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In the southern Cauca Valley of Colombia, the impact of high 
water consumption for irrigation and public supply on the 
available surface and groundwater resources is further 
enhanced by the occurrence of droughts. The groundwater 
abstraction is necessary for regional water supply due to the 
limited amount of surface water during dry periods. In order to 
effectively implement water resources management strategies, 
a good understanding of the groundwater system and its 
response to groundwater abstraction is required. The current 
research aims to understand the hydrogeological system and 
the impact of variations in the amount, location and timing of 
groundwater abstractions with an existed numerical model. 
Further sensitivity analysis was explored to study the simulated 
groundwater system, resulting in the description of zonal and 
temporal sensitivity characters. The model is sensitive to river 
bed resistance and shows an extreme variation in alluvial cones, 
which is close to the model east and west boundary. Meanwhile, 
the recharge and well abstraction are also important to the 
modelled system, with a relatively large impact in central north 
and middle flat area. Four scenarios were designed to study the 
system response on pumping rate, location, and depth. The 
groundwater head has seasonal drawdown caused by the 
abstraction and long-term drawdown during droughts, which 
can be mitigated by the pumping restriction and intensified by 
increasing pumping. The pumping in the recharge zone leads to 
the decrease of baseflow in all zones, while when all pumping 
is in the deepest aquifer, it generates a decrease baseflow. 
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Introduction 

Groundwater is one of the most important freshwater resources 
in the world. However, the groundwater resource is threatened 
under the depletion caused by overexploitation in regions of the 
world, especially with heavy population density and limited 
surface-water (Shah et al., 2000). The groundwater depletion 
occurs when the groundwater abstraction exceeds the natural 
recharge to the groundwater system for a broad area and with 
long time (Wada et al., 2010), which leads not only to problems 
for the ecosystem, river levels and wetlands, but also to conflicts 
on human water usage and allocation. Besides the rising water 
demand for the growing population, expanding agriculture, 
industrial development and urbanization (Konikow & Kendy, 
2005), groundwater depletion can also be the consequence of 
the natural disaster, such as drought.  
The southern Cauca Valley, Colombia, has suffered from drought 
during 2001-2002, 2005-2006, 2009-2010 and 2015-2016 due to 
El Niño phenomena from the west Pacific. Different levels of 

water shortage and groundwater depletion occurred during the 
drought periods in the region. In order to mitigate conflicts of 
depletion and degradation of groundwater resources, as well as 
adapt to climate variation, an effective water management is 
required, which needs the comprehensive understanding of the 
hydrogeological system in southern Cauca Valley. 
The southern Cauca Valley is under water stress due to the large 
water demand for agricultural irrigation and domestic supply, 
which increases during the dry periods. Because of the bi-modal 
rainy pattern, there are two dry seasons a year. When the El Niño 
phenomena happen, droughts might occur and increase the 
water stress in the region. Both surface water and groundwater 
are used in southern Cauca Valley. However, in the dry season, 
surface water resources might become limited, and several rivers 
and streams might run dry (WWSD, 2016). In order to guarantee 
the water supply, it is necessary to protect and use the 
groundwater sustainably. The large groundwater abstraction, 
especially for the irrigation on the expanding sugarcane 
cultivated fields, may result in groundwater depletion and may 
pose a regional threat to the wetlands, particularly where they 
are groundwater dependent (Stigter et al., 2016). 
Previous research in the southern Cauca Valley has studied the 
hydrogeological system, developed the conceptual model and 
resulted in the setup of numerical models that were 
subsequently used to assess the main recharge and discharge 
zones of the thick alluvial aquifer, the importance of recharge 
from rainfall and rivers, as well as the impact of pumping. 
However, the model and the data are updated, while the 
sensitivity analysis of the model and the regional interpretation 
of the hydrogeological system need to be explored more.  
Besides, quantity, spatial and temporal are the three key 
characters of groundwater abstraction. A reasonable 
combination of the quantity, spatial and temporal variability of 
pumping can mitigate the groundwater depletion and provided 
an efficient used of the groundwater resource. A better 
understanding of pumping strategy within a conjunctive use of 
groundwater and surface water could be obtained after 
exploring how the aquifer responds to variations in the amount, 
location (spatial and in depth) and timing of groundwater 
abstractions, including the interaction between groundwater 
and surface water, which helps for water strategy suggestion and 
decision making. 
Aiming to better understand the response of the regional 
hydrogeological system in terms of water level, water balance 
and groundwater-surface water interactions, to variations in the 
quantity and spatiotemporal distribution of groundwater 
abstractions, this research applied further explored the 
simulated system by sensitivity analysis with the existing model 
and system response on groundwater head and water balance by 
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scenario simulation with variations in the amount, location and 
timing of groundwater abstractions. 

 
Figure 1 The location of the study area 

 
Study area 
The study area is located in the south Cauca Valley Department 
in west Colombia. In the geographical division, it is in the 
southern part of the Cauca River Valley, where numerous rivers 
flow into the Cauca River. There are two Andean mountain 
ranges, Cordillera Occidental and the Cordillera Central, rising in 
the west and east of the study area, bordering the alluvial valley 
filled with over 1000 meters of sediments (Rodríguez et al., 2010). 
Figure 1 illustrates the study area, measuring around 50 km in 
width and 40 km in length. 
The climate in the Cauca Valley is characterized as tropical. The 
average monthly temperature ranges between 23 to 24 degrees 
Celsius, with minimum temperature of 18 degrees Celsius and 
maximum of 31 degrees Celsius. The humidity fluctuating in the 
range of 65-75 percent. The rainfall distribution is bi-modal, 
which means it has two rainy seasons and two dry seasons a year. 
According to the climate information illustrated by Centro de 
Investigación de la Caña de Azúcar de Colombia (CENICAÑA), the 
rainy season is mainly in April to May and October to November, 
and the dry seasons is mainly in January to February and July to 
August. The lowest average monthly rainfall is in July and the 
highest average monthly rainfall is in October. The average 
annual rainfall is 1173 mm/y. 
The Cauca Valley is affected by the El Nino and La Nina 
phenomena, which take place in the tropical Pacific Ocean. These 
two phenomena can cause the precipitation lower or higher than 
usual, which may further lead to the extreme drought or flood 
events in the valley (Córdoba et al., 2015; Guenang & Mkankam 
Kamga, 2014). Different level drought happened during 2001-
2002, 2005-2006, 2009-2010 and 2015-2016. The drought from 
September 2015 until the first quarter of 2016 is one of the worst 
in the last thirty-five years, an extreme drought occurred 
corresponding to an El Nino event (AFIN, 2016). 
The east mountain range limiting the Cauca River Valley, 
Cordillera Central, is made up of Precambrian and Paleozoic rock 
and sediments, while the west mountain range, Cordillera 
Occidental, is formed by rocks of Mesozoic origin (Rodríguez et 
al., 2010). Between the mountains range lies the valley, formed 
by tectonic movements millions of years ago, which is wide and 
deep in the south part and becomes narrower and shallower in 
the north part. The valley was filled with sediments from erosion 
of the mountain ranges. 
A multi-layer sedimentary aquifer is identified in the Cauca River 
Valley shown in Figure 2. The mountain range is made of 
amphibolite shale and basaltic lavas. The valley is covered with 

siltstones and conglomerates in-between the mountain range, 
which is the aquifer base. Above the base from the mountain 
range toward the river bank, it is alluvial cones and alluvial plain, 
where is main part the sedimentary aquifer. The first layer of the 
aquifer is called Unit A, which is an unconfined or semi-confined 
aquifer with 120m deep alluvial deposits, consisting of layers of 
gravel and sands with intercalated clays and silts. Unit B is 
considered as aquitard with mainly clay and silts, as well as some 
thin gravels and sand layer. Its thickness varies between 80 
meters and 100 meters. The lower layer of the deposits is called 
Unit C, which is below 180 meters. This layer is a confined aquifer 
with artesian flow (Rodríguez et al.,2010). 
In Cauca Valley, 69 percent of the surface is covered by 
agricultural crops. Among all crops, the sugarcane is the most 
important economic crop, which is not only with a long 
cultivation history but also later brought the opportunity to 
develop new industries such as ethanol production for fuel 
(BANCO DE LA REPÚBLICA, 2017). The economic development 
brought along an increasing population. Cauca Valley 
participates with 78% of the national production of sugarcane, 
followed by Cauca (19%) and Risaralda (3%) (Potes et al., 2013). 
The large population leads to the high pressure of water supply 
in southern Cauca River valley, which is estimated to be greater 
than the pressure suffered by the aquifer in the central and 
northern zone. Approximately 600 Million m3 / year of 
groundwater is pumped from the Cauca River Valley, between 50 
and 60% is pumped in the southern area (Sanchez et al., 2016).   
Of the inventoried 1,548 active wells in Cauca Valley, 69% is used 
for irrigation of crops such as sugarcane, which is one of the four 
thirstiest crops (World Wide Fund for Nature, 2003), 23% are 
used to supply water to the sector industrial and 8% is used for 
the public supply of different communities (Materon, 2017). 
During the dry season, several river, streams and irrigation 
channel may run dry. Groundwater abstraction is applied mainly 
during the dry season. Water restriction policy is applied in the 
southern Cauca Valley. In order to protect the groundwater 
resource, a maximum 12 hours pumping time is set as the 
pumping limitation. A limitation for the well abstraction closed 
to the recharge zone is applied for protect both surface resource 
and groundwater resource (WWSD, 2016). 
 

 
Figure 2 Conceptual hydrogeological model of the southern part of the 

Cauca Valley according to the CVC (Sànchez et al., 2016) 

 
Figure 3 The Cross-section of the 3-Layers groundwater flow model of 

southern Cauca Valley 

A1 A2 
C 
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Existing model 
A first groundwater flow model was developed for the ESCACES 
project, which ran from 2014 to 2016 with the overall objective 
to contribute to a better understanding and management of the 
groundwater resources in the Cauca River Valley and there 
interactions with surface water and wetlands. The model was 
built to simulate the regional groundwater flow, determine 
recharge and discharge zones as well as rates, and evaluate the 
impact of new wells on the aquifer system. 
The subsurface structure of the numerical model was developed 
based on the lithological column of wells, as well as the 
conceptual model developed from the multi-layer aquifer 
identified in the Cauca River Valley. 
This numerical model was designed with three layers. The Unit A 
is divided into two layer. A thin layer called A1 represents the first 
25 meters of the upper Unit A as the first layer. It is an unconfined 
aquifer, where diffuse recharge, river recharge and discharge 
and drainage happens, with almost no pumping. The second 
layer is a thicker layer represents the rest Unit A called A2. It is 
unconfined in some area and confined in some other area. The 
third layer is the thickest layer represented Unit C. It is confined 
in most of the flat area, but not in the mountain range. Because 
it is covered by an aquitard Unit B, which is with thinner thickness 
from the flat area toward mountain range and disappear under 
the alluvial cone. However, Unit B is modelled as an impermeable 
surface instead of a layer in the numerical model Figure 3. 
Four model units are schematized as three layers, as shown in  
Figure 3. It is because the schematization model is chosen, in 
which aquiclude or aquitard not modelled as a layer but as an 
impermeable surface. According to the ESCACES model report, 
this method generates no difference in the results of the model 
with shaping Unit B as a layer or without, with the advantage of 
saving running time significantly. Beside, in the numerical model, 
all the layers were assigned as saturated condition and confined 
layers, with a fixed transmissivity.  
The numerical model simulated an area of 2441 km2 with a grid 
size of cell 100 by 100 m. Three different time discretization were 
decided: steady state model, using average data for the period 
between 2000 and 2009; a transient model for 15 months, using 
the average multiyear monthly data for the period between 2000 
and 2009; and a fourteen-year transient model with monthly 
data for periods between 2000 and 2013.   
The model was calibrated on several criteria, with groundwater 
head map from investigation and literature, the hydro-chemical 
observations, the location of artesian wells, isotopic data and 
observed well levels using the average monthly transient model. 
 

Methodology 

This research is strongly related to the previous studies. A 
comprehensive understanding of the previous research is 
therefore necessary. The literature review on the study area and 
on the important conceptions provide basic information for 
further study, such as the knowledge of groundwater-surface 
water interaction and water use strategies based on the 
conditions of the study area. 
The ESCACES project have been updating with the model input 
data and observed data, so the suitable input data and model 
need to be figured out to achieve the research objective. After 
the very first simulation, the calculated head with steady state 
model was compared to the observed head to check if the model 
is acceptable for current research objective, shown with Figure 4. 
The comparison was not provided with the transient model due 

to the limitation of the observed data, which is only twice a year 
without the clear investigation date. 
Then the sensitivity analysis of the model parameters was carried 
out and the regional and local hydrogeology system was studied 
by comparing the water balance under different conditions. 
Furthermore, the different water extraction scenarios were 
simulated, after related information collection and scenarios 
definition under different water use strategies. 

 
Figure 4 Numerical model workflow  

 
Numerical model setup 
The numerical models were developed using interactive 
MODeling (iMOD) (Vermeulen et al., 2018), an open source 
interface to create groundwater flow model based on the code 
of the MODFLOW and share the import and export of the 
package with MODFLOW, which helps to understand the 
subsurface dynamic and characters, as well as simulated variance 
scenarios. With the integrated views of the model, the 
hydrogeological model was constructed based on the geological 
information and conceptual model. Then the groundwater flow 
model was developed with iMOD packages. 
The input data of the model can be divided into two categories: 

time invariant data and time variant data. Based on geological 

data and hydrogeological data, the time invariant data was 

generated, such as boundary, top and bottom layer elevation, 

transmissivity, vertical resistance, and storage coefficient. Based 

on the monitoring data and investigated data, the time-variant 

data was estimated, such as recharge, abstraction from the 

well, and river level. The time variant data was updated from 

the last report of model results. 

The Boundary conditions in the west and east side is the 

defined with Andean mountain ranges, Cordillera Occidental 
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and the Cordillera Central, in-between where is the multilayer 

aquifer with unconsolidated sediments. It is assumed that there 

is no flow crossing the east and west mountain range boundary. 

The water infiltrates at the alluvial cone, and part of water 

recharges into the aquifer, then soon discharge at the alluvial 

fan, the mountain feet (López, 2017). This hypothesis is 

supported by a large amount of the surface stream and spring 

at the mountain ranges, which indicated the water flow from 

the ridge to the flat area. The hydrogeological base located at 

480 meters above the sea in between the two mountain ranges, 

is considered as the bottom boundary, which is considered as 

impermeable thick layer due to the clays and claystone found in 

the deep wells.  

As for the hydraulic properties of hydrogeological units, there 

are two sources of the hydraulic properties calculation: the 

pumping tests and the lithological column. The transmissivity of 

the aquifer, the resistance of the aquitard and storage 

coefficient were calculated and interpolated with this 

information. 

The difference of the hydraulic properties from the two sources 

is obvious. Figure 5 illustrates the transmissivity of the A2 units, 

where the transmissivities from the lithological column are 

approximately twice those in the wells. In general and for the 

A2 unit, the transmissivities generated from the lithological 

column are about 50 to 500 m2/ D in the alluvial cones, and 

about 750-3500 m2/ D in the flat area. The possible reason is 

that the well is not completely penetrating into the aquifer. In 

Unit C, the transmissivity in the wells is approximately three to 

ten time of those from the lithological column. It is probably 

because of the lack of the lithologic data of this area, the 

transmissivity assigned to the model may be overestimated. 

 

  
Figure 5 The map show the transmissivity calculated using lithological 
columns for the layer A2 (left) and layer C (right). The dots indicate the 

calculated transmissivity pumping tests. (Sanchez et al., 2016) 

 

The vertical resistance is calculated for the Unit B, which varies 

3-100 day in the mountain range, 1000-3000 day near the rivers. 

In the middle flat area, the vertical resistance varies from 500-

6000 day. 

Storage coefficient is the volume of water released from storage 

per unit decline in hydraulic head in the aquifer, per unit area of 

the aquifer. According to CVC, the storage coefficient is 0.12 for 

A1 Unit, which is typical of the unconfined aquifer. For the A2 

and C units an initial storage coefficient of respectively 0.056 and 

0.0007 were used after the model calibrated.  

The groundwater recharge in the southern Cauca Valley is called 

diffuse recharge, which is dominated by the infiltration from the 

precipitation, irrigation, and evaporation, estimated with hydro-

meteorological balance method, which is a modification 

proposed by Bradbury et al. (2000). Due to the lack of irrigation 

records, a few irrigation scenarios on irrigation were developed 

in the southern Cauca Valley. 

The recharge input was made up with 

“Recharge180days7_5mm”, which means approximate 180 days 

irrigation with a maximum amount of 7.5 mm/day, from 2000 to 

2013 and “Recharge180days”, from 2014 to 2015 in the baseline 

of transient model. The “No Irrigation” was applied for the no 

pumping scenario. 

As for the river package was applied with the Cauca Rivers and 

its tributaries. The water level in Cauca River and its tributaries is 

recorded at hydrometric stations. Combining the water level, 

location, cross-section, bathymetry, river bed resistance and 

infiltration factor of the Cauca River and its tributaries, the 

segment file for iMOD model was processed, which is the river 

input in the numerical model, shown with Figure 6.  

 

 
Figure 6 Cauca Rivers and its tributaries (dark blue), drainage for 

ditches, wetland and stream (light blue), and drainage for irrigation 
channel (green) included in the model 

 

Three types of drainage were defined and processed for the 

model input. The first type of drainage is the surface drainage, 

generated with the surface elevation. The second type is with 

irrigation channels, which is dense and mainly in-between the 

mountain ranges, shown in Figure 6. The third type of drainage is 

for ditches, wetland, and stream, which is dense in the mountain 

range, shown by Figure 6. The second and third type of drainage 

are with depth of 1.5 and 2.5 meters below the surface elevation. 

The hydrogeological model is constructed based on the 
lithological columns, with a total of 1280 drilled wells in the 
southern Cauca Valley. Most of the pumping wells are for 
irrigation in the months that surface water is limited. Based on 
the records from CVC and Departamento Administrativo de 
Gestión del Medio Ambiente (DAGMA), in total 924 wells are 
inserted into the numerical model with recalculated pumping 
rates from 2000 to 2015. There are another 105 pumping wells 
sharing the same average pumping rate in the south part of the 
study area, which is located in the Cauca department. Besides, 
there are 659 observation wells with average observed data from 
2000 to 2009, monitored twice a year 
The steady state model was applied with average data from 2000 
to 2009, when the groundwater level was approximated 
stationary. While the transient model was used with monthly 
data from 2000 to 2015. 
 
Sensitivity analysis 
Sensitivity analysis helps to see how the input parameter affects 
the model output (District et al., 1998), which also used to 
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understand the simulated groundwater flow system. There is 
manually and automatically sensitivity analysis. In this research, 
the manual approach was selected, to change a single parameter 
and compared the sensitivity scenarios model output with the 
baseline model output.  
Before starting the sensitivity analysis, the steady state model 
was used to check if the results with updated data are acceptable 
to continue further research. This was done by comparing the 
calculated to observed groundwater heads, as well as by 
checking the water balance with information from the literature.   
The sensitivities analysis was applied to study the characters of 
the groundwater flow model, to determine the uncertainty in the 
output of the model and understand the importance of specific 
parameters to the model and to determine its temporal and 
spatial variation on groundwater flow system. Furthermore, a 
regional partition was carried out for understanding the regional 
characteristics of the hydrogeology system. 
The primary sensitivity analysis was first carried out for all the 
parameters with the steady state model and transient model on 
groundwater head and water budget. This step helped to have a 
quick view of each parameter and its impact on the model output 
using this groundwater flow model. After this step, the following 
parameters were chosen due the relative significant variance in 
the primary sensitivity analysis or with a strong relation with the 
research objective: the depth of the drainage for irrigation 
channel (which in the following paragraphs is shorten as drainage 
for irrigation), the depth of the drainage for main ditches, 
wetland and stream (which in the following paragraphs is 
shorten as drainage for ditch), the conductance of the river bed 
for both Cauca River and its tributaries, the transmissivity for 
layer 2, the transmissivity for layer 3, the recharge, and the 
pumping rate of the wells. After determining the parameters, a 
reasonable variant range of each parameter was determined 
based on the regional parameter information and literature 
Figure 7. 
The sensitivity scenarios were first applied with the steady state 
model, using descriptive statistics on the impact on groundwater 
head of the adjustment of each parameter. The groundwater 
head at total 659 points at the same location as the observation 
wells was used from both sensitivity scenarios and the baseline. 
The difference of sensitivity scenario and baseline was calculated, 
with which the mean difference, medium difference, and root 
mean square difference were taken as the indicator of the impact 
on the model output Figure 7. 
The mean difference (MD) is calculated by subtracting the 
baseline groundwater head (hb) from the groundwater head 
obtained from a sensitivity scenario (hs), with the following 
equation:  

MD =
1

𝑛
∑(ℎ𝑆 − ℎ𝑏)

𝑛

𝑖=𝑖

 

The root mean square deviation (RMSD) is the standard deviation 

of the difference. 

RMSD = √
1

𝑛
∑(ℎ𝑠 − ℎ𝑏)

2

𝑛

𝑖=1

 

After descriptive statistics analysis with steady state model, the 

residual map with groundwater head from sensitivity scenarios 

to reference was created, which helped to see the spatial impact 

of adjustment of each parameter Figure 7. 

The transient model was applied with the reduced number of the 

sensitivity scenarios, which provided a way to understand the 

temporal impact on the parameters. The residual map was made 

with the specific time node, which represented the transient 

periods, wet periods and dry periods. After comparing the 

residual map from both steady state model and transient model, 

the time series at the specific points are chosen to represent the 

typical regional characterize on the parameters Figure 7. 

Finally, the sensitivity analysis was interpreted as summarizing 

the regional characteristics. The entire study area was divided 

into zones based on the characters of the parameters and the 

model sensitivity to them Figure 7. 

 

 
 
 
 

 
Figure 7 Sensitivity analysis flow 

 

 Scenarios design 

Several scenarios were set up for further study in order to study 

the impact of groundwater abstraction in following four aspects: 

no groundwater abstraction, quantity variability, spatial 

variability and depth of the groundwater abstraction. The results 

of the scenarios were compared with the baseline or other 

scenarios. The baseline represents the groundwater flow model 

with the reference input. Other scenarios were defined based on 

the different objectives as well as policy and water use strategies. 

In general the scenarios input and its variation are illustrated in 

Table 1. 

 
Table 1 Scenarios with their input  

 

Scenarios 

no. 
Scenarios name 

Well abstraction and recharge 

Quantity Spatial Depth Recharge 

1A Natural state 
No 

pumping 
- - 

No 

irrigation 

1B 

Surface water 

supply without 

pumping 

No 

pumping 
- - - 

2A 
Pumping 

restriction 
Q*0.75 - - - 

2B Over pumping Q*1.5 - - - 

3A Discharge zone - 
Adding well at 

discharge zone 
- - 

3B Recharge zone - 
Adding well at 

recharge zone 
- - 

3C 
Far from river 

bank 
- 

Adding well at 

far from river 

bank  

- - 

3D River bank - 
Adding well at 

river bank 
- - 

4 

Increasing 

pumping depth 

to unit C 

- - 
Depth 

increasing 
- 

Regional 
partition 
and 
interpretati
on of their 
characters

• Residual 
map of the 
senstivity 
analysis 
with 
transient 
model as 
well as 
time series

Temporal 
impact of 
the 
adjustment 
of the 
parameter

• Residual 
map of the 
senstivity 
analysis 
with steady 
state 
model

Spatial 
impact of 
the 
adjustment 
of the 
parameter

• Descriptive 
statistic of 
senstivity 
analysis 
with steady 
state 
model

General 
impact of 
the 
adjustment 
of the 
parameter

• Primary 
sensitivity 
analysis 
and 
determine 
the rang of 
parameter

Preparatio
n of the 
sensitivity 
analysis
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Scenario 1 – No pumping 
Scenario 1 aims to simulate the situation without groundwater 

abstractions, and is subdivided into scenario 1A and 1B: 

Scenario 1A describes a natural state hydrogeological system 

without human activity, there is no irrigation and no pumping. 

The recharge input “No Irrigation” illustrated before was applied 

in this scenario. Furthermore, the well input was removed from 

the model. With this scenario, the impact of the human activities 

on the hydrogeological system can be removed and 

subsequently compared to the baseline case, which helps to see 

the natural seasonal and yearly variations in the behavior of the 

system. 

Scenario 1B has surface water as the only water supply resource. 

Therefore, there is no pumping but with the same irrigation 

amount as the baseline. It can help to see the impact of the no 

pumping on the groundwater flow system and its water budget. 

However, the water level is an input of the model and do not 

change as the model result, therefore care is needed when 

interpreting the results.   

 

Scenario 2 – Pumping Quantity 
Scenario 2 aims to see the impact of the variation of groundwater 

abstraction rates and timing. The scenarios are defined based on 

the restriction policy on the groundwater abstraction. 

Groundwater pumping requires a permit from the water 

authority, and the maximum pumping hours is set by the water 

authority as 12 hours per day. The pumping scheme for the 924 

wells records from CVC and DAGMA in baseline model are with 

maximum pumping hours in the dry periods, while with only one-

third of the maximum pumping hours in the transient periods 

and no pumping in the wet periods. An example of pumping rates 

and timing of one well in 2009 is shown in Error! Reference 

source not found.. As for the wells in the southern part of the 

study area, these 105 wells use a constant pumping rate 

calculated from the multiyear average, which is 364 m3/day.    

 

 
Graph 1 Example of the pumping scheme in 2009 (well code 

C_Cv_0019) 

 

In the scenario 2A, strengthen pumping restriction is applied. In 

general, a 75% restriction on pumping rate is applied. For the 

steady state model, the pumping rate was reduced to 75% of the 

baseline. For the transient model, a new pumping scheme was 

developed for the 924 wells in Cauca Valley department, in which 

there is no pumping in the transient periods. The total annual 

pumping amount of this new pumping scheme is 75% of the 

baseline. As for the other 105 wells, the pumping rate was 

directly multiplied with 0.75. 

On the opposite of pumping restriction scenario, scenario 2B 

aims to simulate a worse pumping situation. In general, a 50% 

increase in pumping amount is applied in scenario 2B. For the 

steady state model, the pumping amount was multiplied by 1.5 

as the input. For the transient model, maximum pumping 

amount was applied in both transient periods and dry periods for 

the wells in Cauca Valley department, which is equivalent to 50% 

increasing. Beside, a 150% factor was applied with the 105 

constant pumping rate wells in Cauca department. 

 

Scenario 3 – Spatial variability 
The recharge zone of the groundwater flow system is not 

recommended for groundwater abstraction by the local water 

authority, due to the possibility negative impact on surface water 

insufficient and groundwater drawdown. Besides, river as the 

importance component of the groundwater flow system, the 

location of the groundwater abstraction far or close to the river 

bank is also possible to have an impact on the recharge from the 

rivers, baseflow, and groundwater storage.  

Scenario 3 is aiming to study the spatial variation of the 

groundwater abstraction. The recharge and river bank are the 

keys words of scenario 3. Therefore, the entire study area within 

the active cell was divided into 4 zones, representing 4 scenarios: 

discharge zone, where is discharge area all year around, including 

the Cauca River bank; recharge zone, where is recharge zone all 

year around on the upper alluvial cones; far from river bank zone, 

where is far from the tributaries in the flat area; tributaries zone, 

where is within 1000 meters to the tributaries in the flat. There 

is no overlapping within 4 zone. Each scenario has 100 new wells 

allocated in the specific zone. The further illustration of the well 

location and the regional partition is in Error! Reference source 

not found.. The pumping rate of the new well is the same as the 

105 wells in the Cauca Department. 

Scenario 4 – Pumping depth 
The last scenario is aiming to see the impact on the pumping 

depth on baseflow contribution the main Cauca River against its 

tributaries, as well as the recharge from rivers. The groundwater 

drawdown may variety when the pumping depth change, which 

may mitigate or intensify the depletion. 

For the baseline model, almost all the wells have their screen in 

the A2 Unit, which means pumping water from the second layer 

at depths between 25 and 120 m. In the pumping depth scenario, 

all the wells were increased into Unit C. 

 

Results 

Baseline model results 
Both steady state and transient model are set up for simulated 
the groundwater flow system in southern Cauca Valley. For both 
models, the boundary condition, top and bottom elevation and 
hydraulic properties input are the same, which illustrated in the 
chapter 3. As for the time-variant data, the average multiyear 
monthly data is applied with steady state model. The monthly 
data from 2000 January to 2015 December is applied in the 
transient model. The model are set up with the runfile support 
by iMOD. 
The inflow of groundwater flow system is made up of river and 
diffuse recharge. The diffuse recharge is calculated with soil-
water balance, mainly with precipitation, irrigation and 
evaporation. As a result of steady state model, the river recharge 
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is the main inflow accounted for 58%, Figure 8. As for the outflow, 
the drainage is main outflow of the model with approximate 60%, 
while the well abstraction only account for 19%, which is the 
smallest of three outflow. The total inflow and outflow keep a 
balance with the steady state model, which is around 682 mm/ 
year. With Figure 8, the visual data for water balance is available.  
 

 
Figure 8 Water balance of the steady state model 

 
The regional dominated inflow and outflow shows a difference 
from the entire model balance. The inflow of the groundwater 
flow system is dominated by recharge in south flat and middle 
flat area, Figure 10. The river bank has the highest total inflow, 
with 229mm/y diffuse recharge and 1066mm/y river recharge, 
followed by the alluvial cones, with 558mm/y diffuse recharge 
and 783mm/y river recharge. The lowest total inflow is in north 
flat (572 mm/year). 
As for the outflow, the well abstraction is the dominated outflow 
in north flat, which is different from the outflow in the other 
regions dominated by the drainage, Error! Reference source not 
found.. This is because of the heaviest well abstraction is in north 
flat. Meanwhile, the north flat area has least surface outflow, 
with only 275mm/y drainage and 15mm/y discharge to river. 
Besides, river bank has the highest total outflow (2052mm/y), 
with the highest drainage and river discharge. 

 
Figure 9 Divided zone and the typical points used in the sensitivity 

analysis and scenario 

 

Figure 10 Dominated inflow (left), diffuse recharge (upper right), and 
river recharge (bottom right) in the six sensitivity zone with steady 

state model water balance 

 
Figure 11 Dominated outflow (left), drainage (upper right), well 

abstraction (middle right), and river discharge (bottom right) in the six 
sensitivity zone with steady state model water balance 

 
Figure 12 Groundwater head of the first layer (upper), second layer 

(bottom left), and third layer (bottom right) with steady state model 

 
Graph 2 Time series of simulated groundwater head on second layer at 

point 1 (blue), point 3 (orange), point 7 (grey) and point 16 (yellow).  
The time series in blue represents north flat area, while the one in light 
grey represents mountain range. The time series in orange represents 
middle flat and south flat area, the last time series represent the river 
bank and Cali city. The light grey time series is with the second axes. 

 

The inflow and outflow results in a deficit of -693 mm/y in river 
bank, which means the river bank is an area with more discharge 
than recharge, and the groundwater mainly flow from 
surrounding area to river bank. On the opposite, the alluvial 
cones has the highest surplus between inflow and outflow, 605 
mm/y. In other word, the alluvial cones is a recharge zone, where 
water flow to the other part of the aquifer. This result is in line 
with expectations, the recharge and discharge zone identified by 
CVC. 
The groundwater head simulated by the steady state model is 
generally increasing from the river plaint to the mountain range, 
shown by Figure 12. In the flat area, the groundwater head 
ranges from around 930 meters to 1000 meters. At flat area in 
the second layer, there are some points with a groundwater head 
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blow the surrounding, which is caused by the groundwater 
abstraction from the wells. The difference of the groundwater 
head can reach 5 to 10 meter per hunderd meters distance at 
those points. 
The groundwater head simulated by the transient model have 
complex spatial variance with time. Therefore, the four typical 
points used in the sensitivity analysis for describing the regional 
characters were used to illustrate the groundwater head 
variance with the transient model, Graph 2. For the north flat and 
alluvial cones, long-term drawdown happened during the 
drought, especially in 2001-2002, 2005, 2009-2010 and after 
2012. While in the rest of area, a yearly drawdown happened. 
However, for all four time series, the drawdown of groundwater 
head happened in-between 2009 and 2010. Even in Cali city the 
drawdown is not obvious, a slight drawdown happened. In most 
of area, the system seems to recover mostly, except after the 
2012, where a decreasing trend on groundwater head appears. 
 
Sensitivity analysis results 
The results of the statistic sensitivity analysis with steady state is 

shown in Table 2. This analysis with the steady state model helps 

to have an overall view on the groundwater flow system.  

As shown in Table 2, the most sensitive parameter is well 

abstraction, especially adjustment based on the pumping 

amount, which show the importance of the well abstraction on 

the simulated system. The variation of resistance of the river bed 

and recharge show relatively large effects on the model output. 

The adjustments of the parameters have different impacts on 

each of the model layers.  For instance, well abstraction + 50% 

has the most obvious influence on the groundwater head on the 

second layer, followed by the third layer and then the first layer, 

which is a reflection of the large pumping amount on the second 

layer. 

The root mean square deviation is also important, the RMSD of 

resistance of the river bed *10 is 3.30 on the first layer, which 

indicated the regional difference may be larger on this layer. 

The water budget of the sensitivity scenario was used for the 

analysis. The adjustment of the resistance of the river bed has a 

large influence on the groundwater flow, especially under the 

scenario “Drainage conductance /10”, the total inflow or outflow 

increase 74%, the river recharge and drainage increase more 

than 100%. When the resistance increase, the water budget 

decrease slower than the groundwater head. The adjustment of 

the recharge has relatively large impact on the water budget.  

The spatial characters of the groundwater flow system are 

indicated with the visible residual maps of the sensitivity 

scenarios using steady state model. Residual map was created 

with the difference between the groundwater head of sensitivity 

scenarios and the groundwater head of baseline model. The 

residual maps show significant spatial characteristics with 

influenced by adjustment of the model input parameters.  

Based on the residual maps created with the steady state model, 

another series of residual maps were generated using transient 

model at specific time for further study temporal variance of the 

spatial character. The residual maps obtained with the transient 

model reveal that the spatial sensitivity is predominantly linked 

to the parameters and layers, and less vary with time, with the 

exception of the storage coefficient. The difference between the 

groundwater head between storage coefficient sensitivity 

scenario and baseline varies significantly with the time. Further 

sensitivity analysis on temporal aspect is obtained with the time 

series, which is not illustrated in context. 

A summary of the residual maps is given in Table 3. Based on the 

spatial variance and characteristics shown with the residual maps, 

the study area was divided into six regions: north flat, middle flat, 

south flat, alluvial cones, river bank and Cali city. 

 
Table 2 Statistic sensitivity analysis on difference of sensitivity scenario 

groundwater head and baseline groundwater head with the steady 
state 

Parameter Variation Layer 1 Layer 2 Layer 3 

MD 
[m] 

RMSD
[m] 

MD 
[m] 

RMSD
[m] 

MD 
[m] 

RMSD 
[m] 

Depth of the drainage 
for ditch –1m 

0.48 0.57 0.43 0.46 0.42 0.43 

Depth of the drainage 
for ditch +1m 

-0.68 0.75 -0.63 0.66 -0.62 0.63 

Depth of the drainage 
for irrigation –1m 

0.08 0.16 0.08 0.11 0.09 0.10 

Depth of the drainage 
for irrigation +1m 

-0.30 0.40 -0.31 0.34 -0.31 0.33 

Drainage conductance 
/10 

0.07 0.08 0.07 0.08 0.07 0.08 

Drainage conductance 
*10 

-0.01 0.01 -0.01 0.01 -0.01 0.01 

Resistance of the river 
bed /10 

0.22 1.05 0.31 1.12 0.31 1.16 

Resistance of the river 
bed *10 

-1.05 3.30 -1.50 3.53 -1.69 3.70 

Transmissivity of layer 
2 – 25% 

-0.02 0.06 -0.54 0.89 -0.08 0.11 

Transmissivity of layer 
2 + 25% 

0.01 0.05 0.37 0.59 0.07 0.10 

Transmissivity of layer 
3 – 25% 

-0.11 0.41 -0.57 0.80 -0.65 0.87 

Transmissivity of layer 
3 + 25% 

0.07 0.32 0.47 0.66 0.56 0.74 

Recharge – 50% -0.93 1.48 -0.92 1.28 -0.90 1.21 

Recharge + 50% 0.43 0.78 0.45 0.68 0.45 0.65 

Well abstraction – 50% 0.43 0.83 2.63 3.22 1.67 1.93 

Well abstraction + 50% -1.15 2.21 -3.32 4.21 -2.33 2.97 

Well abstraction – 100 
m3/day 

0.18 0.33 0.70 0.77 0.47 0.51 

Well abstraction + 100 
m3/day 

-0.22 0.38 -0.73 0.82 -0.50 0.55 

 
Table 3 Summary of response on the adjustment with each parameters 

with the transient model (from light colour to dark colour represent 
the sensitive from negligible, low, moderate, high to extremely high) 

 

North 
flat 

Middle 
flat 

South 
flat 

Alluvial 
cones 

River 
bank 

Cali 
city 

Depth of the 
drainage for ditch             

Depth of the 
drainage for irr.             

Resistance of the 
river bed             

Transmissivity of the 
layer 2             

Transmissivity of the 
layer 3             

Recharge             

Storage coefficient              

Well abstraction 
(change with factor)             

Well abstraction 
(amount)             
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Scenario results 

The water doesn’t change that much in different scenario, 

however, the river baseflow, drainage outflow variate under 

different scenario, especially under scenario 3. In scenario 3, 

when adding the new wells in the recharge zone, it leads to the 

loss of baseflow in recharge zone as well as other zone. In 

scenario 4, an increase on discharge in the north and middle flat 

area and decrease of baseflow in all area is caused by the 

increased pumping depth. 

As for the groundwater head, when comparing the drawdown 

from a wet periods to a dry period, the change is significant in 

especially between scenario 1 and baseline model, shown with 

Figure 13. In the extreme example, from 2009 April to 2009 

August, the drawdown in the baseline model at specific point is 

more than 100 meters in the second layer, which is dangers to 

dry out the aquifer at those points, and the drawdown ranges 3 

to 20 meters in the north flat and the middle flat area of the 

second and the third layer. Besides, under scenario 2, the 

seasonal drawdown and long-term drawdown is mitigated with 

the pumping restriction, as well as with a better recovery. On the 

opposite, the increased pumping amount leads to the intensified 

drawdown. 

 

 
Figure 13 Groundwater head draw down of the first layer(left), second 

layer(middle), and third layer(right) under baseline(upper) and  
scenario 1A(bottom) 

 
Graph 3 Time series in point 1 of the scenario 2A, 2B and the baseline 

on first layer (upper), second layer (middle), third layer (bottom) 

Conclusion 

Based on the previous research, an existed numerical model was 

applied for further sensitivity analysis with an extended data on 

the simulated groundwater flow system, with which the effect of 

parameters variations shows strong spatial and temporal 

characteristics on the model output. For this numerical model, 

the most sensitive with respect to the model results are river bed 

resistance, recharge and groundwater abstraction. While the 

most sensitive area are alluvial cones, north and middle flat 

(especially on groundwater abstraction & recharge), and river 

bank.  

Spatial unbalance on the water resource distribution is obvious. 

The river bank is an area with largest water inflow and outflow. 

While north and middle flat area have small inflow and outflow. 

However, the large pumping amount in north and middle flat 

cause seasonal drawdown as well as long-term drawdown. 

Besides, the simulated groundwater system recharge at the 

upper alluvial cones and discharge at lower alluvial cones and the 

river bank in generally, which in-between is the transient zone of 

recharge and discharge depending on the seasonal groundwater 

abstraction. 

The seasonal variance on the groundwater system is due to the 

seasonal groundwater abstraction. As for the long-term variance, 

it is related with drought and wet year. During drought time, the 

groundwater abstraction increased. In the year with large 

precipitation, the groundwater system recovers from the 

drawdown happened in the drought.  

The natural seasonal variance is small on the groundwater 

system, compared with the human interfering, groundwater 

abstraction, and proved by scenario 1A. In scenario 1B, it 

indicated that the single water supply on surface water 

strengthens the conflicts on the spatiotemporal difference of the 

water resource and water demand.   

Without pumping timing and quantity restriction, the 

groundwater drawdown increases, while the trend of decrease 

on groundwater head may appear during the drought, which 

may cause long-term drawdown and cause regional groundwater 

problem, as well as reduce surface water discharge. On the 

opposite, the groundwater restriction may mitigate the negative 

impact of groundwater drawdown, the recovery of the 

groundwater system is better under restriction policy. However, 

the difference of drawdown caused by the seasonal groundwater 

abstraction is not significant. 

The spatial distribution of the new wells has a different impact 

on not only groundwater head but also on inflow and outflow to 

surface water. The impact is not significant with amount 

simulated with the model, because the adding amount of 

abstraction is small compared with baseline. Meanwhile water 

budget with this system doesn’t repose to the well abstraction 

significantly. Adding new wells at in the recharge zone of the 

study area may have an impact on the surface water in rest of 

area, which may lead to the loss of surface water in north flat and 

middle flat area, even though there is no new adding pumping.  

The increase of pumping depth generates a slight increase in the 

surface water in north and middle flat area. The large difference 

of groundwater drawdown in short distance is mitigated, 

indicated by the scenario 4. 
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Recommendation 

Several recommendations were generated regarding the results 

of this research, for further study of the regional groundwater 

system, and refined the numerical model, as well as on the 

pumping strategies under conjunctive use. 

Further calibration with drainage and river discharge data should 

be carried out. Regarding the model sensitivity analysis, river bed 

resistance is an important parameter for the model and the 

variation of drainage conductance leads to slight groundwater 

head variance and relatively large change in water budget.  

In general, with further investigation of the local hydrogeological 

system, the refinement of the numerical model is possible, 

especially on the alluvial cones, with elevation of the aquifer 

layer and its hydrology properties. The location and the quantity 

of recharge and discharge on both east and west mountains 

should be further investigated, as well as the in the river bank. 

River bed resistance needs to be calibrated with the field 

investigation. 

With further development with the numerical model, the 
simulated groundwater system is possible to be improved to 
study the groundwater-surface dynamic. The drainage system 
should be refined base on the water restore by wetland, the 
water loss to evaporation, and flow crossing the boundary. 
Drainage discharge should be measured in specific location 
regarding the refinement of the drainage system. Other package 
could be considered to apply within the numerical model. 
Besides, the full-3D model could be applied for groundwater flow 
behaviour study. 
The water management of the spatial-temporal water allocation 

is necessary for this water system because of the unbalance of 

the water resource. The new pumping wells should be allocated 

avoiding the area with large pumping amount, which means the 

central area of the north flat and middle flat area. 

Meanwhile, an efficient monitoring of groundwater abstraction 

can help the pumping restriction policy and help to avoid the 

long-term groundwater drawdown. The strengthened restriction 

policy could be considered to apply in the area with large 

pumping amount. 

The recharge zone is not recommended for groundwater 

abstraction, which may cause the surface decrease, especially 

during drought periods.  

Besides, the deeper aquifer has relatively less influence on the 

surface water in north and middle flat area, which may be 

considerable for groundwater abstraction. However, further 

study on the application of the deeper aquifer should be carried 

out before application with in-depth study with a refinement 

groundwater flow system.   

Development of an integrated spatiotemporal management is 
recommended, such as artificial recharge or water restore and 
other storage tools for the aquifer in the north and middle part 
with the water from the rainy season, Cauca River, or tributaries 
in the south area could be considerable. 
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