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ABSTRACT 

Increasing groundwater demands require proper estimations of the available resource for its 
sustainable use. This research is focused on assessing the improvement of the river - aquifer 
interaction through different conceptualizations in a groundwater model. The case study is the 
Bolo River catchment (Colombia) which is threatened by agricultural activities. Results showed 
that the water exchange is better represented by conceptualizations that consider river flow 
routing, while the non-routed ones led to an overestimation of the water gained and lost by the 
river. To assess how conceptualizations affect decisions, different groundwater use scenarios 
were evaluated. While routed conceptualizations showed larger groundwater drawdowns when 
abstraction rate was increased, non-routed ones showed larger head fluctuations. Even though 
different conceptualizations can adequately represent the surface water-groundwater 
interaction based on the certain validation benchmarks, the routed approaches better 
represented this process. 

INTRODUCTION 

The groundwater stress is a condition that not 
only affects developing countries but developed 
ones as well (IGRAC, 2019). In this regard, 40% 
of the population is affected by water scarcity 
(UNESCO, 2015) and there is an increase in 
non-sustainable water consumption practices 
(Floglia et al., 2018). The sustainable 
management of the water resources is 
fundamental. Groundwater problems are 
usually addressed by modelling, however, 
research points that different river – aquifer 
interaction conceptualizations lead to variations 
of the groundwater response (Dušek & 
Velísková, 2017). Therefore, groundwater 
dependent activities can be threatened by 
inaccurate conceptualizations of the interaction 
between both systems. For that reason, this 
research aims at improving the surface water – 
groundwater interaction (SGI) in the 
conceptualizations of groundwater models. 

The hypothesis of this research is that 
groundwater model conceptualizations that 
consider dynamic water exchange between 
surface and groundwater systems provide more 
accurate outcomes. For that reason, the main 
research question addresses how necessary is 
to consider conceptualizations that improve 
SGI in groundwater models. 

A stepwise methodology that approached three 
additional sub-questions was followed to 
assess the objective of this research. Firstly, 
benchmarks to evaluate the SGI were defined. 
Secondly, different model conceptualizations 
were proposed and tested to represent the SGI 
based on the benchmarks defined. Finally, the 

evaluation of the impact of these 
conceptualizations on the decision-making 
process was carried out. 

In this regard, the Bolo River catchment, 
located in Colombia, was selected to exemplify 
the influence of considering the SGI in 
groundwater models. In this study area, 
agriculture is the main economic activity. This 
one relies on the groundwater for irrigation 
mainly due to a bimodal distribution of the 
precipitation. The hydrogeological conceptual 
model of the study area encompasses three 
units: Unit A – gravel and sands (shallow 
aquifer), Unit B – clays (aquitard), Unit C – 
gravel and sands (deep aquifer). In addition, 
Zhong (2018) showed through hydrogeological 
modelling that the riverbed conductance highly 
influences the groundwater system. 

The modelling platform used was iMOD. 
Regarding the scope of this research, the 
model packages that represent the river – 
aquifer interaction which were evaluated are 
River (RIV) and Stream Flow Routing (SFR). 
Both model conceptualizations calculate the 
water gained by the river according to the 
following equation: 

𝑖𝑓:    ℎ𝐴𝑄𝐹 > 𝑅𝐵𝑂𝑇        [1] 

𝑄𝑅𝐼𝑉 = 𝐶𝑅𝐼𝑉 × (𝐻𝑅𝐼𝑉 − ℎ𝐴𝑄𝐹)  [2] 

Where: hAQF = hydraulic head in the cell underlying 
the river reach (L), RBOT = river bottom (L), 
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). 

However, when the groundwater table is below 
the river bottom –and the river losses water–, 



each model package conceptualizes the river – 
aquifer interaction differently: While the RIV 
package considers a direct recharge to the 
aquifer system (Equation 3), the SFR package 
considers the unsaturated vertical flow to the 
aquifer (Equation 4): 

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

𝑄𝑆𝐹𝑅 = −𝐾(𝜃) = −𝐾𝑠 (
𝜃 − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟

)                          [4] 

Where: QSFR = 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. 

In addition, the SFR package provides a 
dynamic water exchange due to the routing flow 
calculation while the RIV package keeps a fixed 
surface water level along the river reach. 

METHODOLOGY 

This research was divided in three stepwise 
stages that addressed each sub-research 
question previously mentioned. 

First stage – Validation framework 

This stage was focused on establishing a 
validation framework that allowed the 
assessment of the surface water – groundwater 
interaction. To achieve this, it was considered 
literature review and field measurements 
available, such as daily total precipitation and 
average discharge records, hydrogeochemical 
samplings and digital elevation models (DEM). 

Based on this information, two aspects were 
considered to evaluate the SGI, which were 
named as Conceptual and Numerical validation 
frameworks (VF). 

Conceptual validation framework 

This benchmarking sought to stablish the 
recharge and discharge zones along the Bolo 
River course. 

The main sources of information considered 
were Céspedes (2017), Osorio (2018) and 
Faneca Sànchez, et al (2016). 

Under this 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 (CVF). 

Numerical validation framework 

This benchmarking looked at comparing the 
time series between observed measurements 
and a calculated surface water balance. 

𝑄𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 = 𝑄𝑤𝑎𝑡𝑒𝑟 𝑏𝑎𝑙𝑎𝑛𝑐𝑒                                      [5] 

𝑄𝑤𝑎𝑡𝑒𝑟 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 𝑄𝑢𝑠 + 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 ± 𝑸𝒈𝒘         [6]  

Where: Qobserved = observed discharge, Qwater balance = 
calculated discharge from the water balance, Qus = 
upstream discharge (boundary condition), Qin = 
inflows to the Bolo River, Qout = outflows from the 
Bolo River, Qgw = groundwater exchange. 

The first part of the numerical validation 

framework (NVF) definition encompasses the 

estimations of the surface water components of 

the water balance. This surface water balance 

is framed by an area of interest according to the 

Bolo River system case study. Figure 1 shows 

the conceptual model that supports Equation 6. 

 

Figure 1: Surface water balance area of interest 

Regarding this system, Qobserved represents the 
daily average discharges at the Bolo – Arriba 
hydrometric stations. Likewise, Qus represents 
the daily average discharge at the Bolo – Los 
Minchos station. Qin represents the inflows from 
the contributing sub-catchments to the Bolo 
River while Qout are the outflows of the irrigation 
channels from the Bolo River. Finally, Qgw 
represents the water exchange between the 
river – aquifer systems which is calculated by 
the groundwater model in iMOD. 

Inflows and Outflow time series were estimated 
based on hydrometeorological information and 
local water management policies due to the 
lack of measurements. 

The second part of the NVF definition is the 
development of a SGI tool to extract the river – 
aquifer water exchange results from the 
groundwater model. This was done with a 
Python coding to aggregate these values (Qgw) 
to the Equation 6 and finally get the surface 
water balance time series. 

Because of the uncertainty related to the 
calculation of the surface water balance 
components, this NVF sought mainly to stablish 
the magnitude and the pattern of the flow 



regime model results instead of looking for 
precise values. 

It is important to consider that, since the VF are 
defined based on the particular information of a 
study area, those cannot be standardised and 
be used in different case studies. 

Second stage – Conceptualizations 

This stage looked at evaluating the SGI only in 
the Bolo River through different model 
conceptualizations in relation to the VF. To 
achieve it, this stage was divided in three 
sections to address different aspects in the 
evaluation of the river – aquifer interaction. 

Original conceptualization 

This considered a SGI conceptualization with a 
constant water depth in space but variable in 
time. In addition, the river – aquifer interaction 
scheme used in the groundwater model was the 
RIV package (Figure 2). The setup of the fixed 
water depths across the Bolo River are 
simulated in a single run by the iMOD model. 

 

Figure 2. Original model conceptualization scheme 

The analysis of the groundwater balance was 
done to assess the behaviour of each system 
component and to stablish a comparative basis. 

Alternative conceptualizations 

Different conceptualizations were assessed to 
gain insight about their impact on the SGI and 
to determine the most influential system 
components with regard to the validation 
frameworks. Two aspects of the water 
exchange interaction were evaluated. These, in 
turn, were subdivided in the most influential 
system components and concepts for an 
independent analysis (Diagram 1). 

 

Diagram 1. Alternative conceptualizations evaluated 

The River – aquifer interaction set of 
conceptualizations aimed to determine the 

influence of certain water system components 
independently, maintaining the original model 
SGI (Figure 2) conceptualization but modifying 
the following components, one at a time: 

- River water levels set up considering water 
depths from hydrometric station 
(Bolo – Arriba). 

- Differentiated riverbed conductance in 
accordance to the local geology: 

 Alluvial fans resistance = 8 hours 

 Alluvial deposits resistance = 100 days 

- Decrease of one order of magnitude of first 
aquifer layer transmissivity. 

The Water routing effect set of 
conceptualizations (Diagram 1) aimed at 
assessing the influence of varying the original 
model SGI in the Bolo River, keeping the 
original setup of the water system components: 

- SOBEK+RIV is an iterative approach that 
considered the coupling of a hydrodynamic 
surface water model (SOBEK) and a 
groundwater model (iMOD) using the RIV 
package as SGI concept (Figure 3). 

 

Figure 3. SOBEK+RIV coupled interaction 

The hydrodynamic modelling –done in 
SOBEK– considered the conceptual 
scheme used in the NVF (Equation 6). 
Table 1 shows the considerations assumed 
in the model setup. The calibration was 
based on Bolo – Arriba daily discharge 
records. 

Table 1. River – aquifer interaction parameters 

Parameter/component Source 

River cross section Bolo–Arriba station 

Manning roughness coef. Calibration1 

Riverbed thickness (m) Original model 

Riverbed conductivity (m/d) Original model 

Inflows and outflows (m3/s) NVF2 
Note: (1) Manning roughness coefficient was calibrated 

during the hydrodynamic model setup. (2) The Inflows and 

Outflows calculated in the NVF were used. 

- SFR is a groundwater model package 
(iMOD) that evaluates the interaction 
between streams and aquifers considering 
the effect of the unsaturated zone on the 
infiltration flows (Figure 4). SFR package 
was setup according to the hydraulic 
considerations showed in Table 1. 



 

Figure 4. Internal calculations of SFR package 

The major differences among both approaches 

are the consideration of the unsaturated zone 

and the information exchange per timestep. 

Conceptualizations adjusted 

The conceptualizations that better represented 
the VF were selected and their aquifer hydraulic 
parameters were adjusted to better fit the VF. 
The model results were compared in three 
categories: Groundwater response, River 
hydraulic and Water balance comparison. 

Third stage – Groundwater use scenarios 

The effect of the river – aquifer interaction on 
the decision-making process was evaluated. In 
this regard, the groundwater response for 
different conceptualizations of the SGI were 
assessed under four groundwater use 
scenarios: 

- Scenario 1: No agriculture 
- Scenario 2: Only surface water use 
- Scenario 3: Groundwater restriction policy 
- Scenario 4: More pumping consequences 

Two kind of analyses were performed for each 
scenario: (i) Water balance differences with 
regard to the baseline conditions and 
(ii) Hydraulic heads temporal variation at three 
evaluation points location: 

- Evaluation point 1: Croplands-Downstream 
- Evaluation point 2: Croplands-Upstream 
- Evaluation point 3: Town-Pradera 

RESULTS 

Validation frameworks definition 

Conceptual validation framework 

Three zones that characterize the recharge and 

discharge behaviour of the water system at the 

Bolo River catchment were identified (Figure 5). 

 
Figure 5: Recharge/discharge zone delineation 

Zone III comprised the mountain block were 

only local groundwater processes occur, thus, 

no recharge to the downstream aquifer is 

expected from this zone. 

Zone II or Recharge area. Mainly comprised by 

alluvial fans with large infiltration rate and steep 

topographic relief. The Bolo River is expected 

to lose water to the aquifer. 

Zone I or Discharge area. Comprised by alluvial 

plains with flat topography and intense 

agricultural activity. The Bolo River is expected 

to gain water from the aquifer. 

Transition zone, where mixed recharge and 

discharge processes may occur. It cannot be 

clearly delineated. 

In summary, regarding the Bolo River course, 
steeper areas are characterized by a ‘recharge 
to the aquifer’ pattern whilst lower/flatter ones 
present a ‘discharge to the aquifer’ pattern. 

Numerical validation framework 

For the first part of the NVF definition, framed 

by the water balance area of interest, the 

Inflows (Qin) and Outflows (Qout) to/from the 

Bolo River were estimated at daily timestep for 

the period 1994 – 2018. 

The NVF needs to be expressed at monthly 

timestep in accordance to the groundwater 

model timescale of the output. The summation 

of the surface water balance components only 

was converted to monthly timestep (Figure 6). 

 

Figure 6: Monthly discharge time series comparison 
(2000 – 2007). Simulated surface water balance and 

Bolo – Arriba hydrometric station 

Where: Bolo Blanco and Los Minchos are 

pluviometric stations. Bolo – Arriba is the hydrometric 

station with observed discharge records. ‘Simulated’ 

represents the summation of the surface water 

balance components only. 

Assuming a minimal groundwater exchange 

(Qgw), a survey over the goodness of fit indices 

(Table 2) of only the surface water balance 



components showed a better representation of 

monthly discharges at the Bolo – Arriba station 

for the period 2000 – 2007. 

Table 2. Goodness of fit indices - Timeframe 

Periods 
NSEC 

( - ) 
RMSE 
(m3/s) 

p-Bias 
(%) 

2000 – 2012 0.210 7.34 -41 

2000 – 2007 0.469 3.23 5 
Note: NSEC = Nash-Sutcliffe Efficiency Coefficient. 

RMSE = Root Mean Square Error. p-Bias = Percent Bias. 

For the second part of the NVF definition, the 

SGI tool was developed. This Python script 

automatically retrieve the river – aquifer water 

exchange results from the groundwater model 

(Qgw) and aggregates them in the surface water 

balance (Equation 6). 

The NVF is able to be assessed only through 

the joint evaluation of the surface water balance 

components time series (Figure 6) and the SGI 

tool in the coming model conceptualizations. 

Conceptualizations evaluation 

Original conceptualization 

Groundwater model results showed that the 

Bolo River loses water in certain locations on 

the alluvial deposits. According to the CVF, this 

river – aquifer interaction is not expected to 

occur since it belongs to Zone I (Discharge). 

The NVF showed negative discharge values 

during dry seasons on the Bolo River. This 

implies that the groundwater model kept 

extracting water from the river despite this one 

was already dry. 

The groundwater balance showed that the 

major water contributors are the rivers, while 

the biggest water extractor are the streams. 

Alternative conceptualizations 

The River – aquifer interaction set of 

conceptualizations evaluated showed a 

different groundwater responses with regard to 

the VF (Table 3). 

Table 3. Accomplishment of the validation frameworks 

Conceptualizations CVF NVF 

Water levels Yes Yes 

Riverbed conductance No No 

Transmissivity Yes No 
Note: This table shows whether the conceptualizations 

evaluated accomplished with the CVF and NVF 

assumptions or not. 

The reduction of the river water levels brought 

results that accomplished both VF. Besides, its 

groundwater balance indicated larger values of 

water gained in the alluvial deposits and less 

water lost in the alluvial fans in the Bolo River 

than the original model concept. 

The Water routing effect set of 

conceptualizations evaluated (SOB+RIV and 

SFR) accomplished both VF assumptions. 

Regarding the groundwater balance, SFR 

approach brought larger rates of water volume 

lost during dry season than the SOB+RIV one. 

Furthermore, both approaches followed the 

same losing/gaining pattern as the Water levels 

approach with respect to the original 

conceptualization: Larger values of water 

gained in the alluvial deposits and less water 

lost in the alluvial fans in the Bolo River. 

Conceptualizations adjusted 

The conceptualization selected that better 

represented the VF were classified as: 

- Non-routed approach: Water levels 
- Routed approaches: SOB+RIV and SFR 

To improve their fit based on the VF, certain 

aquifer hydraulic parameters were modified 

(Table 4): 

Table 4. Adjusted aquifer hydraulic parameters 

Parameter/Object Original Adjusted 

Transmissivity 
(First aquifer layer) 

24-1277 
m2/d 

48-2554 
m2/d 

Riverbed conductance 
(Contributing streams) 

10000 
m2/d 

100 m2/d 

Riverbed 
resistance 

Alluvial 
fans 

2 d 
8h (SOB+RIV) 
20h (SFR) 

Alluvial 
deposits 

2 d 100 d 

Note: The non-routed approach did not need any 

modification to improve its fit with the VF. Regarding the 

riverbed resistance on the alluvial fans, each routed 

conceptualization needed a different value for a better fit. 

For the Groundwater response assessment, 

the three approaches accomplished with the VF 

assumptions. From them, both routed 

conceptualizations showed closely similar 

groundwater response between them. 

On the other hand, the routed conceptualization 

showed that the overall river – aquifer 

interaction along the Bolo River segment over 

time is gaining water from the aquifer. 

Conversely, routed approaches showed that 

the predominant river – aquifer interaction is 

losing river water over the evaluation segment 

(Figure 7). 



 

Figure 7: NVF and Adjusted conceptualizations 

Regarding the River hydraulic assessment, 

routed conceptualizations showed a variable 

river discharge calculated over the Bolo River 

profile, which can make the course run dry 

(Figure 8). Meanwhile, the non-routed 

approach keeps a constant discharge over the 

river profile. 

 

Figure 8: Comparison of discharges in the Bolo River 
between routed and non-routed conceptualizations 

(date: 08/04/2003) 

For the water depths calculated for the routed 

conceptualizations, the SOBEK model results 

had a better representation of the observed 

time series for the period 2000 – 2007. The 

water levels simulated with the SFR package 

overestimated the results 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. 

For the Water balance comparison of the 

aquifer system, the major differences occurred 

in the river subsystem (Figure 9). 

The non-routed conceptualization brought 

larger values of river water losses (from 20 to 

70%) on the alluvial fans and gains (over 300%) 

on the alluvial deposits in comparison to the 

routed approaches. On the other hand, in case 

of the other rivers within the Bolo River 

catchment, the non-routed conceptualization 

showed a converse behaviour compared to the 

routed approaches. 

 

Figure 9: Water balance of the aquifer system – 
Adjusted conceptualizations comparison 

Groundwater use scenarios evaluation 

Regarding the groundwater level comparison 

on the three evaluation points, both routed 

conceptualizations showed almost the same 

groundwater behaviour. 

Scenario 1: No agriculture 

Evaluation over croplands (points 1 and 2) 

showed that baseline drawdowns in both 

conceptualizations only occur during dry 

seasons. Also, the non-routed approach shown 

larger values of groundwater level decrease. 

However, to more uphill, the less influence of 

the pumping wells and the less drawdown 

occurred. 

Point 3, located over the alluvial fans, showed 

minimal differences with the baseline condition 

in all conceptualizations. 

Scenario 2: Only surface water use 

The effect of additional diffuse recharge led to 

higher groundwater levels over the whole year 

in both conceptualizations at the location of 

point 1. However, the non-routed approach 

showed a larger increase of the groundwater 

level. 

At the second evaluation point, the routed 

approach showed almost no difference with the 

baseline condition, which meant that pumping 

effect is minimal. Likewise, point 3 showed that 

both conceptualizations had no difference with 

their correspondent baseline conditions. 

Scenario 3: Groundwater restriction policy 

At point 1, the groundwater heads have 

recovered a maximum of 0.8 m for the routed 

conceptualization and 0.7 m for the non-routed 

one. The difference between both values is 

caused by the larger transmissivity values set in 

the routed approaches. 



At point 2, for all the conceptualizations, there 

are no differences between the heads of the 

baseline and Scenario 3 conditions. Therefore, 

the effect of the pumping wells is low. At point 

3, the behaviour is the same as in Scenario 2. 

Scenario 4: More pumping consequences 

At point 1, for the routed conceptualization, the 

effect of a 50% more pumping led to a drop in 

the water levels that ranged from 0 to 2.3 m. 

Meanwhile, for the non-routed approach, it 

ranged from 0.2 to 1.6 m. 

When the pumping rates are larger, e.g. during 

dry months, the drop in water levels is larger 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. 

At point 2, 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 levels during dry months up to 

0.3 m. At point 3, the behaviour is the same as 

in Scenario 2 (Figure 10). 

 

Figure 10: Hydraulic head variation over time per 
evaluation point – Management scenario 4 

For the water balance comparison, routed 

conceptualizations showed that the most 

affected subsystem under the groundwater use 

scenarios was the “Irrigation ditches”one. 

Because of the drop of the groundwater levels 

due to the increasing pumping rate, the amount 

of water uptake by the irrigation ditches 

diminished. 

Flatter areas are more affected by the 

groundwater abstraction than steeper ones due 

to the denser distribution of pumping 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 

ditches”. 

DISCUSSIONS 

Validation frameworks 

The VF are the comparative basis to assess the 

improvement in the interaction of the different 

conceptualizations of the SGI evaluated. 

Therefore, their accuracy defines the accuracy 

of the results from this research. 

Conceptual validation framework 

The delineation of the Discharge and Recharge 

zones was derived from limited records at 

spatial and temporal scale, which may have led 

to inaccuracies when defining the Transition 

zone. 

From the results obtained, this area did not 

represent appropriately the step in-between the 

recharge and discharge zones. Moreover, the 

river – aquifer interaction is expected to be 

better represented in the middle part of the Bolo 

River course since the hydrogeochemical 

sampling points were concentrated there. 

Likewise, the CVF represents an average state 

or steady state of the study area, therefore, it 

should be assessed with model results 

simulated only in steady state. 

Numerical validation framework 

The major limitation of the NVF relies on the 

uncertainty of the different surface water 

balance components calculations: 

1. Significate step in the discharge time series 

from Bolo – Arriba station (year 2008) 

without a clear relationship with records of 

precipitation or other hydrometric station. It 

is expected to be related to a change in its 

rating curve. 



2. Limited information about inflows and 

outflows restricts an independent validation 

of the surface water balance components. 

3. Inflows calculation: The scaling factor used 

to adjust the magnitude of the discharges 

generated per inflow point and to keep 

Equation 5 in the same order of magnitude, 

could have been discarded with enough 

information to validate the calculations. 

Expected agricultural measures in wet or dry 

periods, and their influence on the groundwater 

system, cannot be accurately represented due 

to policy-based calculation of the outflows. 

Despite the NVF cannot be used to evaluated 

exact terms, it allows to assess if the model 

conceptualizations represent the system within 

the expected order of magnitude. 

The applicability of the VF is specific for each 

case study since they depend on the available 

information. In this case, they represent just a 

reasonable idea of the behaviour of the water 

exchange in the Bolo River based on literature 

review and field records. 

Conceptualizations evaluation 

Original conceptualization 

According to the CVF, the water exchange 

interaction showed a converse behaviour that 

expected in some areas of the alluvial deposits 

(river losses instead gains) due to large river 

water depths, which were above the hydraulic 

heads on the alluvial deposits in specific areas. 

For the NVF, there were overestimations of the 

water lost by the Bolo River during dry seasons 

due to the constant water depth values along 

the reach using the RIV package which may 

lead to non-controlled estimations of water 

exchange. The original conceptualization does 

not represent the SGI according to the VF. 

Alternative conceptualizations 

The evaluation of alternative SGI concepts was 

structured in two outlines: 

River – aquifer interaction: Out of the three 

model conceptualizations tested, only the 

concept related to the “Water levels decrease” 

accomplished with both VF. 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 routing effect: The general 

groundwater response accomplished with the 

VF in case of the SOB+RIV and SFR 

approaches. SFR showed larger volumes of 

water lost on the alluvial fans than 

SOBEK+RIV. This difference could rely on the 

consideration of the unsaturated flow by the 

SFR package and the differences in the river 

water levels modelled. 

Conceptualizations adjusted 

Three conceptualizations were chosen to be 

adjusted based on the validation frameworks: 

two routed approaches (SOBEK+RIV and SFR) 

and one non-routed approach (Water levels). 

The non-routed conceptualization did not need 

further variations on the aquifer parameters to 

improve its SGI. Adjustments in the routed 

conceptualizations led to similar results of water 

loss on the alluvial fans due to the difference in 

the simulation concept of the water depths and 

the unsaturated flow consideration. When the 

groundwater level is below the riverbed, 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, different aquifer hydraulic parameters 

were modified pursuing a better representation 

of the SGI which alludes to an inherent difficulty 

in the comparison of the river – aquifer 

interaction alone. Therefore, it is not possible to 

indicate that the differences in the groundwater 

response were due to the effect of the 

conceptualization used but due to a conceptual 

model that considers more processes. 

The non-routed conceptualization showed 

larger values of water gained and lost from the 

Bolo River in comparison to the routed 

approaches. This is caused by the joint effect of 

fixed water depths along the reach and the use 

of the RIV package. Differences are minimal in 

case of routed approaches. 

The routed approaches allowed to identify if the 

river ran dry on the alluvial fans, which stopped 

the recharge process from the Bolo River. This 

cannot be identified in the non-routed approach 

since it used one single observed water depth 

time series. This means that an unlimited 

supply of water was assumed to be available on 

the alluvial fans. 

The hydrodynamic SOBEK results better 

represented the observed water depths while 



the SFR package permanently overestimated 

them. The differences are expected to be in the 

internal numerical concept of each model. A 

different Manning coefficient value is estimated 

to adjust the SFR package results in better fit 

the observed records from Bolo – Arriba station. 

Despite the differences, conceptualizations can 

represent the SGI based on the VF. 

Groundwater use scenarios evaluation 

The results showed variations of the hydraulic 

heads and the differences in water balances 

per scenario evaluated. Therefore, it is 

advisable for water-related policies to focus on 

the river – aquifer interaction. 

The water exchange is larger in the lower reach 

of the Bolo River mainly due to the higher 

number of wells located in the croplands. Steep 

areas are less affected by the pumping wells. 

Therefore, model results showed an opposite 

behaviour due to the properties of the 

approach: Routed - deeper groundwater levels, 

Non-routed - shallower groundwater levels 

The difference in the groundwater heads and 

the river – aquifer water exchange was minimal 

in the two routed conceptualizations once the 

riverbed conductance was adjusted where the 

unsaturated flow is expected (i.e. alluvial fans). 

Therefore, any of the SOBEK+RIV or SFR 

conceptualizations could be used to represent 

the same SGI. 

In routed approaches, while groundwater 

extraction at low rates does not affect 

considerably the hydraulic head, large pumping 

rates led to larger drawdowns than in the non-

routed conceptualization. The latter presented 

large seasonal fluctuations due to the joint 

effect of a less conductive aquifer, more 

conductive riverbed and close proximity to the 

Bolo River and a proportional drawdown 

despite the pumping rate. 

Therefore, the selection of a conceptualization 

that relies on the SGI may influence the 

decision-making process. 

CONCLUSIONS 

Groundwater model conceptualizations were 
evaluated to improve the representation of the 
SGI in the Bolo River catchment. In this regard: 

1. Two validation frameworks that represent a 
reasonable idea of the SGI were defined. 

However, lack of information led to 
uncertainties of the outcomes. 

2. Routed and Non-routed conceptualizations 
can represent the SGI under the validation 
frameworks defined. These two 
approaches brought different results in 
terms of the hydraulic behaviour of the Bolo 
River. 

3. Groundwater system responded differently 
in each conceptualization under different 
groundwater use scenarios. 

Different SGI conceptualizations led to equally 
good representations of the water river – 
aquifer water exchange. However, variations in 
the aquifer hydraulic parameters led to 
differences in the rest of the groundwater 
system response (e.g. hydraulic heads). 

Routed approaches could represent more 
accurately the gain-loss processes in a river 
when the evaluation of temporal processes is 
necessary (e.g. dry periods). 
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