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Resumo 

 

O presente trabalho teve como principal objetivo avaliar o efeito das alterações climáticas 

num aquífero costeiro localizado no Tarrafal, Ilha de Santiago em Cabo Verde.  

A primeira tarefa consistiu no desenvolvimento do modelo conceptual dos aquíferos desta 

região, o qual foi transformado numa grelha tridimensional e modelado numericamente 

em ambiente MODFLOW. 

A calibração do modelo teve por base o ajuste dos valores iniciais de condutividade 

hidráulica e de recarga média anual. Refira-se que os valores originais se basearam em 

bibliografia recente sobre a ilha de Santiago. 

Para a avaliação do efeito das alterações climáticas consideraram-se diversos cenários 

climáticos para o final do século tendo por base projeções futuras da precipitação anual 

média e do nível médio da água do mar do 5º relatório de avaliação conduzido pelo Painel 

Intergovernamental para as Alterações Climáticas. Com base nesses cenários considerou-

se uma variação da recarga entre os -50% e +84% e uma subida do nível médio da água 

do mar entre +0.5 e +0.8 m. Foi possível concluir que a variação dos valores de recarga 

terá maior importância na disponibilidade futura de água subterrânea, quando comparada 

com os impactos da subida média do mar. 

A aplicação conjunta do modelo hidrogeológico calibrado e da formulação de Ghyben-

Herzberg mostrou que a posição da interface de água-doce/água salgada nesta região 

dependerá essencialmente da variação futura da recarga, não se prevendo uma influência 

significativa pela subida do nível médio da água do mar. 

Espera-se que o presente trabalho sirva de base para uma melhoria das práticas de gestão 

dos recursos hídricos na região além de promover a implementação de modelos 

hidrogeológicos noutras áreas do arquipélago. 

 

Palavras passe: Modelação hidrogeológica, GMS, MODFLOW, Cabo Verde, Ghyben 

Herzberg 
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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 then it was used to evaluate impacts of climate 

change, as recharge variations and sea level rise. 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 sea level rise and 

precipitation changes. Recharge changes were estimated from these latter. 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 from this research may be used to improve the water management practices 

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

are also provided. 

Key words: Groundwater modeling, GMS, MODFLOW, Tarrafal, Ghyben Herzberg 

formula.  
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1. INTRODUCTION 

1.1. Background 

One-third of the land surface of the world has arid and semi-arid conditions and the 

majority of the population in such areas use groundwater as crucial support for their 

primary livelihood, namely agriculture and animal husbandry (Mudrakartha, 2012). 

Conflicts between water users are one of the consequences of the increasing water demand 

or decreasing water availability. Small islands with such a climate are presently the most 

vulnerable areas to climate change, because of their limited access to fresh water.  

In Cape Verde, a small archipelago with a semi-arid climate, these conflicts are enhanced 

by the poor knowledge and uncertainty on groundwater availability. Moreover, saltwater 

intrusion is a natural hazard that can affect agriculture and urban development directly, 

mainly in zones with water scarcity problems (Carreira et al., 2010). 

In the last decades, Santiago Island, the largest of this ten islands archipelago, has 

experienced a demographic expansion, which occurred principally around Praia, the capital 

city. Groundwater is used here for different purposes (Lobo de Pina, 2009): public water 

supply, water supply for economic activities (hotels, small industries, administration, and 

commerce), sanitation, irrigation, and cattle raising. Even when groundwater is the 

principal resource of fresh water in the island, it faces two main problems related to its 

assessment and management: overexploitation of coastal aquifers and pollution (Carreira 

et al., 2010). 

Cape Verde is currently reformulating its water management institutions and processes. 

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. The 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 Cape Verde natural conditions, the 

focus on groundwater is an essential component of this endeavor.  

1.2. Problem statement  

Tarrafal is a municipality located in the north of Santiago island, in which currently 

groundwater is used for agriculture and for drinking water supply, among others (Borges, 

2008). However, the knowledge of Tarrafal aquifer is presently very scarce. Furthermore, 
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the high variability of rainfall over the years leads to a huge uncertainty about the 

availability of water and water rights management. 

The main objectives of this study are: (1) to create a numerical model of the Tarrafal 

aquifer, and (2) to use the model to evaluate impacts of climate change in Tarrafal. 

Specific objectives for this thesis are: (1) to model the stratigraphy of Tarrafal, (2) to 

create simple scenarios of global change based on projections from the Representative 

Concentrations Pathways, for changes in precipitation and sea level rise, and (3) to study 

sea water intrusion in Tarrafal aquifer. 

The work includes the development of a numerical model to estimate the aquifer recharge 

and the hydraulic conductivity values, comparing them with estimates obtained in previous 

works. The aquifer will be modeled in the software Groundwater Modelling System (GMS) 

- Aquaveo. The climate change scenarios include expected variations in the recharge and 

sea level rise. 

1.3. Limitations 

The model was built using a limited amount of data. ANAS has information about boreholes 

exploration for groundwater usage, but it was not possible to obtain those data for this 

first approximation to the Tarrafal groundwater system. The aquifer was considered as 

confined because there is not enough information to model as unconfined, and it was 

analyzed only in steady state conditions. The calibration of the model was done by trial 

and error using a limited amount of observation points, and it needs to be refined to obtain 

more reliable results. 

1.4. Outline 

After the introduction and outline gave in the current chapter, chapter 2 presents a brief 

introduction to MODFLOW and the set of equations on which this software is based to 

describe the groundwater flow in porous media. Then, it is explained the methodology 

used to create the conceptual model of Tarrafal aquifer and its posterior calibration. Next, 

a theoretical approach to characterize seawater intrusion in coastal aquifers is presented 

(Ghyben-Herzberg formula), followed by an explanation of the climate change scenarios 

used to test the model. 

Chapter 3 presents a description of the study area, starting by the country of Cape Verde, 

followed by Santiago Island and finally the area of Tarrafal. A review of the geology, 

geomorphology, and hydrogeology of Santiago Island is presented, with an emphasis in 

Tarrafal. 
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Chapter 4 describes the set-up and calibration of the numerical model. Chapter 5 shows 

the results of the simulations considering the climatic scenarios, which include variations 

in total recharge and sea level rise. 

Finally, chapter 6 provides a summary of the conclusions of each chapter, and a set of 

recommendations to improve the understanding of the Tarrafal aquifer as well as some 

remarks regarding seawater intrusion modeling. 
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2. METHODS 

2.1. Introduction to MODFLOW 

MODFLOW is a three-dimensional finite-difference groundwater model. It uses a modular 

structure in which similar program functions are grouped and hydrologic options are built 

in such a manner that each option is independent of the others. In this way, new options 

can be added without changing existing options. MODFLOW is designed to stored and read 

each type of input data from separate external files. The outputs options are flexible, 

meaning that the user may select which results are to be to stored and kept, as well as its 

output frequency and its  format (for some of them) (Harbaugh, 2005). 

MODFLOW can simulate steady and transient flow in an irregularly shaped flow system. 

Aquifers can be represented as confined, unconfined or a combination of these two 

conditions. External flows interacting with the aquifer may be simulated, as flow to wells, 

to drains, or evapotranspiration, among others. Transmissivity and hydraulic conductivity 

can be anisotropic for any layer if the principal directions are aligned with the grid axes, 

as well as the storage coefficient (Harbaugh, 2005).  

The interface chosen to work with MODFLOW was the software GMS Aquaveo. It allows 

the creation of a conceptual model and/or a 2D-3D grid, that can be run afterwards using 

MODFLOW to simulate the groundwater flow. 

2.2. Theoretical background 

2.2.1. Mathematical model 

The movement of groundwater of constant density, under non-equilibrium conditions, in 

a heterogeneous and anisotropic 3D porous earth material can be described as follows 

(Harbaugh, 2005): 

𝜕

𝜕𝑥
(𝐾𝑥𝑥

𝜕ℎ

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝐾𝑦𝑦

𝜕ℎ

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝐾𝑧𝑧

𝜕ℎ

𝜕𝑧𝑧
) + 𝑊 = 𝑆𝑆

𝜕ℎ

𝜕𝑡
 

Equation 1  

Where: 

Kxx Kyy Kzz: Hydraulic conductivity along the x, y and z coordinate axes (L/T); 

H: potentiometric head (L); 
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W: volumetric flux per unit volume (sources and sinks). A negative value of W 

represents flow out of the groundwater system, and a positive value of W 

represents flow into the system (T-1); 

SS: specific storage of the porous material (L-1); and 

T: time 

Equation 1 considers that the principal axes of hydraulic conductivity are aligned with the 

coordinate directions.  

Combining Equation 1 with boundary conditions for heads and/or flows, and initial-head 

conditions, a mathematical representation of the groundwater flow can be obtained. 

The flow system could be characterized using an algebraic expression that represents a 

time-varying head distribution. This expression might be used to solve Equation 1, and so, 

the directions and rates of movements of the flow could be calculated. However, analytical 

solutions for Equation 1 are rarely possible (Harbaugh, 2005). Therefore, it is necessary 

to employ numerical methods to obtain approximate solutions. 

One of the used approaches is the finite-difference method. It consists of replacing the 

continuous system described by Equation 1 by a finite set of discrete points in space and 

time. The partial derivatives are replaced by the terms calculated from the differences in 

the head at each point. So, it is obtained a system of linear algebraic difference equations, 

being their solutions values of the head at specific points and times. 

2.2.2. Discretization 

Figure 1 shows the spatial discretization convention used by MODFLOW. A grid of blocks 

called cells represents an aquifer system. The position of each cell is identified by an 

indexing system i,j,k, that represents its respective row, column, and layer, following an 

orthogonal direction. Layers are numbered from the top down, so an increment in the k 

index corresponds to a decrease in elevation.  

 
 

Source: Harbaugh, 2005. 

Figure 1 – A discretized hypothetical aquifer system 
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Heads are calculated at points called nodes, which are located within each cell. 

To enable the development of a finite-difference equation, the grid in MODFLOW is 

assumed rectangular in the horizontal and vertical planes. 

2.2.3. Finite-Difference Equation 

The continuity equation, assuming constant density, states that the total of flows going 

into and out of a cell has to be equal to the rate of change in storage within a cell 

(Harbaugh, 2005): 

∑ 𝑄𝑖 = 𝑆𝑆
∆ℎ

∆𝑡
∆𝑉 

Equation 2 

Where: 

Qi: flow rate into the cell (L3T-1); 

SS: specific storage in the finite-difference formulation (L-1) 

V: volume of the cell (L3); and 

h: change in head (L) over a time interval of length t (T) 

 

Figure 2 shows the flow between two adjacent cells in the i row and z layer. 

 
Source: Harbaugh, 2005. 

Figure 2 – Flow into cell i,j,k from cell i,j-1,k  

For a finite 1-D flow, Darcy’s law states: 

𝑄 = 𝐴𝐾
∆ℎ

𝑙
 

Equation 3 
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Where: 

Q: volumetric flow rate (L3/T) 

A: flow area perpendicular to L (L2) 

K: hydraulic conductivity (L/T) 

l: flow path length (L) 

h: change in hydraulic head over the distance l (L) 

Then, according to Darcy’s law, this flow can be described as: 

𝑞𝑖,𝑗−1/2,𝑘 = 𝐾𝑅𝑖,𝑗−1/2,𝑘∆𝑐𝑖∆𝑣𝑘

(ℎ𝑖,𝑗−1,𝑘 − ℎ𝑖,𝑗,𝑘)

∆𝑟𝑗−1/2
 

Equation 4 

Where: 

hi,j,k : head at node i,j,k (L); 

qi,j-1/2,k : volumetric flow rate through the face between cells i,j,k and i,j-1,k (L3T-1); 

KRi,j-1/2,k : hydraulic conductivity along the row between nodes i,j,k and i,j-1,k (LT-1); 

civk: area of the cells faces normal to the row direction; and 

rj-1/2 : distance between nodes i,j,k and i,j-1,k (L). 

Similar equations can be written to represent the other five faces of the cell i,j,k.  

Changes in the notation can simplify these expressions. Grid dimensions and hydraulic 

conductivity can combine into a single constant called conductance. For instance: 

𝐶𝑅𝑖,𝑗−1/2,𝑘 =
𝐾𝑅𝑖,𝑗−1/2,𝑘∆𝑐𝑖∆𝑣𝑘

∆𝑟𝑗−1/2
 

Equation 5 

Where: 

CRi,j-1/2,k : conductance in row i and layer k between nodes i,j-1,k and i,j,k (L2T-1) 

So, conductance is the product of hydraulic conductivity and cross-sectional area of flow, 

divided the distance between the nodes (length of the flow path). 

Substituting Equation 5 in Equation 4: 
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𝑞𝑖,𝑗−1,𝑘 = 𝐶𝑅
𝑖,𝑗−

1
2

,𝑘
(ℎ𝑖,𝑗−1,𝑘 − ℎ𝑖,𝑗,𝑘) 

Equation 6 

Again, similar equations can be written for the other five faces of the cell i,j,k, with values 

of conductance defined for each of these cells. 

In order to set flows that come from external sources into the cells, such as rivers or 

drains, for example, it is necessary to define additional terms. These flows can be 

independent of the head in the receiving cell or be dependent on it, but independent of 

the other cells in the aquifer. Equation 7 represents the flow from outside the aquifer. 

𝑎𝑖,𝑗,𝑘,𝑛 = 𝑝𝑖,𝑗,𝑘,𝑛ℎ𝑖,𝑗,𝑘 + 𝑞𝑖,𝑗,𝑘,𝑛 

Equation 7 

Where: 

ai,j,k,n : flow from the nth external source into cell i,j,k (L3T-1) 

pi,j,k,n & qi,j,k,n : constants (L2T-1 and L3T-1 respectively)  

If N external sources or sinks affect a cell, the combined flow can be expressed by 

∑ 𝑎𝑖,𝑗,𝑘,𝑛

𝑁

𝑛=1

= ∑(𝑝𝑖,𝑗,𝑘,𝑛ℎ𝑖,𝑗,𝑘)

𝑁

𝑛=1

+ ∑ 𝑞𝑖,𝑗,𝑘,𝑛

𝑁

𝑛=1

 

Equation 8 

Pi,j,k and Qi,j,k can be defined by the expressions: 

𝑃𝑖,𝑗,𝑘 = ∑ 𝑝𝑖,𝑗,𝑘,𝑛

𝑁

𝑛=1

 

𝑄𝑖,𝑗,𝑘 = ∑ 𝑞𝑖,𝑗,𝑘,𝑛

𝑁

𝑛=1

 

In this way, the general flow term for cell i,j,k is: 

∑ 𝑎𝑖,𝑗,𝑘,𝑛

𝑁

𝑛=1

= 𝑃𝑖,𝑗,𝑘ℎ𝑖,𝑗,𝑘 + 𝑄𝑖,𝑗,𝑘 

Equation 9 

The continuity equation (Equation 2) can be applied to cell i,j,k, considering the volumetric 

flow rate through each of the six faces between cells, change in storage and external flows 

(Harbaugh, 2005): 
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𝑞𝑖,𝑗−1/2,𝑘 + 𝑞𝑖,𝑗+1/2,𝑘 + 𝑞𝑖−1 2⁄ ,𝑗,𝑘 + 𝑞𝑖+1 2⁄ ,𝑗,𝑘 + 𝑞𝑖,𝑗,𝑘−1/2 + 𝑞𝑖,𝑗,𝑘+1/2 + ∑ 𝑎𝑖,𝑗,𝑘,𝑛

𝑁

𝑛=1

= 𝑆𝑆𝑖,𝑗,𝑘(∆𝑟𝑗∆𝑐𝑖∆𝑣𝑘)
∆ℎ𝑖,𝑗,𝑘

∆𝑡
 

Equation 10 

Where: 

hi,j,k/t : finite-difference approximation for the derivative of head with respect to time 

(LT-1); 

SSi,j,k : specific storage of cell i,j,k (L-1); and 

rjcivk : volume of cell i,j,k (L3). 

Equation 6 can be incorporated in Equation 10, and also similar expressions for the 

volumetric flow rate through each face of the cell i,j,k.  If Equation 9 is considered as well, 

the finite difference approximation for cell i,j,k is: (Harbaugh, 2005)  

𝐶𝑅𝑖,𝑗−1 2⁄ ,𝑘(ℎ𝑖,𝑗−1,𝑘 − ℎ𝑖,𝑗,𝑘) + 𝐶𝑅𝑖,𝑗+1 2⁄ ,𝑘(ℎ𝑖,𝑗+1,𝑘 − ℎ𝑖,𝑗,𝑘) + 𝐶𝐶𝑖−1 2⁄ ,𝑗,𝑘(ℎ𝑖−1,𝑗,𝑘 − ℎ𝑖,𝑗,𝑘)

+ 𝐶𝐶𝑖+1 2⁄ ,𝑗,𝑘(ℎ𝑖+1,𝑗,𝑘 − ℎ𝑖,𝑗,𝑘) + 𝐶𝑉𝑖,𝑗,𝑘−1 2⁄ (ℎ𝑖,𝑗,𝑘−1 − ℎ𝑖,𝑗,𝑘)

+ 𝐶𝑉𝑖,𝑗,𝑘+1 2⁄ (ℎ𝑖,𝑗,𝑘+1 − ℎ𝑖,𝑗,𝑘) + 𝑃𝑖,𝑗,𝑘ℎ𝑖,𝑗,𝑘 + 𝑄𝑖,𝑗,𝑘 = 𝑆𝑆𝑖,𝑗,𝑘(∆𝑟𝑗∆𝑐𝑖∆𝑣𝑘)
∆ℎ𝑖,𝑗,𝑘

∆𝑡
 

Equation 11 

MODFLOW uses the technique of backward difference, in which the derivative of the head 

respect to time is computed based on the head distribution at the nodes for two successive 

time steps. In this approach, one of the head distributions has to be determined from a 

previous solution of the equation. Then, this method is an iterative process (Van der 

Heiden & Lithén, 2011). 

Considering the hydrograph of head values at node i,j,k showed in Figure 3: 
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Source: Harbaugh, 2005, modified  

from McDonald and Harbaugh, 1988. 

Figure 3 – Hydrograph for cell i,j,k 

 

Where:  

tm: time at the end of the time period m 

ℎ𝑖,𝑗,𝑘
𝑚 : head at node i,j,k at time tm 

The term ∆ℎ𝑖,𝑗,𝑘 ∆𝑡⁄  at time tm can be rewrite as an approximation, by dividing the head 

difference ℎ𝑖,𝑗,𝑘
𝑚 − ℎ𝑖,𝑗,𝑘

𝑚−1 by the time interval 𝑡𝑚 − 𝑡𝑚−1: 

∆ℎ𝑖,𝑗,𝑘

∆𝑡
≅

ℎ𝑖,𝑗,𝑘
𝑚 − ℎ𝑖,𝑗,𝑘

𝑚−1 

𝑡𝑚 − 𝑡𝑚−1
 

Then, Equation 11 can be rewritten in the backward-difference form: 

𝐶𝑅𝑖,𝑗−1 2⁄ ,𝑘(ℎ𝑖,𝑗−1,𝑘
𝑚 − ℎ𝑖,𝑗,𝑘

𝑚 ) + 𝐶𝑅𝑖,𝑗+1 2⁄ ,𝑘(ℎ𝑖,𝑗+1,𝑘
𝑚 − ℎ𝑖,𝑗,𝑘

𝑚 ) + 𝐶𝐶𝑖−1 2⁄ ,𝑗,𝑘(ℎ𝑖−1,𝑗,𝑘
𝑚 − ℎ𝑖,𝑗,𝑘

𝑚 )

+ 𝐶𝐶𝑖+1 2⁄ ,𝑗,𝑘(ℎ𝑖+1,𝑗,𝑘
𝑚 − ℎ𝑖,𝑗,𝑘

𝑚 ) + 𝐶𝑉𝑖,𝑗,𝑘−1 2⁄ (ℎ𝑖,𝑗,𝑘−1
𝑚 − ℎ𝑖,𝑗,𝑘

𝑚 )

+ 𝐶𝑉𝑖,𝑗,𝑘+1 2⁄ (ℎ𝑖,𝑗,𝑘+1
𝑚 − ℎ𝑖,𝑗,𝑘

𝑚 ) + 𝑃𝑖,𝑗,𝑘ℎ𝑖,𝑗,𝑘
𝑚 + 𝑄𝑖,𝑗,𝑘

= 𝑆𝑆𝑖,𝑗,𝑘(∆𝑟𝑗∆𝑐𝑖∆𝑣𝑘)
ℎ𝑖,𝑗,𝑘

𝑚 − ℎ𝑖,𝑗,𝑘
𝑚−1 

𝑡𝑚 − 𝑡𝑚−1
 

Equation 12 

Equation 12 was developed assuming transient conditions, but it becomes a steady-state 

flow equation when the storage term is zero. This means that the sum of all inflows and 
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outflows from adjacent cells and external sources must be zero for each cell in the model 

(Harbaugh, 2005). 

Equation 12 can be reformulated by grouping all coefficients that are associated with a 

specific node: 

𝐶𝑅𝑖,𝑗−1 2⁄ ,𝑘(ℎ𝑖,𝑗−1,𝑘
𝑚 ) + 𝐶𝑅𝑖,𝑗+1 2⁄ ,𝑘(ℎ𝑖,𝑗+1,𝑘

𝑚 ) + 𝐶𝐶𝑖−1 2⁄ ,𝑗,𝑘(ℎ𝑖−1,𝑗,𝑘
𝑚 ) + 𝐶𝐶𝑖+1 2⁄ ,𝑗,𝑘(ℎ𝑖+1,𝑗,𝑘

𝑚 )

+ 𝐶𝑉𝑖,𝑗,𝑘−1 2⁄ (ℎ𝑖,𝑗,𝑘−1
𝑚 ) + 𝐶𝑉𝑖,𝑗,𝑘+1 2⁄ (ℎ𝑖,𝑗,𝑘+1

𝑚 )

− (𝐶𝑅𝑖,𝑗−1 2⁄ ,𝑘 + 𝐶𝑅𝑖,𝑗+1 2⁄ ,𝑘 + 𝐶𝐶𝑖−1 2⁄ ,𝑗,𝑘 + 𝐶𝐶𝑖+1 2⁄ ,𝑗,𝑘 + 𝐶𝑉𝑖,𝑗,𝑘−1 2⁄ + 𝐶𝑉𝑖,𝑗,𝑘+1 2⁄

+ (𝑃𝑖,𝑗,𝑘 +
𝑆𝑆𝑖,𝑗,𝑘(∆𝑟𝑗∆𝑐𝑖∆𝑣𝑘)

𝑡𝑚 − 𝑡𝑚−1 )) ℎ𝑖,𝑗,𝑘
𝑚 = −𝑄𝑖,𝑗,𝑘 − 𝑆𝑆𝑖,𝑗,𝑘(∆𝑟𝑗∆𝑐𝑖∆𝑣𝑘)

ℎ𝑖,𝑗,𝑘
𝑚−1 

𝑡𝑚 − 𝑡𝑚−1
 

Equation 13 

Moreover, Equation 13 can be simplified as (Harbaugh, 2005): 

[𝐴]{ℎ} = {𝑞} 

Equation 14 

 

Where: 

[𝐴] : matrix of the coefficients of head for all active nodes in the grid; 

{ℎ} : vector of heads values at the end of time step m for all nodes in the grid; and 

{𝑞}: vector of the constant terms for all nodes of the grid. 

2.3. Conceptual model 

The model was created using the software GMS (Groundwater Modelling System) from 

AquaveoTM. There are two approaches to create a MODFLOW model in GMS: defining a 

grid and then entering and modifying values directly to its cells (the grid approach), or by 

constructing a representation of a model, allowing GMS to assign automatically the values 

to the cells (the conceptual model approach). Typically, the conceptual model approach is 

more efficient for models that are not so simple (Aquaveo, 2016). The fact that GMS allows 

the creation of a conceptual model that can be later mapped to a 3D grid was the main 

reason to use this software. 

In a broad definition, a conceptual model is a simplified representation of the study site, 

and it includes the model domain, boundary conditions, and material zones. GMS includes 
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a Map module, which is used to define features objects, as points, arcs, and polygons. 

These elements can be situated in different coverages, depending on which characteristic 

is being modeled (typically recharge, sources and sinks, and hydraulic conductivity). A 

conceptual model may include additional data other than feature data, as scatter points, 

boreholes, or solids.   

The conceptual model is created independently of the numerical grid. This means that it 

is not necessary to define a grid before creating a conceptual model. Once this is finished, 

GMS can assign the data to cells in a 3D-grid model, whose geometric characteristics can 

be defined by the user. The main advantage of this approach is that it fully automates the 

majority of the data entry, without the need of cell-by-cell editing. Nevertheless, once the 

coverages are mapped to MODFLOW, it is possible to edit the values cell by cell, if desired 

(Aquaveo, 2016). 

2.4. Model calibration 

The aim of the calibration process is to match the model output to observed values in the 

field, by changing the appropriate model parameters values (Hill & Tiedeman, 2007). In 

this study, the compared output and observed values were the heads and the modified 

model parameters were hydraulic conductivity and recharge rate. 

During the calibration procedure, an objective function quantifying the difference between 

computed and field observations is minimized (Van der Heiden & Lithén, 2011). This 

process can be done by trial and error or automatically. This procedure is also known as 

inverse modeling. 

For some models, the inverse problem is linear, meaning that the observed quantities are 

linear functions of the parameters (Hill & Tiedeman, 2007). Nonetheless, in many cases 

the inverse problem is nonlinear, and its solution is not as simple as for linear problems.  

Groundwater systems can be classified as nonlinear problems, since the head is a nonlinear 

function of the conductivity, as it can be appreciated by looking at Darcy’s law (Hill & 

Tiedeman, 2007). 

Automatized inverse modeling is less subjective than trial and error calibration (Hill & 

Tiedeman, 2007). It gives the possibility of exposing and quantifying model shortcomings 

like parameter insensitivity to observations, and non-uniqueness of parameters. When 

these problems are discovered, it is possible to make changes in the definition or number 

of parameters to improve the model.  
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2.5. Sea water intrusion 

Sea level rise can influence groundwater hydraulics, and in a coastal aquifer, seawater 

intrusion may take place (Ketabchi, Mahmoodzadeh, Ataie-Ashtiani, & Simmons, 2016). If 

one has a developed a 3-D grid model in MODFLOW through GMS, it seems natural to 

think that the most straightforward method to assess the seawater intrusion in the aquifer 

is by using the SEAWAT tool. This is a software incorporated in GMS whose source code 

was made combining MODFLOW and MT3DMS to solve coupled flow and solute-transport 

equations, and it reads standard MODFLOW and MT3DMS datasets (Guo & Langevin, 

2002). However, for SEAWAT to simulate variable-density flow accurately, the aquifer has 

to be discretized finely, especially in the vertical direction. This is required to minimize 

numerical dispersion near the saltwater-freshwater interface and to represent convective 

flow patterns (Dausman, Langevin, Bakker, & Schaars, 2010). In the case of this study, 

there is not enough data field to characterize vertically the aquifer in a way that allows for 

the obtaining of reliable results regarding seawater intrusion, so it was necessary to find 

another way to represent this phenomenon. 

In recent years, research related to climatic and hydrogeologic factors controlling seawater 

intrusion has increased. However, it is not straightforward to discern the differences 

among these studies, and it is not so clear where knowledge gaps might exist (Ketabchi 

et al., 2016).  

In the case of this research, the aim is to obtain just a first idea about the seawater 

intrusion in Tarrafal, to compare how changes in recharge and sea level rise would affect 

the freshwater-saltwater interface. With this objective in mind, the Ghyben-Herzberg 

formula (Verruijt, 1968) appears as a suitable method to achieve it. 

This approach is based on the fact that the depth of the freshwater-saltwater interface in 

coastal aquifers is directly proportional to the elevation of the water table above sea level 

(Verruijt, 1968). Two assumptions are necessary to explain this behavior: (1) salt water 

remains static (steady state flow and no mixing between freshwater and seawater, which 

allows for the presence of a sharp freshwater-seawater interface), and (2) pressure is 

hydrostatic along the vertical. 

The depth of the interface corresponds to x=hf/v, where hf= freshwater piezometric head 

and v=buoyancy factor given by v=(ρs-ρf)/ρf, with ρf and ρs the freshwater and seawater 

densities respectively. 

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

around 40 times the fresh head above sea level. This is known as the Ghyben-Herzberg 

approximation: x=40hf. Figure 4 shows a scheme of this principle. 
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 Source: Modified from Pool & Carrera, 2011. 

Figure 4 – Idealized Ghyben-Herzberg model of the freshwater-saltwater interface in a confined 
coastal aquifer.  

 

Then, the approach to estimating the seawater intrusion in Tarrafal aquifer may be 

summarized in two steps. First, the numerical model will be used to provide new 

piezometric levels of the aquifer, i.e. heads, under different climate change scenarios. And 

second, the position of the freshwater-seawater interface for each scenario will be 

estimated using the Ghyben-Herzberg formula, taking into account the heads obtained 

from the first step. 

 

2.6. Climate change scenarios 

2.6.1. RCPs 

RCP is the acronym for Representative Concentration Pathway, and they are a set of four 

greenhouse gas concentration trajectories developed by the climate modeling community 

as a basis for near-term and long-term modeling experiments. They do not represent 

forecasts or predictions but are designed to provide a plausible and consistent description 

of the future (Moss et al., 2010). 

RCPs provide information on emissions of greenhouse gases, air pollutant, and land use, 

as they are necessary as input for climate and atmospheric chemistry modeling. This 

information is available in a geographically explicit way (van Vuuren et al., 2011). 

RCPs are based on scenarios developed independently by different modeling groups, and 

they are representative of the whole literature concerning emissions and concentrations 

of all the main anthropogenic greenhouse gases. They were constructed to be compatible 

with all the scenarios available in the current scientific literature, including extreme and 

intermediate scenarios. The idea is to provide a common set of concentration scenarios to 
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all climate models runs which facilitates scientific assessment and policy-making decisions 

(Van Vuuren et al., 2011; Meinshausen et al., 2011).  

RCPs have the final objective of being used in model inter-comparison exercises, being the 

beginning of a joint scientific effort to research into climate change, its impacts and 

mitigation measures under different scenarios (Moss et al., 2010). In other words, they 

are the starting point for model experiments that will make possible a deeper 

understanding of earth systems’ response to the anthropogenic perturbations that are 

provoking climate changes (Meinshausen et al., 2011). 

A literature review showed that scenarios in the year 2100 show a radiative forcing ranging 

from 2.6 W/m2 to 8 or 9 W/m2 (Figure 5). The RCP set covers this range of direct radiative 

forcing levels and also include intermediate scenarios RCPs: 8.5, 6, 4.5 and 2.6 W/m2, by 

the end of the century (van Vuuren et al., 2011). 

 

Source: Meinshausen et al., 2011. 

Figure 5 – Total radiative forcing (anthropogenic plus natural) for RCPs. 

 

RCPs cover the 1850-2100 period, and extensions have been formulated for the period 

thereafter. These extensions are called Extended Concentration Pathways, or ECPs (Van 

Vuuren et al., 2011; Meinshausen et al., 2011). 

RCP2.6 shows forcing peaks at approximately 3 W/m2 and declines afterward. For this 

reason, it is sometimes called RCP3-PD, where PD stands for Peak & Decline. CO2 

concentrations achieve a maximum level of slightly above 440 ppm in the year 2050 and 

then decline to 360 ppm by 2300, which is less than today’s levels (Figure 6). The 

concentration of CO2 equivalent, which includes the net effect of all anthropogenic forcing 

agents, even aerosols, has a peak at about 480 ppm and then declines (Table 1). The 
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amounts of all long-lived GHGs controlled under the Kyoto-Protocol expressed as CO2 

equivalent, decreases from 503 ppm in 2050 to 407 ppm in 2300 (Meinshausen et al., 

2011). 

 

 

Source: Meinshausen et al., 2011. 

Figure 6 – GHG concentrations according to each RCP. Displayed are: a) atmospheric CO2, b) 
methane, c) nitrous oxide, d) (equivalent) CFC-12 (ODS), and e) HFC134a concentrations. 

 

RCP8.5 shows radiative levels of around 8.5 M/m2 by the end of 2100, and up to 12 W/m2 

by 2250, when concentrations stabilize (Figure 5). RCP8.5 concentration levels are by far 

the highest across almost all gases (Meinshausen et al., 2011). For instance, CH4 

concentrations stabilize around 3500 ppm, which is more than twice as high as RCP4.5 

and RCP6 (Figure 6). RCP4.5, RCP6, and RCP8.5 consider the same emission assumptions 
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regarding ozone depleting substances (ODS) concentrations, but longer-term ODS 

concentrations are slightly lower in RCP8.5 (Figure 6).  

RCP4.5 and RCP6 are stabilization scenarios with constant concentrations after 2150 

(Meinshausen et al., 2011). RCP4.5 comes closer to doubling pre-industrial CO2 

concentration (278 ppm), by stabilizing CO2 concentrations at 543 ppm. RCP6 scenario 

stabilizes at 752 ppm CO2 (Figure 6). 

Table 1 summarizes the characteristics of each RCP. 

Table 1 – The four RCPs  

Name 
Radiative 

forcing 
Concentration Pathway 

Model 

providing 

RCP* 

Reference 

RCP8.5 
>8.5 W m-2 

in 2100 

>1370 CO2-equiv. in 

2100 
Rising MESSAGE 55,56 

RCP6.0 

6 W m-2 at 

stabilization 

after 2100 

850 CO2-equiv (at 

stabilization after 

2100) 

Stabilization 

without 

overshoot 

AIM 57,58 

RCP4.5 

4.5 W m-2 at 

stabilization 

after 2100 

650 CO2-equiv (at 

stabilization after 

2100) 

Stabilization 

without 

overshoot 

GCAM 48,59 

RCP2.6 

Peak at 3 W 

m-2 before 

2100 and 

then declines 

Peak at 480 CO2-equiv 

before 2100 and then 

declines 

Peak and 

decline 
IMAGE 60,61 

*MESSAGE: Model for Energy Supply Strategy Alternatives and their General Environmental Impact, International Institute for Applied 

Systems Analysis, Austria; 

*AIM: Asia-Pacific Integrated Model, National Institute for Environmental Studies, Japan; 

*GCAM: Global Change Assessment Model, Pacific Northwest National Laboratory, USA; 

*IMAGE: Integrated Model to Assess the Global Environment, Netherlands Environmental Assessment Agency, The Netherlands. 

Source: Moss et al. (2010) 

 

2.6.2. Temperature and precipitation scenarios  

The KNMI Climate Change Atlas gives the possibility to plot climate models for various 

regions, seasons, and variables. The information presented in this atlas is entirely based 

on all available CMIP5 model output. 

Time series for annual near-surface temperature and annual precipitation of Cape Verde 

were obtained from the CMIP5 (IPCC AR5 Atlas subset). The plot period goes from 1900 

to 2100, and the four RCPs were considered.  

Figure 7 shows that temperature will increase in Cape Verde according to the four RCPs. 

However, temperature is not being used as an input data for the numerical model. 
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Source: Koninklijk Nederlands Meteorologisch Instituut, 2017. 

Figure 7 – Temperature in Cape Verde Jan-Dec AR5 CMIP5 subset 

The precipitation in Tarrafal area is 0.6 mm/day (219 mm/year) according to AR5 CMIP5 

(Figure 8, up). 

 

 

Source: Koninklijk Nederlands Meteorologisch Instituut, 2017. 

Figure 8 – Precipitation in Cape Verde Jan-Dec AR5 CMIP5 subset (up: total precipitation; down: 
precipitation change) 

Precipitation is expected to change between -0.3 mm/day to +0.5 mm day by year 2100 

(Figure 8, down), this means, that the annual average precipitation will be between 110 
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mm and 402 mm. Therefore, the two extreme scenarios that are going to be considered 

are: 

• Precipitation decrease by 50% 

• Precipitation increase by 84% 

The effect of the variation of precipitation in a groundwater flow model can be modeled by 

changes in the recharge rate.  

Considering the water balance method (Nonner, 2015), the water balance can be 

expressed as:  

[(𝑃 − 𝐸𝑖 − 𝐸𝑝𝑜𝑛𝑑 − 𝑅) + 𝑄𝑐𝑎𝑝−𝑟𝑜𝑜𝑡] − [𝐸𝑠𝑜𝑖𝑙 + 𝑇 + 𝑄𝑝𝑒𝑟𝑐] = 𝑆𝑟𝑜𝑜𝑡 

Equation 15 

Where: 

P: precipitation rate (m3/day) 

Ei: evaporation rate of intercepted water in the vegetation cover (m3/day) 

Epond: evaporation from ponded water (m3/day) 

Esoil: evaporation rate from the soil surface (m3/day) 

R: surface runoff (m3/day) 

Qrech: Recharge (m3/day) 

Qcap-root: rate of capillary flow at the lower boundary of the root zone 

(m3/day) 

T: transpiration rate of vegetation (m3/day) 

Sroot: volumetric rate of water stored or released in the root zone (m3/day) 

 

Assuming that in the study area there is not much capillary flow, Qcap and Qcap-root are zero. 

Writing the evapotranspiration terms together as E=Ei+Epond+Esoil+T, Equation 15 can be 

simplified to: 

𝑄𝑟𝑒𝑐ℎ = 𝑃 − 𝐸 − 𝑅 − 𝑆𝑟𝑜𝑜𝑡 

Equation 16 

Equation 16 yields the percolation rate at the lower boundary of the root zone, allowing 

one to make an estimation of the recharge rate from surplus precipitation (Qrech).  

Equation 16 can be used to determine how the recharge would change if the precipitation 

changes, but to do so it is necessary to have data for the additional terms of the equation. 

However, to do a preliminary analysis of the consequences of change in the precipitation, 
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it was assumed that the components of the equation would change in the same 

percentage. Thus, if precipitation increases by x%, recharge will go up by x% as well. 

Then, the changes in the precipitation due to climate change (-50% and +84%) were 

introduced into the model by modifying the recharge: scenarios in which recharge will 

decrease in 50%, and increase in 84%, will be considered. 

2.6.3. Sea level rise  

Figure 9 shows the projected global mean sea level rise for the 21-century under RCPs 

(medium confidence in likely ranges). Analyzing the four scenarios by year 2100, and 

considering unfavorable conditions, two values of sea level rise were considered:0.5 m 

and 0.8 meters. 

 

Source: Adapted from Gregory, 2013. 

Figure 9 – Expected global mean sea level rise  
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3. DESCRIPTION OF THE STUDY AREA  

3.1. Study area 

3.1.1. Cape Verde 

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, between the 

latitudes 17°13′ N and 14°48′ N, and longitudes 22°42′ W and 25°22′ W. It is on the 

western coast of Africa, about 455 km from Senegal. It has a population of 539,560 (World 

Bank Group, 2016), with most of them living on Praia, Santiago island, the capital city. 

Ten islands are part of the archipelago, which are classified in function of its relative 

position of the northeast prevailing winds direction. They are the Windward Islands (Santo 

Antão, São Vicente, Santa Luzia, São Nicolau, Sal and Boa Vista) and Leeward Islands 

(Maio, Santiago, Fogo, and Brava). Nine of them are inhabited. All islands have a volcanic 

origin, but their own geologic and geomorphologic characteristics (Lobo de Pina, 2009). 

Figure 10 shows the geographic location of the archipelago. 

 

Source: Borges, 2008. 

Figure 10 – Geographic location of Cape Verde on the western coast of Africa 

The islands can also be classified into two groups, according to their degree of relief. The 

flat ones, with a maximum height reaching 437 m, are located in the east part of the 

archipelago. The western islands have a higher relief, stronger slope, and a dense drainage 

network. These last islands are San Antão, San Nicolau, Santiago, Fogo, Brava, São 
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Vicente and São Nicolau (INGRH - Cooperación Española, 1994). They are the islands with 

the highest water and agricultural potential (Lobo de Pina, 2009). 

The archipelago has a temperate climate, with a warm, dry summer. Precipitation is 

meager and erratic (Central Intelligence Agency (US), 2016). 

About the land use, 18.6% is agricultural land, where 11.6% is arable land, 0.7% 

permanent crops and 6.2% permanent pasture. The forest constitutes 21%. 60.4% is 

assigned to others (Central Intelligence Agency (US), 2016). 

Prolonged droughts are part of the natural hazards experimented by the country. Seasonal 

wind produces obscuring dust. Some of the islands are seismically and volcanically active. 

Current environmental issues are soil erosion, desertification, deforestation due to demand 

for firewood, and water shortages. Several species of birds and reptiles have been affected 

by environmental damage, like illegal beach sand extraction and overfishing (Central 

Intelligence Agency (US), 2016). Some of the main characteristics of the islands are shown 

in Table 2. 

Table 2 – Some characteristics of Cape Verde islands 

Island 

Total 

surface 

(km2) 

Total 

Population 

(inh) 

Maximum 

Altitude 

(m) 

Average 

precipitation 

(mm/year) 

Estimated water resources 
Arable 

surface 

(km2) 

Superficial 

(106 

m3/year) 

Subterranean 

(106 m3/year) 

Santo Antão 779 47 170 1 979 237 27.0 28.6 88.0 

São Vicente 227 67 163 750 93 2.3 0.6 4.5 

Santa Luzia 35 0 395 . - - 0.0 

São Nicolau 346 13 661 1 312 142 5.9 4.2 20.0 

Sal 216 14 816 406 60 0.7 0.4 2.2 

Boavista 620 4 209 387 68 2.5 1.6 5.0 

Maio 267 6 754 437 150 4.7 2.1 6.6 

Santiago 991 236 627 1 394 321 56.6 42.4 215.0 

Fogo 476 37 421 2 829 495 79.0 42.0 59.0 

Brava 64 6 804 976 268 2.3 1.9 10.6 

Other islets 12 0 - - - - 0.0 

Total 4 033 434 625 - - 181.0 123.8 410.9 

Sources: (1) INE 2000; (2) Cartographic services of the army, 1969; (3) INMG; (4) PNUD & CNAG, 1993 (Lobo de Pina, 

2009) 

3.1.2. Santiago Island 

Santiago island is located between Fogo and Maio islands, in the southern part of the 

archipelago, between 15º 20’ N and 14º 50’ N, and 23º 50’ W and 23º 20’ W. It has an 

elongated form in the direction NNW-SSE, with a maximum length of 54.9 km from Ponta 

Moreia in the north, and Ponta Mulher Branca in the south. Its width is 29 km between 

Ponta Janela in the west, and Ponta Praia Baixo in the east.  
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The island has an area of 991 km2, being the largest one of the archipelago. It has an 

emerged volume of 230 km3 and reaches 1392 m at the Pico da Antónia (Paris, Giachetti, 

Chevalier, Guillou, & Frank, 2011). It belongs to the group of mountainous and leeward 

islands. 

Santiago island has 215 km2 of arable area and some renewable water resources estimated 

as 56,600 m3/year of surface water and 42,400 m3/year groundwater (Cabral Pinto, 

Ferreira da Silva, Silva, Melo-Gonçalves, & Candeias, 2014). 

The island is administratively divided into nine municipalities and eleven parishes (Figure 

11, Table 3).  

 
Source: (Lobo de Pina, 2009) 

Figure 11 – Location of the nine municipalities of Santiago Island  

 

Table 3 – Distribution of Santiago island by municipalities and parishes 

Municipality 
Area 

(km2) 
Headquarters Parish 

Praia 97 Cidade da Praia Nossa Senhora da Graça 

Ribeira Grande de 

Santiago 

164.2 Cidade Velha Santíssimo Nome de Jesus e São 

João Baptista 

São Domingos 134.5 Vila de São Domingos São Nicolau Tolentino e Nossa 

Senhora da Luz 

São Lourenço do Órgãos 38.5 São Lourenço dos Órgãos São Lourenço do Órgãos 

São Salvador do Mundo 28.7 Picos São Salvador do Mundo 
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Municipality 
Area 

(km2) 
Headquarters Parish 

Santa Catarina 214.2 Assomada city Santa Catarina 

Santa Cruz 109.8 Vila de Pedra Badejo São Tiago Maior 

São Miguel 91 Vila da Calheta São Miguel Arcanjo 

Tarrafal 112.4 Vila do Tarrafal Santo Amaro Abade 

Source: Borges, 2008. 

 

The island presents hydrogeologic and climatologically characteristics typical of Sahelian 

regions, where the seasonal changes are related to the Intertropical Front (ITF). The 

movements of ITF influences precipitation events over the area (INGRH - Cooperación 

Española, 1994). The climate is semi-arid with intense winds in the dry season and 

torrential rains in the wet season. The wet period is distributed from August to November. 

Rain values vary between 190 mm/year near the coast, to 320 mm/year at the highest 

mountains (Carreira et al., 2010).  

The temperature shows a fluctuation of about 6°C between mean winter season and the 

mean summer season. The minimum temperature value is around 22°C in February, and 

the maximum is around 27°C in September. The wind remains constant during all over 

the year, with the main direction N-NE. Its highest intensity can usually be registered from 

January to May. The winds that cross the island diffuse and transport marine aerosols, 

which are one of the possible sources of salt in groundwater systems (Carreira et al., 

2010). 

3.1.3. Tarrafal municipality 

Tarrafal municipality is located in the northern extreme of the island, 70 km from Praia, 

and 30 km from Assomada city. Figure 12 shows its location. It represents 11,3% of the 

emerged area of the island and 2,9% of the total area of the archipelago. It is limited in 

the southeast by São Miguel municipality and in the southwest by Santa Catarina 

municipality. The remain limit areas belong to the sea (Borges, 2008). Tarrafal 

municipality is divided in 20 localities, which are classified in urban, semi-urban, and rural 

zones. 
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Figure 12 – Location of the study area, Tarrafal 

 

The Vila do Tarrafal and Chão Bom bays, in Tarrafal,  are zones with considerable economic 

and touristic potential, and they play a major role in the development of Tarrafal 

municipality (Borges, 2008). 

The precipitation in Tarrafal is quite irregular, but pressure, winds, and temperature are 

regular. Relative humidity is high. The temperature is uniform along the year, with the 

annual mean rarely greater than 25°C or lower than 20°C. In the sea, the temperature is 

higher than in the air (Borges, 2008).  

3.2. Geology 

Cape Verde archipelago has completely volcanic origin. It is settled on a dome-shaped 

elevation of the oceanic bottom called Cape Verde Rise, of about 400 km of diameter and 

3000 m of depth. The islands correspond to the extremes of the volcanic structures 

situated on the dome. A dome of these proportions is a considerable anomaly, possibly 

related to a generalized decompression, which would have produced later the partial fusion 

of the mantle, originating then the eruptions that would have formed the islands (Lobo de 

Pina, 2009). 

Santiago Island is constituted almost exclusively by morphologies, structures, and basaltic 

rocks of volcanic origin, that were spilled by the main crater that occupies the site of Pico 

da Antónia. The main structure of the island was formed in several phases that alternated 

with periods of great calmness in volcanic activity. In this way, it had a long time to reach 

its biggest height. Serralheiro (1976) said that when the eruptions continued on either 
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side of the island, the erosion excavated the valleys in the mantles of older series, and 

later they were filled with the spills that came from the reactivation of volcanism. The 

asymmetric form of the island suggests migration of volcanic activity over time (Lobo de 

Pina, 2009). 

Eruptive rocks constitute the majority of the emerged part of the island, conditioning its 

morphology. Sedimentary formations occupy tiny areas and are not an essential 

component in the geology of the isle. About the metamorphic rocks, it is possible to say 

that they almost do not exist. The existing ones are restrained to formations where it is 

possible to detect very slight actions of metamorphism contact (Serralheiro, 1976). 

The oldest formation corresponds to the Ancient Internal Eruptive Complex (CA). It is 

constituted by strongly weathered submarine volcanic products, and a dike complex. Its 

outcrops are scattered through the island, occupying depressions and valleys. Basalts and 

basanites are the most abundant rock types that compose CA. Others are gabbros, alkaline 

syenites, phonolites, trachytes, breccias, and carbonatites (Cabral Pinto et al., 2014) 

Fluvial processes and mass wasting tend to erode Santiago Island, rather than waves. 

Particularly on its windward side, intense rainfall can produce large rivers. They can carry 

high amounts of sediments that arrive to and redistributed along coastal areas. These 

rivers have very steep profiles and are extremely potent eroding agents (Ramalho et al., 

2013). They exhibit some of the highest erosion rates on the planet in spite of their 

insufficient catchment areas, lengths, and seasonality.  

Serralheiro (1976) elaborated a geologic chart in scale 1:25 000 of Santiago island. He 

established its volcanic-stratigraphic sequence, which has served as a base for the 

majority of geologic and hydrogeologic studies made in this area. In 1977, he published a 

geologic chart in scale 1:100 000 of Santiago Island as well, from the reduction and 

compilation of geological maps in scale 1:25000. After the publication of the geologic map 

in scale 1:100 000, Matos Alves et al. (1979) presented a geologic-petrologic and 

volcanogenic study of Santiago island. 

Lobo de Pina (2009) made a description of the main formations and geologic events on 

Santiago Island, which are shown in Table 4. This description was based on the maps 

proposed by Serralheiro (1976) and Matos Alves et al. (1979). Figure 13 shows a 

geological map of Santiago Island. 
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Table 4 – Main formations in Santiago Island 

Eruptive 

formations 

I Ancient Internal Eruptive Complex (CA) 

II Preliminary Conglomerates of Flamengo Formation 

III Flamengo Formation 

IV Órgãos Formation (CB) 

V Lavic formation post-Órgãos Formation 

VI 

Posterior sediments to Órgãos Formation and previous to 

Inferior Submarine Laves (LRi) of Eruptive complex do Pico 

da Antónia (PA) 

VII Eruptive complex do Pico da Antónia (PA) 

VIII Assomada Formation 

IX Monte das Vacas Formation (MV) 

Sedimentary 

formations 
X Recent sedimentary formations of the Quaternary age 

 

The eruptive formations present in Tarrafal are: Ancient Internal Eruptive Complex (CA), 

Órgãos Formation (CB), Eruptive complex do Pico da Antónia (PA) and Monte das Vacas 

(MV) formation. They are described below. Recent sedimentary formations of Quaternary 

age are present in the study site as well. 
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Legend 
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Source: Modified from Lobo de Pina, 2009 

Figure 13 – Geologic map of Santiago Island, Cape Verde 
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Ancient Internal Eruptive Complex (CA or AIEC): 

This designation corresponds to the oldest rock formations in Santiago Island. Figure 14A 

shows its location within the island. It is made of alkaline dikes and phono-trachytes, and 

some intrusions of granular silicate rocks (Lobo de Pina, 2009). It is a geological unit of 

vital importance because it corresponds to the first spills of the volcano (Serralheiro, 

1976).  

In all areas where there are outcrops of CA, a dense network of basaltic veins is present, 

which destroyed almost all the morphologic features of the spillings, either submarines or 

sub aerial (Figure 14B and 13C). Some intrusions of granular rocks (gabbroic, sienitoid 

and carbonate rocks) are visible as well, which are very altered at the surface, and whose 

morphological importance is practically zero.  

 

Source: Lobo de Pina, 2009. 

Figure 14 – Location of the Ancient Internal Eruptive Complex (CA) (A), and pictures of outcrops of 
CA formation in Ribeira de Charco on Pico da Antónia (B) and of the sub volcanic complex that 

occupies almost all of the spots of CA (C). 

CA has low permeability, due to the strong alteration in the surface. Rabadan (1992) made 

geophysical studies in outcrops areas in Santiago Island that showed the first layer is very 

altered or weathered, with variable thickness. Under this top layer, a very altered and 

fractured rock is present, which has about 10 to 20 m of thickness and high porosity (5-

10%). Beneath this layer is the bedrock, very compact and practically unproductive 

bedrock (INGRH - Cooperación Española, 1994). 

The characteristics of the geologic formations that constitute CA contribute to its reduced 

permeability and productivity. Lobo de Pina (2009) suggests that these formations have a 

reduced hydrogeologic interest. 
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Órgãos Formation (CB) 

This formation is constituted by blocks of basaltic nature, and in less amount, phonolites 

(see Figure 15B). They are very thick angular, sub angular and rounded blocks that 

probably resulted from secondary episodes of volcanism (Lobo de Pina, 2009). 

This formation has a high heterogeneity, which includes sandy and purely conglomeratic 

interleaves, and some scarce lavic episodes. These deposits, either terrestrial or marine, 

can reach thicknesses greater than 100 m and can sometimes be very vulnerable to 

erosion. There are significant areas of this formation covered by later series. 

Due to its high compaction degree, this formation has little hydrogeologic interest, 

excepting the zones with pyroclastic cones and a large number of reefs (Lobo de Pina, 

2009). Figure 15A shows the location of outcrops of this formation within the island. 

 

Source: Lobo de Pina, 2009. 

Figure 15 – Location of Órgãos Formation (CB) (A) and a picture of the formation in the zone of São 
Jorge dos Órgãos (B). 

 

Eruptive complex do Pico da Antónia (PA) 

After CA, this is the most developed volcanic complex in Santiago Island, both in duration 

and volume of emitted materials (Matos Alves et al., 1979). It represents more than the 

half of the surface of Santiago island (Figure 16A). It is responsible not only for the highest 

altitudes reliefs but also for the main structural platforms that can be observed in the 

island (Lobo de Pina, 2009). 

The product of explosive and effusive activities that happened in different periods belong 

to the Eruptive Complex Pico da Antónia designation (Serralheiro, 1976). These activities 

could be either sub aerial (Figure 16B) or submarines. The first manifestations of the 

Eruptive Complex Pico da Antónia are over the Órgãos and Flamengos Formations, and 

rarely over CA. They are mainly on the east side of Santiago Island, from subaerial and 
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submarine spills. Nevertheless, the submarine facies can seem almost peripheric 

manifestations when compared with the extension of the subaerial mantles. 

During the volcanic periods corresponding to the formation of different series of PA, it is 

possible to identify sedimentary events that are interleaved in magmatic episodes. 

However, the reconstitution in detail of its various phases of formation is difficult, because 

it is hard to separate series of spill coming from various eruptive phases.  

 

Source: Lobo de Pina, 2009. 

Figure 16 – Location of Pico da Antónia Formation (PA) (A) and pictures of the sub-aerial phase of 
PA in the zone of Santa Clara (B) and of the action of the erosion in the PA formation (C). 

 

The residual reliefs that emerge from the big deposits of the Miocene, in the south and 

southeast of the island, are the result of the oldest volcanic phase (Lobo de Pina, 2009). 

Some examples are Monte Ilhéu, de S. Filipe, Praia Baixo, Praia Formosa, and the lower 

leakages of the Monte Negro. During this phase, sedimentary and phonolitic deposits were 

installed at the northeast of the island. This phase would have been interleaved and 

followed by a significant erosion period, after which there was immersion, at least partial, 

of the isle (Figure 16C). From it would appear submarine emissions of LRi (inferior 

submarine laves). 

In the east zone of the island, crossed by important streams like São Miguel and Seca, a 

high number of emission centers deposited submarine formations. The situation repeats, 

although on a smaller scale, on the west coast of the island. Pyroclasts and particularly 

tuff are abundant close to these centers. The dispersion of the emission centers must be 

the general rule for the island, which is surrounded almost entirely by these submarine 

formations (Lobo de Pina, 2009). 
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Certain outcrops charted as belonging to Flamengos series, in the northeast of the island 

(in the banks of Picos and S. Miguel), seem not related to the formation of LRi. Their 

general aspect, very vacuolar, gives to them high hydrogeological productivities. The 

intermediate phase of formation of Eruptive Complex Pico da Antónia would have started 

again because of a major explosive phase, but with more localized activity in the center of 

the island, forming spectacular tuff deposits. 

Then, the main succession of layers overlaps with breccias, tephra, and some interleaved 

products of alteration and sedimentation. The thick formations of Pico da Antónia and 

Serra Malagueta correspond to this phase. The second series of submarine leakage, LRs, 

interleaved in the intermediate series, means a high instability that remains in the 

Miocene. This phase ends by a significant takeover of the explosive episodes.  

In Santiago island, an old series (LRi) of formation of Pico da Antónia is well remarked by 

fractures, lavas, and tuffs with relatively high porosity. For this reason, these areas 

constitute the best aquifers of the island (Lobo de Pina, 2009) 

Monte das Vacas Formation (MV) 

It is characterized by being the most recent volcanic manifestation. It is constituted by 

very porous materials of basaltic pyroclasts cones (tuff, lapilli, volcanic bombs and scorias) 

and small spills that are scattered around the island. The biggest cones here are Monte 

Volta (230 m) and Monte das Vacas (200 m), which is shown in Figure 17B. Figure 17A 

shows the location of MV within the island. 

 

Source: Lobo de Pina, 2009. 

Figure 17 – Location of Monte das Vacas Formation (MV) (A) and a picture of Monte das Vacas (B). 

This formation has an almost negligible potential of groundwater exploration, because of 

its reduced thickness. Nevertheless, it has some hydrogeologic importance, because it 
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plays a role as a drainage, recharging the Eruptive Complex Pico da Antónia (Lobo de Pina, 

2009). 

Recent sedimentary formations of Quaternary age (a, e, d, dv, c, casc) 

In Santiago island, there are many terrestrial and marine formations from Quaternary age: 

ancient and modern alluvium, sometimes forming terraces, scree and torrent slopes, dune 

sands and marine beaches in different levels until 100 m of altitude, as it can be 

appreciated in Figure 18B (Serralheiro, 1976). 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). Figure 18A shows the location of the recent sedimentary formations of Quaternary 

age within the island. 

 

Source: Lobo de Pina, 2009. 

Figure 18 – Location of recent sedimentary formations of Quaternary age, gray areas (A) and a 
picture of these formations in the valley of the stream of Achada Baleia (B). 

3.3. Geomorphology 

In island regions of small dimension, groundwater hydrodynamics are conditioned mainly 

by geomorphologic characteristics of the terrain. The orography plays a key role in the 

superficial part of the hydrologic cycle of islands, contributing to the structure of circulation 

water networks and determining the runoff regime. The slope and the topographic 

characteristics of the terrain are the more outstanding morphologic parameters of this 

process (Rodrigues, 1995; Lobo de Pina, 2009). 

In volcanic islands, variations in elevation are very important to its hydrogeological 

characteristics (Falkland & Custodio, 1991). The volcanic relief has also a significant 

influence in the atmospheric component of the insular hydrologic cycle, conditioning the 

wet air mass circulation from the sea and, consequently, marking gradients of precipitation 
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and evapotranspiration (Rodrigues, 1995). The amplitude and orientation the stratigraphy, 

cliffs and topographic depressions play a major role in these processes. 

The biggest geomorphologic units of Santiago Island are enumerated in Table 5 and can 

be observed in Figure 19. The study area is Tarrafal.  

Table 5 – Largest geomorphologic units of Santiago island 

Number Geomorphologic unit 

I Achadas Meridionais 

II Maciço Montanhoso do Pico da Antónia 

III Planalto de Santa Catarina 

IV Flanco Oriental 

V Maciço Montanhoso da Malagueta 

VI Tarrafal 

VII Flanco Occidental 

 

 
Source: Marques, 1990. 

Figure 19 – Large geomorphologic units of Santiago island. 

 

The area of Tarrafal is located in the northern end of the island. It seems to correspond to 

a volcanic island region that coalesced with the rest of Santiago island (Serralheiro, 1976). 
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It is characterized by stepped achadas or plateaus of volcanic origin. They reach between 

20 and 300 m of altitude, with slopes between 2% and 5%. Some exemples are achada 

Grande, achada Tomás, Ponta da Achada and achada Bilim. They are constituted by 

formations coming from the Eruptive Complex Pico da Antónia. 

Monte Graciosa (Figure 20), formed by phonolites and trachytes, is the most imposing 

volcanic structure (Lobo de Pina, 2009), with 643 m of altitude. It also corresponds to the 

Eruptive Complex Pico da Antónia. Some other more modern volcanic structures, as Monte 

Covado, belong to Monte das Vacas formation. 

 

Open source (Wikimedia Commons) 

Figure 20 – Monte Graciosa  

The structure of western plateaus, laying between 20 and 100 m of altitude, dominate an 

extensive marine abrasion platform located between Tarrafal and Chão Bom (Figure 21). 

It is covered by recent deposits of flash flood and some dunes. The flood deposits are fed 

by the destruction of the fronts of lava flows. Alternatively, those deposits mixed with the 

ones of a recent coastline.  

 

Source: Lobo de Pina, 2009. 

Figure 21 – Topographic profile of Tarrafal, made from topographic chart in scale 1:25000  

In addition to the hydrographic basin of Ribeira Grande, there are also three small 

watersheds which divide the small plateaus and/or fit within the hills. These basins are 
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Lobrão, Fazenda, and Fontão. They are characterized by being in a restrictive area, fitting 

vigorously. This presupposes recent problems of instability in the environment. Table 6 

shows the average slopes of the basins and its respective altitudes. 

Table 6 – Hydrographic basins in Tarrafal 

Hydrographic basins Average slopes (%) Average altitude 

Lobrão 6.3 150.0 

Fazenda 7.2 197.6 

Fontão 5.2 171.8 

Source: da Mota Gomes & Lobo de Pina, 2003. 

There are agricultural fields in Chão Bom that use mainly groundwater. 

A significant part of the unit is very well compartmentalized, thanks to a previous 

afforestation. Currently is possible to talk of agroforestry and grazing systems, and dryland 

farming well compartmentalized. 

The trade winds just favor the northeast facade of the unit. The remaining territory that 

represents the bigger area is exposed to the west, and because of this, it has marked 

aridity. This had been counteracted effectively by the afforestation, which was doing by 

capitation of groundwater through boreholes. 

Tarrafal can be considered now, and globally, as a transition unit to the pedogenetic phase. 

3.4. Hydrogeology 

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

Intermediate Unit (phreatic) and Recent Unit (phreatic). They present different geological 

and hydraulic characteristics (Lobo de Pina, 2009). Figure 22 was made based on the map 

of the hydrogeological units of Santiago island from Lobo de Pina, 2009, to show the 

hydrogeologic units in Tarrafal.  
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Legend 
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Source: Lobo de Pina, 2009. 

Figure 22 – Main hydrogeologic units of Tarrafal area 

In the legend of Figure 22, it is possible to see which formations constitute each unit. The 

main geological units with hydrogeological interest are PA, MV and recent Quaternary 

formations (alluviums). Eruptive Complex Pico da Antónia is the main reservoir of fresh 

water, presenting terrestrial and submarine facies (pillow lavas) (Carreira et al., 2010). 

3.4.1. Recent Unit 

Monte das Vacas formation (MV) and alluvium (a) constitute the Recent Unit. MV is a very 

permeable formation, and it does not allow the retention of water, which infiltrate to the 

principal aquifer. Locally, it constitutes an important recharge zone for underlying aquifers 

(Lobo de Pina, 2009). MV formation presents a good vertical flow component and a high 

degree of permeability and porosity. In the Tarrafal area, MV porosity has a mean value 

of 10% (Carreira et al., 2010). MV outcrops principally at Pico da Antónia and Serra 

Malagueta, areas with the highest recorded precipitation. The high permeability of this 

formation favors infiltration. The infiltrated water is drained rapidly to lower levels of MV, 

reaching CA formation, which has low permeability and high compactness (Carreira et al., 

2010).  

The hydrologic behavior of the alluvium formations depends on the granulometry, 

thickness, and percentage of clay. So, when it is coarse, thick, and exempt of clay it has 

high porosity and permeability, and the values of transmissivity can vary from 10-1 to 

2*10-2 m2/s. The alluvium formations located more upstream of the streams show in 

general less thickness and finer granulometry, with values of transmissivity that vary 

between 10-4 to 10-5 m2/s (Lobo de Pina, 2009). 
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In Santiago Island, these deposits are very heterogeneous, and they present variable 

characteristics according to the depth. Due to its proximity to the sea, it has a hydraulic 

connection with the sea, which can lead to seawater intrusion if there is overexploitation. 

In fact, Lobo de Pina (2009) documented evident signs of sea water intrusion in points 

located more than three kilometers from the coastline. 

3.4.2. Intermediate Unit 

The Intermediate Unit is constituted by the Eruptive Complex Pico da Antónia (PA) and 

Assomada formation (A). Assomada formation will not be described since it is not present 

the study area.  

The Eruptive Complex Pico da Antónia constitutes the main aquifer, even when it has very 

variable values of permeability, due to its high lithologic heterogeneity. The flow of water 

seems to be very affected by the presence of fractures and veins, verifying that the 

permeability decreases significantly with depth, due to the reduction of the degree of 

fracturing (Lobo de Pina, 2009). 

The high reliefs of the island are associated with zones where this formation receives 

infiltration directly from precipitation. The discharges, often in the form of springs, are 

typically related to fractures or contact zones of this formation with others of lower 

permeability. Its storage coefficient is relatively high when comparing to the Base Unit. 

According to Carreira et al. (2010), permeability avoids a rapid drainage of the scarce 

water supply. 

The zones of the Eruptive Complex Pico da Antónia where there are pillow lavas of 

submarine facies have values of transmissivity between 10-1 to 2*10-2 m2/s, which 

facilitates the discharge to the sea, but also sea water intrusion (Lobo de Pina, 2009). 

Pillow lava layers, with their holes and fissures, are the hydrogeological formation with the 

highest productivity (about 40 m3/h), being the stabilization of the dynamic level reached 

during the first minutes (Monteiro Santos, Almeida, Mota Gomes, & Pina, 2006). The 

average exploration of it is 12 hours per day, and sometimes, it can reach 20 hours per 

day. In sub aerial facies, the average exploration flow decreases (20-30 m3/h) with an 

average exploration of 12 hours per day.  

3.4.3. Base Unit 

The Base Unit is constituted by the Ancient Internal Eruptive Complex (CA), the Flamengos 

formation (ρλ) and the Órgãos formation (CB). This unit has a high degree of compactness, 
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strong alteration of the outcrops and consequently low permeability, compared with the 

more recent formations (Lobo de Pina, 2009). 

Geophysical studies made by Rabadan (1992) in outcrop zones of the CA formation showed 

that there is an altered or weathered layer with variable thickness. Underneath it, there is 

altered rock, very fractured, with a thickness of 10 to 20 meters and high porosity (5-

10%). The bedrock is underneath this zone, which is very compact and practically 

unproductive. 

According to existing data, the Flamengos formation presents very similar hydrogeologic 

characteristic as CA (Lobo de Pina, 2009). In CB, it is possible to verify that its productivity 

varies according to the percentage of pyroclast and the occurrence of veins and fractures, 

having zones with productivities of 10 m3/h with an average flow around 3 m3/h. 

Due to the hydrogeologic characteristics of the formations that constitute the Base Unit 

of the island, it presents in general water with a high degree of mineralization (Lobo de 

Pina, 2009). 

3.5. Recharge 

The process of groundwater recharge depends on the interaction of climate, geology, 

morphology, soil condition, water table and vegetation (de Vries & Simmers, 2002). In 

arid and semi-arid regions, surface water supplies are always affected by climate 

uncertainty, unreliability and poor special and temporal distribution, and the evaporation 

losses from surface water bodies are high (Mudrakartha, 2012). In this context, the 

determination of recharge becomes a challenge. 

In a semi-arid region, as Santiago Island, recharge occurs during a short period, and it is 

often restricted to portions of the target area (Simmers, 2002). 

Proença de Oliveira, Nascimento, & Simões (2017) developed several methodologies to 

analyze the available data in Santiago Island, to make a hydrologic balance and 

estimations of water availability.  

The first methodology makes an estimation of the recharge volume by multiplying the 

average annual precipitation map (Figure 23), in millimeters, with the recharge rate map 

(Figure 24, right), expressed as a percentage of the mean annual rainfall. The average 

annual precipitation map was obtained by spatial interpolation of values obtained from 

monitoring points. The recharge rate map was obtained from estimated values based in 

the analyze of registers of the piezometric level and precipitation (Proença de Oliveira et 

al., 2017).  
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Another methodology involves the application of two mathematical models of simulation 

of the process of transforming precipitation in runoff, namely the Thornthwaite-Mather 

model and the Soil Conservation Service (SCS) model, to estimate runoff and recharge. 

These models make use of daily precipitation and air temperature values and could only 

be validated with some surface runoff data observed in the 1980s in Santiago Island. 

Nevertheless, the robustness of the selected models gives some solidity to the results 

obtained. It is also worth mentioning that this was the main methodology applied in the 

1980s in the works about the evaluation of water availability, whose results have since 

been cited and reviewed in subsequent works (Proença de Oliveira et al., 2017). 

Considering 126 points where it was possible to apply the first methodology, the recharge 

rate was calculated in 60 points (Figure 24, left). 

 

Source: Proença de Oliveira et al., 2017. 

Figure 23 – Average annual precipitation in Santiago island, Cape Verde 
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 Source: Proença de Oliveira et al., 2017. 

Figure 24 – Points with recharge rate (left); map of annual recharge rates (right). 

Taking into account the type of geological formations, recharge zones, and the percentage 

of steepness, Proença de Oliveira et al. presented a map with the average annual recharge 

(Figure 25). It is possible to see that in the area of Tarrafal there are three principal areas 

with distinct ranges of values: the yellow zone (0-20 mm/year), the green zone (20-30 

mm/year) and the blue zone (50-80 mm/year). From each of these areas, one value was 

selected and assigned to a new map of average annual recharge that was created just for 

the area of Tarrafal aquifer (Figure 26). These values correspond to a first estimation of 

the recharge, which is needed to start running the numerical model. 
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Source: Proença de Oliveira et al., 2017. 

Figure 25 – Map of average annual recharge in mm/year (left),  

 

 

 

Figure 26 – Values of the first estimation of recharge in Tarrafal 
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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 using the geographic information provided by Lobo de Pina 

(2009). The information included shape files of the boundary of Santiago Island, its 

geological map, a catchments delimitation map, and a political administration map. A 

digital terrain model (DTM) of the island was provided as well. The shape files were first 

edited in ArcGIS to select the study area. The south boundary was defined taking into 

account the provided maps. Then, they were imported in GMS as GIS Layers and then 

converted to coverages for the conceptual model.  

Lobo de Pina (2009) provided the characteristics of the hydrogeologic units present in 

Santiago Island, including a range of transmissivities for each unit.  

 

Table 7 shows the initial values of transmissivities used to set up the conceptual model. 

This means that these values will be used in a first run of the model, but probably will be 

modified during the process of calibration. There was no information on the Monte das 

Vacas formation, so an initial value of transmissivity was assumed according to its 

hydrogeological characteristics.  

Four materials were created in GMS to characterize the properties of the soil, considering 

that each material group units with the same assumed value of transmissivity. Figure 27 

shows their distribution in the study area. 

Table 7 – Transmissivity values for Tarrafal aquifer used to set up the model 

Formations present in Tarrafal Range of 

transmissivities 
(m2/s) 

Selected 

transmissivity 
value (m2/s) 

Material 

number 

Monte das Vacas No data 0.005 1 

Pico da 
Antonia 

Predominance of pillow-
lavas 

10-1 to 2·10-2 0.001 2 

Large-scale base breccia 10-1 to 2·10-2 0.001 

Basaltic rock layers with 

pyroclastic and tuft 
intercalations 

1·10-4 to 5·10-4 0.0003 3 

Ancient Internal Eruptive Complex 0.2 to 5·10-5 0.00005 4 
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Figure 27 – Selected transitivity values for various materials (values in m2/s) 

The values of transmissivity were not introduced directly in the conceptual model, but they 

were expressed in terms of the hydraulic conductivity (Table 8). To do so, the thickness 

of each formation was approximated considering three geological cross sections of 

Santiago island provided by Lobo de Pina (2009). 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 (Table 9). 

 

Table 8 – Hydraulic conductivities for each material 

Material T (m2/s) H (m) K(m/day) 

1 0.005 120 3.6 

2 0.001 200 0.432 

3 0.0003 100 0.2592 

4 0.00005 100 0.0432 

 

Table 9 – Color legend for materials in GMS 

Material number Color 

1  

2  

3  

4  

 



47 
 

Recharge was introduced in the conceptual model as a coverage. Three different areas 

(polygons) were defined, each of them with a different recharge (see section 3.5). These 

values are shown in Table 10. 

Table 10 – Values of recharge to set up the model 

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

Area 1 10 0.000027397 

Area 2 25 0.000068493 

Area 3 70 0.00019178 

 

The boundary conditions were defined as a constant head in the entire boundary of the 

study area. When the boundary was the coastline, the constant heads had a value of zero. 

For the case of the south boundary, the constant heads were assumed equal to the bottom 

of the top layer. Field data about the heads in this zone were not available. 

4.2. 3-dimensional modeling of the geology 

After defining the conceptual model, the next step was to create the geological solids, from 

where afterward the 3D-grid was built. Due to the lack of exploration data in the study 

area, it was necessary to create a set of synthetic lithological logs that could represent the 

stratigraphy in the aquifer. So, 115 synthetic boreholes were created, taking into account 

the three geological cross sections of Santiago island provided by Lobo de Pina (2009). 

A horizon is defined as the upper part of each stratigraphic unit that will be represented 

in a corresponding Hydrogeologic-Unit Flow unit (HUF), Solid, or 3D Mesh Layer (Aquaveo, 

2016). So, in each borehole, at least one and at most four horizons were defined (Figure 

28, left). They were connected afterward to generate cross-sections (Figure 28, right). 

Figure 29 shows the full set of synthetic lithological logs and cross sections created to 

characterize the study area. 

  

Figure 28 – Selected boreholes (left), selected cross-section (right). 



48 
 

 

Figure 29 – Synthetic boreholes and cross sections in the study area 

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

showed in Figure 30. 

 

Figure 30 – Solid object representing Tarrafal aquifer 

Solids are good to characterize and visualize complex stratigraphy, but MODFLOW works 

with cells in a grid system. So, it was necessary to assign the geological solid to a 3D grid. 

It considered:  

• Cells of 100x100 m 

• Five layers  

• Top elevation of the top layer was adjusted to the DTM 

After creating the grid, the option Solids->MODFLOW was selected. With this step, the 

MODFLOW model was created, having already assigned all the properties defined in the 

conceptual model and in the geological solid. 

The 3D grid was checked later cell by cell to assure that their type of material matched 

with the one assigned in the conceptual model. It was necessary to do this since the 
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creation of the 3D grid from the solids, the solids from the cross sections, and the cross 

sections from the boreholes, were automatized processes, and the final result cumulated 

the errors from each step. Figure 31 shows the 3D grid used to model the aquifer, including 

the four types of materials, and Figure 32 shows two cross sections, in the x and y axes. 

 

Figure 31 – 3D view of the Tarrafal aquifer 

 

 

Figure 32 – Selected cross sections of Tarrafal aquifer (up: row 48, down: column 63) 

4.3. MODFLOW model 

After creating the grid with the defined material distribution, a new simulation in 

MODFLOW was created, considering the following criteria: 

1. Selection of the groundwater flow package 

Layer property flow package (LPF) was chosen over the Block-centered flow package (BCF) 

because BCF does not support the parameter estimation process in GMS AquaveoTM. LPF 

supports two types of layers – confined and convertible (Harbaugh, 2005). A convertible 

layer can be either confined or unconfined depending on the elevation of the computed 

water table and the top of the aquifer. 

Due to the general characteristics of the aquifer, it was chosen at the beginning as a 

convertible, but later it was faced the problem of having numerous cells going dry. Hill & 

Tiedeman (2007) recommend using confined layers to overcome this issue, so finally, for 
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the sake of modeling the layers were defined as confined, assuming that the transmissivity 

values will be constant along the simulation. For each cell, the transmissivity is calculated 

using as input values the hydraulic conductivity and cell elevations. 

The horizontal interblock transmissivity formulation used was harmonic mean. The solver 

used was the Preconditioned Conjugate-Gradient (PCG2) package.  

2. Hydraulic conductivity 

This parameter was already introduced in the 3D-grid model since it was part of the 

definition of each material used to construct the solid object in the first place. 

3. Steady state simulation 

The main objective of this research is to study the response of the aquifer to different 

climate scenarios, and this can be done under the steady state condition.  

Measurements from six observation boreholes (see section 4.4), that were taken from 

March to November, show that the piezometric levels are generally constant. This 

constitute evidence that the aquifer can be simulated in steady state. 

There were not available data to run the model in transient conditions. 

4. Boundary of the model 

In MODFLOW, the boundary conditions are represented by three different values for 

IBOUND: 1 for active cells, 0 for inactive cells and -1 for specified head (Figure 33, left).  

5. Initial heads for active cells 

For steady-state simulations, there are no requirements for the initial head because the 

time derivative is no longer present in the equation (Harbaugh, 2005). However, an initial 

estimate is required to start the iterative process. Normally, these early head values should 

have no effect on the solution of the steady-state equation, but they can affect the number 

of required iterations to obtain a better approximation of the solution (Harbaugh, 2005). 

Figure 33 (right) shows the values of the starting heads, which for the active cells match 

with the values of the top layer elevation of the first layer. 



51 
 

  

Figure 33 – IBOUND (left), and distribution of starting heads (m) (right) 

6. Recharge 

The Recharge package (RCH) was used. It uses areal recharge due to precipitation. 

Recharge is applied only to the top surface, and it was introduced in the model in m/day. 

Figure 34 shows the distribution of the annual recharge in m/day in the 3D grid. 

 

Figure 34 – Annual recharge (m/d) in 3D grid 
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The model was run, and the resulting heads were compared with observation data. Figure 

35 shows the relationship between the computed and the observed heads. The model 

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

model was not calibrated yet. 

 

Figure 35 – Computed vs observed heads 

4.4. Calibration 

Data from six observation boreholes were used to calibrate the model. No data from other 

observation boreholes were available.  

Measurements of the piezometric levels were done in each borehole (excepting SST-10) 

during April, July and November 2014 (one in each month), March and August 2015 (3 in 

total for that year) and August, September, October and November 2016 (8 in total for 

that year). SST-10 have measurements just from 2016. The total average of the 

measurements for each borehole was use to calibrat the model. 

Table 11 shows the average values of observed heads in each borehole, and Figure 36 its 

location. 

Table 11 – Observed heads for calibration 

Name 

Total number 
of available 

measurements 

Average observed heads 
for each year Total 

average 
2014 2015 2016 

FT - 27 14 13.80 13.77 13.37 13.55 

SST - 10 8 - - 92.65 92.65 

SST - 25 14 93.27 93.94 92.74 93.11 

SST - 31 14 68.70 68.66 67.73 68.14 

SST - 34 14 19.75 19.95 18.79 19.25 

SST - 35 14 92.54 92.67 91.77 92.13 
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Figure 36 – Location of observation boreholes 

The model had to be calibrated by trial and error. When the PEST ASP package was used, 

the model presented unusual values of the head in the northeast area of the island. One 

interpretation of this behavior is that the observation points are located relatively in the 

same portion of the study area, so there are no constraints for the heads in further zones 

of Tarrafal. 

Table 12 shows the new recharge and hydraulic conductivity values, comparing with the 

initial ones. 

 Table 12 – Comparison of hydraulic conductivity and recharge before and after calibration 

 
Before calibration After calibration 

Recharge 
 

m/day mm/year m/day mm/year 

Area 1 0.0000274 10 0.0000106 5 

Area 2 0.0000685 25 0.000082 36 

Area 3 0.0001918 70 0.000137 60 

Hydraulic conductivity (Kh) 

 m/day m/s m/day m/s 

Material 1 3.6 4.17E-05 3 3.47E-05 

Material 2 0.432 5.00E-06 0.14 1.62E-06 

Material 3 0.2592 3.00E-06 0.02 2.31E-07 

Material 4 0.0432 5.00E-07 0.0006 6.94E-09 
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During the calibration process, values for the vertical hydraulic conductivity were assigned  

as in GMS they are set in zero by default. These values are presented in Table 13. 

Table 13 – Values of vertical hydraulic conductivity for each material 

 
Kv 

m/day m/s 

Material 1 0.2 2.31E-06 

Material 2 0.02 2.31E-07 

Material 3 0.0005 5.79E-09 

Material 4 1.00E-07 1.16E-12 

 

Figure 37 shows the difference between the computed and observed heads after 

calibration.  

 

Figure 37 – Computed vs observed values after calibration 

Figure 38 shows how the model improved after the calibration. The Nash-Sutcliffe model 

efficient coefficient is used to evaluate the predictive power of hydrological models, or in 

other words, the fit between the predicted and measured values  (Nash & Sutcliffe, 1970). 

It can range from - to 1, with a value of 1 meaning a perfect match with the observed 

data. So, it is possible to see that in Figure 38 (left), the Nash-Sutcliffe coefficient for the 

uncalibrated model was -1.29, while the coefficient value after the calibration was 0.88 

(Figure 38, right), showing a clear improving in the predictive capacity of the model. The 

coefficients were calculated using WHAT (Web-based Hydrograph Analysis Tool) from 

Purdue University.  
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Figure 38 – Comparison of measured data with simulated data (left: before calibration; right: after 
calibration) 

The calibrated model is needed to simulate the different scenarios of climate change, which 

consider variations in the recharge rate, and sea level rise.  

In order to alter the recharge in the study area, two actions needed to be done. First, to 

modify the value of recharge in the RCH package in MODFLOW to the new one. Second, 

to change the flow of water that is coming from the southern boundary of the model. This 

was done by replacing in the boundary conditions the constant heads in the southern 

border, to specified flow. The WEL package (wells) is utilized to do this procedure. The 

flows were introduced just in the first three layers since no flow was identified from the 

southern boundary of layer 4 and 5. 

The flow values were extracted from the water budget of each cell after the calibration 

process. MODFLOW was rerun, and it could be checked that the calibration did not suffer 

considerable modifications, so the model was not calibrated again after the change in the 

BC. In Figure 39, it can be appreciated that the values for Nash-Sutcliffe coefficient and 

R2 even improved slightly.  
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Figure 39 – Comparison of measured data with simulated data in the calibrated model (left: BC 
constant head in south boundary; right: after BC specified flow in south boundary) 

 

4.5. Results and discussion 

Figure 40 shows the distribution of heads after the steady state simulation.  

 

Figure 40 – Heads in Tarrafal aquifer  
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Figure 41 shows that, in general, the model before the calibration underestimated the 

piezometric levels. 

  
Figure 41 – Heads in Tarrafal aquifer before (left) and after (right) calibration 

 

Table 14 shows the general water budget for the calibrated model. Here, it is possible to 

see that recharge is only present in the first layer (7005 m3/day). 

Table 14 – Water budget for the calibrated model 

 
Flow budget (m3/day) 

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 

IN: 

CONSTANT HEAD 0.00 0.00 0.00 0.00 0.00 

WELLS 0.00 0.00 0.00 0.00 0.00 

RECHARGE 7005.09 0.00 0.00 0.00 0.00 

From upper layer - 11007.90 13175.83 10154.97 317.55 

From inferior layer 2726.83 1982.23 338.76 37.71 - 

From southern 
boundary 

6833.72 6565.23 1652.53 0.00 0.00 

From the sea 0.00 0.00 0.00 0.00 0.00 

Total IN 16565.64 19555.37 15167.11 10192.67 317.55 

OUT: 

CONSTANT HEAD 0.00 0.00 0.00 0.00 0.00 

WELLS 0.00 0.00 0.00 0.00 0.00 

RECHARGE 0.00 0.00 0.00 0.00 0.00 

To upper layer - 2726.83 1982.23 338.76 37.71 

To inferior layer 11007.90 13175.83 10154.97 317.55 - 

To southern boundary 564.41 564.60 2325.38 9363.82 207.32 

To the sea 4994.27 3087.50 704.35 172.58 72.51 

Total OUT 16566.58 19554.75 15166.93 10192.71 317.54 

SUMMARY: 
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Flow budget (m3/day) 

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 

IN – OUT -0.1 0.6 0.2 0.0 0.0 

Percent Discrepancy 0.0 0.0 0.0 0.0 0.0 

 

In Table 15, it is possible to check that the constant heads were removed from the 

southern boundary, being replaced for specified fluxes (see wells). It is also possible to 

see that in this area there is a flow going downwards, always from an upper layer to an 

inferior layer. 

Table 15 – Water budget for the southern boundary  

 
Flow (m3/day) 

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 

IN: 

CONSTANT HEAD 0.0 0.0 0.0 0.0 0.0 

WELLS 8857.7 12755.7 1050.0 0.0 0.0 

RECHARGE 66.8 0.0 0.0 0.0 0.0 

From Tarrafal 564.4 564.6 2325.4 9363.8 207.3 

From southern 
boundary, upper layer 

- 2655.3 9410.3 11133.1 0.0 

From southern 
boundary, inferior 
layer 

0.1 0.0 0.0 0.0 - 

Total IN 9489.0 15975.6 12785.6 20496.9 207.3 

OUT: 

CONSTANT HEAD 0.0 0.0 0.0 20496.9 207.3 

WELLS 0.0 0.0 0.0 0.0 0.0 

RECHARGE 0.0 0.0 0.0 0.0 0.0 

To Tarrafal 6833.7 6565.2 1652.5 0.0 0.0 

To upper layer, 

southern boundary 

- 0.1 0.0 0.0 0.0 

To inferior layer, 
southern boundary  

2655.3 9410.3 11133.1 0.0 - 

Total OUT 9489.0 15975.6 12785.6 20496.9 207.3 

SUMMARY: 

IN – OUT 0.0 0.0 0.0 0.0 0.0 

Percent Discrepancy 0.0 0.0 0.0 0.0 0.0 

 

Table 16 shows the exchange of water between the Tarrafal aquifer and the sea. From 

here it is possible to see that layer 1 is giving away the highest flow (4994 m3/day). The 

values decrease when the depth increases, until 72.5 m3/day for layer 5. No flow from the 

sea is being received by the aquifer. Moreover, no exchange of water between layers in 

the coastline is reported. 
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Table 16 – Water budget for the coastline 

 
Flow (m3/day) 

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 

IN:      

CONSTANT HEAD 0.0 0.0 0.0 0.0 0.0 

WELLS 0.0 0.0 0.0 0.0 0.0 

RECHARGE 0.0 0.0 0.0 0.0 0.0 

From Tarrafal to the sea 4994.3 3087.5 704.4 172.6 72.5 

From upper layer, coastline - 0.0 0.0 0.0 0.0 

From inferior layer 0.0 0.0 0.0 0.0 - 

Total IN 4994.3 3087.5 704.4 172.6 72.5 

OUT: 

CONSTANT HEAD 4994.3 3087.5 704.4 172.6 72.5 

WELLS 0.0 0.0 0.0 0.0 0.0 

RECHARGE 0.0 0.0 0.0 0.0 0.0 

To Tarrafal from the sea 0.0 0.0 0.0 0.0 0.0 

To upper layer - 0.0 0.0 0.0 0.0 

To inferior layer 0.0 0.0 0.0 0.0 - 

Total OUT 4994.3 3087.5 704.4 172.6 72.5 

SUMMARY: 

IN – OUT 0.0 0.0 0.0 0.0 0.0 

Percent Discrepancy 0.0 0.0 0.0 0.0 0.0 
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5. SIMULATIONS OF CLIMATIC SCENARIOS – RESULT AND 

CONCLUSIONS 

5.1. Scenarios 

Considering the discussion presented in section 2.6, nine different scenarios were 

considered: 

a.1. No change in recharge and no sea level rise 

a.2. No change in recharge but 0.5 m of sea level rise 

a.3. No change in recharge but 0.8 m of sea level rise 

b.1. -50% of recharge and no sea level rise 

b.2. -50% of recharge and 0.5 m of sea level rise 

b.3. -50% of recharge and 0.8 m of sea level rise 

c.1. +84% of recharge and no sea level rise 

c.2. +84% of recharge and 0.5 m of sea level rise 

c.3. +84% of recharge and 0.8 m of sea level rise 

5.2. Flow from south boundary to Tarrafal 

Table 17 shows the values of the flow that goes from the southern border to Tarrafal 

aquifer, for each layer, for each scenario. 

Table 17 – Flow (m3/day) from south boundary to Tarrafal for each scenario of climate change 

 
a.1 a.2 a.3 b.1 b.2 b.3 c.1 c.2 c.3 

Layer 1 6833.7 6830.4 6828.8 3513.0 3509.8 3508.1 12421.3 12418.6 12417.0 

Layer 2 6565.2 6561.5 6559.7 3401.9 3398.7 3397.2 11890.9 11887.7 11885.8 

Layer 3 1652.5 1651.5 1651.0 1040.5 1039.5 1038.9 2727.0 2726.2 2725.7 

Layer 4 0.0 0.0 0.0 84.8 84.3 84.1 0.0 0.0 0.0 

Layer 5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Total 15051.5 15043.5 15039.6 8040.3 8032.2 8028.3 27039.3 27032.6 27028.5 

 

Figure 42 shows how the variation in the recharge affects the flow of water from the 

southern limit of the study area to Tarrafal aquifer. When there is less recharge, less water 

flows to the aquifer, and the same occurs in the other way around. The difference of flow 

between the scenario with 50% less of recharge and 84% more recharge there is almost 

20,000 m3/day. 
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Figure 42 – Flow (m3/day) from the south boundary of Tarrafal for three different values of 
recharge, without sea level rise. 

Figure 43 compares the effect of the sea level rise for three scenarios of recharge (original 

value, -50% and +84%). For the three cases, it is possible to check that when the sea 

level rises, the flow to Tarrafal decreases. The differences between the extreme situations 

(current levels and 0.8 slr) are approximately 10 m3/day. These differences exist because 

a small rising in the aquifer levels, which limits the flow to it. 
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Figure 43 – Flow (m3/day) from the south boundary of Tarrafal for cases of sea level rise (up left: -
50% of recharge, up right: +84% of recharge, down: original recharge) 

5.3. Flow from Tarrafal to the sea 

Table 18 shows the values of flow that goes from the study area to the sea, for each layer, 

and for each scenario of recharge and sea level rise. 

Table 18 – Flow (m3/day) from Tarrafal to the sea for each scenario of climate change 

 
a.1 a.2 a.3 b.1 b.2 b.3 c.1 c.2 c.3 

Layer 1 4994.3 4988.4 4983.3 2768.8 2763.0 2757.8 8735.7 8727.1 8721.9 

Layer 2 3087.5 3078.9 3074.5 1764.3 1755.7 1751.3 5309.2 5301.9 5297.5 

Layer 3 704.4 703.4 702.9 381.0 380.1 379.6 1247.3 1246.5 1246.1 

Layer 4 172.6 171.3 171.2 93.1 91.9 91.8 304.9 304.7 304.6 

Layer 5 72.5 70.9 70.8 38.4 36.8 36.8 128.1 128.0 128.0 

Total 9031.2 9012.8 9002.7 5045.7 5027.5 5017.4 15725.1 15708.3 15698.2 

 

Figure 44 shows that the difference in recharge affect the flow from the study area to the 

sea in a way that, when there is less recharge, less water is flowing into the ocean, and 

the same occurs in the other way around (with more recharge in the island, more water 

is flowing into the sea). This phenomenon occurs because a rise in the water table (due to 

of an enhanced recharge) will cause that more freshwater is drawn from further inland, 

displacing salty groundwater and provoking it to be discharged offshore, which is explained 

in the Ghyben-Herzberg relation (Burnett et al., 2006).  

The difference of flow between the scenario with 50% less of recharge and 84% more 

recharge there is around 10,000 m3/day.  
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Figure 44 – Flow (m3/day) from Tarrafal to the sea for three different values of recharge, without 
sea level rise. 

Figure 45 compares how the flow to sea will change when there is sea level rise, 

considering the three different scenarios for recharge. In the three cases, it is possible to 

check that 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 experienced 

by coastal aquifers (Taniguchi, Burnett, Cable, & Turner, 2002). In other words, sea-level 

rise will induce a reduction in the submarine groundwater discharge because the hydraulic 

gradient toward the sea reduces (Werner & Simmons, 2009). 

The difference of flow is about 30 m3/day between extreme circumstances (current level 

and 0.8 m of slr). 
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Figure 45 – Flow (m3/day) from Tarrafal to the sea for cases of sea level rise (up left: -50% of 
recharge, up right: +84% of recharge, down: original recharge) 

 

5.4. Sea water intrusion 

The Ghyben-Herzberg formula, described in section 2.5, was used to evaluate how the 

freshwater-saltwater interface would behave with respect to the different scenarios of 

climate change. It was considered a cross-section that starts in the coastline and goes in 

the direction of column 83 of the 3D-grid, to the south of Santiago Island. This cross 

section in showed in Figure 46. 

 

Figure 46 – Selected cross section to apply the Ghyben-Herzberg formula (column 83 of the 3D 
grid) 
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Figure 47 shows how the interface will change considering the variations in the recharge. 

From here it is possible to see that the interface will go deeper when Tarrafal receives 

84% more recharge, and it will go upwards when the area is receiving a 50% less of 

recharge. 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: 

its depth will be magnified 40 times with respect to the heads, according to the Ghyben-

Herzberg formula (Burnett et al., 2006). 

 

Figure 47 – Fresh water-salt water interfaces according to the Ghyben-Herzberg formula, a 
comparison between scenarios with different recharge and no sea level rise. 

 

Figure 48, Figure 49, and Figure 50 show how the freshwater-saltwater interface will 

change with respect to the sea level rise. Each of these three figures represents one single 

condition of recharge (current, -50%, +84%) and three conditions of sea level rise (no 

rise, 0.5 m slr, 0.8 m slr). It is possible to see that there is almost no change in the position 

of the interface for a same scenario of recharge. The difference is barely visible, so it was 

decided to show in the graphic just the first 100 m of the cross section in order to be able 

to appreciate these slight changes. 

One explanation for these results is that the sea level rise affected just slightly the water 

table for a same value of recharge. The Ghyben-Herzberg formula only uses the heads to 

estimate the position of the freshwater-seawater interface, therefore the interfaces will be 

very similar between each case is the heads are similar as well.   
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Figure 48 – Fresh water-salt water interface according to the Ghyben-Herzberg formula and no 
change in recharge, a comparison of scenarios with no sea level rise, 0.5 m and 0.8 m of sea level 

rise. 

 

Figure 49 – Fresh water-salt water interface according to the Ghyben-Herzberg formula and -50% 
of recharge, a comparison of scenarios with no sea level rise, 0.5 m and 0.8 m of sea level rise. 

 

Figure 50 – Fresh water-salt water interface according to the Ghyben-Herzberg formula and +84% 
of recharge, a comparison of scenarios with no sea level rise, 0.5 m and 0.8 m of sea level rise. 
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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 behavior, (2) 

giving insight into potential sea water intrusion mechanism, and (3) providing a guide of 

further data monitoring activities.  

Higher heads were identified in the north part of Tarrafal, reaching values between 200 

and 274 m, much higher than the terrain elevation in this area. According to this, it can 

be concluded that in this area the aquifer is confined. 

From the precipitation projections provided by the RCPs (CMIP5, IPCC AR5 Atlas subset), 

it was estimated that the values of recharge might suffer dramatic variations. Two case 

scenarios were evaluated, considering the extreme situations: a decrease in 50% and an 

increase in 84% in the total amount of recharge in the study area. The current values of 

recharge for three different areas in Tarrafal are 10, 25 and 70 mm/year. If recharge will 

decrease in 50%, this means that the annual recharge for these areas will decrease to 

approximately 3, 18 and 30 mm/year. When the recharge increases in 84%, the mean 

annual recharge for these areas will increase to 10, 66 and 110 mm/year.  

Moreover, the study analyzed the influence of a sea level rise of the aquifer behavior. 

According to existing climate change scenarios, the values of the mean sea level rise of 

0.5 m and 0.8 were considered. The results showed that variations in recharge play a 

more important role in the availability of water resources than the sea level rise. The flow 

coming to Tarrafal from the south boundary varied around 20,000 m3/day between the 

three scenarios with different values of recharge, and just about 10 m3/day for the most 

extreme sea level rise value analyzed, i.e. 0.8 m.  

According to the Ghyben-Herzberg formula, recharge variations are also expected to be 

more influential in seawater intrusion than the sea level rise. When no sea level rise is 

considered, the interface goes upwards when the recharge decreases, and downwards 

when the recharge increases. For a point located 1000 m from the coastline, the interface 

could move upwards approximately 800 m, and downwards 1000 m, when recharge 

decreased and increased, respectively. When analyzing the effect of the sea level rise in 

the freshwater-seawater interface for the same value of recharge, the variations in the 

position of the interface were just around 1 m. 

It was concluded that the model provided a first idea about the behavior of the 

groundwater flow system at the Tarrafal area. However, it is the first model applied to this 
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area and it is natural that it will need improvements if one has to rely on accurate 

outcomes. 

When developing policies to improve the management of the groundwater resource, the 

emphasis should be put in managing the recharge. Even so, it will always be beneficial if 

measures that reduce demand and increase water supply are applied as well, giving the 

scarcity of freshwater resources on the island. 

This thesis may be considered as an important contribution because it is the first step 

towards a better management of the groundwater resources in Santiago Island, and 

demonstrates that it is possible to gain knowledge of a small aquifer system through a 

preliminary model made with few field data. 

6.2. Recommendations 

6.2.1. Observations 

One of the principal uncertainties was the thickness of each material layer and the distance 

to the bedrock. It would be very beneficial for the purposes of modeling if more information 

from exploration boreholes were available. Hill & Tiedeman (2007) suggest that the effect 

of potentially new data could be evaluated by running the model with a new chosen 

geometry, and from that decide which new field data need to be collected. 

It is recommended to obtain more groundwater head observation since they will be 

beneficial for the purposes of calibration. 

6.2.2. Input parameters 

It is recommended to perform pumping tests at the study site in order to investigate 

further the hydraulic conductivity, both horizontal and vertical. No granulometric analysis 

for the different types of material was available specifically for the Tarrafal area. So, if 

future boreholes investigations are carried out, it is suggested that sampling of the 

materials should be conducted as well. 

It is recommended to carry out a deeper analysis of the boundary conditions, especially in 

the southern boundary of the study area.  

Due to a limited knowledge about the local geological settings, it was considered the 

existence of a potential confined system. If more information is available in the future, it 

is recommended to analyze whether the aquifer is confined or unconfined.  
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6.2.3. Recharge 

If climate change would evolve in a direction in which recharge would decrease, it is 

recommended to initiate projects that will increase it. These projects can consist of artificial 

injection wells, or localized recharge structures as farm bunds, tanks, farm ponds, check 

dams and drainage barriers, which often contribute significantly to the total recharge, 

mostly in arid and semi-arid areas (Mudrakartha (2012); Lerner, Issar, & Simmers 

(1990)). 

6.2.4. Seawater intrusion 

The Ghyben-Herzberg formula is useful to discern which scenario of climate change will 

produce more sea water intrusion: whether the modification in the recharge or a sea level 

rise. However, this method is not accurate since it neglects mixing of fresh water and 

seawater (sharp interface assumption), which is one of the most distinguishing features 

of seawater intrusion and its dynamics (Abarca, Carrera, Sanchez-Vila, & Dentz, 2007). 

Moreover, the sea water intrusion problem is a three-dimensional phenomenon in which a 

mixing zone develops at the interface between the two types of water. Seawater is blown 

about the interface and then is returned to the sea by freshwater discharge, forming a 

convection cell (Pool & Carrera, 2011). 

To obtain accurate values regarding the sea water intrusion, 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 demanding and require very extended run-times on most 

common processors (Hugman, 2016). Time is needed to understand the physical 

processes and particular issues in modeling, and even a larger amount of time is required 

to master this knowledge. This makes the developing and applying of variable density 

models impractical and expensive when solving real-world problems (Hugman, 2016). This 

is especially so in the case of Tarrafal aquifer, where the available data are scarce and the 

uncertainty is large. With not enough data, predictions of sea water intrusion using 

software are likely to be inaccurate or wrong, as it was tested during the developed of this 

research. So, in order to make a computational model of sea water intrusion for Tarrafal 

to provide accurate predictive capacity, it is essential to have more input data and increase 

computational costs. 
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