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Abstract 

The purpose of this study is to investigate the effects of climate change on a coastal aquifer 

located in Tarrafal, Santiago Island, Cape Verde. The first step was the creation of a 

conceptual model, which was transferred into a numerical 3D grid using the software GMS, 

which is a MODFLOW based program. The 3D model was calibrated by modifying the 

hydraulic conductivity and recharge and evaluated under various climate change 

conditions. Finally, the Ghyben-Herzberg formula was applied using the resulting heads 

from the model, to estimate sea water intrusion. 

Different scenarios of climate change were considered, which included variations in the 

total areal recharge and sea level rise. Recharge is expected to vary between -50% to 

+84% of current values, and sea level rise between 0.5 to 0.8 m. It was concluded that 

variations in recharge play a more significative role in the availability of water resources 

in the aquifer than the sea level rise.  

The application of the Ghyben-Herzberg formula showed that the variations in the total 

areal recharge influenced the position of the freshwater-seawater interface considerably 

more than the sea level rise. Less recharge would cause more sea water intrusion and vice 

versa. 

The results of these research are expected to be used to improve the water management 

practices in the region. Recommendations to improve future models based on this first 

approach are also provided. 
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1. Introduction 

In Cape Verde, a small archipelago with a semi-arid climate, conflicts between water users 

are enhanced by the poor knowledge and uncertainty on groundwater availability. Cape 

Verde is currently reformulating its water management institutions and processes, and 

particularly, the National Water and Sanitation Agency of Cape Verde (ANAS) is developing 

projects with the objectives of improving the national monitoring network and the national 

water resources information system. Their main goal is to advance the knowledge on water 

resources availability and usage, to reformulate the water management practices and to 

ensure the water distribution equitability. Given the Cabo Verde natural conditions, the 

focus on groundwater is an essential component of this endeavor.  
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Tarrafal is a municipality located in the north of Santiago island, and the knowledge about 

its groundwater resources is presently very scarce. The objective of this study is to model 

the Tarrafal aquifer in Santiago Island and to evaluate it under different climate scenarios. 

With the results, it is expected to define its best water management practices. 

2. Methods 

The model was created using MODFLOW through the software GMS from AquaveoTM, using 

the conceptual model approach. The compared values to calibrate the model were the 

heads and the modified parameters were hydraulic conductivity and recharge rate. 

To model the climate change scenarios, the following concepts/approaches were 

considered: 

• RCPs (Representative Concentration Pathways) 

• Precipitation scenarios: According to the KNMI Climate Change Atlas (AR5 CMIP5), 

the precipitation in Tarrafal area is 0.6 mm/day. Precipitation is expected to change 

between -0.3 mm/day to +0.5 mm day. Therefore, the two extreme scenarios 

considered are: (a) - 50% of precipitation, and (b) +84% of precipitation. These 

changes were introduced into the model by modifying the recharge: scenarios in 

which recharge will change in -50% and +84%, were considered. 

• Sea level rise: From the projected global mean sea level rise for the 21-century 

under RCPs (medium confidence in likely ranges) considering unfavorable 

conditions, two values of sea level rise were considered:0.5 m and 0.8 meters. 

• To estimate the sea water intrusion, first, the numerical model was used to provide 

heads under different climate change scenarios. And second, the position of the 

freshwater-seawater interface for each scenario was estimated using the Ghyben-

Herzberg (G-H) formula, using the previous heads (the G-H formula considers that 

if the density of seawater is 1025 kg/m3, the depth of the interface below sea level 

is around 40 times the head above sea level). 

3. Description of the study area  

Cape Verde is an archipelago country with 4033 km2 with a semi-arid climate and limited 

water resources (Monteiro et al., 2013). It is located in the Atlantic Ocean, on the western 

coast of Africa. Santiago island is located in the southern part of the archipelago and is 

the largest of the archipelago. Tarrafal municipality is located in the northern extreme of 

Santiago island.  

In terms of geology, the eruptive formations present in Tarrafal are: Ancient Internal 

Eruptive Complex (CA), Órgãos Formation (CB), Eruptive complex do Pico da Antónia (PA) 
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and Monte das Vacas (MV) formation. Recent sedimentary formations of Quaternary age 

are present in the study site as well. Santiago island has completely volcanic origin. 

The Ancient Internal Eruptive Complex (CA or AIEC) corresponds to the oldest rock 

formations in Santiago island and it has low permeability due to the strong alteration in 

the surface. The Órgãos Formation (CB) is high compacted, having little hydrogeologic 

interest. The Eruptive complex do Pico da Antónia (PA) is the most developed volcanic 

complex in Santiago island after CA, and the best aquifers of the island are located in this 

formation. The Monte das Vacas Formation (MV) is characterized by being the most recent 

volcanic manifestation. It has an almost negligible potential of groundwater exploration, 

because of its reduced thickness, but it plays a role as a drainage, recharging PA. In 

Tarrafal there are also many terrestrial and marine formations from Quaternary age. They 

occupy a total area around 83 km2, which corresponds to about 8,5% of the emerged area 

of Santiago island (Lobo de Pina, 2009).  

Tarrafal seems to be a region that coalesced with the rest of Santiago island (Serralheiro, 

1976). It is characterized by stepped achadas or plateaus of volcanic origin. Santiago 

island is characterized by three hydrogeologic units: Base Unit (semi-confined), 

Intermediate Unit (phreatic) and Recent Unit (phreatic) (¡Error! No se encuentra el 

origen de la referencia.). Regarding the recharge, an average annual recharge map for 

Tarrafal was created using data provided by Proença de Oliveira, Nascimento, & Simões 

(2017), and the values were used to construct the conceptual model. 

4. Modeling of flow in Tarrafal aquifer 

4.1. Conceptual model 

For the development of the numerical model of the Tarrafal aquifers, the first step was to 

create a conceptual model. Figure 1 shows the distribution of the transmissivities in the 

study area used to set up the model. The hydraulic conductivity was introduced in the 

model directly in the characteristics of each material. To differentiate each material 

visually, a distinct color was assigned to each of them (¡Error! No se encuentra el 

origen de la referencia.). 

Table 1 – Initial hydraulic conductivities for each material (left), Table 2 – Color legend for 

materials in GMS (right) 

  



4 

 

 

 

Figure 1 – Transitivity values for various materials (values in m2/s) 

Three areas (polygons) for different values of recharge were defined. The initial values for 

recharge used in the model are shown in Table 3. The boundary conditions were defined 

as follow: in the coastline, the heads were constant and equal to zero, and the south 

boundary, the heads were constant and assumed equal to the bottom of the top layer.  

Table 3 – Initial values of recharge in Tarrafal 

Recharge areas Recharge (mm/year) Recharge (m/day) 

Area 1 10 0.000027397 

Area 2 25 0.000068493 

Area 3 70 0.00019178 

 

4.2. 3-dimensional modeling of the geology 

After defining the conceptual model, geological solids were created, from where afterward 

the 3D-grid was built. 115 synthetic boreholes were created with this objective. They were 

connected to generate cross-sections (Figure 2, right). Figure 3 (left) shows the full set of 

synthetic lithological logs and cross sections created to characterize the study area. The 

cross-sections were transformed in TIN data. From them, the solid was created. It is 

showed in Figure 3 (right). Then, the geological solid was transformed into a 3D grid. It 

considered: (a) cells of 100x100 m, (b) five layers, and (c) top elevation of the top layer 

was adjusted to the DTM. 
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Figure 2 – Selected boreholes (left), selected cross-section (right). 

  

Figure 3 – Synthetic boreholes and cross sections in the study area (left), solid object representing 

Tarrafal aquifer (right) 

 

Figure 4 – 3D view of the Tarrafal aquifer 

4.3. MODFLOW model 

Layer property flow package (LPF) was chosen. Figure 5 (left), shows the IBOUND for the 

model. The simulation was steady state. Figure 5 (right) shows the starting heads, which 

match with the values of the top layer elevation of the first layer. 
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Figure 5 – IBOUND (left), and distribution of starting heads (m) (right) 

The model was run, and the resulting heads were compared with observation data. The 

model computed values are largely different than the observed, which was expected since 

the model was not calibrated yet. 

4.4. Calibration 

Data from five observation boreholes were used to calibrate the model by manual trial and 

error. Table 4 shows the initial and new values of recharge and hydraulic conductivity. 

Values for the vertical hydraulic conductivity were assigned as well (¡Error! No se 

encuentra el origen de la referencia.). 

 Table 4 – Comparison of hydraulic conductivity and recharge before and after calibration (left), 

Table 5 – Values of vertical hydraulic conductivity for each material (right) 

 

 

Figure 6 shows how the model improved after the calibration, showing a clear 

improvement of the Nash-Sutcliffe coefficient. In order to simulate the different scenarios 

of climate change, the recharge was modified in the RCH package to the new one. Then, 

the boundary conditions of the southern boundary were changed to specified flow. 
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MODFLOW was rerun, and it could be checked that the calibration did not suffer 

considerable modifications. 

  

Figure 6 – Comparison of measured data with simulated data (left: before calibration; right: after 

calibration) 

Figure 7 shows the distribution of heads after the steady state simulation. 

 

Figure 7 – Heads in Tarrafal aquifer  

5. Simulations of climatic scenarios – Result and conclusions 

Figure 8 (left) shows that when there is less recharge, less water flows to the aquifer and 

vice versa. The difference of flow between the scenario with 50% less of recharge and 

84% more recharge there is almost 20,000 m3/day. Figure 8 (right) shows that the when 

there is less recharge, less water is flowing from Tarrafal into the ocean, and vice versa. 

This occurs because a rise in the water table will cause that more freshwater is drawn from 

further inland, displacing salty groundwater (Burnett et al., 2006). The difference between 
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the scenario with 50% less of recharge and 84% more recharge there is around 10,000 

m3/day.  

 
 

Figure 8 – Flow (m3/day) from the south boundary of Tarrafal for three different values of 

recharge, without sea level rise (left), – Flow (m3/day) from Tarrafal to the sea for three different 

values of recharge, without sea level rise (right) 

Figure 9 compares how the flow to sea will change when there is sea level rise. In the 

three cases, the flow decreases when the sea level increases. A change in the sea level 

modifies the submarine groundwater discharge and the location of the freshwater-

saltwater interface because it changes the elevation of the boundary condition (Taniguchi, 

Burnett, Cable, & Turner, 2002). The difference of flow is about 30 m3/day between the 

current level and 0.8 m of sea level rise. 

 

Figure 9 – Flow (m3/day) from Tarrafal to the sea considering the cases of sea level rise (left: -50% 

of recharge, middle: +84% of recharge, right: original recharge) 

5.1. Sea water intrusion 

Figure 10 shows how the variation of the freshwater-seawater interface. It will go deeper 

when Tarrafal receives more recharge and vice versa. This occurs because an increase in 

the recharge will cause a rise in the water table, which will generate the corresponding 

changes in the freshwater-seawater interface according to the Ghyben-Herzberg formula 
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(Burnett et al., 2006). When considering three conditions of sea level rise (no rise, 0.5 m 

and 0.8 m of sea level rise) for the current values of recharge there is almost no change 

in the position of the interface for a same scenario of recharge.  

 

Figure 10 – Fresh water-salt water interfaces according to the Ghyben-Herzberg formula, a 

comparison between scenarios with different recharge and no sea level rise. 

6. Conclusion and recommendations 

6.1. Conclusions 

The results of the simulations may contribute to improving the management of Tarrafal 

aquifer by (1) providing a new conceptual model of the groundwater system, (2) giving 

insight into potential sea water intrusion mechanisms, and (3) providing a guide of further 

data necessities. Higher heads than the terrain were identified in the north part of Tarrafal, 

which suggests that in this area the aquifer is confined. From the climatic simulations, it 

was concluded that variations in recharge play a more significative role in the availability 

of groundwater resources than the sea level rise. The variations in the recharge showed 

to be more influential in sea water intrusion than the sea level rise, according to the 

Ghyben-Herzberg formula. In the case when no sea level rise is considered, the interface 

goes upwards when the recharge decreases, and downwards when the recharge increases 

The model provided a first idea about the behavior of the groundwater flow system at the 

Tarrafal area, but it is needs improvements. When developing policies to improve the 

management of the groundwater resources, the emphasis should be put in managing the 

recharge. This thesis is significant because it shows that it is possible to gain knowledge 

of a small aquifer system through a preliminary model made with few field data. 
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6.2. Recommendations 

Observations: It would be very beneficial for the purposes of modeling and calibration if 

more information from exploration boreholes were available.  

Input parameters: It is recommended to perform pumping tests at the study site in order 

to investigate further the hydraulic conductivity. If future boreholes investigations are 

carried out, it is suggested to conduct sampling of the materials. It is recommended to 

carry out a deeper analysis of the boundary conditions, especially in the southern boundary 

of the study area, and analyze further if the aquifer unconfined.  

Recharge: Under the threat of recharge decreasing, it is recommended to initiate projects 

that will increase it, as artificial injection wells, or localized recharge structures. 

Seawater intrusion: The Ghyben-Herzberg formula is not an accurate method to estimate 

sea water intrusion since it neglects the mixing of fresh water and seawater (sharp 

interface assumption), and does not consider the sea water intrusion problem is a three-

dimensional phenomenon (Pool & Carrera, 2011). To obtain accurate values it would be 

useful to use a different approach, for example, to simulate the three-dimensional 

variable-density groundwater flow with software as SEAWAT (Guo & Langevin, 2002). 

However, this kind of models are computationally and time demanding, which makes the 

models impractical and expensive. So, in order to make a computational model of sea 

water intrusion for Tarrafal, it is essential to have more input data and increase 

computational costs.  
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