow conditions, despite that both shallow and deep 

aquifers (i) include fluctuating saturated zones at high-elevation unconfined 

recharge areas and some confined sectors with permanent saturated thickness at 

mid-slope and low-lying discharge areas due to the existence of confining lahar 

formations (Figure 1c); and (ii) show differences in the magnitude of hydraulic 

conductivity and specific yield, which are somewhat higher in the case of the 

shallow aquifer (Table 6).  

After these remarks, average groundwater residence (renewal) time (GT) and 

total groundwater discharge (DT) were calculated using the Darcian-based 

formulations described in Section 4.4.4. Input data included the previous 

information generated and/or compiled in the area (Table 6) and findings deduced 

from hydrochemistry and isotope tracing of Section 4.4.1. GT and DT were evaluated 
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separately for the shallow aquifer, which is formed by Holocene andesitic lavas and 

avalanche flows from COVS and late Pleistocene Rhyolitic pyroclastic flows from 

CHVS, and the deep aquifer, which is formed by middle Pleistocene andesitic lavas 

from COVS and early Pleistocene andesitic lavas from SIVS (Figure 1c); see 

geological and hydrogeological descriptions of Section 3.2. 

Other additional remark was necessary for conceptualization. Aquifer 

recharge includes two fractions, one that effectively contributes to the aquifer 

storage from shallow and deep aquifers (respectively named WRS and WRD in SWAT 

model) and other that discharges quickly and contributes to the baseflow (QBT). 

This consideration implies that the microscopically unconfined system is virtually 

full, which is plausible since groundwater exploitation is nil. Thus, total potential 

recharge from precipitation can be expressed as summation of QBT, WRS, and WRD. 

This assertion required an external evaluation of aquifer recharge using an 

alternative technique. For this purpose, the atmospheric chloride mass balance 

technique (Nolan et al., 2007; Coes et al., 2007; Alcalá and Custodio, 2014; 2015) 

expressed as R ≡ P(CP/CR) was implemented at the headwater of the PRB (subbasin 

4; Figure 7), where R = 389 mm year–1 is total potential recharge, P = 425 mm year–1 

is yearly precipitation at weather station W6, CP = 1.84 mg L–1 is average 

precipitation-weighted chloride content from atmospheric bulk deposition 

collected at W6, and CR = 2.01 mg L–1 is average discharge-weighted chloride 

content monitored at the shallow spring S4 (Figure 12b; Table 17). R was quite 

similar to QBT+WRS+WRD = 397 mm year–1 calculated with SWAT model at subbasin 

4 (Table 10). The similarity of the rCl/rBr ratio found in W6 (445) and S4 (447) 

corroborated the atmospheric origin of chloride needed to propose this aquifer 

recharge estimation reliable enough (Figure 12b), whereas GA = 4.8 year calculated 

with 3H (Figure 12d) and GA = 0–0.3 kyr calculated with 14C (Figure 12f) identified 

modern (recent) groundwater comparable to the current groundwater components 

evaluated with SWAT model. This calculation serves as additional external 

validation of SWAT model. 

Using in Equation 15a average R = QBT+WRS+WRD = 353 mm year–1 calculated 

with SWAT model for the entire PRB (Table 10) and average GT ≈ GA = 11.5 year (1.1 

TU) calculated from the selected deep springs D1 to D7 (Figure 12d), the saturated 

thickness (H) was 4.06 m. Using the average aquifer specific yield (S) of 0.003 after 
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experimental values (Table 6) and pumping tests performed in pumping wells W1 

and W2 (Figure 1c), aquifer thickness was around 1350 m. The parameter specific 

yield was quite uncertain because aquifer information was available up to 300 m 

depth. Specific yield is around 0.01 in the uppermost 50–100 m of the shallow 

aquifer (Table 6) and may be 0.001 or less in the lowermost part of the deep aquifer 

due to fissure infilling associated to clay neoformation and carbonates precipitation 

at high-temperature rock weathering that could justify the groundwater transit 

times of several millennia calculated with 14C. Using in Equation 15b the above R, 

GT and H values, and considering a two-dimensional basin surface receiving 

recharge and contributing to aquifer storage (AB) of 156.4 km2 (Figure 1c), the 

aquifer saturated volume (V) was tentatively estimated to be around 0.64 km3. 

The subsurface groundwater discharge transmitting through the entire 

aquifer system to the basin outlet (QA) was also calculated. The 1D (Equation 17a) 

calculation used the above GT, H and S values, and b = 1.3, as pointed out by 

Chapman (1999) for macroscopically unconfined aquifers having longitudinal flow 

paths with certain convergent (radial) component. QA = 0.28 mm year–1. This figure 

coincided with deep aquifer recharge (WRD = 0.28 mm year–1) calculated with 

SWAT model (Table 10). The 3D (Equation 17b) calculation used the above GT, H, 

S, b and AA values. QA = 0.013 km3 year–1. Total groundwater discharge (DT) 

includes QA and QBT. In the PRB, DT = 0.28+341.3 = 341.6 mm year–1. Since the 

aquifer is virtually full, QA coarsely corresponds to the groundwater discharge 

fraction from the deep aquifer, since the groundwater discharge fraction from the 

shallow aquifer contributes almost entirely to the baseflow. Therefore, the 

hydrological system functioning follows a stationary regime, where long-term 

recharge and discharge tend to be equal for periods coinciding with a natural 

groundwater renewal cycle of around 11.5 year long, as also was corroborated by 

the 12-year critical balance period for stationary evaluations calculated in Section 

5.1 for the PRB area. 

As a part of the necessary data for optimal groundwater evaluation prior 

exploitation, the rate of groundwater reserve exhaustion after exploitation (E) was 

calculated. As described above, aquifer information was available up to 300 m 

depth, so average aquifer transmissivity (T) data can be assumed quite uncertain 

and biased for deeper depths. Thus, T was replaced in Equation 19 by the product 
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of average hydraulic conductivity (K) and H. E = 0.009, considering the above H 

and S values, average K = 0.19 m2 day–1 after weighting of experimental values 

(Table 6) and pumping tests performed in pumping wells W1 and W2 (Figure 1c), 

and an average aquifer dimension L = 5.5 km (Figure 1c). Using Equation 19 and 

assuming constant E and other aquifer form parameters, the time to exhaust half 

the groundwater reserve (ET) associated to a given exploitation regime was around 

55 years. This tentative evaluation shows how severe could impact an unplanned 

exploitation on the groundwater reserve; the outlook would worsen if this 

unplanned exploitation were carried out without considering the additional impact 

of climate change. In the current climate context, an unplanned exploitation regime 

could have irreversible consequences on the current baseflow regime, the water 

quality level required for the environment and urban supply, and the yielding of 

the pumping wells themselves. The evaluation of these multivariant impacts and 

consequences is out the scope of this Thesis. 

The above figures obtained from basic Darcian-based formulations were 

supported with probably biased input data, which are the only ones available. A 

sound uncertainty must affect this evaluation. However, uncertainty was not 

evaluated since the full range of error of the variables and parameters involved is 

unknown, thus the uncertainty evaluation should also be biased. Therefore, the 

reported groundwater evaluation is highly interpretable. In a study area with such 

a scarcity of hydrogeological data, the order of magnitude of the aquifer variables 

and parameters is what matters. Regarding the significance of the RGR in the PRB, 

and in the Andean Highland in general, future research should aim to refine future 

predictions based on necessary groundwater monitoring to support specific 

groundwater modelling tools. For example, coupled SWAT–MODFLOW models 

have proven satisfactory solutions, provided piezometry can be long-term 

monitored and hydraulic parameters for aquifers and their hydraulically connected 

aquitards can be surveyed accurately. However, these tools could be restricted to 

some areas since data availability in many Andean Highland sites is similar or even 

worse than existing in the PRB (Alcalá, 2006). 
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VI -LIMITATIONS AND FUTURE WORK 

6.1. OVERALL EXPOSITION 

The main limitation to correctly conceptualize the hydrogeological 

functioning of the PRB is the insufficient geological definition. This problem is 

shared by most of the Andean Highland basins, except in some exceptions where 

the oil industry has carried out detailed geological explorations in accordance with 

its exploration needs prior to drilling and extraction operations. The insufficient 

geological definition generates two important problems. The first is the insecurity 

of the proposed hydrogeological conceptualization. The second, which depends on 

the first, is the inability to implement numerical models to simulate groundwater 

flow, since these models need to incorporate the geometry of the aquifers and 

aquitards. In turn, this second limitation evidences another type of deficiency to 

characterize the groundwater resource, which is the practical absence of networks 

for monitoring groundwater, and pumping wells and piezometers to measure 

hydraulic properties of the geological formations and record time series of the 

variables, such as piezometry. This basic information requires operating networks 

for monitoring piezometry, spring discharge flow and other similar ones, in 

addition to those typically associated with the control of the hydrochemical 

dynamics of the different groundwater flow paths. In short, implementing 

numerical groundwater simulation tools with a minimum resolution and 

predictive capability in the PRB and in most of the Andean Highland basins is 

unfeasible. These needs lead to other first-rate limitations, such as the budgetary 

and financial capacity of governmental water agencies and public water supply 

companies to undertake this type of research and the time interval necessary to 

achieve correctly validated products. 

The following two sections are devoted to describe additional scientific 

remarks of the two general limitations: the insufficient geological definition and 

the inability to numerical models to simulate groundwater flow, emphasizing that 

this second limitation depends on a confident definition of subsurface geology, and 

also on the existence of input data series long enough to guarantee a correct 
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stationary evaluation and hydraulic parameters of aquifers and associated 

aquitards by means of pumping tests surveyed in spatially distributed pumping 

wells, which also do not exist in the PRB. In the PRB, none of these conditions exist, 

and there is no known basin in the Andean Highland in northern Ecuador that fully 

meets them. This clear limitation to carry out an orderly evaluation of the 

groundwater resource is the reason that has driven the design of the 

methodological strategy proposed in this Thesis to evaluate the RGR and the 

dynamics of the groundwater resource. The following two sections also describe 

research in progress to advance our understanding of these important limitations. 

6.2. HYDROGEOLOGICAL CONCEPTUALIZATION OF REGIONS WITH ACTIVE TECTONICS 

AND VOLCANISM 

In the Andean Highland in northern Ecuador, high precipitation rates, low 

evapotranspiration rates, and favourable physicochemical properties of soils 

determine annual streamflow-to-precipitation ratios in the 0.6–0.8 range (Buytaert 

et al., 2006; Tobón and Arroyave, 2007; Crespo et al., 2014). In general, this 

behaviour favours high interflow rates, low to moderate shallow aquifer recharge 

rates, and low to very low deep aquifer recharge rates (Alcalá et al., 2016; Peñafiel 

et al., 2016a). From a hydrogeological point of view, Mesozoic carbonate formations 

and Neogene to Quaternary volcanic and volcano-sedimentary formations form 

moderately permeable regional aquifers of more than 1,000 m thick (Peñafiel et al., 

2020, 2021). The high compartmentalization of these geological formations induced 

by active tectonics and volcanism determines different hydraulic and 

physicochemical behaviours along the flow paths and complex interactions 

between aquifers and rivers, lakes and streams (Hemmings et al., 2016; Muñoz, 

2016; Vuille et al., 2018; Vincent et al., 2019). Aquifer recharge is mostly produced 

in summit areas where these formations outcrop, whereas aquifer discharge occurs 

through valleys downstream where the incisive topography interests the regional 

piezometry and occasionally through faults forming permanent springs (Peñafiel 

et al., 2016a, 2016b; Ruiz-Pico et al., 2019). Quaternary alluvial and fluvial-glacial 

formations form small, highly permeable aquifers that collect regional aquifer 

discharge (Hall and Motes, 2008; Mark et al., 2010; Favier et al., 2008; Baraer et al., 

2012, 2015; Hemmings et al., 2016; Peñafiel et al., 2016a, 2016b; Vuille et al., 2018; 
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Ruiz-Pico et al., 2019). The typical hydrological functioning is basins with losing 

streams in summits and gaining streams in mid-slope and low-lying areas (Alcalá 

et al., 2016). This general hydrogeological functioning is perfectly observed in the 

PRB. 

The hydrogeological functioning of most Andean Highland basins in 

combination with habits for water consumption of population have determined the 

capability for using and monitoring the groundwater resource. In natural mid-

slope and summit areas, groundwater is deeper, human use is low or negligible, 

aquifer discharge equals to aquifer recharge, average groundwater turnover time 

is in the range of some years (Peñafiel et al., 2016a; 2016b), and the general lack of 

observation networks has prevented to implement saturated-zone routed 

techniques or numerical models for groundwater evaluation (Célleri and Feyen, 

2009). In mid-slope and low-lying areas, groundwater is often shallower and better 

monitored, human pressure is high, aquifer discharge is higher than local aquifer 

recharge, average turnover time varies in the range of decades or more (Peñafiel et 

al., 2016a; 2016b), and the increasing exploitation has introduced disturbances that 

put severe pressure on the groundwater resource (Buytaert and De Bievre, 2012; 

Ochoa-Tocachi et al., 2018). This is the case of most IAV aquifers, where the PRB 

becomes an excellent case study for natural mid-slope and summit areas. 

In the PRB, the magnitude of the RGR obtained with SWAT model (Table 10) 

and the conceptualization gained from tracer techniques and Darcian-based 

formulations agree the above overall synthesis, but with particularities associated 

to the fact that aquifers are virtually full determining low shallow aquifer recharge 

and very low deep aquifer recharge. Therefore, the hydrogeological functioning of 

the PRB can be considered a guide for initial conceptualizations of other similar 

basins, saving the logical expected differences in magnitude and renewal of the 

groundwater balance components according to their geographical, climatological, 

geological and dimensional features. 

Thickness and specific yield of shallow and deep aquifers are crucial pieces 

of information in groundwater exploration that requires further discussion (and 

caution) when derived indirectly from Darcian-based formulations. In Section 

V.4.2 aquifer thickness around 1,350 m was deduced. As shown in Figure 1c, the 

shallow aquifer average thickness is around 150 m. For the deep aquifer, this 
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information is unknown. In Figure 1c, aquifer thickness was drawn around 500 m, 

although no specific geological or geophysical research aimed at defining the 

position of the impervious lower boundary of the deep aquifer and therefore its 

saturated thickness is available. Fortunately, there is other type of information from 

which this hydrogeological information can be corroborated. Hemmings et al. 

(2016) inferred aquifer thickness over 1,000 m at least (the model did not report 

results below this depth) in the northern versant of the Cotopaxi Volcano (southern 

part of the PRB) after two-dimensional geothermal modelling, whereas Peñafiel et 

al. (2020; 2021) reported aquifer thickness around 1,500 m for the equivalent 

geological formations in the nearest Quito basin after electromagnetic 

(Magnetotelluric Soundings) geophysical surveys. The work of Hemmings et al. 

(2016) is of especial interest because it corroborates the aquifer thickness magnitude 

approached in the PRB and provides a validated heat flow model based on several 

combinations of aquifer hydraulic conductivity (K) and specific yield (S). The 

validated average K and S were in the 0.15–0.25 m2 day–1 and 0.002–0.005 ranges, 

i.e., they have the same magnitude that the average values used in this Thesis. 

Many other findings of hydrogeological interest can be deduced when a 

combined analysis of the two-dimensional geothermal model of Hemmings et al. 

(2016) (Figure 13) and findings deduced from SWAT model, tracer techniques and 

Darcian-based formulations is performed. First, the geothermal model identifies 

two heat layers, a thin shallow cold layer derived from current recharge floating 

over a thick deep hot layer subjected to hydrothermal processes equivalent to the 

deep aquifer defined in this Thesis (Figure 13). The second is the heat flow paths 

system, where shallow groundwater is transmitted horizontally near surface and 

discharges where topography intersects piezometry. However, deep groundwater 

is slowly transmitted throughout the aquifer and discharges in favourable sites 

such regional fault systems, as also was evidenced by the low electrical resistivity 

(high electrical conductivity) longitudinal fields recorded with electromagnetic 

geophysical techniques in the vicinity of active faults in Quito basin (Peñafiel et al., 

2020; 2021). The consequence is shallow groundwater discharge showing low to 

very low volcanic influence and deep groundwater discharge being a variable 

mixture of shallow and deep groundwater, as was deduced from chemical and 

isotope tracing in Section 4.4.1. Thus, the hydrogeological conceptualization in the 

PRB must also include the presence of regional active faults to justify deep 
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groundwater contributing to streamflow (Figure 13). In the PRB, the two-

dimensional geothermal model also corroborates that the aquifer is virtually full, 

thus the effective recharge contributing to the aquifer storage is quite low as SWAT 

model evaluated and chemical and isotope tracing corroborated. 

Figure 13. Two-dimensional geothermal modelling in the northern versant of the Cotopaxi 

Volcano (southern part of the PRB), modified and updated from Hemmings et al. (2016), 

including water (liquid) saturation (background colours), temperature (coloured contours), 

and heat flux (streamlines and arrows; logarithmic scale) dynamics at the end of the initial 

model simulation (3,500 years). 

The most important parameters to characterize the dynamics of the RGR 

were aquifer recharge (shallow and deep aquifer recharge), aquifer discharge 

(groundwater transmitting to the basin/aquifer outlet and baseflow fraction of 

streamflow) and groundwater turnover time (renewal time). These variables 

depend on and allows calculate the aquifer thickness (H) magnitude obtained in 

the PRB. However, the evaluation of these variables for H = 1350 m or higher values 

could be unrealistic because it is unknown if all the deep geological formations is 

saturated or there are low-permeability geological formations forming aquitards or 

aquicludes of unknown thickness, as could easily be expected. What it seems 

evident is that the magnitudes of these variables are consistent with the geometry 
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and hydraulic properties of the explored aquifer sectors, including indirect 

deductions from two-dimensional geothermal models and geophysical surveys. 

Since the saturated thickness of these aquifers is unknown, a theoretical calculation 

of aquifer discharge (GT) and groundwater turnover time (DT) is provided, using H 

= 150 m for shallow aquifer (a proved condition; Figure 1c; Figure 13) and two 

options (H = 500 m and H = 1,000 m) for deep aquifer. Table 19 summarizes these 

theoretical results, which are aimed at providing basic hydrological criteria for 

sustainable groundwater exploitation. 

Table 19. Scenarios of average groundwater-turnover time and total groundwater discharge 

in the PRB attending to plausible aquifer saturated thickness ranges and other aquifer 

variables and parameters. 

Variable/parameter Shallow aquifer a Deep aquifer a Deep aquifer a 

b, [–] 1.2 1.2 1.2 

A, km2 24.8 36.8 36.8 

S min, [–] a 0.008 0.009 0.009 

S avg, [–] a 0.015 0.012 0.012 

S max, [–] a 0.051 0.048 0.048 

K min, m day–1 a 0.123 0.110 0.110 

K avg, m day–1 a 0.288 0.205 0.205 

K max, m day–1 a 0.877 0.658 0.658 

H, m b 150 500 1000 

GT min, year c 106.0 19.9 8.8 

GT avg, year c 28.4 14.1 5.9 

GT max, year c 15.8 17.7 11.8 

DT min, mm year–1 c 35.2 305.9 1794.5 

DT avg, mm year–1 c 93.2 607.6 2691.7 

DT max, mm year–1 c 362.9 2565.5 7103.5 

[–] — dimensionless. 
a For S and K, experimental range as in Table 6 and average surface-weighted value (into 

parenthesis) after data from each geological formation forming the corresponding aquifer. 
b For the shallow aquifer, average H value after geological cross-sections as in Figure 1c. For 

the deep aquifer, H = 500 m and H = 1,000 m are two options adopted for calculations. 
c For the shallow aquifer, experimental range and average value (into parenthesis) of GT 

and DT after experimental values of S and K. For the deep aquifer, ranges and average 

values of GT and DT after experimental values of S and K for H = 500 m and H = 1,000 m. 
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Finally, under the auspice of public funds from Ecuadorian authorities and 

academic institutions, an electromagnetic (Magnetotelluric Soundings) 

geophysical survey will be performed in the PRB in coming months. This scientific 

research is aimed at defining aquifer geometry (thickness and extension) and 

identifying geological structures (active faults) determining preferential flow paths 

of the deep aquifer. 

6.3. SURFACE WATER - GROUNDWATER COUPLED MODELLING 

Surface water and groundwater numerical models, including the rainfall–

runoff SWAT model, allows evaluations over the modelling period that may differ 

from the expected long-term stationary condition when using short, variable-

length time series. Usually, the modelling period is constrained to the length of the 

shorter input model variable, usually observed streamflow record in rainfall–

runoff models and piezometry in groundwater models. Rarely, the long-term 

stationary representativeness of the evaluation (of the water balance components) 

is evaluated, so results can only be considered representative for the condition 

monitored during the modelling period. Model uncertainty and performance may 

be unreal, varying from illusory low values to unmanageable high values, which 

are unpractical for water resources management. 

This Thesis has put attention in this issue and has implemented a procedure 

to analyse the temporal representativeness of the governing water balance 

components before proposing a given numerical model and using the model 

estimates as support for decision making. This initial analysis is especially 

important in the Andean Highland, where the short, variable-length time series 

predominate, and the water resources evaluation can be suboptimal, even 

unpractical. 

As described in Section II.3, the consulted SWAT literature indistinctly used 

both shallow and deep aquifer recharge components to evaluate the RGR, 

following four typical strategies. This Thesis used the third and fourth strategies. 

The third strategy used streamflow hydrograph filtering techniques to separate the 

baseflow component, after experiences gained in similar steep basins with gaining 

streams and null groundwater transference and abstraction, which allows to equal 

total aquifer recharge to aquifer discharge contributed to the baseflow component 
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(Rutledge and Mesko, 1996; Lim et al., 2005; Plesca et al., 2012; Lee et al., 2018). The 

fourth strategy applied in the PRB used specific recharge techniques based on 

saturated zone routed physical and tracer techniques to refine shallow and deep 

aquifer recharge components by SWAT model. The procedure was to complement 

the SWAT model evaluation in what concern to the groundwater components, as 

has been documented in the scientific literature (Han et al., 2015; Jin et al., 2015; 

Stehr et al., 2009; Abiodun et al., 2018; Tobin and Bennett, 2019; Senent-Aparicio et 

al., 2020, 2021b; Lee et al., 2018). The other two strategies are constrained in the PRB 

and in most of the Andean Highland basins because of the scarcity of aquifer data, 

as described in previous sections. In fact, the first strategy, which is based on direct 

groundwater monitoring, is a part needed for a correct implementation of the 

second one. 

Scientific research ahead is aimed at coupling groundwater numerical 

models like MODFLOW with SWAT model. This second strategy will use the RGR 

evaluated by SWAT model to refine the aquifer recharge/discharge function used 

in MODFLOW. Because groundwater numerical models often overlook the 

required accuracy for aquifer recharge (Kim et al., 2008), assumed accurate shallow 

aquifer recharge by SWAT model and deep groundwater dynamics by tracer 

techniques and Darcian-based formulations will be crucial pieces of information. 

The different hydrological meaning and timing of shallow and deep aquifer 

recharge would be quantified. This future research will start when the 

geological/geophysical research described in the previous section will end. 

However, a first analysis has already been initiated to assess the coupling capability 

of SWAT and MODFLOW models in the PRB, which will include the tentative 

values of aquifer thickness, total discharge and average groundwater turnover time 

(renewal) obtained in this Thesis. 
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VII - CONCLUSIONS 

The conclusions of the Thesis have been drawn from findings reached in the 

three published high-impact articles, and other one about to be published, all of 

them prepared in the exclusive research framework that has led to this work. See 

the initial Publications Section for details. 

Hydrological modelling combined with saturated zone routed techniques is 

an effective strategy for evaluating the renewable water resources under stationary 

conditions prior forecasting climate and human impacts under plausible scenarios. 

This methodology is suitable for sparse-data mountainous basins intended to 

supply densely populated urban areas. This Thesis used the SWAT model to 

evaluate the renewable groundwater resource (RGR) under a stationary condition 

as a step to assess the impact of climate change on this water component in the Pita 

River basin (PRB), which is a representative area of the páramo ecosystem in the 

northern Andean Highland in northern Ecuador proposed to meet the future water 

demand of approximately 400,000 inhabitants in the Metropolitan District of Quito 

(MDQ). Tracer techniques and Darcian-based formulations were also used to 

determine the groundwater dynamics by means of some essential variables that 

SWAT model does not provide. 

A SWAT model was configured over the period 2006–2015. A stationarity 

analysis prior implementing the numerical model was implemented to asseverate 

that the modelling period is suitable to generate stationary evaluations of the RGR. 

The SWAT evaluation provided average annual streamflow and aquifer recharge 

rates around 0.45- and 0.01-fold the average annual precipitation in the area, which 

is 1,004 mm. The conclusion was that aquifers in the PRB are virtually full, thus 

repealing most of the infiltration water amount. As in other pristine Andean 

Highland basins, in the PRB the natural hydrological regime determined by thick, 

porous andosols over virtually full moderate-permeability volcanic and volcano-

sedimentary aquifers induces high streamflow (high baseflow and surface and 

interflow runoff) and low aquifer recharge (shallow and deep fractions) rates. 

Regarding the climate change impact on the RGR, five Regional Climate 

Models (RCMs) based on two Representative Concentration Pathway (RCP) 
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emission scenarios (4.5 and 8.5) for the mid- (2040–2069) and long-term (2070–2099) 

time horizons were implemented. Hydrological modelling demonstrated increases 

in average temperature and precipitation of + 2 °C and + 3 % in the mid-term and 

+ 4.5 °C and + 20 % in the long term, respectively. All the RCMs indicated some less 

aquifer recharge in the mid-term. However, this pattern was softened, and even 

reversed, in several scenarios in the long term. Seasonal differences in streamflow 

and aquifer recharge in the baseline scenario were predicted to increase to + 23 %. 

Future hydrological regime could place the highly sensitive soil–vegetation 

dynamics of the páramo ecosystem at risk of degradation, with negative 

consequences for stream water provision. Hence, the RGR fraction seems to be the 

safest option for water provision in the future, despite that much more knowledge 

about its dynamics is needed to asseverate that its quantity and quality properties 

will remain. 

Chemical, stable isotope and radioisotope tracer techniques corroborated the 

existence of shallow and deep aquifers based on the different average groundwater 

age and sources of salinity associated to each one. The processes controlling the 

chemical and isotopic baseline of shallow groundwater contributed to baseflow 

were atmospheric bulk deposition and water-rock interaction. For the deep 

groundwater discharge, volcanic CO2 degassing and emanations of halides, lithium 

and sulphate adds to those above two processes. Based on measurable tritium 

contents, the contribution of old groundwater was interpreted much minor than 

modern groundwater; experimental data showed average groundwater renewal 

around 11.5 years for modern groundwater after tritium data up to millennia for 

old groundwater after radiocarbon data. For old groundwater, the renewal time of 

several millennia agrees with large low-yielding aquifers and low aquifer recharge 

rates. The low recharge rates estimated with SWAT model corroborates a part of 

this assertion, the relative one to thickness and specific yielding of deep aquifers 

remains unknown, although they were assumed high (even some thousand meters) 

and low (lower than 0.01), respectively, until conclusive data are available.  

Darcian-based formulations provided tentative evaluations of average 

groundwater residence (renewal) time and total groundwater discharge. Since 

aquifers are virtually full, groundwater storage is much higher than aquifer 

recharge and groundwater residence (renewal) times were typically low (some to 

dozen years) for shallow groundwater and long to very long, even millennia for 
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deep groundwater, thus corroborating estimates from radioisotope tracing. 

Regarding the RGR, average annual discharge was around 340 mm, which was 

similar to the sum of baseflow and aquifer recharge calculated with SWAT model. 

The discharge fraction concerned to average annual subsurface groundwater 

transmitting through the aquifer to the basin outlet was around 0.28 mm, which 

was coincident with deep aquifer recharge calculated with SWAT model. Average 

aquifer thickness and saturated volume were tentatively estimated around 1,350 m 

and 0.64 km3, respectively. This volume does not amount to a significant reserve 

because the large part is associated to high-mineralized (low quality) old 

groundwater having a very low renewal. 

This Thesis evidences how severe could impact an unplanned exploitation 

regime on the RGR and especially on the old groundwater reserve; the outlook 

would worsen if the unplanned exploitation was carried out without considering 

the additional impact of climate change. In the current climate context, unplanned 

exploitation regimes could have irreversible consequences on the baseflow regime, 

water quality level required for the environment and urban supply, and yielding 

of the pumping wells themselves. Regarding the significance of the RGR in the PRB, 

and in the Andean Highland in general, future research should aim to refine future 

predictions based on necessary groundwater monitoring to support specific 

groundwater modelling tools. For example, coupled SWAT–MODFLOW models 

have proven satisfactory solutions. Future research is aimed at improving the 

deficient geological knowledge. This constraint and the low level of groundwater 

monitoring prevent implementing the coupled numerical models for quantitative 

groundwater assessments. This handicap is similar to that reported in other 

adjacent basins of the Andean Highland and prevents a sustainable groundwater 

management. 
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APPENDIX B. BRIEF DESCRIPTION OF SWAT MODEL 

B1. SWAT model performance statistics 

For SWAT model efficiency criteria, this Thesis used the following 

performance statistics: Nash–Sutcliffe efficiency (NSE), logarithm form of the NSE 

(ln NSE), coefficient of determination (R2), percent bias (PBIAS), root-mean-square 

error relative to standard deviation ratio (RSR) and Kling–Gupta efficiency (KGE). 

Nash–Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970) is the normalized 

relative magnitude of the residual variance relative to the observed data variance. 

NSE is dimensionless and can theoretically vary from -∞ for a very poor fit to 1 for 

an optimal linkage between observed and simulated streamflow values (Gupta et 

al., 1999). It is expressed as: 

𝑁𝑆𝐸 = 1 −
∑ (𝑄𝑜𝑏,𝑖 − 𝑄𝑠𝑖,𝑖)2𝑛

𝑖=1

∑ (𝑄𝑜𝑏,𝑖 −𝑛
𝑖=1 𝑄̅𝑜𝑏)2

 (1) 

where n is the number of observations, Qob and Qsi are observed and 

simulated streamflow for observation i, respectively, and obQ  is the mean of the n 

observed data over the simulation period. 

The logarithm form of the NSE (ln NSE) is used to reduce the problem of the 

squared differences and the resulting sensitivity to extreme values calculated with 

NSE. This logarithmic transformation flat the high flows while the low flows keep 

the magnitude at the same level. As a result, sensitivity of lnNSE to the model 

overprediction or underprediction increases. It is expressed as: 

𝑙𝑛𝑁𝑆𝐸 = 1 −
∑ (𝑙𝑛𝑄𝑜𝑏,𝑖 − 𝑙𝑛𝑄𝑠𝑖,𝑖)2𝑛

𝑖=1

∑ (𝑙𝑛𝑄𝑜𝑏,𝑖 −𝑛
𝑖=1 𝑙𝑛𝑄̅̅ ̅̅ ̅

𝑜𝑏)2
 (2) 

Coefficient of determination (R2) indicates the degree of linear relationship 

between observed and simulated data. R2 ranges from 0 to 1, the latter being for a 

perfect model. It is expressed as: 



 

𝑅2 = 1 −
[∑ (𝑄𝑜𝑏,𝑖 − 𝑄̅𝑜𝑏) 𝑛

𝑖=1 (𝑄𝑠𝑖,𝑖 − 𝑄̅𝑠𝑖)]
2

∑ (𝑄𝑜𝑏,𝑖 −𝑛
𝑖=1 𝑄̅𝑜𝑏)2 ∑ (𝑄𝑠𝑖,𝑖

𝑛
𝑖=1 − 𝑄̅𝑠𝑖)2

 (3) 

where siQ  is the mean of the n simulated data over the simulation period. 

Percent BIAS (PBIAS) (Legates and McCabe, 1999) measures the 

dimensionless average tendency of simulated data to be higher or smaller than 

their observed counterparts (Gupta et al., 1999). The optimal value of PBIAS is 0, 

so positive and negative values identify the model underestimation and 

overestimation biases, respectively. It is expressed as a percentage as: 

𝑃𝐵𝐼𝐴𝑆 =
∑ (𝑄𝑜𝑏,𝑖 − 𝑄𝑠𝑖,𝑖)𝑛

𝑖=1

∑ (𝑄𝑜𝑏,𝑖)𝑛
𝑖=1

. 100 (4) 

The root-mean-square error relative to standard deviation ratio (RSR) varies 

from an optimal value of 0 to large positive values for a poor fit. It is expressed as: 

𝑅𝑆𝑅 =

√∑ (𝑄𝑜𝑏,𝑖 − 𝑄𝑠𝑖,𝑖)𝑛
𝑖=1

2

√∑ (𝑄𝑜𝑏,𝑖 − 𝑄̅𝑜𝑏)𝑛
𝑖=1

2
 (5) 

NSE includes three distinctive components: correlation, bias, and the relative 

variability in observed and simulated streamflow. Kling-Gupta efficiency (KGE) 

reduces the deterioration of the model when optimizing NSE, assigning equal 

weighting of the three components (Gupta et al., 2009). It is expressed as: 

𝐾𝐺𝐸 = 1 − 𝐸𝐷 (6a) 

𝐸𝐷 = ((𝑅 − 1)2 + (𝛼 − 1)2 + (𝛽 − 12)
1
2 (6b) 



 

where ED is the Euclidian distance between observed and simulated data, 𝛼 =
𝑆𝑠𝑖

𝑆𝑜𝑏
 

is relative variability in simulated and observed data expressed as their standard 

deviations, 𝛽 =
𝑄𝑠𝑖

𝑄𝑜𝑏

 is mean simulated to mean observed streamflow data ratio, and 

R is coefficient of between Qob and Qsi data pairs. Table B.1 shows used evaluation 

criteria for a monthly simulation model performance. 

Table B.1. Evaluation criteria for a monthly simulation model performance. 

Performance 

Rating 

NSE a RSR a PBIAS (%) b R2 c 

Very good 0.75<NSE≤1.00 0.00≤RSR<0.50 PBIAS<±10 0.75<R2≤1.00 
Good 0.65<NSE≤0.75 0.50≤RSR<0.60 ±10≤PBIAS<±15 0.60<R2≤0.75 

Satisfactory 0.50<NSE≤0.65 0.60≤RSR<0.70 ±15≤PBIAS<±25 0.40<R2≤0.60 

Unsatisfactory NSE≤0.50 RSR≥0.70 PBIAS≥±25 R2≤0.40 

a After Moriasi et al. (2007) 

b After Gupta et al. (1999) 

c After Santhi et al. (2001) 

B2. Brief description of SWAT model calibration parameters 

r_ CN2.mgt, It´s the initial SCS runoff curve number for soil moisture 

condition II. The SCS curve number is a function of the soil’s permeability, land 

use, and antecedent soil moisture condition. Typical curve numbers for soil 

moisture condition II over different land cover, soil type and slope are listed in SCS 

Engineering Division (SCS, 1986). The curve number may be updated in plant, 

tillage, and harvest / kill operations. If CNOP (SCS runoff curve number for 

moisture condition II) is never defined for these operations, the value set for CN2 

will be used throughout the simulation. If CNOP is defined for an operation, the 

model only uses operation CNOP value. From that point on, the model only uses 

operation CNOP values to define the curve number for moisture condition II. 

Values for CN2 and CNOP should be entered for pervious conditions. In HRUs 

with urban areas, the model will adjust the curve number to reflect the impact of 

low-permeability areas. 

v_ALPHA_BF.gw, It´s baseflow alpha factor (1 day–1). The baseflow 

recession constant, agw, is a directed index of groundwater flow response to changes 

in recharge (Smedema and Rycroft, 1983). Values vary in the 0.1–0.3 and 0.9–1.0 

ranges for land with slow and quickly response to recharge, respectively. Although 



 

the baseflow recession constant may be calculated, the best estimates are obtained 

by analyzing measured streamflow during periods of no recharge in the watershed. 

a_GW_DELAY.gw. It´s groundwater delay time (day), δgw, which cannot be 

directly measured. It can be estimated by simulating aquifer recharge using 

different values for δgw and comparing the simulated variations in water table level 

with observed values. Johnson (1997) developed a simple program to iteratively 

test and statistically evaluate different delay times for a watershed. Sangrey et al. 

(1984) noted that monitoring wells in the same area had similar values for δgw, so 

once a delay time value for a geomorphic area is defined, similar delay times can 

be used in adjoining watersheds within the same geomorphic province.’ 

a_GWQMN.gw. Threshold depth of water in the shallow aquifer required 

for return flow to occur (mm H2O). Groundwater flow to the reach is allowed only 

if the depth of water in the shallow aquifer is equal to or greater than GWQMN. 

v_CANMX.hru. Maximum canopy storage (mm H2O). The plant canopy can 

significantly affect infiltration, surface runoff and evapotranspiration. As rain falls, 

canopy interception reduces the erosive energy of droplets and traps a portion of 

the rainfall within the canopy. The influence the canopy exerts on these processes 

is a function of the density of plant cover and morphology of the plant species. 

v_EPCO.bsn. Plant uptake compensation factor. The amount of water uptake 

that occurs on a given day is a function of the amount the water required by the 

plant for transpiration, Et, and the amount of water available in the soil, SW. If 

upper layers in the soil profile do not contain enough water to meet the potential 

water to meet the potential water uptake, users may allow lower layers to 

compensate. The plant uptake compensation factor can vary in the 0.01–1 range. As 

the EPCO value is increased (up to 1), the model allows more of the water uptake 

demand to be met by lower layers in the soil. As the EPCO value is decreased (up 

to 0), the model allows less variation from original depth distribution to take place. 

If no value for EPCO is entered, the model will set EPCO = 1. The value for EPCO 

may be set at the watershed or HRU level.  

v_ESCO.bsn. Soil evaporation compensation factor. This coefficient has been 

incorporated to allow the user to modify the depth distribution used to meet the 

soil evaporative demand to account for the effect of capillary action, crusting and 



 

cracks. ESCO must vary in the 0.01–1 range. As the ESCO value is reduced, the 

model can extract more of the evaporative demand from lower levels. 

v_GW_REVAP.gw. Groundwater ‘revap’ coefficient. Water may move from 

the shallow aquifer into the overlying undersaturated zone. In periods when the 

material overlying the aquifer is dry, water in the capillary fringe that separates the 

saturated and unsaturated zones will evaporate and diffuse upward. As water is 

removed from the capillary fringe by evaporation, it is replaced by water from the 

underlying aquifer. Water may also be removed from the aquifer by deep-rooted 

plants which are able to uptake water directly from the aquifer. This process is 

significant in watersheds where the saturated zone is not very far below the surface 

or where the saturated zone is not very far below the surface or where deep-rooted 

plants are growing. Because the type of plant cover will affect the importance of 

revap in the water balance, the parameters governing revap can be varied by land 

use. As GW_REVAP approaches 0, movement of water from the shallow aquifer to 

the root zone is restricted. As GW_REVAP approaches 1, the rate of transfer from 

the shallow aquifer to the root zone approaches the rate of potential 

evapotranspiration. The value for GW_REVAP should be between 0.02 and 0.20. 

a_RCHRG_DP.gw. Deep aquifer percolation fraction. The fraction of 

percolation from the root zone which recharges the deep aquifer. The value for 

RCHRG_DP should be between 0.0 and 1.0. 

a_REVAPMN.gw. Threshold depth of water in the shallow aquifer for 

‘revap’ or percolation to the deep aquifer to occur (mm H2O). Movement of water 

from the shallow aquifer to the unsaturated zone is allowed only if the volume of 

water in the shallow aquifer is equal to or greater than REVAPMN. This variable, 

along with GW_REVAP, is the reason a different groundwater file is created for 

each HRU rather than each subbasin. 

r_SOL_AWC.sol. Available water capacity of the soil layer (mm H2O/mm 

soil). The plant available water, also referred to as the available water capacity, is 

calculated by subtracting the fraction of water present at permanent wilting point 

from that present at field capacity, AWC=FC-WP where AWC is the plant available 

water content, FC is the water content at field capacity, and WP is the water content 

at permanent wilting point. Available water capacity is estimated by determining 

the amount of water released between in situ field capacity (the soil water content 



 

at soil matric potential is -0.033 MPa) and the permanent wilting point (the soil 

water content at soil matric potential is -1.5 MPa). 

v_LAT_TTIME.hru. Lateral flow travel time (days). Setting LAT_TTIME = 0 

will allow the model to calculate the travel time based on soil hydraulic properties. 

This variable should be set to a specific value only by hydrologists familiar with 

the base flow characteristics of the watershed. 

v_SLSOIL.hru. Slope length for lateral subsurface flow (m). If no value is 

entered for SLSOIL, the model sets SLSOIL = SLSUBBSN. The GIS interfaces will 

assign the same value to this variable for all HRUs within a subbasin. However, 

some users like to vary this value by soil type and land cover. 

B3. Parameters used for daily SWAT model calibration 

r_SLSUBBSN.hru. Slope length is a parameter that is commonly 

overestimated. As a rule of thumb, 90 meters is considered a very long slope length. 

If no value for SLSUBBSN is entered, the model will set SLSUBBSNC = 50. The GIS 

interfaces will assign the same value to this variable for all HRUs within a subbasin. 

However, some users like to vary this value by soil type and land cover. 

r_HRU_SLP.hru. Average slope steepness (m m–1). The GIS interfaces will 

assign the same value to this variable for all HRUs within a subbasin. However, 

some users like to vary this value by soil types and land cover.  

v_OV_N.hru. Manning’s ‘n’ value for overland flow. 

r_CH_S1.sub. Average slope of tributary channels (m m–1). The average 

channel slope in computed by taking the difference in elevation between the 

subbasin outlet and the most distant point in the subbasin and dividing by CH_L. 

v_CH_N1.sub. Manning’s ‘n’ value for the tributary channels. 

r_CH_S2.rte. Average slope of main channel along the channel length (m m–

1). 

v_CH_N2.rte. Manning’s ‘n’ value for the main channel. 

v_SURLAG.bsn. Surface runoff lag coefficient. In large subbasins with a time 

of concentration greater than 1 day, only a portion of the surface runoff will reach 

the main channel on the day it is generated. SWAT. Incorporates a surface runoff 

storage feature to lag a portion of the surface runoff release to the main channel. 



 

SURLAG controls the fraction of the total available water that will be allowed to 

enter the reach on any one day. Note that for a given time of concentration, as 

surlag decreases in value more water is held in storage. The delay in release of 

surface runoff will smooth the streamflow hydrograph simulated in the reach 

(Athira and Sudheer, 2021). If no value for SURLAG in entered, the model will set 

SURLAG=4. 

B4. Additional remarks on the interpretation of calibrated parameters 

The first step monthly SWAT model calibration used thirteen parameters. 

The parameter Soil Conservation Service (SCS) curve number for soil moisture 

condition II (CN2) had to be increased 2% in all HRUs. Average CN2 was in the 

82.26–87.91 range in the 7 sub-basins. For the entire basin, the average surface-

weighted CN2 was 85.47. These values identify a noticeable capability of the PRB 

to generate surface and interflow runoff, which is associated with steep orography 

(Figure 1b) and the predominance of moderate- to low-permeability geological 

formations (Figure 1c). 

The parameter baseflow alpha factor (ALFA _BF) was 0.63 day–1, indicating 

rapid to moderate response of baseflow to changes in aquifer recharge. This means 

that groundwater discharge is preferably produced from shallow aquifers, which 

in turn should be almost full. This suggests an undisturbed state that limits the 

entry of new recharge events and favors the groundwater discharge from shallow 

aquifers to be the predominant baseflow component. 

The parameter groundwater delay time (GW_DELAY) for shallow aquifers 

is 90 days. This figure agrees with the preliminary conceptualization of the rapid 

mechanisms of shallow aquifer recharge and discharge observed in the PRB 

(Peñafiel et al., 2016b) and other IAV areas (Alcalá et al., 2016).  

The parameter threshold groundwater depth in the shallow aquifer for return 

flow to occur (GWQMN) is 1.30 m. This low magnitude supports the idea that the 

shallow aquifer is almost full, and its discharge occurs along streambeds when the 

incisive topography intercepts piezometry.  

The parameter groundwater revap coefficient (GW_REVAP), i.e., the depth 

for soil water to percolate from the lower level of the soil to the shallow aquifer, is 

0.10 m. This figure indicates the different hydraulic behavior of organic-matter-rich 



 

porous soils and moderate- to low-permeability underlaying geological 

formations, thus favoring interflow runoff. 

The parameter deep aquifer percolation fraction (RCHRG_DP) is around 

0.05. This figure confirms that the deep aquifer is confined, is probably full, and has 

predominant upward groundwater flow paths that limit a relevant contribution 

from the shallow aquifers. 

The parameter threshold groundwater depth in the shallow aquifer for revap 

or percolation to the deep aquifer to occur (REVAPMN), i.e., the depth for 

groundwater to percolate from the lower level of the shallow aquifer to the deep 

aquifer, is 0.94 m. Since REVAPMN is less than GWQMN, it can be assumed that 

the deep aquifer (i) contributes groundwater to the shallow aquifer, (ii) must be 

confined, and (iii) its transference to the shallow aquifers occurs preferentially 

through faults or where the topography is very incisive and can intercept the deep 

geological formations to produce localized hot (hydrothermal) permanent springs. 

Preliminary findings showed that the deep aquifer storage could reach several km3 

(Peñafiel et al., 2021) and its average groundwater turnover time could be greater 

than a few hundred years at least (Peñafiel et al., 2016b). 

The parameter maximum canopy storage (CANMX) was 0.15 mm. This low 

value is due to the predominance of shrubby vegetation and grass in most of the 

PRB, with some patches of arborous vegetation restricted to low-lying areas. 

The parameter lateral flow travel time (LAT_TTIME) was 104 days. This 

figure indicates rapid circulation of groundwater through the soil-bedrock 

boundary and through the shallowest weathered geological formations. 

Preliminary findings showed lateral flow travel times in the 2–4-month range for 

weathered geological formations underlying degraded and natural soils, 

respectively (Alcalá et al., 2016). 

The parameter slope length for lateral subsurface flow (SLSOIL) was as low 

as 0.28 m. This figure corroborates the predominant natural soil state in the PRB. 

The parameter plant uptake compensation factor (EPCO) was 0.45, showing 

that the model has allowed the lower layers of the soil to satisfy the vegetation 

water demand. This imposition was based on direct soil observations and soil 

hydraulic tests (Peñafiel, 2009). 



 

The parameter soil evaporation compensation factor (ESCO) was 0.71, thus 

indicating that the evaporation demand is offset at shallower soil levels. The high 

atmospheric humidity and the dense vegetation cover do not allow direct 

evaporation from deeper soil levels, thus favoring the water accumulation in the 

soil-bedrock boundary. 

The parameter available water capacity of the soil layer (SOL_AWC) was in 

the 0.142–0.165 mm H2O·mm soil–1 range, thus indicating soil water deficit. This 

relevant finding indicates that the soil water storage capacity is decreasing as soil 

degradation progresses due to global climate forces and human actions, with 

consequences on the observed decreasing of water traditional supply in the 

Andean Highland. 

  



 

 


