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Abstract 

Groundwater is a resource at risk primarily due to increasing population pressures. To ensure 

groundwater resources can be exploited sustainably, a proper estimation of the available 

resource, thus allowing is of key importance. The available resource is largely conditioned by 

recharge to the aquifer, requiring the proper estimation of surface-groundwater interactions, 

both through diffuse recharge as well as by recharge from rivers. These interactions should be 

evaluated by conceptualizations that accurately represent the system, and thus allow a better 

management of the resource. The case study area is the Bolo River catchment in Colombia, 

which is threatened by the large water consumption by agriculture. This research aims to 

improve the conceptualization of the surface groundwater interaction in groundwater models. 

To achieve this, a three-step approach was carried out: (1) definition of validation frameworks, 

(2) evaluation of different conceptualizations that represent the surface-groundwater 

interaction under these frameworks and the (3) assessment of their differences on possible 

groundwater use scenarios. Two validation frameworks (a conceptual and a numerical one) 

were defined as a benchmark to compare the water exchange between the surface water - 

groundwater systems in the evaluated conceptualizations. Based on these frameworks, three 

groundwater conceptualizations to simulate the river/aquifer water exchange were assessed: 

(1) using SOBEK and the RIV package, (2) using the SFR package (these two explicitly route 

flows through the river system), and (3) a non-routed approach considering fixed river water 

depths and the RIV package. Results showed that the conceptualizations that considered flow 

routing had a better representation of the water exchange, while the non-routed led to an 

overestimation of the recharge from the river to the aquifer. The evaluation of various scenarios 

of groundwater use showed that the routed conceptualizations led to larger groundwater 

drawdowns when groundwater abstraction is increased, while the non-routed showed larger 

head fluctuations. In conclusion, even though the routed conceptualizations better represented 

the surface water-groundwater interaction, all three conceptualizations can adequately 

represent this process according to the validation frameworks. 

 

Keywords: Groundwater modelling, surface water - groundwater interaction, water routing, 

SOBEK, iMOD 
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Resumo 

As águas subterrâneas são um recurso em risco, principalmente devido ao aumento das 

pressões populacionais. Para garantir que os recursos hídricos subterrâneos possam ser 

explorados de forma sustentável, uma estimativa adequada do recurso disponível, permitindo 

assim, é da maior importância. O recurso disponível é amplamente condicionado pela recarga 

do aquífero, exigindo uma estimativa adequada das interações entre a água superficial e 

subterrânea, tanto através da recarga difusa como pela recarga dos rios. Essas interações 

devem ser avaliadas por conceptualizações que representem com precisão o sistema, 

permitindo assim uma melhor gestão do recurso. A área de estudo de caso é a bacia 

hidrográfica do rio Bolo na Colômbia, que está ameaçada pelo grande consumo de água pela 

agricultura. Esta pesquisa visa melhorar a conceituação da interação da água subterrânea 

superficial em modelos de águas subterrâneas. Para isso, foi realizada uma abordagem em 

três etapas: (1) definição de quadros de validação, (2) avaliação de diferentes 

conceptualizações que representam a interação entre as águas superficiais e subterrâneas 

no âmbito destes quadros e (3) avaliação das suas diferenças em possíveis cenários de 

utilização das águas subterrâneas. Duas estruturas de validação (uma conceitual e outra 

numérica) foram definidas como referência para comparar a troca de água entre os sistemas 

de águas superficiais e subterrâneas nas conceptualizações avaliadas. Com base nessas 

estruturas, foram avaliadas três conceptualizações de águas subterrâneas para simular a 

troca de água do rio/aquífero: (1) usando SOBEK e o pacote RIV, (2) usando o pacote SFR 

(estes dois fluxos fluem explicitamente através do sistema fluvial), e (3) uma abordagem não 

roteada considerando as profundidades fixas da água do rio e o pacote RIV. Os resultados 

mostraram que as conceptualizações que consideraram a rota de fluxo tinham uma melhor 

representação da troca de água, enquanto que as não rotas levaram a uma superestimação 

da recarga do rio para o aquífero. A avaliação de vários cenários de uso de águas 

subterrâneas mostrou que as conceptualizações encaminhadas levaram a maiores extrações 

de água subterrânea quando a captação de água subterrânea é aumentada, enquanto as não 

encaminhadas apresentaram maiores flutuações de altura. Em conclusão, mesmo que as 

conceptualizações roteadas tenham representado melhor a interação entre água superficial e 

água subterrânea, todas as três conceptualizações podem representar adequadamente este 

processo de acordo com as estruturas de validação. 

 

Palavras-chave: Modelação de águas subterrâneas, águas superficiais - interação entre 

águas subterrâneas, encaminhamento da água, SOBEK, iMOD 
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 Introduction 

Surface and ground freshwater are used intensively to supply agricultural, municipal and 

industrial demands. However, this resource is scarce, and both surface and groundwater 

systems are at peril: human well-being and ecological systems’ health are threatened (Loucks 

& van Beek, 2005). 

According to FAO (2016), about 70% of the freshwater withdrawal is used for agriculture in the 

world. Nonetheless, water scarcity affects more than 40% of the world’s population (UNESCO, 

2015). In addition, the increasing population pressure and commensurate increase in food 

demand tends to non-sustainable water consumption practices, particularly in the groundwater 

sector. Those actions lead to water storage depletion, land subsidence, seawater intrusion, 

water quality degradation and deterioration of groundwater-surface water interaction (Foglia et 

al., 2018). 

These issues underline the necessity of Integrated Water Resources Management (IWRM) to 

maximize economic and social welfare equitably, without compromising ecosystems 

sustainability (GWP, 2000). 

The evaluation of water resources matters should be supported by tools that reliably support 

the decision-making process. This is especially important when water users are both heavily 

dependent on this resource and sensitive to a variety of factors that affect water availability. 

This scenario addresses the importance of a joint assessment approach that considers an 

integrated evaluation of water resources. 

Planning, designing and managing water resources systems involve impact prediction, which 

also involves modelling (Loucks & van Beek, 2005). Furthermore, the necessity to assess the 

effects of variability in climate, biota, geology and human activities on water availability and 

flow requires the development of models that couple two or more components of the hydrologic 

cycle (Markstrom, Niswonger, Regan, Prudic, & Barlow, 2008). 

This research starts with exposing the problem statement and what the study aims to achieve. 

The conditions of the proposed case study area are presented, including relevant information 

about modelling aspects. The proposed methodology to solve each of the research question 

is developed in an individual chapter, followed by three result chapters. Finally, some 

discussion on the results and the main conclusions of this study will be addressed. 
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1.1 Problem definition 

Holistic assessments that consider multidisciplinary areas are commonly carried out for the 

evaluation of water-related problems. Most of them rely on conceptual or numerical models 

that aim to represent a certain condition in the best way possible. 

The accuracy of a model relies on the quality of the data used. Complex model 

conceptualizations -in principle- lead to more accurate outcomes. However, the data 

requirements of these models are larger due to their more complex structure. On the other 

hand, simpler model conceptualizations may lead to less precise outcomes. The latter is used 

due to different reasons: lack of information, prioritizing to obtain faster outcomes with less 

computational demand, etc. However, both model approaches may lead to accurate results if 

the conceptual framework used is robust and the input data is reliable. 

On another aspect, regarding the groundwater system, to aim a sustainable water use it is 

needed to understand the balance of groundwater abstractions to the recharge of the aquifer. 

This is a function of the renewable water resources, which depend on the recharge process. 

This, in turn, depends on the surface water – groundwater interaction of which the river – 

aquifer interaction, together with the diffuse recharge, which are the most influential aspects. 

In this context, it is important to mention that previous groundwater modelling research pointed 

out that the commonly used conceptualization of river – aquifer interaction in groundwater 

models (i.e. MODFLOW River package) leads to larger values of water storage along a 

hydrologic year (Foglia et al., 2018). This might generate poor estimations of the real water 

availability. Moreover, the fact that groundwater models mainly consider hydrogeological-

based validation frameworks (i.e. observed hydraulic heads), may lead to inaccurate 

representations of the surface water – groundwater interaction. 

1.2 Research objectives 

This research aims to improve the surface water – groundwater interaction in 

groundwater models conceptualizations. 

To achieve this, a validation framework that reflects the interaction between the surface and 

groundwater systems needs to be established. This benchmark depends on the information 

available such that it could be based on reported recharge/discharge patterns as well as 

hydrometeorological records. 

Afterwards, alternative model conceptualizations are proposed, aiming to improve the 

relationship between the surface – groundwater systems based on the validation frameworks 

previously established. This evaluation follows a stepwise process that ranges from gaining 
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insight on the modelling area, to define a model conceptualization that plausibly represents the 

surface water – groundwater interaction. 

1.3  Case study 

To depict the influence of considering the surface water – groundwater interaction on 

groundwater models, it needs to be assessed through a case study. 

According to this, the Bolo River system (a tributary of the Cauca River, Colombia) was 

selected as the study area. The importance of an integrated assessment of the surface water 

- groundwater systems in this area is related to the main economic activity in the area, and the 

potential risk this could be exposed to should there be insufficient water. 

The Cauca Valley hosts most of the Colombian sugarcane industry as well as an important 

part of the coffee production (Céspedes López, 2017). Because of climate variability, the area 

is not suitable for permanent agricultural production, therefore farmers use irrigation schemes. 

Out of the total amount of water consumed by irrigation, 50% comes from groundwater (Faneca 

Sànchez et al., 2016). However, expected impacts on water resources due to climate change 

suggest more precipitation and higher temperatures (Céspedes López, 2017). This may lead 

to higher evapotranspiration rates. 

In the catchment of the Bolo River, extensive records of measurements databases of the study 

area are available to enrich the research. Also, a calibrated groundwater model that comprises 

the Southern part of the Cauca Valley exists. This model conceptualizes the river network 

behaviour using the River package. Currently, this model does not include a dynamic 

representation of the surface water - groundwater relationship, which may result in substantial 

inaccuracies while representing this interaction. 

Besides, Zhong (2018) evaluated the hydrogeological system response of the southern Cauca 

Valley. Through a sensitivity analysis made using the original groundwater model, it was shown 

that the resistance of the riverbed is a highly influential parameter that impacts hydraulic heads 

and the water budget. Moreover, groundwater use scenarios were assessed to gain insight 

about the response of the underground system under different groundwater pumping schemes. 

The circumstances to which Southern Cauca Valley is exposed, depict the necessity of relying 

on the most accurate information possible for their decision-making processes. Because of 

this, accounting with a groundwater model which represents plausibly the different nature-

based processes is recommended. 
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1.4 Hypothesis and research questions 

1.4.1 Research hypothesis 

The main hypothesis is that groundwater model conceptualizations that consider dynamic 

water exchange between superficial and groundwater systems can provide more accurate 

outcomes. Besides, the accuracy of a model, in terms of surface water – groundwater 

interaction, is based on validation frameworks that can represent the water dynamics of the 

modelled area. 

1.4.2 Case study hypothesis 

The hypothesis of the case study is that the surface water – groundwater interaction in the 

Bolo River catchment system may not be appropriately represented by the current 

conceptualization. It is expected that this conceptualization set up overestimates the amount 

of water provided by the surface system, such that the groundwater system is being affected 

by larger river recharge rates. This may lead to estimations of higher groundwater levels, which 

could be interpreted as larger amounts of available water than what actually exists. 

According to this scenario, an approach that considers a conceptualization more dependent 

on the surface water – groundwater interaction, may lead to more accurate results. 

1.4.3 Research questions 

In accordance to the objectives of the research, the main question to be addressed is: 

How necessary is to consider conceptualizations that improve the surface water - 

groundwater interaction in groundwater models? 

To address this overall research question through a stepwise analysis, three sub-questions 

are proposed to divide the main one into a more approachable procedure: 

1. What validation framework can provide a comparable basis of the surface water – 

groundwater interaction for further analysis within the Bolo River system? 

Two validation frameworks will be proposed based on an initial assessment of the 

available data of Bolo River catchment in terms of the documented hydrological and 

hydrogeological systems interaction. 

2. Can groundwater model conceptualizations of the Bolo River system represent the 

surface water – groundwater interaction according to the validation framework 

proposed? If so, what are the differences of these conceptualizations? 

Using the outcome from the previous research question, a three-step analysis is sought: 

(i) initial assessment of the representativity of the current model conceptualization, 
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(ii) proposal and evaluation of alternative conceptual approaches to gain insight of their 

processes and interactions with the system, and (iii) selection of the conceptualizations 

that better represent the surface water – groundwater interaction to improve their 

representation and evaluate the differences between the approaches. The three of the 

steps are based on the validation frameworks. 

3. Can different conceptualizations of surface water – groundwater interaction affect 

the decision-making process in the Bolo River catchment? 

An analysis of the selected conceptualizations under four groundwater use scenarios will 

be done to assess the groundwater response variation of each approach. These outcomes 

will allow to assess how a decision could be influenced when considering a certain surface 

water – groundwater approach. 
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 Background information 

This chapter summarizes the general knowledge about the study area and the studies 

available over the ones the hereby research relies on. 

2.1 Study area: Bolo River catchment 

2.1.1 General overview 

The Bolo River catchment is a sub-basin within the Cauca Valley, a well-documented Andean 

basin from Colombia. One of the reasons for selecting this area is due to the large datasets 

available in terms of hydrometeorological records, geological information and piezometric 

measurements (Figure 1). 

 

Figure 1: Bolo River catchment location (left) Location of Colombia highlighting Cauca Valley department 
(red squared) 

(right) Location of Cauca Valley department and the Bolo River Catchment (yellow shape) 

2.1.2 Economy and water use matters 

Groundwater in the Cauca Valley is an intensively used resource for agricultural and industrial 

sectors (Faneca Sànchez et al., 2016). This valley hosts most of the Colombian sugar cane 

industry and an important part of the coffee production, mining areas and agricultural 

development (Céspedes López, 2017). Besides anthropic circumstances, climate variability 

and climate change affect the water availability in the valley (Faneca Sànchez et al., 2016). 

ESC = 1 : 10500000 ESC = 1 : 920000 
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The Corporación Autónoma Regional del Valle del Cauca (CVC) is a local water board whose 

institutional aim is the integrated development of the Upper Cauca Valley (CVC, 2018). On the 

other hand, Asociación de usuarios de agua superficial y subterránea en la cuenca del río Bolo 

(ASOBOLO) is an environmental non-governmental organization which aims to recover, 

conserve and manage sustainably the natural resources of Bolo River catchment (ASOBOLO, 

2019). 

Lower Bolo represents the middle lower Bolo River catchment. In this area is where the 

agricultural activities take place. Besides, there are not economical activities developed in the 

upper catchment (Pérez, 2018). Moreover, according to Pérez (2018), the existing water 

allocation inventory at Lower Bolo (which dates from 2012) indicates that surface water covers 

two thirds of the agricultural water use, whilst the one third remaining is supplied by 

groundwater. Besides, CVC identifies six main diversion channels which convey the water to 

the crop fields. These diverted flows are regulated by the Resolution 0100 N°0600-0652 from 

2012. 

2.1.3 Climate 

Climate at Bolo River catchment is mainly driven by the combined effect of the North-South 

migration of the Intertropical Convergence Zone (ITCZ) and the trade winds through a steep 

topographic relief. This combined effect generates a bimodal distribution of the precipitation 

events in terms of spatial and temporal resolution (Céspedes López, 2017). This implies a 

double dry and wet season in a single hydrological year (Figure 2). 

 

Figure 2: (Left) Annual pluviometry calendar; (Right) Annual precipitation variation at Bolo River 
catchment 

Source: Cortés and Barrios (2010) 

The Bolo River, together with the Frayle River, confluence in the Guachal River, which then 

contributes to the Cauca River (Céspedes López, 2017). 
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2.1.4 Geology and hydrogeology 

The Cauca valley is constrained by the Western and the Central Andes Mountain Ranges. 

These are formed by (i) rocks of Mesozoic origin on one side and (ii) Precambrian and 

Palaeozoic rocks and sediments on the other, respectively. Between both mountain chains a 

broad quaternary sediment pit has formed (Faneca Sànchez et al., 2016). 

 

Figure 3: Geological maps of Bolo River catchment 

Source: Céspedes (2017) 

Figure 4 shows the groundwater conceptual model of the Cauca Valley proposed by the CVC. 

It was used as a starting point for a groundwater model, which will be further explained in 

Section 2.2.3. Due to the Bolo River catchment is part of the Cauca valley, it can be considered 

to have the same geological characteristics as this conceptual model. 

 

Figure 4: Hydrogeological conceptual flow model 

Source: Céspedes (2017)  
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According to this conceptual model, the aquifer is constrained by the mountain block (Basaltic 

Lavas in the Figure 4) and the downslope-side of the basin, which corresponds to the valley. 

Moreover, the recharge is estimated to happen mainly in the alluvial fans. Further geophysical 

surveys allowed to identify the layering within the alluvial deposits, which were classified as 

follows (Faneca Sànchez et al., 2016): 

 Unit A: Semiconfined aquifer of some 120 m thickness. This is formed by gravel, 

pebbles and sands with some lenses of clay. 

 Unit B: Aquitard of around 60 m thickness, formed by clayey sediments. 

 Unit C: Semiconfined aquifer located below 180 m depth, formed primarily by sands 

and rocks. 

2.2 Modelling 

2.2.1 River – aquifer interactions 

The interaction between the river and the aquifer is represented by the water exchange in 

accordance to three circumstances: 

i. When the groundwater level is below the river water level, the river infiltrates and 

recharges the aquifer. This process is called river recharge. 

ii. When the groundwater level is above the river water level, the aquifer exfiltrates water 

to the river. This process is called aquifer discharge. 

iii. When the river water level and the groundwater level reach the same elevation, both 

systems are in equilibrium and, therefore, none of the processes occur. 

In case of the study area, Céspedes (2017) says that the Bolo River recharges the aquifer 

when it passes through the alluvial fans. Conversely, the Bolo River receives the discharge 

from the aquifer whenever the river is passing through the alluvial deposits (see Figure 4). 

To represent the river – aquifer interaction, various modelling approaches have been 

developed. These range from analytical tools to coupled numerical codes (Foglia et al., 2018). 

Some of the modelling approaches commonly considered are seen in Table 1. 
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Table 1: Example of surface water – groundwater modelling approaches 

Coupling approach Type Tool 

Explicitly coupled 
Analytical Spreadsheets 

Numerical model codes 
MODFLOW, iMOD 

Implicitly coupled ParFlow, Hydrogeosphere 

Source: Adapted from Foglia et al. (2018) 

While modelling approaches are related to the modelling tools and the numerical calculation 

procedure, model conceptualization approaches define the assumptions considered in a 

model. This research is focused on evaluating different model conceptualizations using 

numerical model codes under an explicitly coupled approach. 

2.2.2 Modelling platforms used 

a. iMOD 

iMOD (interactive MODelling) is an open-source interface to create groundwater flow models 

based on the code of MODFLOW (Faneca Sànchez et al., 2016; Zhong, 2018). MODFLOW is 

a finite-difference groundwater model with a modular structure of independent sub-routines (or 

packages). Each package deals with a specific feature of the hydrologic system that is to be 

simulated, such as flow from rivers or into drains (Harbaugh, 2005). 

Regarding the scope of the research, the packages related to the river – aquifer interaction are 

described: 

 River (RIV) package 

The RIV package simulates the effect of flow between surface water and groundwater systems 

depending on the head gradient among these systems (Harbaugh, 2005). Hence, RIV package 

does not simulate the surface water flow in the river. 

The major conceptual assumptions of the RIV package is that groundwater level does not drop 

below the bottom of the riverbed (Harbaugh, 2005). The no consideration of an unsaturated 

zone between the river and the aquifer, leads to an automatic river recharge process when 

groundwater head is below the river bottom (RBOT). 

Therefore, Figure 5 shows the RIV package calculations under the recharge and discharge 

process schemes: 
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𝑄𝑅𝐼𝑉 = 𝐶𝑅𝐼𝑉 × (𝐻𝑅𝐼𝑉 − ℎ𝐴𝑄𝐹)                    (1) 

𝑖𝑓:    ℎ𝐴𝑄𝐹 > 𝑅𝐵𝑂𝑇                    (2) 

𝑄𝑅𝐼𝑉 = 𝐶𝑅𝐼𝑉 × (𝐻𝑅𝐼𝑉 − 𝑅𝐵𝑂𝑇)                    (3) 

𝑖𝑓:    ℎ𝐴𝑄𝐹 ≤ 𝑅𝐵𝑂𝑇                    (4) 

𝐶𝑅𝐼𝑉 =
𝐾 × 𝐿 × 𝑊

𝑀
                    (5) 

 

Figure 5: Water exchange in accordance to the variation of heads in the groundwater model cell 

(left) Aquifer discharge process; (right) River recharge process 

Source: Harbaugh (2005) 

Where: 

QRIV = Flow between the river and the aquifer. Is positive if the flow is recharging the 

aquifer (L3T-1) 

CRIV = Hydrodynamic conductance of the riverbed (L2T-1) 

HRIV = Water level at the river (L) 

hAQF = Hydraulic head in the cell underlying the river reach (L) 

K = Hydraulic conductivity of the riverbed material (LT-1) 

L = Length of the reach (L) 

W = River width (L) 

M = Thickness of the riverbed layer (L) 

Moreover, Figure 6 shows the water exchange between the surface and the groundwater 

systems when the surface water level is fixed and only the groundwater level varies. According 

to the RIV package assumptions, once the groundwater level drops below the river bottom, the 

water contributed to the aquifer is constant. 
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Figure 6: Water exchange between surface and groundwater through the riverbed 

Source: Dušek & Velísková (2017) 

Regarding the iMOD setup, the Segment package (ISG) represents surface water 

elements relevant for the groundwater system. It works equivalently as the River package 

of MODFLOW, simulating a river – aquifer interaction (Zhong, 2018). The only difference 

is that the ISG package considers the riverbed resistance (days) instead of the riverbed 

conductance (m2/d). However, the concept of riverbed resistance represents the time that 

takes the water to go across the riverbed and reach the aquifer (riverbed thickness / riverbed 

hydraulic conductivity). Therefore, this parameter implicitly considers the riverbed conductance 

(riverbed hydraulic conductivity / riverbed thickness). 

 Stream Flow Routing (SFR) package 

The SFR package evaluate the interaction between streams and aquifers using the continuity 

equation to route surface water flow through one or more simulated streams (Prudic, Konikow, 

& Banta, 2004). The continuity equation relies on the principle of conservation of mass and it 

could be applied to a volume of fluids (Chow, Maidment, & Mays, 1988). 

The last release of the SFR package (formally named SFR2) incorporates the ability to 

simulate unsaturated flow beneath streams using a kinematic-wave approximation to Richards’ 

equation (Niswonger & Prudic, 2005). The Richards’ equation is a nonlinear partial differential 

equation that describes the movement of water in unsaturated soils (Richards, 1931). 

 

Figure 7: Water exchange between surface and groundwater through the riverbed 

Source: Niswonger & Prudic (2005) 
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In this regard, when the groundwater level is above the river water level, the conceptualization 

used to calculate the flow between streams and aquifers is the same as that used for the RIV 

package (Prudic et al., 2004). 

𝑖𝑓:    ℎ𝐴𝑄𝐹 > 𝑅𝐵𝑂𝑇                    (6) 

𝑄𝑅𝐼𝑉 = 𝐶𝑅𝐼𝑉 × (𝐻𝑅𝐼𝑉 − ℎ𝐴𝑄𝐹)                    (7) 

On the other hand, when the groundwater level is below the river bottom, the flow towards the 

aquifer through a homogeneous unsaturated (or vadose) zone is calculated with a simplified 

one-dimensional Richards’ equation for vertical flow: 

𝑖𝑓:    𝑞 = −𝐾(𝜃)                    (8)           (𝑜𝑛𝑙𝑦 𝑑𝑟𝑖𝑣𝑒𝑛 𝑏𝑦 𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠) 

𝜕𝜃

𝜕𝑡
= −

𝜕𝐾(𝜃)

𝜕𝑧
                    (9) 

𝐾(𝜃) =  𝐾𝑠 (
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
)                    (10) 

Where: 

q = Vertical flux 

K(θ) = Unsaturated hydraulic conductivity (LT-1) 

Ks = Saturated hydraulic conductivity (LT-1) 

θ = Volumetric water content (-) 

θr = Residual water content (-) 

θs = Saturated water content (-) 

z = Elevation in vertical direction (L) 

t = Time (T) 

Regarding the iMOD setup, the SFR package could be used in this interface as is in 

MODFLOW, following the same conceptual considerations. 

In summary, the difference between both model conceptualization of the surface water 

groundwater interaction relies on two aspects: 

i. SFR package provides a dynamic water exchange due to the routing flow calculation 

while RIV package keeps a fixed surface water level. 

ii. SFR package considers the vadose zone between the river bottom and groundwater 

head where draining water follows unsaturated flow regime. Conversely, RIV package 

considers a straight river recharge, skipping the consideration of a vadose zone. 
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Besides, previous research has shown that the water budget fluxes of rivers may vary in the 

range of 30% to 200% between groundwater – surface water conceptualizations (i.e. RIV 

package vs SFR package) (Dušek & Velísková, 2017; Foglia et al., 2018). 

Other packages used within iMOD are: 

 The Recharge (RCH) package is a fixed flux that enters the groundwater system 

through the first layer of the aquifer. It is defined by the quantity of water from 

precipitation and irrigation (Harbaugh et al., 2005). 

 The Well (WEL) package defines the groundwater abstraction through a fixed flux from 

the aquifer layer the well is in (Harbaugh et al., 2005). 

 The Drainage (DRN) package is used to simulate groundwater extraction whenever the 

water level is above the drain bottom, such that interaction stops after the hydraulic 

head drops below drainage bottom. This package could represent irrigation channels, 

ditches and surface runoff. 

b. SOBEK 

SOBEK is a modelling suite that covers aspects from flood forecasting and optimization of 

drainage systems to salt intrusion and surface water quality (Melger, 2019). It was developed 

by Deltares and the National Dutch Institute of Inland Water Management and Wastewater 

Treatment (RIZA) and major Dutch consulting companies.  

SOBEK has an interface called SOBEK-Rural, which is used for modelling irrigation systems, 

drainages and natural streams. It includes four modules: Hydrodynamics, Hydrology, Water 

Quality and Real-Time Control. The interface is focused on the optimization of agricultural 

production, flood control, irrigation, among others. It can calculate flow in different settings of 

channel networks with variable amount and characterizations of branches, cross sections and 

structures (Deltares, 2019). 

2.2.3 Southern Cauca Valley groundwater model 

ESCACES (Evaluating groundwater SCarcity and Abundance due to Climatic ExtremeS) is a 

project developed by Deltares and the Institute for Water Education (IHE) Delft in cooperation 

with CVC. This project aimed at gaining insight in the hydrogeological system of the Cauca 

Valley. In this project, a groundwater model to assess the sustainability of the water resources 

management in the area was established (Faneca Sànchez et al., 2016). 

The area considered in the model can be seen in Figure 8. The model calibration was done in 

steady state, mainly considering observations of hydraulic heads obtained from wells. Based 



 

16 
 

on this model, transient simulations for the period 2000-2012 were done to evaluate the system 

response over time considering variable recharge rates and river stages. 

 

Figure 8: ESCACES groundwater model extension 

(red line) Groundwater model limits, (blue line) Bolo River catchment, (background) Topography 

Due to the characteristics of this research, the main interest is in the boundary conditions that 

represent the surface water-groundwater interaction. These are the drainage system and the 

river network system. 

In the case of the drainage system, it is modelled by the Drain (DRN) package. The simulated 

drainage network is separated into three subsystems depending on the process they are 

representing: runoff (DRN1), the surface streams (DRN2) and the irrigation ditches (DRN3). 

DRN indicates the nomenclature used in the model. The conductance used in all three cases 

is equal to 10000 m2/d. In the case of the drain elevation, DRN1 is located on the top of the 

model, while DRN2 and DRN3 are set 1.5 and 1 m below the surface, respectively. 

The RIV package was used to model all the main rivers of the area including the Bolo River. 

The parameters indicated are specific for each of them, depending on the local conditions. The 

parameters used were the geometry of the cross sections, water levels, riverbed resistance 

and infiltration factor. To define the water levels, information from several hydrometric stations 

was used. An average monthly water elevation was calculated for each of them. Depending 

on the location of the closest hydrometric station available, these values were assigned to each 

of the rivers. The water levels were constant along the river’s length but variable in time. 
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2.3 Data collection 

The water resources of the Cauca Valley have been widely studied by different organizations. 

This has resulted in an extensive database of groundwater and meteorological information 

which allows further research projects. Table 2 shows the information considered and 

collected for this research. 

Table 2: Database used in the research 

Data type Description Source 

Literature 

Hydrogeological modelling of the Cauca 
Valley 

Faneca Sànchez et al. 
(2016) 

Recharge processes in Bolo Catchment Céspedes (2017) 

Mountain block recharge at Aguaclara basin Osorio (2018) 

Pumping rates effect at Cauca Valley Zhong (2018) 

Resolution 0100 N°0600-0652 CVC (2012) 

Measurements 

Hydrometric data: 

CVC portal* 

Bolo - Los Minchos (1992 - 2018) 

Bolo - Arriba (1992 - 2018) 

Meteorological data: 

Bolo Blanco (1994 - 2018) 

Los Minchos (1994 - 2018) 

Planta Nima (1994 - 2018) 

Guachazambolo (1994 - 2018) 

River data: 
ESCACES project 

database 
Bolo River cross section 

Rating curve at Bolo - Arriba station 

Geographic 
information 

datasets 

Digital Elevation Model (100 m resolution) 

ESCACES project 
database 

Shapefiles: 

River network 

Geological map 

Hydrochemical sampling points 
Note: * Data retrieved from http://ecopedia.cvc.gov.co/modulo-consulta. 

Further information was obtained and derived from the literature shown (e.g. digitation of Bolo 

River catchment, groundwater model extension). In Appendix A is shown the location of the 

meteorological stations. 
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 Methodology 

In this chapter, a description of the data considerations, calculation steps and the type of 

analyses done for each stage of the research will be explained. 

This chapter is divided in the three stages in which the research was developed. Each stage 

is intended to address each of the sub-research questions stepwise. The general outline and 

the outcomes of the chapter are explained as follows: 

- The first stage of the research was focused on establishing a validation framework that 

allowed the assessment of the surface water – groundwater interaction. 

- The second stage of the research looked at evaluating the surface water - groundwater 

interaction in different model conceptualizations in accordance to the validation 

framework. 

- The third stage of the research sought to evaluate the river – aquifer interaction and its 

effect on the decision-making process. For this, the groundwater response for different 

surface water – groundwater conceptualizations under four groundwater use scenarios 

is assessed. 

3.1 Validation framework definition 

For this research, a validation framework is considered as a tool that allows the verification of 

the groundwater model results in accordance to a particular process (e.g. water gain/loss by 

the river, amount of groundwater contribution, etc.). 

The available information defined the number and type of validation frameworks used to 

assess the surface water – groundwater interaction. Therefore, a validation framework cannot 

be applied in other area. For that reason, the ones selected in this research are particular to 

the conditions wanted to evaluate. 

Based on the information shown in Table 2, two aspects were considered for the evaluation of 

the water exchange. These were named as Conceptual and Numerical validation frameworks 

in accordance to the way the comparison was set up. 
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The Conceptual validation framework sought to stablish the recharge and discharge zones 

along the Bolo River course, whilst the Numerical one looked for the comparison of the time 

series between observed measurements and a calculated water balance. 

Figure 9 shows the workflow to get the validation framework, followed by a more detailed 

description: 

 

Figure 9: Selection of the validation framework workflow 

3.1.1 Conceptual validation framework: Recharge/discharge zone delineation 

As mentioned, the delineation of the recharge and discharge zones was done based on 

literature review. The different existing research over the study area gave insight about the 

groundwater behaviour in terms of -for example- flow direction, impermeable boundaries and 

artesian areas. These evaluations are based on field measurements, as well as hydrochemical 

and isotopic analysis. 

The main sources of information considered were Céspedes (2017), Osorio (2018) and 

Faneca Sànchez, et al (2016). 

Under the hereby validation framework, the steady state results from the groundwater model 

of the Bolo River are expected to show similar patterns in terms of recharge and discharge 

processes as in the delineation from the Conceptual validation framework. 

3.1.2 Numerical validation framework: Surface water - groundwater exchange 

The numerical benchmark compares the time series of an observed hydrometric station and a 

simulated one obtained from a surface water balance calculated at the same location as the 

station. Therefore, both time series are expected to have the same discharge values. 

𝑄𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑄𝑤𝑎𝑡𝑒𝑟 𝑏𝑎𝑙𝑎𝑛𝑐𝑒                    (11) 
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This surface water balance considers the inflows and outflows over a Bolo River segment. The 

key aspect of the approach is the consideration of the groundwater interaction through the 

calculation of the water exchange along the riverbed. The general scheme of the surface water 

balance equation for the river segment in evaluation is as follows: 

𝑄𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 = 𝑄𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 + 𝑄𝑖𝑛𝑓𝑙𝑜𝑤𝑠 − 𝑄𝑜𝑢𝑡𝑓𝑙𝑜𝑤𝑠 ± 𝑸𝒈𝒓𝒐𝒖𝒏𝒅𝒘𝒂𝒕𝒆𝒓 𝒆𝒙𝒄𝒉𝒂𝒏𝒈𝒆                    (12)  

𝑄𝑤𝑎𝑡𝑒𝑟 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 𝑄𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚                    (13) 

Figure 10 shows the workflow followed to calculate the surface water balance to be used. 

 

Figure 10: Numerical validation framework workflow 

a. Water balance influence area delineation 

The initial step was the identification of the area of interest according to the available 

information. This one provided enough data about the water-related processes that take place 

within its extension. 

Figure 11 shows the components of the surface water balance proposed. 
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Figure 11: Surface water balance proposed 

The area of interest was framed by the two hydrometric stations located within Bolo River 

extension: Bolo – Los Minchos (upstream) and Bolo – Arriba (downstream). Therefore, the 

river segment comprised between both stations was the targeted evaluation reach. In addition, 

the inflows and outflows of the system were identified. 

b. Surface water balance estimation: surface components 

 Inflows 

Within the water balance area of interest, the major inflows to the Bolo River are the 

contributing streams from the upstream sub-catchments. Considering the lack of available 

information of discharge measurements of these sub-catchments, their flow time series were 

estimated. 

In this regard, the generation of the discharge time series was calculated based on the 

available hydrometeorological data of total daily precipitation and mean daily discharge of 

surrounding stations in the Bolo River catchment (see Table 2 and Appendix A). 

Nevertheless, the absence of discharge measurements to validate the generated time series 

led to uncertainties in the estimations. Therefore, for each sub-catchment a scale factor was 

used to ensure that the calculations were in the same order of magnitude as the observed 

record (Bolo – Arriba station). 

The time series generation relates the discharge of the sub-catchment (Qinflow) with the 

discharge from an observed time series (Qobserved, Bolo – Los Minchos). Additionally, to adjust 

the magnitude of the discharge simulated to the conditions of each sub-catchment, the 
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observed time series was affected by the ratios between the sub-catchment’s areas (A) and 

the precipitation influence (P), as well as by the scale factor (θ). The time series were 

calculated at daily timestep for the period 1994 - 2018. 

The next equation was used for the calculation of the inflows from the sub-catchments: 

𝑄𝑖𝑛𝑓𝑙𝑜𝑤 = 𝑄𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ×
𝐴𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑

𝐴𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
×

𝑃𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑢𝑏−𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡

𝑃𝑠𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑠𝑢𝑏−𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡
× 𝜃𝑠𝑐𝑎𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟                   (14) 

The coefficients considered can be found in Appendix A. 

 Outflows 

Within the water balance influence area, the major water abstractions from the Bolo River are 

the diversion channels for irrigation purposes. The CVC identified four major uptakes across 

the river segment evaluated. However, due to the lack of measurements of the amount of water 

diverted by these irrigation channels, the outflows time series were generated. 

The methodology to estimate the outflow time series is based on the policy that regulates the 

water use in Lower Bolo River catchment: Resolution 0100 N°0600-0652 (CVC, 2012). This 

document gives the guidelines for the water allocation in the Bolo River. The Table 3 shows 

the discharges per percentage of discharge occurrence. These discharges are based on the 

flow duration curve (FDC) from Bolo – Los Minchos station. 

Table 3: Surface water allocation from Bolo River 

Channel Name  
Discharge allocated (l/s) 

Q ≤ Q75% Q75% < Q ≤ Q40% 

D1 Acequia Lomitas 294.7 - 

D3 Acequia Zanjón Guabinas 2 033 188.4 

D4 Acequia Zanjón Bolito 327 565.2 

D5 Acequia San Pablo - 138.6 

D6 Acequia Dos Ceibas - 119.2 
Note: 

(1) Q75% = Discharge that -at least- occurs 75% of the time according to the FDC from Bolo – Los Minchos 

hydrometric station. 

(2) Despite a Channel D2 exists, it does not take water from the Bolo River. 

Source: CVC (2012) 

In accordance with the guidelines from Table 3 and the FDC, the outflow discharge time series 

for the diversions were calculated. It is important to highlight that only dry months were 

considered for the calculation: June, July, August and September. 
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c. Surface water balance evaluation: surface components 

Once the input data was calculated (inflows and outflows time series), a partial surface water 

balance -considering only the surface components- was run at daily timestep. It should be 

highlighted that no groundwater exchange is considered for the outcome of this first stage. 

The groundwater interaction will be accounted once the groundwater models are run since 

these models will provide the result values of the water exchange, just then the Numerical 

validation framework could be used. Furthermore, the evaluation will be done at monthly 

timestep since the output of the groundwater model is at this timescale.  

Due to the limitation of the validation framework in terms of the lack of information, the 

hydrograph resulting at this stage was expected to have the same order of magnitude and 

pattern regime than the observed hydrograph (from Bolo – Arriba station). 

d. Surface water – groundwater interaction tool 

To evaluate the surface water – groundwater interaction in terms of the hereby validation 

framework approach, it was necessary to extract the appropriate information from the iMOD’s 

outputs in a readable format. The information targeted is framed by the following assumption: 

Q groundwater represents the groundwater exchange through the riverbed of Bolo and the 

contributing streams to the evaluation segment. 

This means that only the results from the RIV/SFR package (for Bolo River) and the DRN 

package (for the contributing streams) within the water balance influence area were 

considered. 

A Python script was done to automatize the extraction of the results in the desired format since 

it is a repetitive process which may lead to mishandlings. Figure 12 shows the workflow of the 

extraction and conversion process of the water balance evaluation tool. 
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Figure 12: Water balance evaluation tool workflow 

i. Data retrieval: The groundwater results from iMOD needed to be retrieved are: 

 RIV package, subsystem Bolo River, layer 1, period 2000 – 2012. 

 DRN package, subsystem Streams, layer 1, period 2000 – 2012. 

ii. Format translation: The outcomes from iMOD are in IDF format. The datasets were 

translated into ASC format for a faster interpretation. 

iii. Extracting results: Each dataset was framed according to the water balance interest 

area using raster files which gather the requirements expected of each subsystem: 

Bolo River’s segment of interest and Contributing streams. 

iv. Formatting outcome: The extracted results are written in an Excel spreadsheet. The 

outcome of this tool is a monthly timestep time series of the groundwater exchange. 

Therefore, these results can be easily added to the evaluation time series from the 

hereby validation framework 

The addition of the groundwater exchange time series to the water balance of the surface 

components (Section 3.1.2a) represents the total surface water balance at the discharge point 

of the area of interest. Therefore, according to the Numerical validation framework, this water 

balance result should reflect a similar behaviour as the observed time series dataset from the 

downstream station (Q downstream: Bolo - Arriba). 

Due to the uncertainty related to the calculation of the surface water balance components, the 

hereby validation framework sought mainly to stablish the magnitude and the pattern of the 

flow regime model results instead of looking for precise values. 
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3.2 Surface water – groundwater interaction 

The second stage of the research was focused on the evaluation of different river – aquifer 

conceptualizations in accordance to the validation framework already defined. 

This stage was divided in three section to address different aspects in the evaluation of the 

river – aquifer interaction. It first went through an initial assessment of the original concept, 

moving to the evaluation of alternative conceptualizations to gain insight on the most influential 

aspects of the river – aquifer interaction. Finally, the evaluation of the concepts that better 

represented the validation frameworks was addressed. 

Figure 13 shows the workflow of the evaluations done in this section. Further detail of the 

model evaluation process is explained in the coming sections. 

 

Figure 13: Surface water – groundwater interaction analysis workflow 

3.2.1 Evaluation of the original conceptualization 

The first step of this stage sought to assess the surface water – groundwater interaction in 

the original conceptualization in relation to the validation frameworks. 

First stage’s outcome: 

Two validation frameworks which allow the surface water – groundwater interaction 

assessment. 
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The river – aquifer interaction of the original model conceptualization assumed a constant 

water depth in space but variable in time: same water depth across the Bolo River that varied 

each timestep. These values represented the water levels variations measured in the Bolo – 

Arriba hydrometric station between 2000 and 2012. In addition, the scheme used in the 

groundwater model to evaluate the water exchange was the RIV package. 

Figure 14 shows the workflow scheme of the river – aquifer interaction in the original model 

conceptualization. Here, the setup of the fixed water depths across the Bolo River are 

simulated in a single run by the iMOD model. 

 

Figure 14: Original model conceptualization scheme 

Finally, this evaluation also considered the analysis of the groundwater balance to assess what 

is the behaviour of each of the system components under the original conceptualization and 

set a comparative basis. 

3.2.2 Evaluation of alternative conceptualizations 

This second step looked at gaining insight about the impact of different conceptualizations on 

the surface water – groundwater interaction to determine the most influential system 

components. To achieve this, the validation frameworks were used as the comparative basis 

to assess the conceptualizations improvement. 

This step aimed at assessing two aspects of the water exchange interaction: 

i. The influence of modifying the conditions of the components related to the river – 

aquifer interaction, such as groundwater parameters and the hydraulic behaviour, using 

the initial conceptualization (Section 3.2.1). 

ii. The modification of the river – aquifer conceptualization to obtain the effect of the water 

routing effect on the Bolo River and its response on the groundwater system. 

Finally, a simultaneous assessment of the water balances per aspect evaluated was carried 

out to gain insight on how the processes are affected by the variations of parameters. 

a. River – aquifer interaction 

This first step looked at the assessment of the river – aquifer interaction when different 

components from the surface or the groundwater systems were modified but the initial model 

conceptualization scheme was kept (Figure 14). Table 4 shows the selected parameters that 
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were expected to be the most influential in the river – aquifer interaction and it includes a brief 

explanation of the reason of their consideration. 

Table 4: Selection of river – aquifer interaction parameters 

System Components Why? 

Surface water Surface water levels 
Defines the hydraulic gradient between the 

groundwater level and the surface water level 

Groundwater 

Riverbed conductance 
Defines the water exchange rate between the 
surface and groundwater systems through the 

streambed 

Aquifer transmissivity 
Defines how permeable is the first layer of the 

aquifer system 

Note: In the case of the “Surface water component”, parameters like Manning roughness coefficient and Bolo 

River’s cross section were not evaluated since an initial assessment showed that their variation does not heavily 

affect the surface water – groundwater interaction. This statement is based on the rating curve of Bolo – Arriba 

hydrometric station. This one shows that, because of the large cross-sectional area, only a large discharge 

variation could lead to a significant different water level value. 

The modifications in the three model components are explained as follows: 

 Surface water levels 

The river water levels were set up considering the water depths records from the Bolo – Arriba 

hydrometric station and the bottom of the Bolo River cross section. In this way, the hydraulic 

gradients between the surface water and the groundwater levels are ensured to be closer to 

reality. 

 Riverbed conductance 

The geology of the study area identifies two main types of superficial formations within the 

groundwater model extension: alluvial fans and alluvial deposits. Therefore, different values of 

riverbed conductance were assumed to better represent the surface water – groundwater 

interaction. For that reason, it was assumed: 

i. Alluvial fans: more conductive riverbed (resistance equals to 8 hours). 

ii. Alluvial deposits: less conductive riverbed (resistance equals to 100 days). 

 Transmissivity 

According to the case study hypothesis (Section 1.4.3), it is expected that the calculations of 

the water lost by the Bolo River are larger than in reality. Therefore, a reduction on the 

transmissivity of the first aquifer layer could lead to reduce the river water losses on the alluvial 

fans and the water gained on the alluvial deposits. For that reason, the transmissivity was 

decreased one order of magnitude. 
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b. Water routing effect 

Different approaches exist to better incorporate the dynamic interaction of surface water levels 

and the groundwater system. In this step, two different approaches that represented the effect 

of the water level distribution along a river reach were applied. These conceptualizations were 

expected to influence the amount of water exchanged between the river and aquifer. 

These approaches are: 

i. SOBEK+RIV: iteratively approach that considers the coupling of a hydrodynamic 

surface water model (SOBEK) and a groundwater model (iMOD) using the RIV 

package. 

ii. SFR: groundwater model package (iMOD) that evaluates the interaction between 

streams and aquifers within the same platform. This conceptualization considered the 

effect of the unsaturated zone on the infiltration flows. 

A detailed explanation of each of the river – aquifer conceptualizations is given as follows: 

 SOBEK + RIV: Hydrodynamic–groundwater coupled modelling 

This conceptualization is related to the dynamic interaction between groundwater - surface 

water provided by the coupling of a hydrodynamic and a groundwater model. The dynamic 

interaction relies on the information exchange between the simulated hydrodynamic water 

levels and the groundwater exchange. For this purpose, the calculation of the hydrodynamics 

of the Bolo River was modelled with the platform SOBEK. 

Figure 15 shows the iterative process of both platforms to calculate the groundwater exchange 

considered for SOBEK and iMOD for its calculations. 

 

Figure 15: Hydrodynamic and Groundwater models coupled interaction 

The coupling process and the model’s setup are explained as follows: 

SOBEK model 

The hydrodynamic modelling data was evaluated with SOBEK through a 1D simulation for the 

period of evaluation 2000 – 2012 at daily timestep. Figure 16 shows the workflow to setup the 

hydrodynamic model in the SOBEK platform. 

Water levels 

Groundwater 
exchange 
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Figure 16: Hydrodynamic model setup (SOBEK) workflow 

For the model’s setup, the assumed conceptualization was: 

iii. River profile: The DEM with a resolution of 100 meters was considered to define the 

Bolo River’s profile. The reach was divided in 433 segments for a better representation 

of the river profile (~120 m each segment). 

iv. Cross sections: The cross section from Bolo – Arriba hydrometric station was 

considered. To increase the degree of representativity of the study area -and despite 

the lack of information-, this cross section was defined in each river segment as a 

constant cross-sectional area. 

v. Roughness coefficient: Based on field photographs and the CVC’s SOBEK model, 

the Manning roughness coefficient was assumed. However, this value was modified 

during the calibration process. 

vi. Boundary conditions: Two conditions were considered. 

Upstream boundary condition: Bolo – Los Minchos daily discharge time series 

for the period 2000 – 2012. 

Downstream boundary condition: A constant surface water elevation value of 

938 meters (or 1.3 meters of water depth) was setup. This value is based on two 

facts: (i) CVC’s SOBEK model calculates water depths close to this value, and 

(ii) Due to an almost flat slope (more than 5 km upstream with no topographic relief 

variations) and a large cross-sectional area, which provides more stable water 

levels. 

vii. Surface lateral flows: These were setup based on the results from the Numerical 

validation framework (Section 3.1). The inflow from the contributing sub-catchments 
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and the outflows from the diversion, for the period 2000 – 2012, were applied as surface 

lateral in/outflows. 

viii. Underground lateral flow: This represents the conceptualization of the groundwater 

interaction with the Bolo River system. Due to calculation time restrictions, this 

exchange was setup as a point-based lateral flows. The values imposed were given by 

the RIV package results during the first coupling iteration. Since iMOD outcomes are in 

a gridded format, the punctual lateral flows represent a distributed groundwater 

interaction along the entire reach. 

ix. Calibration process: This process was based on the rating curve from Bolo – Arriba 

station. Therefore, the model was run in accordance to the rating curve conditions, 

varying the water available in the system. The SOBEK water depth results were 

compared to the ones from the rating curve. The only parameter modified was the 

Manning roughness coefficient. An evaluation over the Mean Squared Error of the 

observed and simulated water depths allowed to select the final roughness coefficient. 

Once the model was calibrated, the SOBEK setup initially explained was used. 

SOBEK outcome: The surface water levels along the Bolo River which are used as input 

information by the iMOD model. 

 iMOD model 

The original model had to be modified in terms of the RIV package setup. The only river system 

was divided in two subsystems: 

i. Sub-system1: Original river network setup, except the Bolo River object. Regarding 

the extension of the study area, this sub-system mainly represents Aguaclara River 

network. Its setup was left as in the original model. 

ii. Sub-system2: Bolo River setup. This object uses SOBEK’s outcomes in terms of 

surface water levels. 

The rest of the model settings remained the same. 

iMOD outcome: Groundwater exchange from the RIV package along the Bolo River to be 

used as the underground lateral flow input information by the SOBEK model. 

 Coupling process 

The data exchange among both models was pursued through an iterative approach. The 

objective function is the minimization of the variation of the water exchange figures between 

iterations. The intermediate steps between SOBEK and iMOD simulations were automatized 

by a Python script. Figure 17 shows the coupling process workflow. 
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Figure 17: Coupling tool for SOBEK and iMOD simulations 

i. SOBEK run: Evaluates the surface hydrodynamics of the Bolo River. The initial run 

does not consider the underground lateral flow influence since iMOD model was not 

run yet. It is from the first iteration of the coupled process onwards that the SOBEK 

model considers the underground lateral flows. 

ii. ISG file import: SOBEK water level results are exported to an iMOD readable format 

(.ISG). Additionally, the riverbed resistance value is setup within this file to match the 

expected groundwater conditions. 

iii. iMOD run: Evaluates the water exchange between surface and underground systems. 

Despite the input water levels data is at daily timestep, iMOD calculates internally a 

monthly average for the simulations. 

iv. Results evaluation: iMOD results -from RIV and DRN packages- are extracted and 

processed by the Surface water – groundwater evaluation tool (Section 3.1). In this 

step, the variation between the water exchange of the previous and the current 

simulation iteration is assessed: if the difference is larger than 5%, the iteration process 

continues. 

v. Lateral flow file generation: RIV package results are extracted and arranged to 

generate a readable file for SOBEK (LATERAL.DAT) at daily timestep. The lateral flow 

file was setup such that it considers the flow exchanged by the grid cells that affect the 

river segment, per segment (437 lateral flow nodes). 

Coupling process outcomes: (i) an iMOD ISG file which represents the Bolo River’s 

hydrodynamic conditions: water levels, cross sections, river profile, riverbed resistance; (ii) a 

SOBEK lateral flow file which represents the distributed surface water – groundwater 

interaction. 
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 SFR: Stream Flow Routing package 

This concept is related to the dynamic interaction between the groundwater and the surface 

water systems by the iMOD SFR package. The boundary conditions, except for the RIV 

package, were kept according to the original model. 

Figure 18 shows the internal procedure within iMOD to calculate the groundwater exchange. 

 

Figure 18: Internal calculations when using SFR package 

The information needed to setup the SFR package within iMOD platform and the source of it 

is shown in the Table 7. 

Table 5: Selection of river – aquifer interaction parameters 

Parameter/component Source 

Cross sections per river segment of evaluation Bolo - Arriba 

Manning roughness coefficient per cross section SOBEK 

Riverbed thickness per river segment (m) Initial conceptualization 

Riverbed conductivity (m/d) Initial conceptualization 

Inflows and outflows along the river system (m3/s) Numerical validation framework1 

Note: (1) Calculated Inflows and Outflows used in the Numerical validation framework were used. 

The most important differences between the SOBEK+RIV and the SFR conceptualizations rely 

on two main facts: 

 The SFR package considers the unsaturated flow beneath the riverbed of the Bolo 

River. Therefore, this may lead to a delayed groundwater response of the river 

recharge, while the RIV package has a direct recharge from the surface system. 

 The dynamic surface water – groundwater interaction per timestep of calculation. While 

the SOBEK+RIV couples both models once the setup of results were calculated, the 

SFR makes the evaluation per timestep. 

3.2.3 Conceptualizations adjusted to the validation frameworks 

In the third step of the evaluation, the conceptualizations that better represented the validation 

frameworks were selected. Also, their aquifer hydraulic parameters were adjusted aiming at a 

better fit with the validation frameworks. After that, the difference between the model results 

were compared. 
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This assessment was divided in three aspects: 

i. Groundwater response: The groundwater model results were evaluated under the 

validation frameworks to verify the improvement of the surface water – groundwater 

interaction. Also, the comparison between the groundwater hydraulic heads per each 

aquifer layer was assessed. Finally, the comparison between the observed and 

simulated hydraulic heads is presented. 

ii. River hydraulic: A comparison between the river water levels calculated by the 

SOBEK and the SFR approaches was presented. In addition, the water exchange 

process in terms of the water gained and lost by the Bolo River is included. 

iii. Water balance comparison: This evaluation also considered the analysis of the 

groundwater balance to assess what is the behaviour of each of the system 

components. 

It should be highlighted that the improvement of the river - aquifer interaction based on the 

validation frameworks aimed at better representing the surface water - groundwater exchange 

in terms of discharge magnitude and flow pattern regime. 

 

3.3 Groundwater use scenarios evaluation 

This stage seeks to evaluate the influence of the selected conceptualizations (outcomes from 

Section 3.2.3) in decision-making processes. In this regard, these conceptualizations were 

evaluated under different groundwater use scenarios. 

These scenarios emulated possible water management circumstances that allowed to observe 

variations in the groundwater response in accordance to the adjusted conceptualizations. For 

that reason, these scenarios of the Bolo River catchment represent situations of: 

 Scenario 1: No agriculture 

 Scenario 2: Only surface water use 

 Scenario 3: Groundwater restriction policy 

 Scenario 4: Consequences of more pumping 

Second stage’s outcome: 

Adjusted groundwater models that represent the surface water – groundwater interaction 

for the period 2000 – 2012, based on the validation frameworks. 
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Those scenarios were adapted from Zhong’s (2018), in whose research the impact of 

groundwater abstractions was assessed under model scenarios that evaluate no groundwater 

abstraction, quantity variability, spatial variability and depth of the groundwater abstraction. 

For each scenario, the selected conceptualizations were modified to satisfy the required 

conditions. These results were compared to the initial outputs (called in this section as 

“Baseline” results) for each conceptualization without the effect of the conditions of the 

scenarios. 

There were two analyses performed for each scenario. The first one assessed the temporal 

variation of the hydraulic heads on the first aquifer layer. For this purpose, three evaluation 

points in the Bolo River catchment were proposed, which were selected to represent the effect 

of the scenarios for different interest groups: farmers and towns (Figure 19). 

i. Evaluation point 1: Croplands - Downstream 

ii. Evaluation point 2: Croplands - Upstream 

iii. Evaluation point 3: Town - Pradera 

 

Figure 19: Location of the evaluation points for the management scenarios assessment 

The second analysis was a comparison of the water balances corresponding to the three 

conceptualizations under the baseline and the scenario conditions. 

The groundwater use scenarios used to evaluate were: 

 Scenario 1 – No agriculture 

In this scenario, a condition in which no agriculture occurs in the Cauca Valley is assumed. 

This situation emulates the baseline natural conditions without the human intervention. For 

this, no irrigation diffuse recharge and no pumping are assumed in the model. 
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 Scenario 2 – Only surface water use 

In this scenario, it is assumed a policy which restricts the groundwater use. The upper part of 

the croplands currently uses mainly surface water for irrigation purposes. This led to maintain 

the uptake assumptions of the selected conceptualization. For this, no pumping is set in the 

model. 

 Scenario 3 – Groundwater restriction policy 

In this scenario, a decrease in the allowed pumping rate was proposed. This situation emulates 

that the water users can consume only up to 75% of the regular groundwater amount. 

 Scenario 4 – Consequences of more pumping 

In this scenario, an increase in the allowed pumping rate was proposed. This situation 

emulates that the water users consume up to 150% of the regular groundwater amount. 

 Additional scenario – Low flows 

An additional scenario that simulates an extreme low flow in the Bolo River was set up to 

assess the consequences this event. For this purpose, the calculation of a synthetic dry year, 

based on the information available, was carried out: 

i. Assessment of dry, normal and wet years: The classification was done using the 

annual average discharge from Bolo – Los Minchos hydrometric station. The years 

were separated in accordance to a quartile criterion: first quartile – wet years; second 

and third quartiles – normal years; lower quartile – wet years. 

ii. Selection of driest period: Once the wet years were identified, the largest period of 

consecutive dry years was selected. The data was evaluated at a monthly timestep 

from this point onwards. 

iii. Autoregressive model construction: According to the statistical behaviour of the 

selected period, a statistical model will be chosen and setup. 

iv. Generation of time series: Driest year: Once the model is constructed, the driest 

synthetic year was selected out of 1000 generated time series. Also, this one should 

present the same monthly distribution as the original time series: Dry months – 

February, March, September. 

Through the analysis of these first four scenarios, it was sought to: (i) compare the differences 

between conceptualization approaches, and (ii) define if the use of different conceptualizations 

led to different decisions. 
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From this evaluation it is expected to define the importance of considering the surface water – 

groundwater interaction in groundwater models. 

 

  

Third stage’s outcome: 

Answer to: Can different surface water – groundwater conceptualizations of the Bolo 

River affect the decision-making process? 
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 Validation Framework 

In this chapter, the results from the first stage of the methodology will be shown. This includes 

the definition and calculation of the validation frameworks. Benchmarks were established to 

set the basis to test the simulations made with the different conceptualizations of surface-

groundwater interaction. 

The general outline of this section is explained as follows: 

 The conceptual validation framework is setup through delineation of the 

recharge/discharge zones based on literature review. 

 The numerical validation framework is established by the calculation of a surface water 

balance. Their joint interaction allows a comparison of simulated and observed 

datasets. 

The outcomes expected from this chapter are the two validation frameworks mentioned. 

4.1 Recharge/discharge zone delineation 

Results from the literature review into recharge / discharge zones in the Bolo catchment can 

be summarised as follows: 

 Osorio (2018) evaluated the influence of the mountain block, located at the middle to 

top elevations of the Cauca Valley, as a potential recharge area to the groundwater 

system. The outcomes showed that, although quite some further research is as yet 

required, the groundwater behaviour in this upstream area is mainly driven by local 

systems. Hence, it can be assumed that no upstream recharge contributes to the 

downstream aquifer system. 

 Faneca Sànchez, et al. (2016) reported a delineation of recharge/discharge areas 

made by the CVC based on hydraulic heads contour lines made from monitoring 

records (two measurements per year). This figure shows the alluvial fans as recharge 

area, whilst the floodplains of the Cauca river constitute a groundwater discharge area. 

Besides, it is also shown a map of artesian area from 1987 which indicates that the 

floodplain area of the Cauca river was an artesian zone (Figure 20). 
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Figure 20: Recharge/discharge area delineation conceptual maps 

(Left) Scheme proposed by CVC: Green – Discharge zone, Cyan – Recharge zone 

(Right) Artesian area map: Yellow – artesian zone 

Source: Faneca Sànchez, et al. (2016) 

 According to Céspedes (2017), and as it would be expected, the recharge in the Bolo 

River catchment decreases from the alluvial fans to the alluvial deposits (going 

downstream). Therefore, within the influence area of the aquifer system, the upper 

basin’s river network contributes to the recharge of the aquifer; whereas in lower areas 

the aquifer contributes to the river. 

Furthermore, the research included the assessment of the surface water – groundwater 

interaction of the Bolo River. This was based on hydraulic head measurements and a 

geochemical analysis of samples from wells, springs, surface water and rain. The 

groundwater flow pattern identified included the analysis of parameters like electric 

conductivity, chloride and sodium, as well as classification of water types based on 

Piper (Appelo & Postma, 2005). 

The main outcome from this analysis pointed to a variation in the interaction of the River 

Bolo with the aquifer upstream the shallow well Rancho Grande (one of the sampling 

points, Figure 21): Recharge - upstream; Discharge - downstream. Additionally, it was 

identified that the system of geological faults changes the superficial - underground 

interaction of the shallow groundwater. 

Based on this information, the delineation of a recharge/discharge zone distribution for the 

Bolo River catchment domain is depicted in Figure 21. 
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Figure 21: Recharge/discharge zone delineation proposed 

According to Figure 21, the characteristics of the areas are shown as follows: 

i. Zone III: Comprised of the mountain block. It is characterized by the occurrence of local 

groundwater processes. Therefore, it is assumed that this area does not contribute 

directly to the recharge of the downstream aquifer. The superficial water response at 

the outlet of this area is expected to comprise both the surface runoff from the upper 

catchment and water from these local groundwater systems. 

ii. Zone II: Mainly comprised of alluvial fans. It is characterized by large infiltration rates 

and a steep topographic relief that contributes to this being mainly a recharge zone. 

Hence, in this zone, the Bolo River is expected to lose water. 

iii. Zone I: Comprised of alluvial plains. This zone is characterized by a flatter topographic 

relief and an intense agricultural activity, which leads to larger recharge rates. This is, 

however, mainly a discharge zone, where it is expected that the Bolo River gains water 

from the aquifer. 

iv. Transition zone: This is the intermediate area where mixed recharge/discharge 

processes may occur. It cannot be clearly delineated because of specific local 

geological and topographic patterns. However, this zone is represented as a blurry area 

in between Zones I and II in Figure 21. 

The importance of this conceptual validation framework relies on the identification of two zones 

with different surface water – groundwater interactions. Steeper areas are characterized by 

a ‘recharge to the aquifer’ pattern whilst lower (and flatter) ones present a ‘discharge to 

Zone III 

Zone I 

Zone II 
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the aquifer’ pattern. This is the benchmark against which the simulations made will be tested. 

Despite Figure 21 provides a visual representation of the concept, it should be noted that this 

is indicative, and the exact boundaries of each area cannot be exactly delineated. 

Finally, it is important to keep in mind that the proposed delineation represents a reasonable 

idea of the behaviour of the water exchange only in the Bolo River based on research and 

additional literature review. 

4.2 Groundwater exchange contribution 

This section shows the results of the stepwise process to calculate the water balance that is 

used in the numerical validation framework. The main outcome is the estimation of a surface 

water balance time series (period 2000 – 2012). To achieve this, a surface water – groundwater 

interaction tool was developed. 

The first of these encompasses the superficial water balance components; the second 

focusses on the groundwater component. Their joint evaluation allows a simulated water 

balance time series that is comparable to the discharge observations from a gauge station. 

The stepwise outcomes are shown as follows: 

a. Water balance influence area delineation 

Based on the available information, and as it was mentioned in the Methodology (Section 3.1), 

the control-system selected is the reach of the Bolo River between the hydrometric stations 

Bolo – Los Michos and Bolo – Arriba. The description of these stations is shown in Appendix 

A. 

Data gaps were filled either with values calculated proportionally from the other station’s 

measurements or through a linear function where no station had information on the same date. 

Figure 22 shows the discharge time series for the hydrometric stations considered. 

 

Figure 22: Discharge time series (1992 – 2018) – Bolo-Los Minchos and Bolo-Arriba stations 
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Despite that the information used covers the period 1992 – 2018, the timeframe considered 

for the validation framework corresponds to the same period for which the groundwater model 

was available, which is 2000 – 2012. Nonetheless, an overview of the extended time series 

allows the identification of trends and anomalies. 

The surface water components relevant to the river reach were selected. According to the 

baseline conditions, the inflows are mainly characterized by river network contribution, whilst 

the outflow are mainly irrigation abstractions. 

b. Surface water balance components calculation 

Once the surface water balance components are identified, the calculation of their time series 

was done.  

 Inflows 

The delineation of the four sub-catchments shown in Figure 11 was done. Their characteristics 

are described as follows: 

i. Sub-catchment Bolo – Los Minchos: Comprises the contributing area to the 

hydrometric station with the same name. It is in the upper part of the Bolo catchment. 

It is in the mountain block: surface water at the outlet represents flows in upstream 

surface water and groundwater systems. 

ii. Sub-catchment Aguaclara: This represents the contributing area of the Aguaclara 

River. This joins the Bolo River upstream of the Bolo – Arriba hydrometric station. 

Around one half of its extension is over the mountainous block, while the other part is 

covered by agricultural fields. 

iii. Sub-catchments Upstream and Downstream: Represent contributing areas from 

streams that join the Bolo in the reach of interest. Both units are located entirely over 

the mountainous block. Further downstream areas were neglected since agricultural 

activities are assumed to interrupt the free overland runoff towards the Bolo River. 

The discharge time series generation was done considering four pluviometric stations. These 

were distributed along Bolo River catchment to represent the upper, middle and lower basin. 

Their description and location are shown in the Appendix A. 

According to the methodology, the time series was calculated at daily timestep for the period 

1994 – 2018, considering: 

i. Observed discharge: Bolo – Los Minchos station’s hydrograph was used to generate 

the discharge time series. 

ii. Area ratio: The areas of the sub-catchment’s previously delineated were used. 
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iii. Areal precipitation: Table 6 shows the influence of each pluviometric station per 

sub-catchment evaluated. These factors were established based on the location of the 

pluviometric stations and the areal influence on the sub-catchments. 

Table 6: Pluviometric stations influence 

Sub-catchments Bolo Blanco Los Minchos Planta Nima 

Bolo - Los Minchos 1.0 - - 

Aguaclara - 0.5 0.5 

Upstream - 1.0 - 

Downstream - 1.0 - 

Note: Guachazambolo station was not considered to influence the catchment’s hydrology due to its location. 
Nonetheless, its records will be used to assess the temporal climate variability on Bolo catchment. 

iv. Scale factor: This parameter was used to obtain a better fit between the surface water 

balance results and the observed discharges from Bolo – Arriba station. This factor was 

applied to the inflows of the systems, which are the discharges calculated per sub-

catchment. The value obtained after the iteration was equal to 0.40 in all sub-

catchments. 

Figure 23 shows the time series for sub-catchments Aguaclara, Upstream and Downstream 

for the period 1994 – 2018. 

 

Figure 23: Discharge time series (1994 – 2018) – Contribution sub-catchments 

 Outflows 

The Resolution 0100 N°0600-0652 from 2012 regulates water use in Bolo River catchment. 

As indicated in Section 3.1, the major water intakes for irrigation identified in the study area 
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are the 6 diversions mentioned in Table 3. The intakes considered by this validation framework 

are depicted in the Figure 11: D1, D3 and D4. Despite 5 channels divert water from the Bolo 

River, only the three mentioned are within the extension of the water balance area (Figure 11). 

The calculation of the diversion time series considers the Flow Duration Curve (FDC) from 

Bolo – Los Minchos station. The FDC calculated is shown in the Appendix A. The calculation 

of the diversions was made considering that water abstraction mainly occurs during the driest 

months: June, July, August and September. Figure 24 shows the estimation of the daily flows 

diverted from the Bolo River through the intakes D1, D3 and D4. 

 

Figure 24: Discharge time series (1994 – 2018) – Diversions 

Note: Negative discharge values are related to abstractions from the Bolo River system 

c. Surface water balance evaluation 

Based on the outcomes from the previous steps, the surface water balance was calculated. 

Figure 25 shows the comparison of the daily discharge time series of the simulated surface 

water balance and the hydrograph for the Bolo – Arriba station for the period 1994 to 2018. 
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Figure 25: Daily discharge comparison (1994 – 2018) – Simulated surface water balance and Bolo – Arriba 
station 

The utility of the numerical validation framework relies on a reasonable timeframe that 

represents the conceptual behaviour assumed plausibly. The groundwater model simulates 

the period 2000 – 2012, which was primarily considered as the target evaluation period. 

However, according to the Table 7, a period that better fitted the conceptual behaviour 

corresponds to 2000 – 2007. Further analysis about the possible causes are developed in 

Appendix B.  

Table 7: Goodness of fit indices comparison - Timeframe 

Periods 
NSE 
( - ) 

RMSE 
(m3/s) 

p-Bias 
(%) 

2000 - 2012 0.210 7.34 -41 

2000 - 2007 0.469 3.23 5 

Therefore, the numerical validation framework will be represented by a monthly discharge time 

series which emulates the surface contribution from the upstream sources and abstractions of 

Bolo – Arriba station. Figure 26 depicts the comparison between the simulated and observed 

monthly discharge at the evaluation point. 
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Figure 26: Monthly discharge time series comparison (2000 – 2007) – Simulated surface water balance 
and Bolo – Arriba hydrometric station 

d. Surface water – groundwater interaction – tool 

To support the calculations required in the numerical validation framework, a tool to extract the 

values of the surface water – groundwater interaction from the groundwater model was 

developed. This tool converts, extracts and formats the outputs from the iMOD model. 

The groundwater model calculates the water exchange between the surface system and the 

aquifer. The tool considered the gridded results within the water balance influence area 

calculated for: (i) the Bolo River and (ii) the streams that contribute to the Bolo River. 

Figure 27 shows a piece of the tool’s script in Python and the processed outcomes from it. 

 

Figure 27: Surface water – groundwater interaction tool 

(left) Extract of the Python script; (right) Example of the results obtain from the tool: time series 

This tool allowed the automatic retrieval of information and evaluation of the groundwater 

influence on the simulated superficial water balance. Once this monthly time series of water 
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exchange was generated, it was added to the outcome obtained in Section 4.2.c such that it 

was comparable to the observed monthly hydrograph from Bolo – Arriba station. 

  

Summary: 

 The main result obtained from this section is the definition of the validation framework 

which allows the assessment of the representativity of the groundwater model from the 

point of view of the surface water system balance. 

 Two conceptual validation frameworks were proposed and established: conceptual and 

numerical. 

 The outcome corresponding to the conceptual validation framework is represented by 

the delineation of recharge and discharge zones. 

 The outcomes corresponding to the numerical validation framework aims to compare a 

water balance with an observed hydrograph. 

 The first outcome is the surface water balance, which was calculated based on 

hydrometeorological stations and information derived from water policies. 

 The second outcome is a Python script tool that retrieves the groundwater system’s 

contribution (either recharging of discharging) calculated previously by the (iMOD) 

groundwater model. 
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 Surface water – groundwater interaction 

In this chapter, the results from the second stage of the methodology will be shown. The aim 

was to assess the differences between surface water – groundwater conceptualizations that 

provided a plausible representation of the water exchange based on the validation frameworks 

established in Chapter 4 . 

The general outline of this section is shown as follows: 

 Assessment of the original groundwater model conceptualization based on the 

proposed validation frameworks. 

Proposal and testing of alternative model conceptualizations to gain insight in the most 

important processes that influenced the groundwater system response. This 

assessment was based on the validation frameworks. Then, the alternative 

conceptualizations were compared with the original one as a reference. 

These conceptualizations were grouped in accordance to the type of parameters that 

these assess: (i) the hydraulic parameters of the aquifer and (ii) an approach to routing 

flow in the main river. 

 Selection, calibration and evaluation of the conceptualizations that reasonably fit with 

the validation frameworks. 

The outputs expected from this chapter are calibrated models that can plausibly represent the 

surface water – groundwater interaction based on the validation frameworks. Likewise, the 

expected outcome is the assessment of the conceptualizations of the groundwater – surface 

water interaction. 

5.1 Evaluation of the original conceptualization 

In this first stage, it was needed to set a starting point and a comparative basis for the further 

alternatives conceptualizations. 

Therefore, the conceptualization of the original groundwater model was evaluated using the 

proposed validation framework. The simulation period was 2000 – 2012 at monthly timestep, 

including an initial steady state. 
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Figure 28 shows the comparison between surface water – groundwater interaction simulated 

by the iMOD model and the conceptual delineation from the validation framework. The two 

types of interaction of the Bolo River with the aquifer (gaining or losing river) are depicted over 

a background image of the estimated delineation of the recharge and discharge areas. 

 

Figure 28: Conceptual validation framework vs Original model approach 

In this conceptualization, the results show that the upstream part of the Bolo River recharges 

the aquifer (losing river), which is in accordance to the conceptual validation framework. 

However, the water interaction behaviour of the middle and lower part of the reach do not 

agree with the benchmark. Despite being the main interaction of the lower Bolo River to receive 

water from the aquifer (gaining river), there are segments in which it does contribute to the 

groundwater system. 

Figure 29 shows the comparison between the observed hydrograph from Bolo – Arriba 

hydrometric station and the water balance simulation considering the iMOD model outputs. 

The yellow line represents the monthly time series of the observed discharge; the green dotted 

line represents the superficial water balance (Section 4.2) whilst the blue solid line is the 

simulated water balance (superficial water balance plus groundwater interaction). 
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Figure 29: Numerical validation framework for Original model approach 

The red line indicates that the Bolo River would be dry because of the surface water – 

groundwater interaction. However, the current conceptualization even shows negative values 

during the months of the dry season. This could indicate that the groundwater model keeps on 

extracting water from the river system, even if this does not have any remaining flow. 

Figure 30 depicts the water balance of the groundwater system within the studied reach of the 

Bolo River. This chart shows the modelling packages and conceptualization used by the 

original groundwater model. Positive values represent water inflows to the aquifer system. 

Conversely, negative figures mean outflows from the groundwater system. Packages like DRN 

and WEL do not have inflow values since its conceptualization does not allow it. In the same 

way, the RCH package cannot represent outflows from the aquifer system as it only represents 

inflow through diffuse recharge. 

Figure 30 shows water balances in the different model components: Inflows – green columns; 

outflows – yellow columns. The balance of inflows and outflows shown represents the 100% 

of the water interaction. Also, the water balance was calculated using the steady state model, 

because this represents the average expected condition of the system. 



 

52 
 

 

Figure 30: Water balance of the aquifer system - Original model approach 

Inflows – green; Outflows – yellow 

The water balance shows that there is no overland flow (surface DRN equals to zero). Also, 

the streams within the Bolo River catchment are the dominant water abstractors of the 

groundwater system (39% of the total outflows). Furthermore, the inflow sources are almost 

evenly distributed among the Bolo River; tributaries (mainly Aguaclara river) and the diffuse 

recharge (around 33% of the total inflows). 

A quick view on the comparison of the observed and the simulated hydraulic heads shows a 

low value of the Root Mean Square Error (4.4 m). This shows a good representativity of the 

modelled conditions. 

 

Figure 31: Observed vs simulated hydraulic heads - Original model approach 
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To summarize, the original groundwater model presents a mismatch with the conceptual 

validation framework since it simulates recharge processes in the lower Bolo River. Also, the 

model shows that the current conceptualization provides an endless source of surface water 

to the groundwater system. This causes a conceptual misunderstanding since the river system 

may -in reality- run dry and stop providing water as recharge. 

From both validation frameworks, it is possible to state that the current conceptualization could 

be improved to match with the proposed benchmarks. 

5.2 Evaluation of alternative conceptualizations 

In this stage, an evaluation of the proposed alternative conceptualizations is carried out to 

understand if these improve the surface water – groundwater relationship based on the 

validation frameworks proposed. 

5.2.1 River – aquifer interaction 

The first approach addressed involves the evaluation of the influence of both the water levels 

and the hydraulic parameters of the aquifer on the model results. 

a. Water levels 

Original approach: The initial water levels setup used by the original groundwater model were 

based on the discharge time series at the Bolo – Arriba station, which translates into a water 

depth at that station. A constant spatial variation of this depth is then assumed (e.g. the same 

water level relative to surface level distributed along the Bolo River). The gridded digital 

elevation model is used to distribute the water depths time series across the Bolo River, and 

to define the bottom elevation of the riverbed in each segment. 

This dataset provided water depths of around five meters. However, Bolo-Arriba records shows 

that this variation should fluctuate between 0.6 to 3 meters. This could result in an 

overestimation of the surface water influence over the groundwater system obtained from the 

calculations of the RIV package. 

Proposed approach: According to this, a new arrangement of water levels was setup such 

that the water levels and the bottom elevation provided a water depth that is in line with the 

observed fluctuation. Other parameters in the initial configuration were left unchanged. 

Figure 32 shows the recharge/discharge pattern of the Bolo River. The upstream part of the 

reach again mainly contributes to the groundwater system (recharge), whilst the middle to 

lower part the river is gaining (discharge to the river). 
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Figure 32: Conceptual validation framework vs Hydraulic parameters approach – Water levels 

In these results, the Bolo River interacts according to the conceptual validation framework: it 

recharges upstream and receives discharge from the groundwater system downstream. The 

transition zone does not, however, match with the simulation results. Furthermore, the change 

in the water exchange pattern occurs right after the river moves from the alluvial fans to the 

alluvial deposits. 

Also, Figure 33 shows the comparison of the observed hydrograph (Bolo – Arriba) and the 

simulated water balance. The results show that the decrease in water levels leads to more 

appropriate water behaviour: Non-negative discharges. 

The comparison between the results from the surface water balance (green dotted line) and 

the total simulated flow (blue solid line) shows an increase in the amount of water given by the 

aquifer system. It is also reflected in the positive sign of the p-Bias index. In addition, all the 

goodness of fit indices shown an improvement in comparison to the original approach results. 
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Figure 33: Numerical validation framework for Hydraulic parameters approach – Water levels 

Figure 34 shows the difference between the hydraulic heads from the original model and the 

one calculated using the current conceptualization approach for the three model layers. In 

every layer it is observed that the proposed conceptualization decreases the hydraulic head of 

the model. Major drop in groundwater levels is focused on the alluvial fans. This is due to a 

considerably lower recharge rate from the upper Bolo River. Besides, a less deep but spreader 

decrease in groundwater levels is noticeable in the second and third layers. Second layer is a 

semiconfined aquifer while third layer is a confined one. However, in both cases the recharge 

area is majorly concentrated on the alluvial fans. Hence, less recharge from the Bolo River on 

the alluvial fans leads to a spread decrease in the hydraulic heads in both aquifers. 

In summary, lower water levels in Bolo River leads to less water lose to the aquifer which, in 

turn, decreases the groundwater heads in the three model layers. 

 

Figure 34: Hydraulic heads difference – Original approach and Hydraulic parameters approach – Water 
levels 

(left) First layer   ;   (middle) Second layer   ;   (right) Third layer 

0 m -0.1 m -1 m -2 m -5 m -10 m -20 m -50 m -70 m deeper 



 

56 
 

b. Riverbed conductance 

Original approach: The initial setup of the original model assumed a constant value of 

riverbed conductance along the riverbed (resistance equal to two days). However, the Bolo 

River crosses different geological formations and geomorphologies. This may imply different 

riverbed conductance in each reach, which would lead to different model responses. 

Proposed approach: The proposed setup considers two riverbed conductance values in 

accordance to the main geomorphologies in the Bolo River catchment: alluvial fans and alluvial 

deposits. The figures selected are intended to show the expected differentiated behaviour of 

each formation: alluvial fans – 8 hours (~clean sand), alluvial deposits – 100 days (~silty sand). 

The other model parameters -including the original water levels setup- were left unchanged. 

Figure 35 shows that the upstream part of the reach mainly contributes to the groundwater 

system (losing river). However, the middle to lower part of the Bolo River has a double 

behaviour (gaining and losing river) as it is highlighted by a red dotted circle. The main 

assumption of the hereby framework is not achieved. 

 

Figure 35: Conceptual validation framework vs Hydraulic parameters approach – Riverbed conductance 

In addition, in Figure 36 can be observed that total simulated flow (blue solid line) has lower 

values of discharge during dry months than the ones simulated through the original approach. 

This is due to the joint effect of the overestimation of recharge in the upstream Bolo River and 

a more conductive riverbed that facilitates the drainage. 
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Figure 36: Numerical validation framework for Hydraulic parameters approach – Riverbed conductance 

Regarding the hydraulic heads difference per model layer, Figure 37 shows the comparison 

for the current conceptualization. Positive figures mean a decrease of the hydraulic heads in 

comparison to the original approach, whilst negative values imply an increase of it. In every 

layer is observed that the proposed conceptualization increases the hydraulic head of the 

model. Only in the first layer is seen a local minor decrease, correspondent to the change in 

the water exchange interaction of the downstream Bolo River: from discharge to recharge 

pattern. The major rise is focused on the alluvial fans. This is due to the larger riverbed 

conductance value assumed in the upper Bolo River. 

 

Figure 37: Hydraulic heads difference – Original approach and Hydraulic parameters approach – 
Conductance 

(left) First layer   ;   (middle) Second layer   ;   (right) Third layer 

c. Aquifer transmissivity 

Original approach: The initial dataset of the original model considers values of transmissivity 

that vary between 24 m2/d to 1277 m2/d. Considering the aquifer thickness, the hydraulic 

conductivity of the first layer represents unconsolidated deposits of silty sand to clean sand 

(Freeze & Cherry, 1979). 

higher 20 m 10 m 5 m 2 m 1 m 0.1 m 0 m -0.5 m 
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Proposed approach: Based on the original model results, it is intended to diminish the amount 

of recharge in the system to avoid overestimation of the hydraulic heads. To achieve this, lower 

transmissivity values in the first aquifer layer domain are necessary. These were decreased 

one order of magnitude (x0.1). This new setup characterizes a silty sand aquifer which does 

not represent hydraulic conductivities typical to alluvial formations. Nonetheless, this 

assumption sought to gather insight about the influence of the transmissivity in the groundwater 

system. 

Figure 38 shows that, as in the water levels case, the Bolo River shows that the upstream part 

mainly recharges the aquifer whilst downstream this is of the opposite interaction. In general, 

the behaviour does follow water interaction pattern that is more according to that expected. 

The numerical validation framework for the current approach is shown in Figure 39. It can be 

observed that negative discharge values occur during dry months. This implies that, despite 

that this conceptualization should provide a decrease in the system water exchange, 

overestimated recharge rates are still simulated (p-Bias equals to -44%). 

 

Figure 38: Conceptual validation framework vs Hydraulic parameters approach – Aquifer transmissivity 
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Figure 39: Numerical validation framework vs Hydraulic parameters approach – Aquifer transmissivity 

Figure 40 shows the hydraulic heads difference per model layer when compared to the original 

model. In every layer an increase is seen as well as a decrease of the water levels. The 

drawdown spots are mostly located on the alluvial fans and where the aquifer thickness of the 

first layer is thinner. This is due to the lower interaction between the Bolo River and the aquifer, 

resulting in less recharge. A rise in hydraulic heads occurs in most of the model extension. A 

flat topographic relief and a less conductive system allow the increase of the hydraulic pressure 

from higher parts. Irrigation drains do not show a major impact for this parameter variation. 

 

Figure 40: Hydraulic heads difference – Original approach and Hydraulic parameters approach – 
Transmissivity 

(left) First layer   ;   (middle) Second layer   ;   (right) Third layer 

A simultaneous assessment of the volumetric water balance of the three approaches and the 

original one provides a full picture of the influence of these parameters on the interaction. 

Figure 41 shows the comparison of the inflows (positive values) and outflows (negative values) 

per model package and approach used for a steady state simulation. 

Modules like RCH and WEL did not show any variation since both are fixed rates of the 

groundwater system independent of the hydraulic heads. 

Regarding the DRN package: 

higher 20 m 10 m 5 m 2 m 0.1 m 0 m -0.1 m -2 m -5 m -10 m deeper 
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i. Decrease in surface water levels: This produces lower groundwater levels in the 

surrounding of the Bolo River domain. Hence, hydraulic heads seem to be barely over 

the bottom of the irrigation ditches, which lead minimal hydraulic gradients and, 

therefore, minimal values of water uptake. (see Figure 34). 

ii. Increase in riverbed conductance: This mainly leads to larger rates of water 

extraction from the streams due to the water levels rise in the upper part of the basin 

(see Figure 37). 

iii. Decrease of transmissivity: In general terms, it leads to a water levels increase in the 

middle to lower parts of the basin (see Figure 40). This produces overland flow and 

increases the water uptake from the irrigation ditches. Besides, the streams (located in 

the upper part of the basin) decreases its water uptake. 

In terms of the RIV package: 

i. Decrease in surface water levels: It leads to less river water losses in the upstream 

part and more river water gained in the lower parts along the Bolo River. On the other 

hand, since other rivers kept their initial water levels setup (large water depths), the 

opposite behaviour occurs due to the general drop of the hydraulic heads. 

ii. Double riverbed conductance: As expected, the upper Bolo River has major rates of 

recharge to the aquifer system, whilst the lower part presents a lower discharge from 

the aquifer to the reach. The other rivers are minimally affected by the effect of this 

variation. 

iii. Decrease of transmissivity: For the entire river network system, the decrease in the 

hydraulic conductivity results in a decrease in both the recharge and discharge 

patterns. 
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Figure 41: Water balance of the aquifer system - Original model approach and Hydraulic parameters 
approaches 

5.2.2 Water routing effect 

The second approach addressed involves the evaluation of the effect of the surface water 

routing in the Bolo River in relation to the groundwater system. 

Proposed approaches: The current conceptualizations are focused on the dynamic 

interaction between the surface water system and the groundwater one. This implies, for 

instance, that in a recharge zones, surface flow will contribute to the aquifer until the river runs 

dry. Meanwhile, in discharge areas, the water level will increase until it reaches the hydraulic 

head of the groundwater, where the process stops. 

It should be mentioned that in the tests carried out, only the surface water levels were modified, 

such that the other model parameters were left by default. 

a. SOBEK + RIV package 

This approach proposes the coupling of a surface hydrodynamic model and the existing 

groundwater one. 

As explained in Section 3.2.2, the surface water routing was simulated using SOBEK. Its 

outputs are the time series of the dynamic distribution of the water levels along the Bolo River 

for the period 2000 – 2012 at a daily timestep. The description of the modelling process is 

shown in the Appendix C. 

This approach considered an iterative process that couples both models (surface and 

groundwater) aiming to minimize the difference between water exchange in each step. It is 

important to notice that simulated water depths in the SOBEK model range from 0.5 to 1.8 

meters. 
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Figure 42 shows the visual assessment for the conceptual validation framework for the current 

approach. As in the approach where the water levels were varied, the recharge and discharge 

interactions between the river and the aquifer match with proposed benchmark: Recharge to 

the aquifer from the upstream Bolo River and discharge from the aquifer to the lower Bolo 

River. 

 

Figure 42: Conceptual validation framework vs Routing effect approach – SOBEK+RIV package 

From Figure 43 it can be observed that the lower water levels behave similarly to those where 

the water levels are varied: an overall groundwater contribution to the surface water system, 

underestimating the recharge process. However, the goodness of fit indices indicate a better 

match with the observed data. The expected water exchange pattern is not represented. 

 

Figure 43: Numerical validation framework vs Routing effect approach – SOBEK+RIV package 
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Figure 44 depicts the differences in hydraulic heads per layer for the approach using the 

SOBEK model in comparison to the original approach. This again shows a pattern like the one 

found when varying the water levels. However, the main differences in the groundwater levels 

decrease is linked to the water levels outputs from the SOBEK model. 

The coupled modelling of SOBEK and iMOD allowed the calculation of a varying river water 

level along the Bolo that responds dynamically to the surface water – groundwater interaction. 

This coupled approach reflects the influence of Bolo – Los Minchos hydrometric records as the 

initial inflow of the Bolo River, as well as the effect of punctual inflows from sub-catchments 

and outflows from diversions. 

 

Figure 44: Hydraulic heads difference – Original approach and Routing effect approach – SOBEK+RIV 
package 

(left) First layer   ;   (middle) Second layer   ;   (right) Third layer 

b. SFR package 

This approach evaluates the SFR package, which is an integrated part of the iMOD model. In 

this, a simultaneous calculation of the surface water levels and the groundwater interaction is 

done. Since the SOBEK + RIV package approach has the same overall approach as when 

using the SFR package, similar results would be expected, despite the closer coupling. 

Figure 45 shows the comparison conceptual validation framework for the approach using the 

SFR package. As in the previous case, the simulation of the Bolo River depicts the expected 

pattern: recharge to the aquifer in steep areas and discharge from the aquifer in lower flatter 

zones. 

0 m -0.1 m -1 m -2 m -5 m -10 m -20 m -50 m -70 m deeper 
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Figure 45: Conceptual validation framework vs Routing effect approach – SFR package 

The numerical validation framework shows an overall groundwater contribution to the surface 

water system (Figure 46). However, the p-Bias value indicates that the discharge from the 

aquifer to the Bolo River is lower in comparison to the SOBEK + RIV package 

conceptualization. 

 

Figure 46: Numerical validation framework vs Routing effect approach – SFR package 

In general terms, the Figure 47 shows the same pattern of hydraulic heads difference as the 

one obtained by the SOBEK + RIV package approach. Overall lower levels are found when 

compared to the original model approach. 
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Figure 47: Hydraulic heads difference – Original approach and Routing effect approach – SFR package 

(left) First layer   ;   (middle) Second layer   ;   (right) Third layer 

Figure 48 shows the joint evaluation of the volumetric water balance of water routing 

approaches (SOBEK + RIV and SFR) and the original one. It includes the comparison of the 

inflows (positive values) and outflows (negative values) in relation to the aquifer system per 

model package and approach used for a steady state simulation. 

 

Figure 48: Water balance of the aquifer system - Original model approach and Routing effect approaches 

As expected, both water routing conceptualizations show a similar groundwater response. The 

drop of the hydraulic heads (Figure 44 and Figure 47) led to lower water uptakes from the 

DRN package, for both the streams and the irrigation ditches. 

It should be noted that the comparative analysis of the conceptualizations of the river network 

encompasses two subsystems: The Bolo River and the river network disregarding the Bolo 

River. 

In the first subsystem (Bolo River), the evaluation of the routing effect was carried out using 

two model conceptualizations: (i) the RIV package, which used a routed water level distribution 

calculated in SOBEK, and (ii) the SFR package, which calculated the routing and the water 

exchange in this single module. 

0 m -0.1 m -1 m -2 m -5 m -10 m -20 m -50 m -70 m deeper 



 

66 
 

On one hand, a comparison of the original conceptualization with the two water routing 

approaches showed an increase larger than 300% in the Bolo River losses (dark red dashed 

rectangle in Figure 48). This is caused by the lower hydraulic gradient between the 

groundwater heads and the river water levels due to the decrease of the calculated water 

depths by the routing conceptualizations. Moreover, the difference in losses between the two 

routing approaches is of about 200%. This is caused by two factors: (i) the effect of differences 

in the calculated river water levels (SOBEK vs SFR package) and (ii) the influence of 

considering an unsaturated flow. This latter effect mainly delays the aquifer recharge from the 

river water. 

On the other hand, the two water routing conceptualizations showed an increase of 50% in the 

river gains in comparison to the original conceptualization (blue dashed rectangle in Figure 

48). This is also caused by the lower hydraulic gradient between the groundwater heads and 

the river water levels. Besides, the difference in gains between the two routing approaches is 

minimal (0.6%). This could be expected as the packages conceptualization of the river gains 

in both approaches are the same (see Section 2.2.2a). Therefore, the river gains differences 

are linked to variations in water levels calculations done by the SOBEK and the SFR package. 

In the second subsystem (river network disregarding the Bolo River), named “Other rivers” in 

Figure 48, the conceptualization of the river – aquifer interaction was left as in the original 

setup, which only used the RIV package. In turn, it can be assessed the effect of the 

conceptualization of a routed Bolo River on the rest of the river network. 

The major response was a decrease of the aquifer discharge to this subsystem from the 

original conceptualization in comparison to the water routing approaches (19% difference), 

which is observed framed by the green dashed rectangle in Figure 48. This was due to the 

decrease of the groundwater levels caused by the less recharge from the Bolo River. Also, 

comparing only the two water routing conceptualizations, the difference between the calculated 

river gains and river losses is minimal (1.6% in both cases). 

5.3 Conceptualizations adjusted to the validation 
frameworks 

The conceptualizations that better fit both validation frameworks were (i) the Water levels 

approach, (ii) the SOBEK+RIV package approach and (iii) the SFR approach. These three 

conceptualizations showed that the river water levels were the most influential factor, such that 

lower water depths represent surface water – groundwater interactions more like the validation 

frameworks. The improvement of the fit with these validation approaches is advisable to set a 

comparative basis. For that reason, the transmissivity and riverbed conductance were also 
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modified only in the last two conceptualizations (SOBEK+RIV and SFR) since the first one 

could not be improved (Table 8). 

Therefore, the output from this stage is a set of three conceptualizations that can plausibly 

represent the surface water – groundwater interaction based on the validation frameworks. 

The comparative analysis of the selected approaches will be mainly focused on the key 

conceptual difference: the routing of the river water. Hence, onwards, these approaches will 

be referred as: 

 Non-routed conceptualization 

 Routed conceptualization: SOBEK+RIV package and SFR package 

5.3.1 Adjusted parameter values 

In case of the Non-routed conceptualization, the modification of parameters did not improve 

the representation of the surface water – groundwater interaction. Therefore, under its original 

parametrization complies with the validation framework. 

On the other hand, Table 8 shows the parameters considered for the adjustment of the routed 

conceptualizations. It should be mentioned that the other model parameters were left by 

default. 

Table 8: Adjusted parameters for the routed conceptualizations approach 

Parameters Object Original values Values adjusted 

Transmissivity Aquifer first layer 24 – 1 277 m2/d 48 – 2 554 m2/d 

Conductance Contributing streams 10 000 m2/d 100 m2/d 

Resistance 

Bolo riverbed 
(on alluvial fans) 

2 days 

8 hours (Routed approach: 
SOBEK+RIV) 

20 hours (Routed approach: 
SFR) 

Bolo riverbed 
(on alluvial deposits) 

2 days 100 days 

Note: ‘Original values’ tag identifies the parameter values from the original conceptualization. 

The selected conceptualizations provide lower water levels, which leads to lower rates of 

recharge in the upper Bolo River. Hence, in case of the routed approaches (SOBEK+RIV 

package and SFR package), the combined effect of a less resistant riverbed and a more 

conductive aquifer was addressed. The transmissivity values for the first aquifer layer were 

doubled, while the resistance of the riverbed was decreased in the upstream Bolo River. In 

addition, a more resistant riverbed was defined in the downstream Bolo River in accordance 
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to the expected deposition of finer sediments (flatter area). Besides, the conductivity of the 

streams network was assumed to be the same as the downstream Bolo River. 

The difference in the riverbed resistance values of the alluvial fans is related to the model 

package conceptualizations. As explained in Section 2.2.2a, if the groundwater level is below 

the river bottom, the RIV package assumes a direct aquifer recharge, disregarding the vadose 

zone, while the SFR package considers the unsaturated flow beneath the riverbed. This implies 

that the latter calculates the water descending through the vadose zone whilst the first one has 

an immediate recharge of the aquifer. 

5.3.2 Conceptualizations differences assessment 

a. Groundwater response assessment 

Regarding the conceptual validation framework, Figure 49 shows the evaluation of adjusted 

conceptualizations. In the three cases it is observed a similar water exchange pattern as the 

results obtained in Sections 5.2.1a and 5.2.2. In them the surface water – groundwater 

interaction behaves according to the conceptual benchmark. 

 

Figure 49: Conceptual validation framework vs Adjusted conceptualizations 

(left) Non-routed approach   ;   (middle) Routed approach: SOBEK + RIV   ;   (right) Routed approach: SFR 

The numerical validation framework which contains the simulation results for the adjusted 

approaches is shown in Figure 50. Primarily, it is observed that the model results for the two 

routed conceptualizations are nearly the same. The non-routed approach shows larger 

discharge values than the observed data set and the routed approach. This is due to the 

constant water gained by the Bolo River that a fixed water level represents in the groundwater 

system. Also, less resistant riverbeds in the middle to lower Bolo River facilitate the water 

gaining process. 

In case of the routed conceptualizations, the general pattern shows a major water gained by 

the Bolo River during wet seasons, while the overall balance (gains-losses) in the Bolo River 

section of interest remains close to zero during dry months. This means that, during dry 

season, the water lost due to the recharge process is roughly filled back by the water gained 

from the aquifer within the reach considered. In case of the non-routed conceptualization, the 

time series does not follow a seasonal behaviour. The fix water values majorly allow a slightly 

larger water gain from the aquifer. 
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In terms the goodness of fit indices, it is observed that the p-Bias values in case of the routed 

conceptualizations indicate an underestimation of the discharges in comparison to the 

observed time series. This is majorly seen in the discharge peaks differences. Nonetheless, 

these conceptualizations better match with the observed low flows. On the other hand, the 

non-routed conceptualization shows s p-Bias value that reflects overestimations over the 

whole time series. Besides, the Nash-Sutcliffe and the RMSE indices of the routed approaches 

indicate a better simulation in comparison to the non-routed approach. 

 

Figure 50: Numerical validation framework vs Adjusted conceptualizations 

Figure 51 shows the differences in terms of hydraulic heads of the original conceptualization 

and the adjusted conceptualization per aquifer layer. 

The most noticeable difference among these approaches is driven by the change in 

transmissivity in the routed conceptualizations. For that reason, the non-routing approach only 

has lower hydraulic heads in comparison to the original conceptualization. Nonetheless, all 

three approaches showed a drop of the groundwater level on the alluvial fans larger than 10 

m. Despite the differences in riverbed conductance of the three approaches, the lower water 

levels produce this decrease in groundwater heads observed. 

It is also seen that the effect of lower river water levels alone (non-routed approach) leads to 

a drop in the hydraulic heads on the alluvial deposits in contrast to the slight increase of it seen 

in the routed conceptualizations. These latter approaches consider a less resistant riverbed on 

the downstream Bolo River and a more conductive aquifer first layer. 
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In case of the routed conceptualization, a similar response is observed in both approaches 

(SOBEK+RIV and SFR). In both cases, the major variations were located at the alluvial fans, 

where a drawdown of more than 20 meters occurs. Besides, flatter areas show a general rise 

of the hydraulic heads where the aquifer’s first layer is thicker. This could be related to a major 

effective recharge from diffuse sources (irrigation) since these conceptualizations assumed a 

more conductive aquifer. 

 

Figure 51: Hydraulic heads difference – Original approach and Adjusted conceptualizations 

(left) First layer   ;   (middle) Second layer   ;   (right) Third layer 

Figure 52 shows the comparison of the observed and simulated hydraulic heads for the three 

adjusted conceptualizations. As expected, the differences are small when comparing these 

model results and the ones obtained with the original conceptualization, such that RMSE are 

the -nearly- the same (4.4 m). Most of the observation wells are in the flatter area, where 

agricultural activities take place. In this area, the hydraulic head differences between the 

original conceptualization and the adjusted approaches is around 5 meters. 

0 m 0.1 m 1 m 2 m 5 m 10 m 20 m 50 m 70 m more -0.1 m -3 m 

Routed approach: SOBEK + RIV package 

Routed approach: SFR package 

Non-routing approach 
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Figure 52: Comparison of observed and simulated hydraulic head values – Adjusted conceptualizations 

(left) Non-routed approach   ;   (middle) Routed approach: SOBEK + RIV   ;   (right) Routed approach: SFR 

b. River hydraulic assessment 

From the point of view of hydraulic modelling, Figure 53 shows the comparison between 

Bolo – Arriba observed time series and the water levels simulated by the SOBEK model and 

the SFR package. It should be considered that the water levels were calculated under the 

same assumptions (river profile, cross section, roughness coefficient and discharge). 

The SOBEK model results have a better representation of the observed time series for the 

period 2000 – 2007. In case of the SFR package, the water levels are overestimated during 

this period (0.5 m on average). As expected, after 2007, the observed time series cannot be 

properly represented by any of the approaches (Section 4.2c and Appendix B). 

 

Figure 53: Simulated water levels comparison 

Note: Observed (Bolo-Arriba) time series represents also the water levels considered for the Non-routed 
approach. 

Since all the input parameters are the same but still the results are different, it could be said 

that this is caused by the hydraulic equations that drive each model. However, to get a better 

estimation of the water levels calculated by the SFR package, a smaller Manning coefficient 

could be used. In this way, the main hydraulic characteristics of the channel can be preserved. 
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Figure 54 shows the Bolo River discharge along its profile for a dry date (08/04/2003). The 

grey zone on the right-hand side represents the mountain block. No water exchange occurs in 

this area, so the discharge remains constant. The light blue zone on left-hand side represents 

the model influence area, hence, the groundwater system interaction is accounted for. In 

addition, the dotted vertical lines represent the location of the surface lateral flows: green lines 

– inflows, red lines – outflows. 

 

Figure 54: Comparison of discharges in Bolo River between routed and non-routed water levels (example) 

In case of the routed conceptualizations, it is observed the effect of the groundwater recharge 

on the upstream part of the Bolo River (from kilometre 35, upwards). Furthermore, the inflow 

to the aquifer system stops since the river runs dry. Downstream, the interaction changes and 

the Bolo River starts receiving water from the groundwater system up to the downstream 

boundary condition. 

On the other hand, the setup of the non-routed conceptualization is a fixed water level value, 

which represents a constant discharge. Therefore, even though the results of this approach 

show an acceptable match with the validation frameworks, this conceptualization leads to 

recharge and discharge overestimations when comparing it to the behaviour of the routed 

conceptualizations: Overestimations of lost river water occurs on the alluvial fans while 

overestimations of gained water occurs in the alluvial deposits area. 

c. Water balance comparison 

Figure 55 shows the comparison of the volumetric water balance of the adjusted 

conceptualizations. As previously indicated, it includes the evaluation of the inflows (positive) 

and outflows (negative) in relation to the groundwater system per model package and 

approach used, for a steady state simulation. 

Flow 

direction 
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Figure 55: Water balance of the aquifer system – Adjusted conceptualizations comparison 

As expected, the two routed conceptualizations showed a similar groundwater response. The 

decrease in the conductance of the contributing streams (Streams DRN), led to lower water 

uptakes from the DRN package in comparison to the non-routed conceptualization. However, 

the two routed conceptualizations showed higher hydraulic heads in comparison to the non-

routed approach, so the irrigation ditches can uptake more water from the aquifer. Conversely, 

in case of the non-routed conceptualization, the drop of the groundwater levels led to lower 

water uptakes from the irrigation ditches. Moreover, since the streams maintained its 

conductance value, despite the groundwater level drop, the water uptake is larger than the 

calculated by the routed conceptualizations. 

In the case of the Bolo River subsystem, on one hand, a comparison of the non-routed 

conceptualization with the two routed approaches showed an increase in the Bolo River losses 

that ranges from 20 to 70% (dark red dashed rectangle in Figure 55). This is caused by a 

decreasing loss of water on the alluvial fans calculated by the routed conceptualizations while 

the non-routed approach maintains a fixed water level. As observed, in Figure 54 and Figure 

55, this constant surface water leads to overestimations of the river water lost. 

Moreover, the difference in losses between the two routed conceptualizations is 39%. This is 

caused by the combined effect of three factors: (i) the effect of differences in the calculated 

river water levels (SOBEK vs SFR package) (Figure 53), (ii) the different values of riverbed 

resistance considered (Table 8) and (iii) the influence of considering an unsaturated flow. 

On the other hand, the two routed conceptualizations showed minor river water gains in 

comparison to the non-routed approach (differences larger than 300%) (blue dashed rectangle 

in Figure 55). This is caused by a less resistant riverbed of the downstream Bolo River that 

allows larger water gains (non-routed approach) in contrast to the routed conceptualizations 
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assumption. Besides, the difference in river water gains between the two routing approaches 

is around 30%. This difference is related to the combined effect of the three factors previously 

explained: calculated water levels, riverbed resistance and unsaturated flow. 

Regarding the “Other rivers” subsystem, the major difference between the non-routed and the 

routed conceptualizations was a smaller amount of river water gain (53% difference), which is 

observed framed by the green dashed rectangle in Figure 55. This is because, in case of the 

non-routed approach, the lower groundwater levels on the alluvial deposits provides less water 

to the streams, which conversely occurs in case of the routed conceptualizations. 

Also, in terms of water lost by the “Other rivers” (orange dashed rectangle in Figure 55), non-

routed conceptualization shows 25% less water in comparison to the routed approaches. This 

occurs because of the more conductive aquifer layer assumed in the routed conceptualizations 

leaded to deeper water levels in the alluvial fans of the whole system (not only the Bolo River 

domain). Also, comparing only the two routed approaches, the difference between the 

calculated river gains and river losses is negligible (less than 0.1% in both cases). 

Summary: 

 The main output from this stage is the built-up of three adjusted conceptualizations that 

can plausibly represent the surface water – groundwater interaction in accordance to 

the validation frameworks. 

 The original groundwater conceptualization did not perform well when compared to the 

validation framework: 

i. Recharge from the river was found in some of the lower parts of the Bolo River 

catchment where only discharge from the aquifer is expected. 

ii. It shows an overestimation of the aquifer recharge rates (river water losses) 

during dry months which leads to surface flows deficit? (negative figures). 

 The most influential non-routed approach is related to the Water levels, such that a 

decrease of its values leads to a better representation of the water exchange based on 

the validation frameworks. 

 Regarding the water routing effect, both conceptualizations considered show an equally 

appropriate water exchange behaviour based on the validation frameworks 
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 The step of adjusted conceptualizations sought the selection and modification of 

different parameters simultaneously to provide a better representation of the surface-

groundwater interaction based on the validation frameworks. 

 From a surface water – groundwater interaction point of view, the most influential 

component in the groundwater system is the surface water levels from the river, the 

first aquifer layer transmissivity, the riverbed conductance and the conductivity of the 

contributing streams. 
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 Groundwater use scenarios 

In this chapter, the results from the third stage of the research are presented. This evaluates 

the model conceptualizations in possible groundwater use scenarios to provide insight on the 

variation of the aquifer system response and its influence on the decision-making process. 

This assessment uses the adjusted conceptualizations obtained in Chapter 5 . 

For this purpose, four groundwater use scenarios were selected for the evaluation: 

 Scenario 1: No agriculture 

 Scenario 2: Only surface water use 

 Scenario 3: Groundwater restriction policy 

 Scenario 4: Consequences of more pumping 

An additional scenario that simulates an extreme low flow in the Bolo River was set up to 

assess the consequences this event. As the setup and purpose of this scenario is different 

from the previous ones, it can be found in Appendix D, to be used for further information about 

the area. 

6.1 Scenario 1 – No agriculture 

The first scenario assumes natural conditions where no human interventions occur. This 

means that no agricultural activities take place in the Bolo River catchment. Therefore, the 

groundwater system is not affected by the influence of extraction wells or diffuse recharge from 

irrigation. 

A limitation of this approach relies on the assumption that the recharge from precipitation 

represents 50% of the total diffuse recharge (precipitation + irrigation). This consideration may 

lead to underestimations of the water gained by the aquifer mainly on wet periods and the 

overestimations of it on dry periods. For instance, because of the high levels of precipitation 

during a wet month, the irrigation rates are expected to be low since the precipitation would be 

satisfying the water requirements of the crops. Therefore, the diffuse recharge from 

precipitation would not be equal to 50% of the overall amount. During dry months, the 

behaviour is the opposite since the water shortage is mostly fed by irrigation from river water 

and groundwater sources. 
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This scenario sought to assess the differences in the response of the aquifer when evaluated 

using the adjusted conceptualizations under natural conditions and baseline conditions. 

According to the initial assumptions, the only expected inflows to the groundwater system then 

come from the river network, the precipitation and the regional groundwater flow. The latter 

represents the lateral groundwater inflow from the surrounding aquifer system, which 

corresponds to the Cauca Valley groundwater system. 

Figure 56 shows the variation in the hydraulic heads over time at the evaluation points under 

Scenario 1. It also depicts the differences between the baseline conditions and the adjusted 

conceptualizations. 

 

Figure 56: Hydraulic head variation over time per evaluation point – Management scenario 1 

Regarding each evaluation point: 

i. Croplands - Downstream: The evaluation point is located nearby the Bolo River 

(~900 m).  
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The hydraulic heads for the two routed conceptualizations under baseline conditions 

are nearly the same (overlapping of blue and light blue dotted lines). The same 

behaviour is observed in the case of the Scenario 1 results for both approaches 

(overlapping of blue and light blue solid lines). The comparison between them shows 

that the larger differences occur in dry periods where pumping rates increased (e.g. 

period 2002-2003). In contrast, in wet years (e.g. period 2008-2009), the difference is 

minimal because of the lower rates of groundwater abstraction. Moreover, the omission 

of recharge from irrigation does not lead to a clear difference during wet years between 

the groundwater levels from the baseline conditions and the Scenario 1 conditions 

(despite the possible overestimations explained at the beginning of the section). 

Therefore, the diffuse recharge from precipitation does not have a clear influence on 

this area, being the recharge from the Bolo River the dominant process that regulates 

the groundwater levels under the Scenario 1 conditions. 

In the case of the non-routed conceptualization, the hydraulic heads estimated for 

the baseline condition and the Scenario 1 condition show a similar pattern. As well as 

in the routed approaches, the effect of the pumping wells defines the major differences 

between the groundwater levels of the baseline and the Scenario 1 conditions. 

However, on wet years (e.g. period 2008-2009) it is observed that the hydraulic heads 

from the Scenario 1 are below its baseline conditions. This is due to the expected 

underestimations caused by the initial assumption (50% of overall recharge). 

Nonetheless, the omission of the diffuse recharge from irrigation affected more the non-

routed conceptualization in comparison to the routed ones. 

Besides, the difference of groundwater levels under the conditions of Scenario 1 

between the routed and non-routed approaches is around 3 meters on average. 

However, this difference varies according to the type of year (wet and dry): wet years 

leads to minor differences while dry years reflects the opposite behaviour. Moreover, 

these variations in the differences occur because the groundwater levels from the non-

routed conceptualization show larger fluctuations than the ones from the routed 

approaches. These larger fluctuations are caused by the effect of the recharge from 

the Bolo River to the aquifer and the influence of different riverbed resistance and 

transmissivity values of each conceptualization (see Section 5.3.2) 

ii. Croplands - Upstream: This evaluation point is further from the Bolo River (~2 km) in 

comparison to the evaluation point 1. 
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Regarding the routed conceptualizations, the difference in the groundwater levels 

between the baseline and the Scenario 1 conditions are negligible (~10 cm). Therefore, 

the effect of pumping wells and diffuse recharge is minimal in this area. 

In the case of the non-routed conceptualizations, the omission of the pumping wells 

and the recharge from irrigation cause a maximum difference of 40 cm of the hydraulic 

heads between the conditions of baseline and the Scenario 1. 

During the dry periods, it is observed that the heads of the baseline scenario are a bit 

lower (40 cm at most) than the ones from the Scenario 1. The opposite behaviour is 

observed during the wet months. This is explained by the limitation of this scenario 

(previously indicated at the beginning of this section), which is related to the 

underestimation of groundwater levels due to a non-accurate assumption of the diffuse 

recharge for irrigation. 

As it was explained for the evaluation point 1, the routed and non-routed approach 

scenarios results showed similar fluctuations of the groundwater levels: the routed 

approach has a steadier behaviour than the non-routed one. 

iii. Town - Pradera: The town is located over the alluvial fans, at approximately 1 km from 

the Bolo River. In the routed and non-routed conceptualizations, the difference in 

heads between the baseline conditions and the Scenario 1 conditions is ~1.5 m, which 

is directly related to the fact that this evaluation point 3 is in the alluvial fans and in an 

area where no agriculture activities take place. 

6.2 Scenario 2 – Only surface water use 

The second management scenario assumes a policy that totally restricts the groundwater use. 

Out of all the water allocated to irrigation in the Bolo River catchment, one third is covered by 

groundwater (Pérez, 2018), in consequence, the rest is supplied by surface water. One 

limitation of this scenario is that the routed conceptualizations keep the hydraulic scheme 

(setup of inflows and outflows) from the original model. 

This scenario aimed at assessing the differences in the response of the aquifer between the 

adjusted conceptualizations where there is irrigation due to agriculture activities, but no 

groundwater extraction is allowed. 

Figure 57 shows the variation over time of the hydraulic heads at the evaluation points for the 

second scenario. As expected, in all evaluation points the two routed conceptualizations show 

similar results. 
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Figure 57: Hydraulic head variation over time per evaluation point – Management scenario 2 

In terms of each evaluation point: 

i. Croplands - Downstream: For the routed conceptualizations, the hydraulic heads 

are, in average, 0.7 m higher in the Scenario 2 in comparison to the baseline, this is 

because Scenario 2 is not considering pumping effects. In the non-routed 

conceptualizations, this difference is equal to 1.3 m, which depicts that this 

conceptualization is more sensible to the pumping. 

ii. Croplands - Upstream: For the routed conceptualizations, the difference between 

the heads of the baseline and the Scenario 2 conditions is negligible. Pumping does 

not affect the area because of the combined effect of larger transmissivity values and 

larger riverbed resistance on the alluvial deposits, despite some extraction wells are 

located in the surrounding area. 
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In the non-routed conceptualizations, the difference in heads between the baseline 

and Scenario 3 conditions are caused by the pumping wells only during dry months. 

This conceptualization shows that it is more sensitive to well abstractions. 

iii. Town - Pradera: In all the conceptualizations there were nearly no difference in heads 

between the baseline and the Scenario 2, therefore the pumping effect is minimal even 

though the evaluation point is in alluvial fans (more conductive area). Pumping wells 

are located far from the evaluation point. 

6.3 Scenario 3 – Groundwater restriction policy 

The third management scenario proposes a decrease in the permitted pumping rates. This 

situation assumes that water users can extract only up to 75% of the regular groundwater 

amount. The scenario looked to assess the differences in the response of the aquifer when the 

expected water extraction is reduced by a certain percentage. 

Figure 58 shows the hydraulic heads variation over time at the evaluation points according to 

Scenario 3. The routed conceptualizations show similar results. 

Regarding the results per evaluation point: 

i. Croplands - Downstream: Because of the groundwater restriction policy, the 

groundwater heads have recovered at most 0.8 m for the routed conceptualization and 

0.7 m for the non-routed. The difference between both values is caused by the larger 

transmissivity values set in the routed approaches. 

ii. Croplands - Upstream: For all the conceptualizations, there is no difference between 

the heads of the baseline and Scenario 3 conditions. Therefore, the effect of the 

pumping wells is low.  

iii. Town - Pradera: The behaviour is the same as in Scenario 2. 
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Figure 58: Hydraulic head variation over time per evaluation point – Management scenario 3 

6.4 Scenario 4 – Consequence of more pumping 

The fourth management scenario assumes an increase in the number of pumping wells. To 

achieve this, it was considered that groundwater abstraction increases by 50% over the original 

extracted amount. This scenario sought to assess the differences in the response of the aquifer 

among the approaches of interest when the expected water extraction is increased. 

Figure 59 shows the hydraulic heads variation over time at the evaluation points. As expected, 

routed conceptualizations show similar results. 
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Figure 59: Hydraulic head variation over time per evaluation point – Management scenario 4 

Regarding the results per evaluation point: 

i. Croplands – Downstream: For the routed conceptualization, the effect of a 50% more 

pumping led to a drop in the water levels that range from 0 to 2.3 m. Meanwhile, for the 

non-routed conceptualization, it ranged from 0.2 to 1.6 m. 

When the pumping rates are higher, e.g. during dry months, the drop in water levels is 

higher in the routed conceptualization rather than in the non-routed one. This is 

because of the large transmissivity values and more resistant riverbed in case of the 

non-routed approach, while in the routed one it is the opposite (as described in 

Scenario 2). 

ii. Croplands - Upstream: For the routed conceptualization the head differences 

between the baseline and the Scenario 4 conditions are like the ones in Scenario 3 and 

2. Meanwhile, the non-routed conceptualization showed a drop in the groundwater 
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levels during dry months up to 0.3 m. This can be explained by the same reason as in 

the evaluation point 1. 

iii. Town - Pradera: The behaviour is the same as in Scenario 2. 

6.5 Water balance comparison 

Regarding the water balance comparison between the adjusted conceptualizations in all 

groundwater use scenarios, the inflow and outflow patterns remained as in the baseline 

scenario (see Section 5.3.2c). Figure 60 to Figure 62 show the volumetric water budget of 

the groundwater system comparing the four groundwater use scenarios per adjusted 

conceptualizations. 

Results from the Recharge and the Well subsystems are included referentially in the charts as 

they are the driver of these groundwater use scenarios. Also, results from the Scenario 1 leads 

to sufficiently accurate due to its limitations. However, its consideration helped to gain insight 

on the influence of the recharge process con the adjusted conceptualizations. 

For the non-routed conceptualization (Figure 60), the larger variations between scenarios 

were observed in the Bolo river and the Streams subsystems, in terms of the outflows from the 

groundwater system (dashed rectangles). 

 

Figure 60: Comparison of the water balance of the management scenarios – Non-routed conceptualization 

In the case of the Bolo River (dark red dashed rectangle), the effect of increasing pumping 

rates of groundwater abstraction led to drops in the amount of water gained by the Bolo River. 

This behaviour is different in comparison to the routed conceptualizations (Figure 61 and 

Figure 62) where minor changes occurred. This is due to the less resistant riverbed of the 

downstream Bolo River. 
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For the Streams subsystem (blue dashed rectangle), also an increasing pumping effect led to 

lower amounts of gained water by the streams. This is due to the combined effect of deep 

groundwater levels and the large heads drops for pumped groundwater. 

For the routed conceptualization: SOBEK + RIV package and SFR package (Figure 61 

and Figure 62), the larger variations between scenarios was observed in the Irrigation Streams 

subsystems (dark red dashed rectangles). Larger pumping rates led to more river water losses. 

This is due to the every-time larger drops in the groundwater level when the groundwater 

abstraction kept increasing. 

 

Figure 61: Comparison of the water balance of the management scenarios – Routed conceptualization: 

SOBEK+RIV 

 

Figure 62: Comparison of the water balance of the management scenarios – Routed conceptualization: 
SFR 

In summary, variations in groundwater use in non-routed conceptualizations affected more the 

river water gains from the Bolo River. In the routed conceptualizations, the major differences 

occurred in the water uptake from the irrigation ditches such that the Bolo River is not affected. 
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Summary: 

 Adjusted conceptualizations were evaluated under groundwater use scenarios to 

assess the variation of the groundwater system. For this, the comparison between 

conceptualizations as well as a comparison with the baseline condition of each of them 

was assessed. 

 Non-routed conceptualization represents larger variations in hydraulic heads caused 

by changes in processes like diffuse recharge or groundwater abstractions. This leads 

to larger seasonal fluctuations in comparison to the other approaches. 

 For the water balance comparison, non-routed conceptualizations showed that the 

most affected subsystems under the groundwater use scenarios were the Bolo River 

and the Streams. The amount of water gained by the river decreases when the 

groundwater abstraction increases. This is caused by the drop in the groundwater 

levels. 

 Routed conceptualizations (SOBEK+RIV package and SFR package) represent 

steadier hydraulic heads under variations in diffuse recharge and minor pumping 

abstractions. However, if the pumping abstraction increases, the groundwater levels 

drop at a faster rate. 

 For the water balance comparison, routed conceptualizations showed that the most 

affected subsystem under the groundwater use scenarios was the Irrigation ditches. 

Because of the drop of the groundwater levels due to the increasing pumping rate, the 

amount of water uptake by the irrigation ditches diminish. 

 Flatter areas are more affected by the groundwater abstraction than steeper ones due 

to the denser distribution of wells on the downstream catchment. 

 In the non-routed conceptualization, the water gained by the Bolo River is the most  

sensitive subsystem to groundwater use extractions; while in the case of the routed 

conceptualizations, this is the irrigation drains. 
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 Discussion 

The objective of the research was to improve the surface water – groundwater interaction in 

the groundwater models conceptualizations. The aim of this chapter is to answer each of the 

research questions addressed in Chapter 1 . 

Research question 1 

What validation framework can provide a comparable basis of the surface water – 

groundwater interaction for further analysis within the Bolo River system? 

To assess the improvement in the interaction of the different conceptualizations evaluated, it 

was needed to establish a comparative basis, which was called Validation framework. This 

framework is intended to state the interaction between the Bolo River and the aquifer 

underneath, based on previous research on the study area. Therefore, its accuracy will define 

the accuracy of the results from this research. 

In Chapter 4, based on the information available from Southern Cauca Valley and the Bolo 

River catchment, two validation frameworks were defined: a conceptual and a numerical one. 

The conceptual validation framework identifies three zones where it is expected that the 

Bolo River maintains, gains or losses water due to its interaction with the groundwater system. 

It is needed to note that the delineation of Zones I (discharge) and II (recharge) was derived 

from point measurements. These are records of hydraulic heads collected two times a year 

(Figure 20 - left) and a hydrogeochemical analysis that uses samples from one measurement 

campaign. The lack of spatial and temporal information may lead to inaccuracies when defining 

the limit between both zones: Transition zone. This transitional area did not represent 

appropriately the step in-between the recharge and discharge area according to the results 

obtained from the conceptualizations evaluated. 

Moreover, because of the limited amount of the information used, this conceptual validation 

framework represents an average state of the study area, therefore, it should be assessed with 

model results simulated in steady state. The use of this validation framework under particular 

cases may lead to distorted interpretations of the recharge/discharge process. For instance, 

high pumping rates at the alluvial deposits can produce large drawdowns which, in turn, can 

lead to processes of recharge from the river to the aquifer whereas the conceptual validation 
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framework indicates it is a discharge area. For that reason, the validation frameworks were not 

used to evaluate the results from the groundwater use scenarios. 

It should be noted that the location of the hydrogeochemical sampling points were mainly 

concentrated on the middle part of the Bolo River course (Figure 21). Therefore, the river – 

aquifer interaction is expected to be better represented on this area, such that lower parts 

(where the Bolo River is expected to gain water) could present a non-accurate interpretation. 

The numerical validation framework relies on the time series comparison of (i) a water 

balance that considers the effect of the groundwater model outputs over an influence area and 

(ii) the observed discharges from Bolo – Arriba hydrometric station. The latter was used 

because it represents the outflow of the water balance influence area selected for the validation 

framework (Figure 11). 

The major limitation of this validation framework relies on the uncertainty related to the 

calculation of the different components: 

For the Bolo – Arriba hydrometric station, as explained in Appendix B, the magnitude of the 

recorded discharges from 2008 onwards are significantly higher. Despite some very wet years 

occurred during this period, no clear relationship with the precipitation was observed, nor with 

the discharge time series from Bolo – Los Minchos station, located upstream. Therefore, it 

seemed to be related to a change in its rating curve, however, further research on this topic is 

needed to establish this. 

Besides, since no measurements of the water uptake from the diversions nor discharge 

records of the Aguaclara River exist for this period, the estimation of inflows and outflows in 

the water balance could not be validated independently (e.g. just the Aguaclara River 

catchment alone). 

In the case of the calculation of the inflows to the system, the scaling factor was considered to 

adjust the magnitude of the discharges generated per inflow point (sub-catchments: Aguaclara, 

Upstream and Downstream). In this way, it was ensured that the water balance results were 

in the same order of magnitude as the Bolo - Arriba time series measurements. Nonetheless, 

the scaling factor would have been discarded if information to validate the calculations of the 

inflows were available. 

Besides, this validation framework encompasses a two-step process: (i) the initial adjustment 

of the surface water balance and (ii) the addition of the groundwater exchange to complete the 

total water balance. While the latter uses the surface water – groundwater interaction tool to 

extract the results from iMOD, the first one estimates an initial approximation of the water 

balance only considering its surface components. Therefore, this first step assumed that the 

difference between the observed values and the calculated ones (only superficial components) 
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is equal to the amount of groundwater exchange. In this regard, it is possible that the use of 

the scaling factor may have biased the results. 

Due to the degree of uncertainty of the validation framework, particular events cannot be 

appropriately represented. In the case of very dry years, the surface water uptake (so as the 

groundwater extraction) would increase to fill the irrigation demands. Considering that the 

current setup of the outflows calculation assumes that the water diverted is in accordance to a 

local water consumption policy, these new rates cannot be supported. In very wet years, the 

inflows of the sub-catchments could not be accurately estimated. 

Despite the time series of the surface water components were calculated as accurately as 

possible, this validation approach led to a degree of uncertainty which did not make it feasible 

to be evaluated in exact terms. Therefore, the numerical validation framework could be used 

to assess if the model conceptualizations represent the system within the expected order of 

magnitude. A better representation could be achieved if more discharge records were 

measured from different inflows (contributing sub-catchments) and outflows (diversions) of the 

system. 

It is needed to highlight that the applicability of the validations frameworks is specific for each 

case study since they depend on the available information. For instance, if the data of only one 

hydrometric station had been available at the Bolo River, the numerical validation framework 

would have been discarded. 

Finally, it is important to keep in mind that these validation frameworks represent just a 

reasonable idea of the behaviour of the water exchange in the Bolo River based on literature 

review and field records. 

Research question 2 

Can groundwater model conceptualizations of the Bolo River system represent the 

surface water – groundwater interaction according to the validation framework 

proposed? If so, what are the differences of these conceptualizations? 

The Bolo River catchment is encompassed by the Southern Cauca Valley hydrogeological 

system which, in turn, is simulated by an existing groundwater model. The conceptualization 

of this groundwater model considers as the main processes that influence the response of the 

water system: (i) the diffuse recharge from irrigation and precipitation, (ii) groundwater 

extractions from pumping wells, (iii) drainage from irrigation ditches, surface water streams 

and superficial runoff, and (iv) the river – aquifer interaction. 

Chapter 5 presented the evaluation of the original groundwater model conceptualization and 

alternative conceptualizations based on the validation frameworks in three stages. 
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The first stage was focused on the original conceptualization. This stage considered a 

constant distribution of the river water depth along the reaches and the RIV package to 

simulate the river – aquifer interaction. In terms of the conceptual validation framework, the 

water exchange interaction showed that, in particular areas of the alluvial deposits, the Bolo 

River losses water to the aquifer where, instead, it is expected to gain water. This is caused 

by the magnitude of the river water depths, which are above the hydraulic heads on the alluvial 

deposits in specific areas. Nevertheless, it could be the case that pumping wells nearby the 

Bolo River are dropping the groundwater level, causing the change in the behaviour of the river 

– aquifer interaction: from gaining to losing water. According to the numerical validation 

framework, it is shown overestimations of the water losses by the Bolo River during dry 

seasons. The conceptualization of constant water depth values along a reach using the RIV 

package may lead to non-controlled estimations of water exchange: water losses larger than 

the amount of water existing. Therefore, it could be said that the original conceptualization 

does not represent the surface water – groundwater interaction properly according to the 

validation frameworks. 

The second stage sought to evaluate additional conceptualizations to improve the surface 

water - groundwater interaction in accordance to the validation frameworks. This evaluation 

was structured in two outlines: (i) the river – aquifer interaction and (ii) water routing effect. 

For the first outline, out of the three model conceptualizations tested, only the concept related 

to the ‘Water levels decrease’ complied with both validation frameworks. These analyses 

indicated that –for this particular case– the setup of the river water levels is the most influential 

component of the river – aquifer interaction: water depths in accordance to records from Bolo 

– Arriba station, led to a better representation of the surface water – groundwater interaction. 

For the second outline, the water routing effect on the river water levels was modelled by two 

concepts (SOBEK + RIV package and SFR package). The general groundwater response 

complies with the validation frameworks in both cases. Among them, the largest difference in 

results was the amount of water lost by the Bolo River on the alluvial fans: the SFR package 

showed larger volumes of water lost in comparison to the SOBEK+RIV. Since the river - aquifer 

interaction was the only sub-system modified in the original conceptualization, the differences 

between both conceptualizations could rely on the consideration of the unsaturated flow by the 

SFR package and the differences in the water levels calculated. 

The third stage was focused on the selection of the conceptualizations that better represented 

the river – aquifer water exchange. Three conceptualizations were chosen to be adjusted 

based on the validation frameworks: two routed conceptualizations (SOBEK+RIV and SFR) 

and one non-routed conceptualization (Water levels). 
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For the non-routed conceptualization, no further variation on the aquifer parameters was 

necessary to improve the surface water – groundwater interaction. On the other hand, In the 

case of the routed conceptualizations, the transmissivity of the first aquifer layer and the 

differentiated riverbed conductance was set to get closer results to the validation frameworks, 

mainly during dry months. Moreover, similar results of water loss on the alluvial fans between 

the routed approaches were obtained when different values of riverbed conductance were 

assigned. This variation was due to the difference in calculated water depths between both 

routed approaches and the concept of the unsaturated flow. In a situation in which the 

groundwater level is below the riverbed, the conceptual difference between the RIV and the 

SFR packages should be considered: the downward flow process through the unsaturated 

zone is implicitly accounted in the riverbed conductance by the RIV package, while the SFR 

package does calculate this flow. 

However, the fact that different aquifer hydraulic parameters, such as riverbed conductance 

and transmissivity, were modified pursuing a better representation of the water exchange 

interaction alludes to an inherent difficulty in the comparison of the river – aquifer interaction 

alone. Therefore, it is not possible to precisely indicate that the differences in the groundwater 

response were due to the effect of the river – aquifer conceptualization used but due to a 

conceptual model that considers more processes. 

The non-routed conceptualization calculates larger values of both water gained and lost from 

the Bolo River (Figure 55) in comparison to the routed approaches. This is caused by the joint 

effect of fixed water depths along the Bolo River and the use of the RIV package. This may 

cause overestimations of water loss on the alluvial fans and of water gained on the alluvial 

deposits. In the case of the routed approaches, the differences among them are minimal. 

Regarding the water depths, the differences between the SOBEK results and the fixed water 

levels at the Bolo – Arriba station for the period 2000 – 2007 were up to 0.7 m. This mismatch 

is related to the calibration limitations of the hydrodynamic model (SOBEK), which could be 

further improved to better fit the observed water depth records. Despite these differences, the 

calculated water depths by SOBEK always allowed the Bolo River to gain water from the 

aquifer at Bolo - Arriba location. Nevertheless, the differences in the water depths along the 

profile of the Bolo River allowed to identify –in case of the routed approach– if the river ran dry 

on the alluvial fans, which stops the recharge process from the Bolo River (Figure 54). This 

process cannot be identified using one single observed water depth time series and, hence, in 

the non-routed approach. This means that an unlimited supply of water was assumed to be 

available on the alluvial fans. 
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Likewise, the hydrodynamic SOBEK results better represented the observed water depths 

station while the SFR package permanently overestimated measured water levels. Since the 

hydraulic information used in both approaches is the same, the differences are expected to be 

in the internal numerical concept of each model. It is expected that the use of a different 

Manning coefficient value may adjust the results from the SFR package in accordance to the 

observed records from Bolo - Arriba. 

Therefore, it could be said that the adjusted conceptualizations do represent the surface water 

– groundwater interaction based on the validation frameworks. 

Research question 3 

Can different conceptualizations of surface water – groundwater interaction affect the 

decision-making process in the Bolo River catchment? 

To assess the implications of using conceptualizations based on the surface water – 

groundwater interaction in the decision-making process, an analysis of the differences 

obtained using the adjusted conceptualizations under groundwater use scenarios is shown in 

Chapter 6 . 

Results of the modelled groundwater use scenarios showed a clear dependence on the surface 

water – groundwater interaction. The variations of the hydraulic heads and the differences in 

water balances per scenario evaluated denoted this dependence. Therefore, it is advisable for 

water-related policies to focus on the river – aquifer interaction. 

The water exchange is bigger in the lower reach of the Bolo River mainly due to the higher 

number of wells located in the croplands. In addition, the baseline situation of the hydraulic 

heads showed: deeper groundwater levels for the non-routed approach and shallower 

groundwater levels for the routed approaches. Likewise, steep areas are less affected by the 

pumping wells. Hence, the model results showed an opposite behaviour due to the 

conceptualization properties: deeper groundwater levels – routed approach, shallower 

groundwater levels – non-routed approach. 

Regarding the two routed conceptualizations (SOBEK+RIV and SFR), once adjusted the 

riverbed conductance value in areas where the unsaturated flow is expected (e.g. the alluvial 

fans), the difference in the modelled groundwater heads and river – aquifer water exchange 

was minimal. This shows any of these conceptualizations could be used to represent the same 

surface water – groundwater interaction. 

Despite the results related to the river – aquifer interaction between the routed and non-routed 

conceptualizations being similar, the differences in the rest of the groundwater system are 

larger. According to the routed conceptualizations, groundwater extraction at low rates does 
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not affect considerably the hydraulic head. However, large pumping rates led to larger 

drawdowns than the ones obtained by the non-routed conceptualization. On the other hand, 

the non-routed approach presented large seasonal fluctuations due to the joint effect of a less 

conductive aquifer, more conductive riverbed and close proximity to the Bolo River. In addition, 

the drawdown caused by the pumping wells caused a proportional decrease in the 

groundwater levels despite the extraction rate was low or high. 

Therefore, the selection of a model conceptualization that relies on the surface water – 

groundwater interaction may influence the decision-making process related to groundwater 

use policies. 
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 Conclusions and recommendation 

8.1 Conclusions 

The groundwater model conceptualization of the Bolo River system was improved to represent 

a surface water – groundwater interaction according to validation frameworks. 

Surface water – groundwater interaction in the Bolo River catchment was previously 

characterized based on literature review and field work assessments, forming the basis of two 

validation frameworks: conceptual and numerical. The validation frameworks defined the 

benchmark for evaluation of the groundwater model results. Therefore, while the conceptual 

validation framework evaluated the recharge/discharge pattern over the Bolo River, the 

numerical validation framework sought to frame the magnitude of the groundwater response. 

The lack of information led to uncertainties during the calculation of the validation frameworks 

so these only represent a reasonable idea of the behaviour of the water exchange in the Bolo 

River. 

During the assessment of the influence of water levels and the hydraulic parameters of the 

aquifer, the conceptualization that better fit the validation frameworks was the Water Level 

approach, in which Bolo River water depths were decreased. This concept considered a fixed 

water level distribution using the RIV package. 

Regarding the water routing approach, the groundwater modelling considered the calculation 

of the water levels variation along the Bolo River with the SOBEK hydrodynamic model, on 

one hand, and the SFR module, on the other. These model conceptualizations allow a dynamic 

response of the surface and underground systems. 

Hydrodynamic SOBEK model provided better results in terms of water levels than the SFR 

module in comparison to Bolo – Arriba hydrometric station. 

The conceptualizations that plausibly represented the surface water - groundwater interactions 

in the Bolo River according to the validation frameworks were grouped in routed and non-

routed approaches. The former considers the original conceptualization but with lower river 

water depths, the latter encompasses the conceptualizations SOBEK+RIV package and SFR 

package. Aquifer parameters were adjusted achieving a better fit. The different approaches 

led to an equally good representation of the river-aquifer interaction. However, non-routed 



 

96 
 

conceptualizations led to overall overestimations of water gained and lost by the aquifer, 

depending on the area (alluvial fans or deposits). 

A comparison between the adjusted conceptualizations (routed and non-routed) under 

groundwater use scenarios showed that the groundwater response in the rest of the 

groundwater system is different in both of the main approaches. In a decision making process, 

the consideration of any of them may lead to different measures based on the model. 

How necessary is it to consider conceptualizations that improve the surface water - 

groundwater interaction in groundwater models? 

Different surface water – groundwater conceptualizations led to equally good representations 

of the water exchange between river - aquifer systems. However, the variations in the aquifer 

hydraulic parameters led to differences in the rest of the groundwater system response, such 

as in the case of hydraulic heads behaviour. 

When the evaluation of temporal processes is necessary, such as dry periods, the use of 

routed approaches could work better by representing the gain-loss processes in a river more 

accurately. 

8.2 Recommendations 

8.2.1 On the validation frameworks 

Due to the uncertainties related to the validation frameworks, it is advisable looking for further 

benchmarks to compare if the current evaluation setup was appropriately framed by the 

assumptions made (e.g. if the numerical validation framework considered all the water balance 

components). These could be supported –for instance– by geophysical surveys. 

To improve the reliability of the numerical validation framework, field measurements in terms 

of surface lateral flows are desirable. Therefore, the temporal use of divers at the major 

irrigation channels or the contributing sub-basins from the Bolo River can allow the validation 

of the generated time series. 

The installation of a hydrometric station at the Bolo River in between the Bolo – Arriba and the 

Bolo – Los Minchos stations could help to delineate more accurately the transition area. 

Moreover, additional measurements campaigns are advisable to collect seasonal 

hydrogeochemical information to better define the transitional zone where the recharge pattern 

turns to a discharge one. 
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8.2.2 On the model conceptualizations 

To improve the hydraulic water levels results from the SFR package approach, it is advisable 

to reduce the Manning roughness coefficient to verify what is the response of the groundwater 

system. In this way, it would be possible to verify if the difference between the SOBEK+RIV 

and the SFR conceptualizations is because of the unsaturated flow or the water levels 

difference. 

Besides, if hydraulic information from the other rivers is available, it is advisable to modify the 

model river network conceptualization to assess the implications of the water routing effect. In 

this respect, the aquifer parameters initially modified could be reassessed to verify their 

correctness. 

Finally, a further step should aim at calibrating the groundwater model considering 

simultaneously the observed hydraulic heads and the surface water – groundwater interaction 

to reassess the differences between the groundwater heads. 
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Appendix A Groundwater exchange contribution data 

Hydrometeorological stations 

Table 9 shows the location, parameter measured and evaluation period of the 

hydrometeorological datasets considered for the research. 

Table 9: Hydrometeorological datasets 

Parameter Station Easting (m) Northing (m) Period 

Average daily discharge 
Bolo - Los Minchos 1 100 393 875 803 1992 - 2018 

Bolo - Arriba 1 086 633 869 952 1992 - 2018 

Total daily precipitation 

Bolo Blanco 1 107 699 874 229 1994 - 2018 

Los Minchos 1 099 383 870 108 1994 - 2018 

Planta Nima 1 095 476 884 101 1994 - 2018 

Guachazambolo 1 070 381 878 515 1994 - 2018 

Note: Coordinate Reference System MAGNA-SIRGAS/Colombia West zone. 
Source: CVC. 

Figure 63 shows pictures of the hydrometrics stations considered for the research as an 

boundary conditions for the numerical validation framework. 

 

Figure 63: Hydrometric stations considered 

(Left) Bolo – Los Minchos station (Right) Bolo – Arriba station 

Source: CVC (2012) 

Figure 64 shows the spatial distribution of the pluviometric stations considered in the research. 



 

- 2 - 
 

 

Figure 64: Location of the pluviometric stations considered 

Inflow time series generation 

Table 10 shows the coefficients considered for the calculation of the inflows time series per 

sub-catchment in the numerical validation framework 

Table 10: Inflow time series coefficients 

Sub-catchments Asim/Aobs θscale factor Pstation at simulated sub-catchment /Pstation at observed sub-catchment 

Aguaclara 0.704 0.4 (0.5 × Planta Nima + 0.5 × Los Minchos) / Bolo Blanco 

Upstream 0.052 0.4 Los Minchos / Bolo Blanco 

Downstream 0.125 0.4 Los Minchos / Bolo Blanco 

Note: Information from pluviometric stations were calculated at daily timestep. 

Flow Duration Curve 

Figure 65 shows the Flow Duration Curve (FDC) of Bolo – Los Minchos hydrometric station. 

It considers the daily discharges in the period 1992 – 2018. 

 

Figure 65: Flow duration curve for Bolo – Los Minchos station  
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Appendix B Hydrometeorological datasets analysis 

Precipitation regime along Bolo River catchment behaves in different way depending to the 

elevation in which is analysed. Figure 66 shows the comparison of the discharge from Bolo – 

Los Minchos station and Bolo Blanco pluviometer. Both are located in the middle upper basin, 

above the 1500 m a.s.l. 

 

Figure 66: Monthly discharge at Bolo – Los Minchos station vs monthly precipitation at Bolo Blanco 
station 

It is observed that precipitation and discharges are directly correlated: the more precipitation 

occurring, the more discharge happens. Precipitation peaks at 2009 and 2011 have a 

hydrological response in flooding according to Bolo – Los Minchos records. 

Besides, Figure 67 shows the monthly discharge from Bolo – Arriba station together with the 

monthly precipitation of two pluviometric stations Los Minchos and Planta Nima. These 

stations influence the hydrology of the sub-catchments Aguaclara, Upstream and Downstream. 



 

- 4 - 
 

 

Figure 67: Comparison between observed and simulated monthly discharge at Bolo – Arriba station 

location 

Conversely to what was previously shown, Figure 67 depicts a step in the discharge time 

series such that two flow patterns can be identified. The first period, from 1994 to 2007, shows 

dry months were seeming that the Bolo River may run dry. The second period, from 2008 

onwards, shows an increase in the monthly discharges such that the time series seems to be 

shifted upwards. Furthermore, precipitation pattern does not show an evolution to justify the 

difference in the flow. 

Besides, the black dotted line in Figure 67 represents a rough estimation of a discharge time 

series at the Bolo – Arriba station location. This one was calculated based on Bolo – Los 

Minchos records and considering a total annual precipitation ratio which -in this case- assures 

larger amounts of available water. Despite this time series emulates larger discharges on the 

river, the measurements recorded values up to five times greater than the simulated ones. 

Therefore, despite many reasons can justify the shift in the Bolo – Arriba time series (e.g. 

flooding erosion), according to the hereby research purposes, the most reliable evaluation 

period is 1994 to 2007. 
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Appendix C Hydrodynamic model results 

The hydrodynamic modelling of the water levels routing was carried out using SOBEK platform. 

A 1D model was setup based on topographic gridded information, field measurements and 

time series records from the hydrometric stations in the Bolo River. The simulation’s timeframe 

is 2000 – 2012, which was calculated at daily timestep. 

The details of the conceptualization were described in Section 3.2.2. 

Figure 68 shows the conceptual hydraulic model built-up in SOBEK. The yellow dots represent 

the lateral groundwater flow. The amount of them depends of the number of evaluation reach 

segments modelled (433). The red line that crosses the model extension represents the 

groundwater model limit. Therefore, the lateral flow feedback from the groundwater model can 

only happen on the eastern side of this line 

 

Figure 68: Conceptual hydraulic model - SOBEK 

As mentioned in Section 3.2.2, the river cross section considered for the entire Bolo River 

length corresponds to Bolo – Arriba station. Figure 69 shows the dimensions setup for this 

parameter. Each of them is represented as a blue trapeze in Figure 68. Furthermore, the 

number of them and its distribution along the reach define the river profile. This profile was 

setup considering a minimum height difference of 5 meters and a minimum reach length of 100 

meters. 
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Figure 69: Bolo – Arriba cross section 

Two boundary conditions were assumed in the SOBEK model. The one at the upper part of 

the Bolo River was the Bolo – Los Minchos discharge time series. Figure 70 depicts the daily 

average discharge of this hydrometric station for the period 2000 – 2012. Besides, the 

downstream boundary condition was a constant surface water elevation (938 m a.s.l.). This 

value was considered based on the CVC’s SOBEK model response and because of the joint 

effect of a flat topographic relief and a large cross-sectional area, which provides more stable 

water levels. 

 

Figure 70: Upstream boundary condition – Bolo-Los Minchos discharge time series (2000 – 2012) 

The surface lateral inflows and outflows were setup considering the results from Section 4.2b. 

The inflows are represented by the discharge from contributing sub-catchments. The outflows 

are represented by the uptake from the irrigation channels. The groundwater lateral flows were 

setup but not filled with data yet. 

Once the hydrodynamic model was setup, it was calibrated using the rating curve from 

Bolo – Arriba (Figure 71). The calibration process is carried out providing the progression of 

discharges from the chart to the system, such that water levels may response according to this 

one. To achieve this, the roughness coefficient was the only parameter evaluated. The aim is 



 

- 7 - 
 

to minimize the difference between the observed and simulated water levels at the location of 

Bolo – Arriba station. 

 

Figure 71: Bolo – Arriba rating curve 

Figure 72 shows the comparison of the observed time series from Bolo – Arriba station and 

the simulated water levels using a Manning roughness coefficient of 0.055. 

 

Figure 72: Hydrodynamic model calibration – Observed (Bolo – Arriba) vs simulated discharge time series 

Once the hydrodynamic model is calibrated, the initial setup of upstream boundary condition 

as well as the lateral flows are arranged. 

The next step is the coupling process using the outputs from the iMOD groundwater model. 

The results from the RIV package mean the water exchange interaction of the surface and the 

underground systems. Therefore, the LATERAL.dat file1 will be filled based on the RIV 

package results. To achieve a distributed coupled systems’ response, each SOBEK’s river 

                                                
1 This file defines the inflow/outflow time series per lateral calculation point within the SOBEK model. 
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segment is affected by the correspondent grid cells from the iMOD model. Figure 73 shows a 

fragment of the LATERAL.dat file. 

 

Figure 73: Example of LATERAL.DAT file for lateral groundwater exchange flows 
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Appendix D Synthetic driest year 

This scenario aims at assessing the groundwater response in an exceptionally dry year. This 

will provide insight about the influence of low flows alone. This means that an increase of 

groundwater abstraction nor less recharge are not considered. To achieve this, the calculation 

of a synthetic dry year was carried out based on the available meteorological information. 

Another limitation of the evaluation is that only the routed conceptualizations were assessed. 

Since it was observed that the model results from both routed approaches are similar, this 

scenario was modelled considering only the SFR package conceptualization. 

For the calculation of the synthetic driest year, the time series of Bolo – Los Minchos 

hydrometric station was considered. This is due to its hydrograph was primarily used for the 

computation of the datasets when assessing the surface water balance. 

The timeframe used comprises the period 1994 – 2018. The classification was carried out 

based on the annual average discharges which were sorted in descending order. The grouped 

years are shown in Table 11. 

Table 11: Climatic classification of years (wet, average, dry) – Bolo-Los Minchos station. 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

2008 2.01 2.23 5.46 6.96 8.77 7.48 5.46 5.81 6.08 5.90 9.55 9.33 6.25 

1999 6.01 6.10 6.45 5.87 3.47 2.88 3.21 3.23 4.62 4.52 5.08 4.84 4.69 

2010 1.89 3.20 2.82 3.64 3.49 3.47 3.69 2.37 2.61 3.13 9.45 11.42 4.27 

2011 5.81 7.17 4.82 4.73 4.07 4.05 3.43 2.95 2.62 4.08 3.42 3.86 4.25 

2013 3.20 3.95 3.89 4.00 4.62 4.03 4.01 4.25 3.51 3.39 4.11 6.90 4.16 

2009 5.19 6.86 6.13 5.53 3.24 3.44 3.96 3.35 2.03 3.01 3.21 2.50 4.04 

2000 4.59 4.36 4.12 3.88 3.64 3.39 3.15 2.91 2.90 2.95 6.67 4.70 3.94 

1994 3.36 4.10 4.48 5.43 4.56 3.68 3.77 3.13 1.30 2.83 5.04 4.75 3.87 

1995 3.28 2.93 3.73 3.70 3.87 3.26 4.56 6.06 5.25 3.84 2.04 2.10 3.72 

1996 2.52 2.95 3.37 3.80 4.64 5.20 5.30 3.88 2.49 2.31 2.71 3.55 3.56 

2006 2.04 0.86 3.34 4.07 5.13 4.85 3.32 2.41 1.96 2.46 4.78 5.29 3.38 

2014 3.68 3.17 5.22 2.14 3.17 3.11 3.42 2.94 2.59 2.99 3.06 2.58 3.17 

1993 2.70 2.08 2.32 2.90 2.91 2.76 2.53 1.91 4.08 4.19 4.40 4.12 3.07 

2017 3.10 2.49 3.57 3.51 3.47 3.09 3.01 2.73 2.47 2.33 3.05 2.83 2.97 

2005 4.78 2.84 0.84 3.02 4.35 2.39 1.49 2.45 2.28 2.80 4.44 3.84 2.96 

1998 1.30 1.52 1.85 2.19 5.13 1.31 3.96 0.76 2.79 2.48 4.41 5.84 2.80 

1997 6.87 4.91 3.51 2.50 3.83 3.22 1.63 0.61 0.42 0.73 2.88 2.40 2.79 

2016 1.12 0.83 1.78 2.51 4.17 4.04 4.44 2.24 2.36 2.54 3.39 3.01 2.70 

2001 3.22 2.80 2.82 2.30 2.39 2.23 2.56 2.49 2.66 1.95 2.43 4.40 2.69 

2004 3.03 2.66 1.95 2.37 2.41 2.59 2.28 2.15 1.54 2.74 4.75 3.29 2.65 

2002 2.65 1.85 1.70 2.72 2.53 4.18 2.30 2.99 1.94 2.07 2.40 3.00 2.53 

2015 2.09 2.38 2.84 2.69 2.74 3.17 2.57 1.75 1.48 2.08 2.83 1.05 2.31 

2007 3.60 2.50 1.97 2.74 2.58 1.98 1.71 1.79 1.27 1.98 2.52 2.98 2.30 
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2003 1.46 1.13 2.20 4.49 3.63 3.20 2.95 1.86 1.30 2.45 0.92 1.64 2.27 

2012 1.97 1.23 1.26 1.62 1.20 1.12 0.87 0.74 0.65 0.62 2.63 3.79 1.48 

 

According to the classification depicted, despite 2012 is clearly the driest year, the period 2002 

– 2004 covers a more drought episode. Therefore, the monthly average discharge information 

comprised in this timeframe was considered. 

A statistical analysis was carried out in Python to generate an autoregressive model based on 

the time series’ properties, like autocorrelation and periodicity, such that an ARMA model was 

chosen. This considers one-month lag for the autoregressive and the moving average 

components. 

Therefore, the autoregressive moving average model equation is: 

𝑄𝑡 = 𝛽1 × 𝑄𝑡−1 + 𝜀𝑡 + 𝛽2 × 𝜀𝑡−1                    (15) 

Where: 

Qt = Discharge at the current month (m3/s) 

Qt-1 = Discharge of the previous month (m3/s) 

β1 = Autoregressive coefficient (0.0339) 

β2 = Moving average coefficient (0.3129) 

εt = Moving average component from the current month (m3/s) 

εt-1 = Moving average component from the previous month (m3/s) 

The outcome from this model is a monthly average discharge time series for the period January 

to December. 

To calculate a dry synthetic year, it was proposed to do it so by selecting a time series from a 

set of 1000 of them generated with the ARMA model. To achieve this, an error component was 

added to the model. The error was generated from the normal distribution, considering the 

same mean and standard deviation as the original dataset. In this way, the 1000 time series 

were independently generated. 

To select the driest scenario, it was necessary for the time series to present a similar monthly 

variation in comparison to the original dataset. Therefore, the dataset was filter such that the 

sum of the discharges from February, March and September were the lowest. Figure 74 shows 

the three time series which shown the requirements explained. 

AverageWet Dry
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Figure 74: Synthetic time series generation for dry years 

“Driest synthetic year 2” was selected to represent the conditions for Scenario 5, where the 

influence of a statistically dry year is aiming to be assessed. The outcome from this stage is a 

twelve-month time series that represents a hydrograph at Bolo – Los Minchos station. 

The next step is to arrange the water balance components for this synthetic year in accordance 

to the methodology explained in Section 3.1. The dataset was rescaled to a daily timestep by 

evenly distributing the monthly figures, such that the inflows and outflows from the surface 

water balance were calculated afterwards. To achieve this, February from 2002 (one of the 

years used to generate the resulting dataset) was selected to evaluate the synthetic year 

results. Figure 75 shows a comparison between the observed hydrograph from Bolo-Arriba 

station and the surface water balance time series from the initial methodology and the hereby 

one at daily and monthly timescale. 
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Figure 75: Discharge time series observed and generated at Bolo-Arriba – Driest synthetic year 

Daily timestep discharges (red solid line) were used to model the Scenario 5 conditions. 

Figure 76 shows the differences in hydraulic heads per layer for the water routing approach in 

comparison to the baseline. These differences have the same pattern as the ones at 

Section 5.2.2b: The major drawdowns are in the alluvial fans, which occurs due to the joint 

effect of a more conductive first aquifer layer, lower water depths along the Bolo River and a 

changing riverbed conductance: less resistant – upstream, more resistant – downstream. On 

the other hand, lower areas present up to 3 meters of increase in the heads. The latter 

groundwater response was not related to the conditions of this scenario.  

 

Figure 76: Hydraulic heads difference – Original approach and Dries synthetic year – February 2002 

(left) First layer   ;   (middle) Second layer   ;   (right) Third layer 

0 m -0.1 m -1 m -2 m -5 m -10 m -20 m -50 m -70 m deeper 0.1 m 3 m 
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Figure 77 shows the comparison between the results from the combined approach and the 

driest synthetic year for February 2002. Green values mean that hydraulic heads from Scenario 

5 are below the ones calculated by the original water routing approach, while the light blue 

ones mean the opposite. As expected, the major differences occur in the surrounding areas of 

the Bolo River on the alluvial fans in the three layers. This is due to the less amount of water 

available to recharge the aquifer, producing a local drawdown. In addition, first aquifer layer 

shows a hydraulic head variation that ranges from 10 cm deeper to 10 cm higher over the 

alluvial deposits (flatter areas). 

 

Figure 77: Hydraulic heads difference – Routed approach – SFR package and Driest synthetic year – Feb 
2002 

 (left) First layer   ;   (middle) Second layer   ;   (right) Third layer 

0 m -0.1 m -1 m -2 m -3 m -4 m 0.1 m 0.5 m 


