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S U M M A R Y

Due to climate change, sea levels rise worldwide, temperatures increase
which leads to higher evaporation and possible changes in precipitation pat-
terns. These effects of climate change influence salt intrusion, particularly by
affecting the freshwater supply. In The Gambia also a planned hydropower
dam and possibly future irrigation development will affect the freshwater
supply. The combined effects of climate change, the hydropower dam and
irrigation development on salt intrusion are unknown. In the worst-case
scenario the estuary could turn hypersaline, such as the Casamance, a river
south of The Gambia, which turned hypersaline during the Sahelian drought
and never restored. This led to the decay of the entire ecosystem.

The Gambia river is of major importance to the country, the agricultural
sector relies on the freshwater it supplies for growing crops, the fishing in-
dustry relies on sufficient numbers of fish to catch and the forestry industry
makes use of the mangroves growing around the river. All these industries
combined account for ±75% of the working force of The Gambia. It can be
safely assumed that if the rivers characteristics change severely due to cli-
mate change, the hydropower dam or irrigation development, this will have
a strong impact on the country.

This thesis aims to clarify the effect that climate change, the hydropower
dam and irrigation development have on salt intrusion in the Gambia river.
The main research question to answer is:

What are the effects of climate change, a hydropower dam and irrigation develop-
ment on salt intrusion in the Gambia estuary up to 2100?

To understand the effects of climate change, the hydropower dam and ir-
rigation development, the main research objective is split up into several
research questions. Salt intrusion will be analyzed based on the salt intru-
sion length and salt concentration profiles. Furthermore, the occurrence of
hypersalinity and its severity will be analyzed. The remaining questions fo-
cus on how undesirable salt intrusion levels can be mitigated and how the
aqua- and agricultural sector in The Gambia might be affected.

1. How does the salt intrusion length develop considering climate change, the
hydropower dam and irrigation development in the Gambia estuary?

2. How does the salt concentration develop considering climate change, the hy-
dropower dam and irrigation development in the Gambia estuary?

3. To what extent can hypersalinity occur and under which circumstances?

4. What measures can be taken to mitigate unwanted salt intrusion and how
effective are these measures?

v



5. How will aqua- and agriculture in The Gambia be affected by the construction
of the hydropower dam?

A 1D model, SALNST, is used to model salt concentrations over the river
length up to the year 2100. To distinguish the effects of climate change, the
hydropower dam and irrigation development the following parameters are
implemented: sea level rise, climate projections (precipitation and evapor-
ation), hydropower dam operations and irrigation development. Each of
these model parameters has multiple values that represent mild and strong
changes for the respective parameter. This results in a set of 27 scenarios
revealing the individual impact of each parameter.

Analysis of model results reveals a strong impact of climate change related
parameters. Projected climate strongly affects the freshwater flow. Suffi-
ciently long alterations in evaporation lead to shifts in salt intrusion lengths
and concentrations. The generated projected climate imposes its behavior
into the salt intrusion patterns, this shows the sensitivity of the estuary to
the projected climate. Sea level rise has a more moderate influence, with
increasing sea level it dampens maximum salt intrusion lengths but con-
currently causes an inland shift of the minimum salt intrusion lengths. In
extreme scenarios where climate change causes severe sea level rise, the river
is forced outside of its banks. When this happens, a large evaporative sur-
face arises, in combination with high evaporation this causes the freshwater
in the river to evaporate faster which leads to a strongly hypersaline estuary
before the end of the century. The hydropower dam has a strong impact
as well, although its influence is more regulative. By changing the dam’s
operations, for example by increasing the amount of flow through the hy-
dropower dam, undesirable salt intrusion can be mitigated. This effect is
particularly strong in reducing the maximum salt intrusion lengths and re-
ducing the hyper saline region. Furthermore, independent of how the dam
is operated, salt intrusion stabilizes due to a steadier supply of water during
the dry season. A reduced flow during the wet season however, results in
a land inward shift of the minimum salt intrusion lengths. Contrary to the
previous mentioned parameters, the influence of irrigation development on
salt intrusion is negligible. It affects freshwater flow too little to have a signi-
ficant impact. This is due to the relatively small potential irrigation surface.

Salt concentrations are affected similarly, with increasing salt intrusion lengths
also increases in the salt concentrations over the estuary can be detected.
Measures that reduce salt intrusion lengths also reduce the maximum salt
concentrations.

It can be concluded that The Gambia is prone to climate change when con-
sidering salt intrusion. Due to the importance of the river, monitoring sea
level rise and the development of climate change will be essential for plan-
ning and taking counter measures. Understanding the effects that climate
change can have regarding salt intrusion can also be used in negotiations to
reserve some freedom in the hydropower dam operations. In addition, solu-
tions that limit the increase in evaporative surface for strong sea level rise
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(e.g., dikes along a part of the Gambia river) prevent extreme salt intrusion
lengths and hypersalinity. The hydropower dam causes a reduced range of
salt intrusion lengths, this creates easier to predict salt concentrations which
is beneficial for aquaculture. Furthermore, the reduced maximum salt intru-
sion is also beneficial for irrigation.
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1 I N T R O D U C T I O N

This chapter introduces the motive behind this study. This is followed up
by the presentation of the main research question and several sub questions.
Finally, a short, structured overview of this thesis is presented.

1.1 motive

Climate change
Due to climate change, temperatures and sea levels are rising around the
globe (Pörtner et al., 2019). Furthermore, the probability of droughts in the
semi-arid region of West Africa increases (Sarr, 2012). For coastal countries
with low elevation that have built their economy largely around a prominent
river, such as The Gambia, it is essential to understand the potential impact
of climate change on their river.

In stable climate conditions, an estuary that is governed by tide and a pro-
nounced dry and wet season, has salt concentrations that vary over the tide
and seasons. However, climate change can lead to strong alterations of this
process. The river Casamance south of The Gambia turned hypersaline due
to droughts in the early 80s (Savenije & Pagès, 1992). Possible increases of
salt concentrations in the Gambia river could cause problems for aquaculture
which relies on a predictable range of salt concentrations. Increased vari-
ations in salt concentrations can result in impaired growing circumstances
for aquaculture (Cañedo-Argüelles et al., 2013).

Farmers with plots close to the river make use of tidal irrigation, when the
water is forced up by the tide, they open small gates to let water flow onto
their plots. After their plots have soaked up the required water for their
crops, they open the gates again to let the excess water flow back to the river.
An increase in salt intrusion length1 could therefore cause problems for ag-
riculture when freshwater turns saline. Pump irrigation, which makes use
of water upstream of the salt front, can be affected as well if salt intrusion
lengths increase significantly.

Hydropower dam & irrigation development
As a solution to power shortages in The Gambia and surrounding countries,
a hydropower dam upstream of the Gambia river is being considered as part

1 Salt water intrusion is the movement of saline water into freshwater. Salt intrusion length
is the length that salt water of a certain concentration has intruded, seen from the river
mouth. This thesis uses a salt concentration of 1 g/L, which has previously been used in the
application of this model (Savenije, 2012).

1
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of a sub-regional power sharing program (ECOWAPP, 2012). A dam creates
a distinctly different flow pattern from the natural situation by retaining a
large volume of water during the wet season and releasing more water in
the dry season. In combination with climate change these alterations in flow
pose a possible threat to aqua- and agriculture. Furthermore, the area under
pump irrigation is expected to increase (FAO, 2007; NRDS, 2014). This fur-
ther impacts the freshwater supply.

In addition, there is a chance of the estuary turning strongly hypersaline,
like the Casamance, resulting in the collapse of the ecosystem (Savenije &
Pagès, 1992). This would have a massive impact on the residents and eco-
nomy of The Gambia, as can be read in Chapter 2. Climate change and the
hydropower dam are expected to have a significant influence on the salt dis-
tribution in the river. Climate change alters hydrological parameters with
increasing sea level and higher evaporation, while the dam alters the flow
regime by attenuating the otherwise clear dry- and wet season. To what
extent these changes influences the salt intrusion and concentration, and if
hypersalinity2 can occur is unknown. An additional factor that complicates
the situation, is that the hydropower dam is not owned and managed by The
Gambia. It is therefore crucial to understand what impact the dam will have
on the salt intrusion levels in the Gambia river.

1.2 research objective

The aim of this study is to clarify what effect climate change and the hydro-
power dam have on salt intrusion in the Gambia estuary. This will be done
by modelling salt intrusion in the Gambia river with four parameters that
represent climate change, the hydropower dam and agricultural develop-
ment. In addition, one of these parameters takes the possible future growth
of agricultural surface under pump irrigation into account. For a full over-
view of methods and materials used see Chapter 4.

1.3 societal contribution

This research was under contract with the Food and Agricultural Organiz-
ation (FAO) of the United Nations (UN) to assist the government of The
Gambia in preparing a proposal to the Green Climate Fund. The FAO aims
to “lead international efforts to defeat hunger” (FAO, 2020). It is a special-
ized agency that focuses on reducing hunger around the globe by improv-
ing aqua- and agriculture. The research objective of this study is to increase
insight in the effect of climate change and a hydropower dam on salt in-
trusion in the Gambia estuary. This, in turn, contributes to assisting to the
FAO’s goals and the Sustainable Development Goals (SDGs) of the UN. Spe-
cifically, the 13th SGD focuses on taking “urgent action to combat climate

2 According to the Oxford dictionary a hypersaline environment is ‘an aquatic environment
that is saltier than typical seawater’.
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change and its impacts” (UN, n.d.). In addition, the outcome will show The
Gambia what possible future scenarios regarding salt intrusion levels they
should consider, and to enhance their position in the negotiations regarding
the operation freedom of the hydropower dam. Many countries will profit
from the produced power (see Chapter 2) however, The Gambia is one of the
few which might suffer from negative consequences due to the dam. This
research can therefore be used to inform decision makers in The Gambia of
the potential harm they might encounter, and to support their position in
the negotiations on dam operations.

Furthermore, estuaries worldwide are noticing the effects of climate change
on salt intrusion. Salt fronts shift towards deeper inland due to reduced
freshwater flow and coastal erosion increases in most cases (Carney et al.,
2014; El-Nahry & Doluschitz, 2010; Robins et al., 2016; Vargas et al., 2017).
These studies also show that some estuaries are more prone to climate change
than others, these estuaries show a stronger response to sea level rise and
increasing temperatures. Furthermore, the effects of salt intrusion affecting
agriculture negatively are emphasized (Vargas et al., 2017).

1.4 academic knowledge gap

In addition to the societal contribution, this research aims to contribute to an
existing academic knowledge gap. The applied model, SALNST, will be ex-
tended with features to incorporate the effects of sea level rise. Furthermore,
an improvement in calculating dispersion will improve the model results.
This will be explained more detailed in Chapter 3.

1.5 research questions

This thesis offers insight into the development of salt concentrations and
salt intrusion lengths due to climate change, the hydropower dam and irrig-
ation by answering the research questions below. This is achieved by mod-
eling salt concentrations in the Gambia river until 2100 with a ‘non-steady’
model, SALNST, which will be explained in detail in Chapter 3. Analyz-
ing the model results gives direct information on salt intrusion lengths and
concentrations. Furthermore, the effectiveness of solutions that mitigate salt
intrusion can be derived from these results. In total 27 model runs offer
insight into the influence of projected climate and sea level rise. In addition,
two distinctly different dam operations and three possible developments in
agricultural irrigated surface are modeled to show the influence of the hy-
dropower dam and irrigation development. This results in a comparison of
the influence of projected climate, sea level rise, dam operations, and irriga-
tion development, predicting their influence on salt concentrations and salt
intrusion lengths in the estuary. The results will then be used as a basis for
recommendations regarding this complex situation.
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1.5.1 Research questions

1. How does the salt intrusion length develop considering climate change, the
hydropower dam and irrigation development in the Gambia estuary?

2. How does the salt concentration develop considering climate change, the hy-
dropower dam and irrigation development in the Gambia estuary?

3. To what extent can hypersalinity occur and under which circumstances?

4. What measures can be taken to mitigate unwanted salt intrusion and how
effective are these measures?

5. How will aqua- and agriculture in The Gambia be affected by the construction
of the hydropower dam?

1.6 thesis structure

The thesis is organized as follows. Chapter 2 offers a detailed background
description of The Gambia, introducing demographics, elevation and social
constructs required to understand the sensitivity of The Gambia to climate
change and the plans regarding the hydropower dam. Chapter 3 continues
with the technical explanation of salt intrusion. A comparison of several
models leads to the choice of the model used in this study after which the
physics of this model are introduced. Chapter 4 repeats the research ques-
tions that have been introduced above. It covers the acquired data and meth-
odology used in this research required to answer the subsequent questions.
The chapter finishes by presenting an overview of the scenarios. Chapter 5

entails the results and discusses these for each modeled parameter, followed
by a technical summary containing an overview of all parameters. The
chapter finishes with an expert interview on morphological changes due
to climate change and the hydropower dam. Chapter 6 discusses the lim-
itations of this study after which the conclusion is presented in Chapter 7.
The thesis finishes with several recommendations in Chapter 8 regarding fu-
ture research based on the results of this study as well as regarding certain
measures The Gambia should consider.



2 D E M O G R A P H I C S A N D B A C KG R O U N D
I N F O R M AT I O N O F T H E G A M B I A

The Gambia is a small country in west Africa where the Gambia river flows
into the Atlantic Ocean. The population of around 2.2 million inhabitants
works mainly (± 75% of their labor force) in the agricultural sector, which
includes farming, fishing and forestry. Even though the agricultural sector
employs such a large percentage of inhabitants, the sector only contributes
for 20.4% to the GDP of The Gambia (CIA, 2020). Nonetheless, The Gambia
makes effort to attract investors in the agricultural sector (see section 4.2.3).
Several predictions about possible increases in irrigated area for the Gambia
and Senegal have been made (e.g.(FAO, 2007; NRDS, 2014). These predic-
tions range from no increase in irrigated area to a theoretical scenario in
which all irrigatable area is used, increasing the current irrigation by 578%.

Figure 2.1: Digital elevation map of The Gambia, showing elevation with respect to
sea level (source: https://www.diva-gis.org/gdata).

The Gambia is a flat country with a mean elevation of 34 m above sea level.
Along the coast and the borders of the Gambia river this is significantly less
(see Figure 2.1). Therefore, The Gambia is prone to sea level rise (Amuzu et
al., 2018). Due to climate change temperatures are rising worldwide. Several
global circulation models (GCMs) give amongst others temperature predic-
tions based on the expected amount of greenhouse gasses in the air (rep-
resentative concentration pathways or RCPs). One of these GCMs, MIROC,
gives the most accurate predictions for The Gambia based on a comparison
with historical measurements (see GCM in section 4.2.1 or Appendix A for a
detailed description of this process). The predicted increase in temperature
leads to higher evaporation. Secondly, also precipitation is predicted by the
GCM. Whereas some GCMs predict that the probability of more extreme
events increases, this probability does not differ significantly for The Gam-
bia and Senegal, according to the MIROC GCM. Besides the local effects
on temperature, evaporation and precipitation, climate change induces sea
level rise as well. To what extent the sea level will rise by the end of the
century is unclear. Depending on the amount of greenhouse gasses emitted
into the atmosphere the Intergovernmental Panel on Climate Change (IPCC)
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predicts several ranges of sea level rise. They predict a global mean sea level
rise between 0.43 m (0.29-0.59 m) for RCP 2.6 to 0.84 m (0.61-1.10 m) for RCP
8.5 at the end of the century (Pörtner et al., 2019). However, other scientists,
such as Spring (2017) and Bamber et al. (2019), anticipate a much larger sea
level rise of 2 meters by the end of the century under RCP 8.5.

The Gambia is a member state of the Economic Community of West African
states (ECOWAS) and therefore also member of the West African Power Pool
(WAPP), which consists of 14 countries (see Figure 2.2b). The goal of ECO-
WAS is to accelerate the West African economy. They achieve so by promot-
ing economic cooperation as well as regional integration (ECOWAS, 2020).
WAPP has a similar goal, to integrate the national power systems of the mem-
ber states into a unified regional electricity market. Currently the member
states of WAPP import power, often in the form of fossil fuels. Ultimately,
they want to be able to reliably generate and provide power at competit-
ive cost for this region, decreasing the dependency on imported power. To
achieve the goal of the WAPP several projects in the member states of the
WAPP are planned. Among all projects a hydropower dam will be built in
the Gambia river near the border between Senegal and Guinea (ECOWAPP,
2012). The hydropower dam will create a large reservoir that is mainly loc-
ated in Guinea. An environmental study commissioned by the Organisation
de développement du bassin du fleuve Gambie (OMVG) in 2014 resulted
in amongst others preliminary flow requirements to sustain the environ-
ment and ecology in the downstream river (OMVG & EIES, 2014). Table 2.1
presents the most important characteristics of the reservoir and dam from
this study.

(a) Catchment area

(b) Member states involved with the hydropower dam

Figure 2.2: The Gambia: catchment area and member states of WAPP
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Characteristics Minimum Maximum

Water level inside reservoir 118 m 200 m
Surface area reservoir 110 km2

181 km2

Volume reservoir 2.1 billion m3
3.8 billion m3

Useful capacity - 1.7 billion m3

Turbine discharge 0 m3/s 200 m3/s
Turbine height 75 m -

Table 2.1: Dam and reservoir characteristics

Figure 2.2a shows the catchment area of the Gambia river, as well as the
approximate location of the dam (black dot). This area, bordering the south
edge of the Sahara, has a very pronounced dry- and wet season (see Fig-
ure 2.3).

Figure 2.3: Historical mean monthly rainfall in Kedougou, data from personal com-
munication with H.H.G. Savenije and The Gambia Department of Water
Resources.

One of the fears is that the estuary of The Gambia turns hypersaline, with
salt concentrations far exceeding the ocean salinity. The river south of the
Gambia river, the Casamance (see Figure 2.2a), turned hypersaline after the
Sahelian drought in the late 1970s and early 1980s (Savenije, 2005). A hy-
persaline river is of an uninhabitable nature and for The Gambia this would
mean that the current ecology would be destroyed. Agri- and aquaculture
which depend on sufficient freshwater and salt concentration around or be-
low ocean salinities will not be feasible in strongly hypersaline areas. Since
the majority of the population of The Gambia works in this sector this is a
large exposure.



3 T H E O R Y O N S A LT I N T R U S I O N

To understand how this study deals with salt intrusion in the Gambia river
the necessary theory is presented in this chapter. First, several modeling
strategies will be discussed to give a balanced overview of methods to calcu-
late salt intrusion, after which the choice for the model used in this study is
substantiated. Secondly, the chosen model will be explained, going deeper
into the theory of salt intrusion. Starting with the use of geography and
followed by the formulas for determining steady state and unsteady state
dispersion and salinity the theory and model are explained. The chapter
will finish with an explanation of several types of salt intrusion and hyper-
salinity and its effects.

Before continuing with modeling strategies, it is important to realize that the
different models which are discussed below use different solving techniques
based on different physics. The details of the physics and solving strategy
will be discussed from the second paragraph onward, which contain only the
physics of the selected model. These paragraphs will follow the reasoning
of Savenije (2012).

3.1 modeling strategies

There are several ways of modeling salt intrusion in estuaries. Depending on
the estuary, river and tidal characteristics, as well as the available resources
and time the approach can differ. There are three different dimensions in
which salt intrusion can be modelled. 1D takes only the longitudinal salt
distribution into account, 2D adds the vertical salt distribution and 3D also
accounts for lateral differences in salinities. The several types of models and
modeling strategies will be discussed from a perspective of salt intrusion.

3.1.1 1D models

A predictive model requires numerous input parameters therefore in data-
scarce regions, or when time and resources are limited, a 1D analytical
model is appropriate to use (Gisen, Savenije & Nijzink, 2015). If an estu-
ary is well-mixed there are little differences in salt concentration in vertical
or lateral direction. Therefore, applying a 1D model on well-mixed estuaries
is sufficient (Savenije, 2005).

8
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Initial predictive models were based on laboratory experiments and pro-
totype measurements. However, when applying these in practice results
were inaccurate due to wrong geometrical assumptions (Cai et al., 2015).
In the footsteps of these models, geometrical variations were introduced.
Convergent shapes for alluvial estuaries based on the ideal estuary theory
from Pillsbury were described by exponentially decreasing width and cross-
sectional area (Pillsbury, 1956; Savenije, 1986). These relations were later con-
firmed to be the most accurate by Parsa and Etemad-Shahidi (2011). Shaha
and Cho (2009) compared models based on geometrical measurements with
models that used exponentially decreasing relations and concluded the lat-
ter performed better. Recently, Zhang (2019) adjusted these relations slightly
for estuaries which converge to a large (wide) river.

Data on freshwater discharge, especially in data-scarce regions can be diffi-
cult to obtain (Savenije, 2012). To solve this problem Cai et al. (2014) created
an analytical model to determine freshwater discharge based on tidal charac-
teristics. Gisen, Savenije and Nijzink (2015) adopted this into the 1D analyt-
ical model created by Savenije (1986) improving predictive equations making
use of an expanded database. Zhang (2019) provided a theoretical basis for
the empirical Van der Burgh coefficient which is applied in the model. The
equations used in Savenije’s model are based on the 1D steady state salt bal-
ance equation. This approach has been used by others albeit with different
assumptions elsewhere, mostly regarding dispersion and geography (Aris,
2012; Gay & O’Donnell, 2007; Lewis & Uncles, 2003).

3.1.2 2D & 3D models

When an estuary is not well-mixed but more stratified, a vertical difference
in salt concentration can be distinguished. In this situation a 1D model gives
a wrong impression of the salt distribution and a 2D model should be used.
Similarly, a situation can occur where there are lateral differences in salt
concentration, usually in wide waterbodies (e.g. pronounced ebb and flood
channels contain different densities of water). If vertical and lateral condi-
tions are combined a 3D model needs to be applied. In practice a single 2- or
3D model can be used for many parameters (e.g. water quality, hydraulics)
and the choice of a certain model does not always depend on the salinity
characteristics of an estuary. These models are also more complicated than
a 1D model and programs have been written which can be adjusted to the
required parameters.

2D hydrodynamic models (e.g. ADCIRC, CE-QUAL-W2, RBFVM, TELEMAC-
2D, TISAT, WET2D) are widely spread and used. Models like ADCIRC are
originally 3D models that can be used in 2D environments. There are little
differences between the solving strategies of these models, which make use
of either the finite difference method or finite element method (Haddout et
al., 2019). The finite difference method has computational superiority while
the finite element method has more geographical flexibility. More recently
the finite volume method, which incorporates both solving strategies has in-
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creased performance in accuracy and lower computational power (C. Chen
et al., 2007). Since 2D models assume lateral heterogeneity the model per-
formance is best for narrow waterbodies.

3D hydrodynamic models (e.g. ADCIRC, Delft3D, FVCOM, ICM, SELFE-3D)
can account for differences in all directions. These models differ in multiple
ways, most often in their computing algorithms. ICM makes use of coarse
grid cells while Delft3D has very small ones, this makes ICM a computa-
tional efficient model compared to Delft3D while Delft3D has superiority
in details (White et al., 2018). SELFE-3D still uses finite element methods
for vertical calculations while FVCOM fully incorporated the finite volume
method (C. Chen et al., 2007; W. B. Chen et al., 2015; Kuang et al., 2012).
Even though large differences can be distinguished in terms of calculation
methods and geographical input, most of the 3D hydrodynamic models are
based on the Navier Stokes equations (Symonds et al., 2016).

3.1.3 Model choice

The Gambia estuary is a well-mixed estuary which is relatively long com-
pared to its width (see Section 3.3). This allows the use of a 1D model
(Savenije, 2005). Secondly, there is little data available and there are no
resources available to fill in the gaps that are required for a higher order
dimension model. Thirdly, time is of the essence. The hydropower dam will
be built and this study is not going to influence this. However, it will offer
insight for the government of The Gambia which can then be used in negoti-
ations regarding the dam operations. This reasoning leads to the choice for
the 1D SALNST model. This model has been applied, used, improved and
proven itself over the years for many estuaries (Gisen, Savenije & Nijzink,
2015; Gisen, Savenije, Nijzink & Abd. Wahab, 2015; Zhang, 2019).

3.2 the 1d salnst model

The SALNST model calculates the salt concentration over distance for every
timestep. It starts at the river mouth and calculates, for a single timestep,
salt concentrations while moving upstream. The solving strategy can be
reviewed in Appendix B. The most basic required information to calculate
salt concentrations will be mentioned in this section. Starting with the use
of geographical relations, followed by advection and dispersion, and ending
with salt intrusion.

3.2.1 Geography of the Gambia estuary

The Gambia estuary is a coastal-plain estuary. The bed consists of small
sediment that based on the sediment supply and flow can erode or build
up. Since an estuary is the transition between river and ocean hydraulics of
both play a role. Waves and tides from the ocean transport sediment up and
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downstream while the river supplies the estuary with fresh sediment.

The clear shape in The Gambia estuary can be described by the ‘ideal estu-
ary theory’ of Pillsbury (1956). He relates the often-clear funnel shape in
coastal-plain estuaries to the dampening of tidal forces while waves travel
upstream. The width and area reduce in such a way, increasing the wave
amplitude, that they match the amount of friction that decreases wave amp-
litude. This results in a constant wave amplitude. In cases where this theory
cannot be applied the estuary is often shaped differently, either by bound by
geography (e.g. rivers in rocky layers) or by man-made structures such as
the Dutch river system.

The funnel shape according to the ideal estuary theory has a clear geometry.
It starts wide and converges while following the river upstream. This can be
described mathematically (Davies & Woodroffe, 2010; Savenije, 1986) by:

B(x) = B0 · e−
x
b (3.1)

Where B0 is the width at the mouth, x the distance from the mouth and
b the width convergence length. Similarly, the cross-sectional area can be
described:

A(x) = A0 · e−
x
a (3.2)

Where A0 is the cross-sectional area at the mouth and a is the area conver-
gence length. These parameters are dependent on the dominant hydraulics
at the location x in the estuary. The hydraulics at the mouth of the river
are often dominated by the ocean, although there are cases of steep rivers
and rivers with large flows that are dominated by river hydraulics. In the
case of ocean dominated hydraulics, a deflection point exists after a distance
x1. The distance x1 is the distance in which the energy of ocean waves has
been dissipated and riverine hydraulics determine new parameters for the
cross-sectional area and width. These describe the further course of the es-
tuary. Therefore, formulas for the width and cross-sectional area become
respectively:

B(x) =

B0 · e
− x

b1 x ≤ x1

B1 · e
− x−x1

b2 x > x1

(3.3)

A(x) =

A0 · e
− x

a1 x ≤ x1

A1 · e
− x−x1

a2 x > x1

(3.4)

If further upstream the riverine hydraulics change significantly again, more
deflection points can be determined. Zhilin Zhang [2019] improved these
relations for width and cross-sectional area for more riverine estuaries (e.g.
the Limpopo Estuary), by letting the area and width converge towards the
cross-sectional area and width of the river far upstream. These improved re-
lations have not been used in this study since The Gambia estuary is tidally
dominated.
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If one assumes the depth to be relatively constant over the width the depth
can be determined with the formulas above, resulting in:

h(x) =
A(x)
B(x)

=
A0

B0
· e

x(b−a)
ab (3.5)

This shows that if the area convergence length is larger than the width con-
vergence length the depth increases and vice versa. However, it has been
found by Savenije (1992) that these convergence lengths are often close to
each other. In the case of the Gambia estuary they are the same. This results
in a more or less constant depth over the estuary.

Figure 3.1 below, shows the shape of the Gambia estuary with two inflections
points. A survey in 1971 supervised by H.H.G. Savenije measured the cross-
sectional area, the width, the depth and took salinity measures which will
be presented later. Since the salt front might move further upstream, the
relations for the cross-sectional area and width have been extended to a
river lenght of 650 km, making use of aerial imagery. The ratio between the
cross-sectional area and width is kept equal.

Figure 3.1: Geometrical results from the survey in 1971, the inflection points are
clearly visible in the cross-sectional area and width. Furthermore, it can
be seen that the depth is more or less constant throughout the estuary.
The black lines through the cross-sectional area and width are the rela-
tions of Equation 3.3 and Equation 3.4. The black line through the depth
follows the measurements more closely but stays nonetheless more or
less constant.
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Additional geographical changes

The Gambia is a flat country, especially alongside the river. A stroke on both
sides of the river of multiple kilometers is close to sea level (see Figure 2.1).
This continues up to the border of Senegal where the river banks as well as
the surrounding area slowly elevate. Farmers make smart use of these low
elevations next to the river. When high tide pushes up freshwater to the
level of their fields, they open small gates which allows freshwater to wet
their fields. At low tide they open the gates once more to let the excess water
escape.

Since the amount of sea level rise this century is unknown a worst-case
scenario should be taken into account. Therefore, two stages in the Gambia
river can be distinguished. Below a certain threshold value, the river only
increases in depth with increasing sea level. Above this threshold value the
river also increases in width (Equation 3.6, Equation 3.7). A study of Ettritch
et al. (2018) focused on the widening (flooding) due to sea level rise and
compared two digital elevation models. This study took place on the Gambia
river albeit on a relatively short section. Nonetheless their results have been
used to create relations for the additional width and cross-sectional area.
Where hSLR is the sea level rise in meters, hthreshold the threshold value for
sea level rise and c1 and c2 constants deducted from the study of Ettritch
et al. (2018). These relations have been visualized in Figure 3.2. It can be
seen that a small increase in water level above the threshold value accounts
for a significant increase in width. This results in a strong increase in surface
area once the threshold value is exceeded.

Badd = ln
(

SLR
c1

)
· 1

c2
(3.6)

Aadd =
hSLR

c2
·
(

ln
(

hSLR
c1

)
− 1
)
− hthreshold

c2
·
(

ln
(

hthreshold

c1

)
− 1
)

(3.7)

Figure 3.2: Effect of sea level rise. The black dotted line indicates the threshold
height. If the water level at a point in the river surpasses this height, the
river overflows and an additional cross-sectional area (Aadd) and width
(Badd) are added to the river’s geometry.

Another change that should not be overlooked is the possible increase in
irrigated surface. Agriculture is an important sector in The Gambia and
effort is being made to increase the work done in this sector. Studies in
The Gambia as well as Senegal determined several scenarios on the possible



3.2 the 1d salnst model 14

development in irrigated surface. Since crops do not like saline water the
water extraction is upstream of the saline front. Therefore, an increase in
irrigated surface decreases the amount of freshwater discharge in the river.
This could potentially have a significant influence on the salt intrusion length
and concentration.

3.2.2 Advection and dispersion

Note: Salt concentrations are calculated by solving the salt balance equa-
tion. This equation consists of the longitudinal transport of salt along the
river which incorporates advection and dispersion. The formulas presented
in this section represent the steady- and unsteady-state dispersion, the salt
balance equation will be presented in Section 3.2.3.

Salt distribution along the river can be described by two processes: advec-
tion and dispersion. Advection, where salt is transported by river flow, is the
most effective at distributing salt. This process is predominantly noticeable
during the wet season, when large volumes of water flush the salt from up-
stream towards the mouth of the river. However, also during the dry season
advection has a significant role. Due to the high evaporation and limited
freshwater availability, there is a point along the river where all freshwater
has been evaporated. Further evaporation of water results in seawater being
sucked inlands thereby having the opposite effect as the advection during
the wet season, where salt is flushed to sea.

Dispersion can be seen as a combination of diffusion and mixing. Diffu-
sion is the process where areas of high salinity diffuse into areas of low
salinity. Mixing contains several processes where water fluxes actively bring
volumes of higher salinity in contact with areas of lower salinity which are
then mixed. The process of dispersion is only dominant during the dry sea-
son, when there is little flow. Several types of mixing can be distinguished,
here the main processes are described and visualized below.

The three main mixing types are gravitational mixing, trapping and tidal
pumping and are visualized in Figure 3.3. Gravitational mixing occurs due
to saline water having a higher density than freshwater. To balance water
pressures the water level at the freshwater side is slightly higher than at
the saline side. The pressures are equal but work on different elevations,
therefore creating a flux in which salt water is transported on the bottom of
the river in upstream direction while freshwater is transported on top of the
river in downstream direction.

Trapping consists of areas that flood when there is high tide. When the tide
reverses and water flows back to these small areas a small phase lag com-
pared to the tide in the river is introduced. Therefore, the water that flows
back has a different salinity and density than the river water it flows into.
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Tidal pumping causes mixing due to the distinctly different inflow and out-
flow of water out of the estuary. During high tide, when ocean water flows
into the estuary, the water comes from all directions (as presented by the
red arrows in Figure 3.3). However, during low tide, when the water flows
from the estuary to the ocean, a different flow pattern can be distinguished
(as presented by the blue arrows), representing more of a water-jet. This dif-
ference in inflow- and outflow-pattern result in a different volume of water
entering the estuary every time, influencing the salinity of the water.

Figure 3.3: The visualization of the main mixing mechanisms; gravitational mixing
(upper part of the figure), trapping (enclaves in the estuary) and tidal
pumping (difference in inflow- and outflow-patterns), that contribute to
dispersion.

Earlier research tried describing individual dispersion components and adding
them together but this did not result in a sound relation. There are always
processes that are overlooked or overlap. Simultaneously, such a bottom-up
approach is sensitive to equifinality (Savenije, 2005; Sivapalan, 2003). There-
fore, to counter equifinality all dispersion mechanisms are captured in Van
der Burgh’s K value. The Van der Burgh K value is an empirical value that
links the effective dispersion to the freshwater discharge under steady-state
conditions (V.d. Burgh, 1972).

Secondly, two types of dispersion can be distinguished, steady-state disper-
sion (Equation 3.8, V.d. Burgh, 1972) and unsteady-state dispersion (Equa-
tion 3.9, Savenije, 1992). During steady-state conditions the flow in the river
does not differ much and Van der Burgh’s method for steady-state disper-
sion can be applied. However, during part of the year the flow in the river
varies significantly due to the difference in water availability between the
dry and wet season. The system then lags behind the steady-state and an
unsteady-state solution needs to be applied. The difference between the
two methods is that the steady-state solution solely depends on hydraulic
properties while the unsteady-state is dependent on the salinity gradient.
In addition, if hyper saline conditions prevail the unsteady-state dispersion
takes this into account as well. The formula for unsteady-state dispersion
used in the 1D SALNST model was first introduced by Savenije (1992).
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Note that the positive x-direction is upstream directed. This means that the
discharge Q f is negative when water is flowing from the river to the ocean.

dD
dx

= K
Q f

A
(3.8)

D
D0

= (
s
s0
)K (3.9)

Name Character Dimensions

Dispersion D L2/t
Van der Burgh’s parameter K -
River discharge Q f L3/t
Cross-sectional area A L2

Dispersion at mouth of the river D0 L2/t
Salinity s M/L3

Salinity at mouth of the river s0 M/L3

To determine the unsteady-state dispersion the dispersion at the mouth of
the river is required. The definition of the dispersion at the mouth of a river
has been described by Savenije (1993), who based his relation on observa-
tions in 13 estuaries over the world. He related several non-dimensional
parameters which were known to affect the dispersion. This empirical re-
lation depends on the ratio of the tidal excursion at the mouth of the river
(E0) to the cross-sectional convergence length (a), the tidal flow velocity amp-
litude (0), the depth at the mouth of the river (h0) and the Estuarine Richard-
son number (NR). The latter being the ratio of potential energy provided
to the estuary by the river discharge through buoyancy of fresh water and
the kinetic energy provided by the tide during a tidal period (Savenije, 1992).
The Estuarine Richardson number depends on amongst others the density
of salt water (ocean) and freshwater (ρs, ρ f ), the freshwater discharge (Q f ),
the tidal period (T) and the tidal prism (Pt). The latter being the volume of
water being transported by the tide, which is approximately the tidal excur-
sion at the mouth of the river multiplied by the cross-sectional area at the
mouth of the river.
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Q f T
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(3.11)

∆ =
ρs − ρ f

/rho f
(3.12)

Pt ≈ A0E0 (3.13)
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Name Character Dimensions

Tidal excursion at mouth of the river E0 L
Cross-sectional convergence length a L
Tidal flow velocity amplitude v0 L/t
Depth at mouth of the river h0 L
Estuarine Richardson number NR -
Salt water density ρs M/ L3

Freshwater density ρ f M/ L3

Tidal period T t
Tidal prism Pt L3

Cross-sectional area at mouth of the river A0 L2

Since the dispersion at the mouth of the river makes use of the depth at the
mouth of the river, h equals h0. Therefore, the dispersion at the mouth of the
river can, with the help of the previously introduced formulas, be rewritten
to:

D0 = 220
√

g
E0

a

√
Q f T

Pt
h1.5

0 (3.14)

3.2.3 Salt intrusion

Just like dispersion, salt intrusion distinguishes steady-state and unsteady-
state. Looking at the formula for steady-state salinity (Equation 3.15, Saven-
ije, 1989), one can see similarities with the formula for unsteady-state dis-
persion (Equation 3.9). However, steady-state dispersion (Equation 3.8) is
applied which makes the steady-state salinity again fully dependent on hy-
draulic properties. The steady-state salinity is the equilibrium of salt concen-
tration and salt intrusion. Unsteady-state salinity is calculated by solving the
salt balance equation (Equation 3.16, Savenije, 2012).

s− sr =

(
D
D0

) 1
K

(3.15)
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h0
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rS =
BS

Bc
(3.17)

Pn = P− E (3.18)
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Name Character Dimensions

River salinity far upstream, uninfluenced by salt intrusion sr M/ L3

Width convergence length b L
Average depth along the width h L
Cross-sectional storage coefficient Rs -
Net precipitation Pn L/T
Storage width Bs L
Conveyance width Bc L
Precipitation P L/t
Evaporation E L/t

3.3 salt intrusion types and hypersalinity

There are different kinds of salt intrusion. These are distinguished in three
types based on how well mixed the salt in a vertical column of water is. The
stratified type, the partially mixed type and the well mixed type. Based on
the river discharge and tidal flows an estuary has a certain degree of mixing.
When the tidal flows dominate it is well mixed and vice versa.

The stratified type is badly mixed, at the ocean side the water is saline and
at the river side the water is fresh, in between there is a very short range in
which the saline water goes to freshwater. Often a saline wedge is present
underneath a layer of freshwater. The partially mixed type and well mixed
type have increasingly a more gradual transition. However, the difference
between partially mixed and well mixed is not objectively defined. In prac-
tice the well-mixed theory can be used up to a stratification of 20-30% (the
difference between the salt concentration at the top and bottom of the river
divided by their average) (Van Os & Abraham, 1990). The salt measurements
that have been taken in the Gambia river in 1971 show barely any stratifica-
tion, indicating that the Gambia river is well-mixed (Savenije, 2012).

In an estuary of the well mixed type the salinity changes gradually over dis-
tance. This can be seen best when measuring the salt concentration while
traveling with low water slack, high water slack or the tidal average, the last
being very hard to detect. If done correctly a smooth salinity curve shows
the gradual change in salinity. There are four types of salt intrusion curves
presented in Figure 3.4 below (Savenije, 2012).



3.3 salt intrusion types and hypersalinity 19

Figure 3.4: The four types of salt intrusion curves (Savenije, 2012).

- Type 1: recession shape

- Type 2: bell shape

- Type 3: dome shape

- Type 4: humpback shape

The first three types are largely linked to the geometric relations. Type 1

occurs in straight and narrow estuaries, such as the Chao Phya in Thailand
and the Limpopo in Mozambique. Type 3 are wide channels with a pro-
nounced funnel shape, such as the Gambia river. Type 2 is a mixture of type
1 and type 3, with a narrow river upstream but a strong funnel shape near
the ocean. Type 4 however, exists independent of geometric relations. Any
of the previously mentioned types can turn into a humpback shape, either
when there is a rainfall deficit, evaporation excess or when too much fresh-
water is removed from the system (e.g. for irrigation purposes). Type 4 is
the shape of the salt intrusion curve when an estuary is hypersaline, with a
higher salinity than the source.



4 M E T H O D S A N D M AT E R I A L S

The aim of this study is to provide insight into the magnitude of salt intru-
sion change due to climate change and the implications of the construction
of a new hydropower dam. This chapter will start by repeating the research
questions. Secondly, the required data to answer these questions and where
this data comes from is treated followed by the calibration and validation of
the model. Afterwards, practical differences between the model and theory
are dealt with. Finally, an overview of all scenarios that are used to answer
the research questions is presented as well as the method of selecting these
scenarios.

4.1 research questions

The main research objective “What are the effects of climate change and the
new hydropower dam on salt intrusion in the Gambia river up to 2100?”
will be answered by answering the research questions below. To answer
these questions the 1D SALNST model is used (see Section 3.2). Research
questions I and II will be answered directly by the model output. Questions
III, IV and V will be derived from the results and/or from a qualitative
analysis of these results and the model.

1. How does the salt intrusion length develop considering climate change,
the hydropower dam and irrigation development in the Gambia estu-
ary?

2. How does the salt concentration develop considering climate change,
the hydropower dam and irrigation development in the Gambia estu-
ary?

3. To what extent can hyper salinity occur and under which circumstances?

4. What measures can be taken to mitigate unwanted salt intrusion and
how effective are these measures?

5. How will aqua- and agriculture in The Gambia be affected by the con-
struction of the hydropower dam?

4.2 required data and collection

Chapter 3 presented the theory on how the SALNST model used in this
study calculates salt intrusion. The dispersion and salt balance equations,

20
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which calculate respectively the dispersion and salt concentration over the
length of the river, are composed of the parameters in Table 4.1, below.

Number Name Character Dimensions

1. Salinity at the mouth of the river s0 L2/t
2. Gravitational constant g L/t2

3. Cross-sectional area of the river A L2

4. Cross-sectional area at the mouth of the river A0 L2

5. Cross-sectional area convergence length a L
6. Width of the river B L
7. Width convergence length b L
8. Depth at the mouth of the river h0 L
9. Tidal excursion at the mouth of the river E0 L
10. Tidal period T t
11. Van der Burgh’s parameter K -
12. Net precipitation Pn L/t
13. River discharge Q f L3/t
14. Dispersion at the mouth of the river D0 L2/t
15. Salinity s M/L3

16. Dispersion D L2/t

Table 4.1: Required data (1-14) for calculating salt concentrations and dispersion
(15-16).

The parameters can be roughly categorized into the following categories:
pre-determined parameters (3 – 11), measured and deducted parameters (12

– 13) and parameters to determine (14 – 16). The first two parameters are
well-known constants, the ocean salinity (35 g/L) and gravitational constant
(9.81 m/s2) and do not need further explanation. The pre-determined val-
ues were measured, deducted or optimized during a survey in 1971, led by
Savenije. In personal communication with Savenije this data was obtained
for this study. The measured and deducted parameters are described be-
low. The values to determine consist of the dispersion at the mouth of the
river, which follows from calibrating the model. The dispersion and salt con-
centration over the length of the river result from solving the formulas for
dispersion and the salt balance equation (equations: 3.8, 3.9, 3.15 and 3.16).

4.2.1 Precipitation, evaporation and discharge

The measured and deducted parameters are the net precipitation which
is calculated by subtracting evaporation from precipitation, and river dis-
charge which is predicted by the model described in Section 4.2.2 (and
in more detail in Appendix C). Evaporation needed for the net precipita-
tion is estimated with Thornthwaite’s method which depends on temperat-
ure (Thornthwaite, 1948). Temperature and precipitation are projected by a
single GCM. The GCM, MIROC-ESM is chosen based on a study performed
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by the FAO which can be found in Appendix A (Simpson, 2020). The fol-
lowing paragraph will summarize how the MIROC-ESM GCM was selected,
how and why the potential evaporation is determined by Thornthwaite’s
method and how the model that predicts river discharge works.

GCM

Note: The GCM has been selected, and the data has been retrieved by a
climate analist of the FAO. This section is a summary of the full overview
which is presented in Appendix A.

To select a good GCM for predicting future precipitation and temperature
a comparison between five GCMs was made (Appendix A; Simpson, 2020).
The five selected GCMs have all been used in previous climate assessments
performed by the FAO. These models are: the GFDL-ESM2M (Geophys-
ical Fluid Dynamics Laboratory – Earth System Model 2M) (Dunne et al.,
2012); the MIROC-ESM (Model for Interdisciplinary Research on Climate
– Earth System Model) (Watanabe et al., 2011); the IPSL-CM5a-MR (Insti-
tut Pierre-Simon Laplace-Climate Model 5a-Mid-Resolution) (Dufresne et al.,
2013); the NORESM (Norwegian Earth System Model 1-M) (Bentsen et al.,
2013), and the HadGEM2-ES (Hadley Centre Global Environment Model
ver.2-Earth System) (Martin et al., 2011). All of these models are part of the
Coupled Model Intercomparison Project 5 (CMIP5), used in conducting ana-
lysis for the IPCC Fifth Assessment Report (AR5)1.

To test which of these GCMs performs best in predicting future precipitation
and temperature, the model’s deviations from observations between 1979

and 2018 for the catchment of the Gambia river were computed. This was
compared with a historical dataset: EWEMBI (EartH2Observe, WFDEI and
ERA-Interim data Merged and Bias-corrected for ISIMIP) (Dee et al., 2011;
Dutra et al., 2015; Lange, 2018; Weedon et al., 2014). The EWEMBI dataset
is a robust, global dataset compiled and maintained by the Inter-Sectoral
Impact Model Intercomparison Project (ISIMIP) in support of impact assess-
ment teams contributing to the Intergovernmental Panel on Climate Change
(IPCC) assessment reports. The dataset provides daily precipitation and tem-
perature data, covering the period from 1979-2018, at a global scale with 0.5°
resolution (roughly 55.5 km2 at the equator).

For each GCM the Root Mean Squared Error (RMSE) of the difference between
historical values and modelled values for precipitation and temperature
were determined (see Figure 4.1). It can be seen that for precipitation and
temperature the MIROC-ESM has a relatively low RMSE (although NORESM
scores a slightly better on temperature predictions) which is averaged the
lowest. Due to the best performance in predicting the historical precipita-
tion and temperature, the MIROC-ESM GCM has been selected as the best
GCM to be used in this area.

1 For further details see the IPCC AR5 Chapter 9 ”Evaluation of Climate Models” and IPCC
Data Distribution Center AR5 Reference snapshot

https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter09_FINAL.pdf
http://www.ipcc-data.org/sim/gcm_monthly/AR5/Reference-Archive.html
http://www.ipcc-data.org/sim/gcm_monthly/AR5/Reference-Archive.html
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The output of the MIROC-ESM GCM was further improved through bias
correction. This correction is based on the assumption that the predicted
data has a systematic error, implying that the output can be corrected and
improved. Figure 4.2 shows an example for the minimum temperature at
Yundum with the raw model output (raw), the bias corrected output (bc)
and observations. As can be seen, the bias corrected output fits much better
to the observed data. This is due to a vertical shift in temperature and a
change in the speed with which temperature rises.

Figure 4.1: GCM to EWEMBI Root Mean Square Error values (1979-2016) for tem-
perature and precipitation across the Gambia River watershed (lighter
colors denote smaller RMSEs) (Source: FAO analysis of EWEMBI data-
set) (Simpson, 2020).

Figure 4.2: GCM raw output (raw), observations (obs) and bias corrected output
(bc) for the minimum temperature in Basse (Simpson, 2020).

Evaporation

Potential evaporation is estimated with Thornthwaite’s method (Thornthwaite,
1948). This method gives a rough indication of the potential evaporation but
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is ideal in terms of required parameters. It only depends on temperature,
days in the month and the averaged amount of daylight hours per month.
The result is the monthly potential evaporation. Temperature is predicted by
the MIROC-ESM GCM and the average amount of daylight hours per month
are determined by using the NOAA Solar Calculator. To achieve open water
evaporation, which is used on the reservoir surface, a multiplication factor
of 1

0.85 is used. This factor was determined by Verkerk and Van Rens (2005),
who compared pan evaporation measurements to Thornthwaite’s potential
evaporation.

Epot = 1.6
L
12

N
30

(
10 · Ta

I

)α

(4.1)

I = ∑
(

Tai
5

)1.514

(4.2)

α = (6.75 · 10−7) · I3 − (7.71 · 10−5) · I2 + (1.792 · 10−2) · I + 0.49239 (4.3)

Name Character Dimensions

Mean daily air temperature Ta T
Number of days in the month N -
Average daylight hours per month L t
Heat index I T
Mean air temperature for each month in the year Tai T

Net precipitation

The net precipitation is calculated by subtracting evaporation from precip-
itation. Subtracting potential evaporation from precipitation would usually
give an overestimate of the evaporation and therefore too low net precipita-
tion. However, the evaporation is in the model also adjusted by a calibration
parameter (FE) (see Section 4.3). This justifies the use of potential evapora-
tion, since this calibration parameter can be seen as a correction factor in the
determination of the net precipitation.

Pnet = P− EpotFE (4.4)

4.2.2 River discharge

The Gambia river discharge has been recorded at the border of Senegal near
Gouloumbou from 1970 until 2005 and for one and a half year starting July
2016 and ending December 2017. The data is not complete throughout the
year, with most years lacking measurements in the dry season (December to
June). The dataset was provided by Direction de la Gestion et de la Planific-
ation des ressources en Eau (DGPRE) through personal communication.

https://www.esrl.noaa.gov/gmd/grad/solcalc/
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To predict river discharge for future scenarios a simple box model was de-
veloped and optimized based on the measured discharge and precipitation
in Senegal (Appendix C). A historic monthly measured precipitation data-
set for the wet season, from May to October, was made available for this
study by the FAO. The dataset starting at January 1981 and ending at Janu-
ary 2017, contains the precipitation data for 6 locations; within The Gambia
these are: Basse, Yundum, Janjanbur; within Senegal these are: Kedougou,
Goudiry and Saraya. The precipitation data comes from ANACIM, the avi-
ation and meteorology institute of Senegal. Several precipitation stations
across Senegal are used to feed the model that ANACIM uses to interpolate
precipitation areas where there are no weather stations. The data used in
this thesis come from weather stations and was not interpolated.

Geographically there is a distinct difference in precipitation. The north of
the catchment receives less precipitation than the south of the catchment
(see Figure 4.3). Furthermore, the east side of the catchment is more moun-
tainous and functions as the driving force of the flow in the Gambia river. To
create a trustworthy model for predicting river discharge it is important to
take these features into account. Since the historical discharge was measured
at Gouloumbou part of the catchment that receives rain does not contribute
to the river discharge at this point. Therefore, the catchment is split into
two parts; a northern and southern part both lying in Senegal. From the
several locations that the GCM predicted precipitation and temperature for
two were chosen: Kedougou and Goudiry. Figure 4.4 shows a hypothetical
split of the eastern side of the catchment, in which the discharge is partly
generated by precipitation from Kedougou and partly by precipitation from
Goudiry. In practice, the model is optimized by calibrating and validating
on the historical measurements, this results in a R-squared value of 86%. The
actual contribution of each of the locations is determined by minimizing the
error between the estimated discharge and the measured discharge with the
scipy.optimize.minimize function in python.

The future predictions of river flow use the predicted precipitation and tem-
perature data, generated by the MIROC-ESM GCM. For more details about
the discharge model and its optimization Appendix C.

4.2.3 Sea level rise and irrigation development

The sea level rise values that have been discussed in chapter 2 are split in
yearly increments from 2006 to 2099 such that in 2099 the chosen sea level
rise is reached. Furthermore, the average sea level rise from 1971 to now,
which amounts to 0.16 m, is added (Rahmstorf et al., 2012).

Similarly, the development of irrigation area which was discussed in chapter
2 is implemented. Table 4.2, below shows the change in irrigation area under
irrigation for three scenarios.
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Table 4.2: Overview of increase in agricultural surface in the Gambia river catch-
ment. In this table, A and B, in the most right column, stand for respect-
ively The Gambia and Senegal.
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Figure 4.3: A typical month in the rainy season (September 2019), retrieved from
NASA: IMERG. The darker blue pixels show precipitation. It is clear
that the northern part of the catchment receives less precipitation than
the south side.

Figure 4.4: Hypothetical split of the catchment. The bright green dot shows Goud-
iry, the light blue Gouloumbou, the orange dot Kedougou and the black
dot the location of the hydropower dam. In blue the Gambia river.

4.3 calibration and validation of the model

The calibration of the model makes use of the survey data from 1971. On a
boat moving with high water slack multiple measurements along the Gam-
bia river were performed multiple times. This measuring technique yields
good salinity data because at high water slack the tidal inflow stocks (Qtidal =
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0) and therefore at this moment the salt intrusion is at its peak. Calibrating
the model is done by changing two factors that scale the dispersion at the
mouth (D0) and evaporation: Fd and FE, presented below. The calibrated
model output can be seen in Figure 4.5. This is done manually because due
to the steady and unsteady-state nature of the Gambia river a perfect fit is
not possible.

Fd = 8.64
FE = 2.5

Figure 4.5: Model predictions for salt concentrations over distance, ‘x’ marks the
measurements, the lines are the predictions of the model with the calib-
ration settings mentioned above.

The validation data however, makes use of salinity measurement systems
(OTT Ecolog 500 800) installed along the Gambia river. According to the
producer of the system these are accurate, trustworthy instruments that after
installation are protected against vandalism, their batteries will last 10 years
and it automatically sends data. However, in practice this is different. Within
a year many of these instruments were reported to be broken, did not send
data or needed spare parts that were not available. In the end six instru-
ments measured salinities, however not continually. From these six datasets
only four could be used of which the data is disputable. The recordings
contain a salinity measured every 15 minutes. The maximum salt concen-
tration of these measurements should coincide with the calibrated model
since the maximum salt intrusion occurs during high water slack. By res-
ampling to the monthly maximum concentration of these measurements a
small horizontal shift to the right takes place. This shift is caused because
the maximum recorded salinity is presented at the end of the month, there-
fore shifting to the right (see Figure 4.6). The validation of predicted salt
concentration 198 km from the mouth of the river can be seen in Figure 4.7.
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Figure 4.6: The shift that occurs by resampling to the monthly maximum of the
salt concentration measurements can be clearly seen for measurements
taken near Balingho, The Gambia, 128 km upstream of the river mouth.

Figure 4.7: Validation of the model by comparison with measurements 198 km up-
stream of the mouth of the river. The salt concentrations from the meas-
urements and model can be read from the y-axis on the right and are
plotted respectively as ‘x’ and as a continuous line. The left y-axis shows
the river discharge (blue bars). Note that due to the coarse temporal
resolution of the historic discharge (monthly) the model results are rep-
resented coarser as well.

4.4 analysis of model output and selection of
key features

Each model run results in a lot of information. Graphical representation
of this information gives a clear idea of the effects of certain parameters.
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Three graphs will be introduced and their key features explained. These key
features will be used when discussing the results.

4.4.1 Cumulative frequency distribution curve

Starting with analyzing Figure 4.8, a cumulative frequency distribution curve
(CFD curve). It shows on the y-axis the probability of exceedance or rarity
of a certain intrusion length occurring, with 100% always occurring and 0%
never occurring. The key features are the minimum and maximum probabil-
ity of exceedance, these represent the minimum and maximum salt intrusion
lengths that occur in the respective time period. In Figure 4.8 the minimum
and maximum salt intrusion lengths are depicted by a blue and red arrow.
It is important to realize that these intrusion lengths are determined based
on a salt concentration of 1 g/L.

Another important key feature is the slope. A steep slope indicates little
variation in salt intrusion lengths within the time period while a mild slope
indicates stronger varying salt intrusion lengths. In Figure 4.8 the grey lines
show how a steepening of the lower slope might look like. The upper slope
is defined as the gradient between 90- and 60% probability of exceedance
whereas the lower slope is defined as the gradient between 40- and 10%
probability of exceedance, to exclude the influence of extremes.

Figure 4.8: Cumulative frequency distribution curve (CFD-curve). The red and
blue arrow show respectively the minimum and maximum salt intru-
sion length. The grey arrow shows how the lower slope of the curve
changes.

4.4.2 Median salt intrusion

The second important graph is the median seasonal salt intrusion (Figure 4.9).
This graph shows the monthly median salt intrusion length for the same
time periods as the previous graph. The intrusion length in km is now rep-
resented by the y-axis and the months on the x-axis. The key features of this
graph are respectively the peak during the dry season and dip during the
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wet season in the median salt intrusion length, visualized by the red and
blue arrow. This is again for a salt concentration of 1 g/L. The magnitude of
the difference between scenarios is a good indication for the expected shift
in salt intrusion lengths because the median is the most occurring salt in-
trusion length. Furthermore, the median is less affected by extremes which
makes it a good representative parameter.

In Figure 4.9 a shift of the wet season dip is visible, marked by the grey
arrow. This is another interesting key feature indicating a possible shift of
the wet and dry season.

4.4.3 Salt concentration curve

The third graph that contains important information is a plot of all salt con-
centrations along the length of the estuary at 10-day intervals across the time
period indicated. At the mouth of the estuary a constant salinity of 35 g/L is
present. Depending on the scenario hypersaline events might occur. The key
feature of this graph is the approximate range where hyper salinity occurs,
and the magnitude of the hyper salinity (concentration). Figure 4.10 gives an
example where the hyper saline region is marked in red and the maximum
concentration in blue. In the final overview this graph has also been split
into three time periods for easier comparison.

Figure 4.9: Median monthly salt intrusion curve. The red and blue arrows respect-
ively indicate the change of the dry and wet season median salt intru-
sion length. The grey arrow shows how, in this case the wet season dip,
can shift temporaly.
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Figure 4.10: Salt concentration curve. Each line represents the salt concentration
over distance of a timestep (10-days) in the model. All lines together
give an impression of the hypersaline region that occurs during the
modelled period. The blue arrow indicates the maximum salt concen-
tration and the red arrow the size of the hypersaline region.

4.4.4 Temporal distribution

The wet- and dry-season climate pattern has a strong effect on salt intrusion
lengths and concentrations. During the dry season salt intrudes inland while
in the wet season the salt front is pushed back. This is clearly represented
in Figure 4.11. This year-to-year pattern with peaks during the dry season
and dips during the wet season does not change during model runs. There
can be vertical shifts, for example wet season dips that retreat not as much
as usual or dry season peaks that are amplified. However, such changes are
captured by the key features. The results however, will be used to discuss
date ranges which show the maximum and minimum salt intrusion lengths
occurring in this period. It is imperative to realize that the presented results
do not necessarily occur in the same year within the discussed time period.
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Figure 4.11: Temporal distribution of salt intrusion. This graph shows the dis-
charge (blue bars) and salt intrusion length (salt concentration of 1

g/L as black line) for a small modelled historic time range.

4.5 historical salt intrusion

The model results for historical salt intrusion are included in this report be-
cause the historic model was calibrated on the only reliable salt measures
that have been taken in the Gambia river. These model results were verified
and can give an indication of how salt intrusion might change. It is however,
absolutely wrong to base conclusions on the differences between these res-
ults due to the different datasets that have been used for the historical model
results and the current model results (also see Table 4.3 and Figure 4.12 be-
low).

Table 4.3 below gives an overview of the different datasets and their sources.
Figure 4.12 visualizes the data used in the historic and current model as well
as certain transformations that the data undergoes. This displays how much
data related difference there is between the two models. Figure 4.12 only
shows the data that is used in both models, in the current model also sea
level rise is taken into account which increases the gap between the results
of the two models.
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Data Source Comments Date range

Historic salt meas-
urements

Survey Personal communication with H.H.G. Savenije 1971

River geometry Survey Personal communication with H.H.G. Savenije 1971

Historic river dis-
charge

Personal communication Direction de la Gestion et
de la Planification des ressources en Eau (DGPRE)

1970-2004

2016-2017

Precipitation for cal-
ibration of GCM

ANACIM Dataset acquired by the FAO 1981-2017

Current salt meas-
urements

OTT Ecolog
500 & 800

Personal communication Direction de la Gestion et
de la Planification des ressources en Eau (DGPRE)

All within
the period
2014-2018

Precipitation & Tem-
perature

MIROC
GCM

2006 - 2099

Evaporation Thornthwaite Based on temperatures from the MIROC GCM 2006-2099

Freshwater dis-
charge

Block model
(see Ap-
pendix B)

Based on the precipitation from the MIROC GCM 2006-2099

Table 4.3: Overview of the several datasets and their source, sorted by date range.

Figure 4.12: Flow chart of precipitation, evaporation and river discharge. The years
mentioned at the bottom correspond to the date ranges in Table 3. The
colors visualize where data transforms.

4.5.1 Adjustments and simplifications of the model

There are a couple of differences between the theory and how the model
applies the theory. These differences are treated in this paragraph together
with an adjustment made in the calculations performed by the model.
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The SALNST model is a numerical model. In combination with the depend-
ency between the dispersion and salinity calculations this creates a loop in
which small numerical errors are propagated and enhanced. This can be
seen in the salt concentration plots (see for example the right side of Fig-
ure 4.10). If salt intrusion lengths increase the numerical error increases due
to the extra amount of calculations and vice versa.

Furthermore, the model can account for unsteady-state dispersion but it
does not detect when unsteady-state dispersion needs to be applied. Instead,
it makes use of a combination of steady- and unsteady-state calculations for
every calculation. This is necessary because the steady-state calculations
are used to give direction to the unsteady-state calculations (also see Ap-
pendix B.

The implementation of sea level rise is a simplification as well. The several
values that are used for sea level rise are split in fractions that are added
after each passing year. In addition, the expansion of the river evaporative
surface due to sea level rise, which has been discussed in the Figure 3.2.1, is
a simplification as well.
An additional adjustment to the model has been made in its calculation. As
has been presented in chapter 3 the salt balance equation to be solved is:

rS
∂s
∂t
− q

∂s
∂x
− D

∂2s
∂x2 + rS

Pn

h0
s = 0 (4.5)

q = (1− K)
Q f + rSPnb · B

A
− D

a
= (1− K)

Q
A
− D

a
(4.6)

q =
QR

A
− D

a
− dD

dx
(4.7)

The model makes use of a dD/dx that is solely based on steady-state calcu-
lations. To account for the non-steady state calculations as well this has to
be adjusted. This is implemented as follows. For better understanding of
how the model calculates the salt intrusion consult Appendix B.

dD
dx

=
dDs
dx + Cns

dDns
dx

1 + Cns
=
−K · Q(x)

A(x) + CnsDnsK · ∆C(x)
C(x)−Cr

1 + Cns
(4.8)

Name Character Dimensions

Steady-state dispersion Ds L2/t
Non steady-state dispersion Dns L2/t
Non steady-state weight Cns -



4.6 scenario overview 36

4.6 scenario overview

To answer all research questions numerous scenarios have been modelled.
This paragraph treats the parameters used in these scenarios and presents
an overview of the modelled scenarios.

4.6.1 Model parameters

Table 4.4 below, presents the parameters that are used in the scenarios.
The parameter values are combined according to the created scenarios in
Table 4.5. Sea level rise, projected climate and irrigation development have
been treated (sea level rise and projected climate in Chapter 2 and irrigation
development in Section 4.2.3). Dam operations will consist of two opera-
tional schemes, ‘DO A’ focusing on the flow scheme according to the envir-
onmental study in 2014 (OMVG) and ‘DO B’ focusing solely on power pro-
duction, maximizing P while keeping it as constant as possible throughout
the dry and wet season, see Equation 4.9 below. More detailed information
on how the reservoir is modelled and how the operational schemes have
been created can be found in Appendix D.

P = ρg∆hQη (4.9)

∆h = hreservoir − hturbine (4.10)

Abbreviation Parameter 1 2 3

SLR Sea level rise 0 m 0.84 m 2 m
PC Projected climate RCP 4.5 RCP 8.5
DO Dam operations A B
ID Irrigation development Current Expected Maximum

Table 4.4: Model parameters and their values.

The presented parameters are presented and used as if they are independent
of each other. However, obviously the relation between the evolution of
climate due to greenhouse gasses and sea level rise is not independent. By
assuming an independent relation of these parameters the influence of single
parameters on salt intrusion can be extracted. This leads to some improbable
or impossible scenarios.

4.6.2 Scenario overview

In Table 4.5 the overview of all the modelled scenarios is presented. The
goal of all these scenarios is to determine what the effect is of the individual
parameters. Furthermore, the results of all these scenarios give an impres-
sion of salt intrusion lengths and salt concentrations that can be expected.
They can indicate if or when the estuary turns hypersaline and what The
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Gambia can expect in the years up to 2100. However, the model results
should not be taken literally (see Section 4.5 and Figure 4.12). In order to
determine parameter influence the scenarios are set up to be able to isolate
single parameters. This enables the comparison of scenarios where only a
single parameter changes, showing the effects on salt intrusion for the re-
spective parameter. The output of each scenario will be presented across
three periods, 2006-2039, 2040-2069 and 2070-2099.

Table 4.5: Overview of all scenarios.



5 R E S U LT S A N D D I S C U S S I O N

The analysis of results follows the modelled parameters (projected climate,
sea level rise, dam operations and irrigation development) and research
questions. An analysis is performed for each parameter, split into sub-
sections addressing the relevant research questions. Figures illustrating the
most relevant results are presented here for each parameter. These figures
are used to illustrate processes and highlight some of the more signific-
ant possible outcomes or trends. A complete collection of the results from
the analysis can be found in Appendix F. The key features of the analysis,
presented in previous chapters, are used here to organize the presentation of
results, and are summarized in Table 5.1 below. A summary of the most sig-
nificant effects of the modelled parameters is presented after the discussion
of the last model parameters. The chapter finishes with an expert interview
on the morphological changes due to climate change and the hydropower
dam.

Furthermore, it is important to keep in mind that to obtain these results
small errors have been introduced. Future climate is projected, discharge is
modelled based on these projections, estimates on how the river will expand
etc. Even if the generation of the input data would be flawless, simplifica-
tions have been made to generate results. The combination of all errors, both
data and simplifications, result in a range around the model results which
can be considered the truth. Therefore, small changes in salt intrusion when
comparing scenarios or periods do not necessarily signify any change.

Finally, it is imperative to understand that the historical values are the
baseline that is used to compare changes to. It is by all means wrong to
compare with historical values due to the use of different data. This is ex-
plained in section 4.5 and visualized in Figure 4.12.

38
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Key feature Description

F1

The salt intrusion length for the maximum probability of ex-
ceedance. This value is the salt intrusion length that is always ex-
ceeded and can be considered the minimum salt intrusion length.

F2

The salt intrusion length for the minimum probability of exceedance.
This can be considered the maximum salt intrusion length.

F3

The average gradient of the CFD-curve between 90- and 60% probab-
ility of exceedance. The CFD-curve always has a negative gradient
(see Figure 4.8) therefore, an increasing negative value indicates a
steepening of the slope while a decreasing negative value indicates
a flattening of the slope. The gradient represents the variance of the
more often occurring salt intrusion lengths.

F4

The average gradient of the CFD-curve between 40- and 10% prob-
ability of exceedance. The gradient represents the variance of the
less often occurring salt intrusion lengths.

F5

The wet season monthly median salt intrusion length. This gives an
indication on how salt intrusion lengths in the wet season evolve.
The median gives a good representation what happens to often oc-
curring salt intrusion lengths.

F6 The dry season monthly median salt intrusion length.

F7

The month when the wet season monthly median dip occurs. The
dip might shift, if this happens consistently this could indicate a
change in seasonality.

F8 The month when the dry season monthly median peak occurs.

F9

The maximum occurring length of the hypersaline region. This re-
gion spans from the river mouth until the first moment the salt
concentration falls below ocean salinity.

F10

The maximum occurring salt concentration. This is an indicator for
the magnitude of hypersalinity.

Table 5.1: Overview and explanation of all key features

5.1 projected climate

Projected climate is the first model parameter that will be discussed. Starting
with its effects on the minimum and maximum salt intrusion lengths and
followed by the effect on probability of exceedance, effect on seasonality
and effect on salt concentration. The scenarios and their results for this
model parameter are presented in Table 5.2 below. Four combinations have
been made with model parameters, only changing the RCP used. To see the
influence of projected climate on salt intrusion the differences between RCP
4.5 and 8.5 are analyzed.
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Table 5.2: Model results for assessing the effects of projected climate on salt in-
trusion lengths and salt concentrations. Column 3 to 5 show all model
parameters that are altered.

5.1.1 Minimum and maximum salt intrusion lengths

Comparing the results of RCP 4.5 to the results of RCP 8.5 for the scenarios
in Table 5.2, more or less the same pattern for all scenarios can be detected
for the minimum salt intrusion length (F1). The maximum salt intrusion
length (F2) shows a clear increase when RCP 8.5 is applied. In the first
period the increase is negligible for all scenarios. In the second and third
period for the scenarios without dam the difference between RCP 4.5 and
RCP 8.5 is respectively 9% and 12%.

The scenarios with a dam implemented show a different course. For the
ecological flow operated dam, DO A, the first period shows no difference
between RCP 4.5 and RCP 8.5. The second and third period respectively
increase with 10% and 9% for RCP 8.5 when comparing these to the same
periods for RCP 4.5. For the power production focused operations, DO B,
the first period shows a negligible decrease for RCP 8.5 compared to RCP
4.5. In the second and third period this is respectively 6% and 10%.

This is an indication that the dam operations dampen the effect of projected
climate on maximum salt intrusion lengths.
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5.1.2 Effect on probability of exceedance

For the scenarios without dam the upper slopes of the CFD-curve (F3) the
first two periods show a decrease in gradient for RCP 8.5 when comparing
with RCP 4.5 this varies between -5% and -11%. This is an indication that
for RCP 8.5 more variety in smaller salt intrusions lengths occur. The third
period shows an increase between 6% and 12% which indicates less variety
in smaller salt intrusion lengths. The lower slopes of the CFD-curve (F4)
show the opposite. In the first period a negligible decrease in slope occurs
after which the slope steepens between 6% and 8%.

For the scenarios with dam the upper slopes behave differently. For the eco-
logically operated dam, DO A, a relatively strong decrease of 14% can be
seen (Figure 5.1) while for the power production operated dam, DO B this is
a steepening of 7% for RCP 8.5 . The second period shows again a decrease
of 14% for DO A for RCP 8.5 while for DO B no change is detected. In the
third period for both lower slopes an increase in slope is detectable. This
is respectively 15% and 7% for DO A and DO B. The upper slopes show a
decreasing slope for the second and third period which varies between 6%
and 16% for RCP 8.5 compared to RCP 4.5.

Projected climate has a different influence on the salt intrusion lengths in the
estuary when a dam is implemented. The variety of salt intrusion lengths
is reduced when a dam is implemented. The ecologically operated dam
reduces variety the strongest.

Figure 5.1: CFD curve comparing scenarios 4.0 and 4.4. The differences are most
pronounced in the upper slope for the first period while the differences
in lower slope are most pronounced in the last period.

5.1.3 Effect on seasonality

The effect of projected climate on the median salt intrusion lengths (F5 and
F6) is marginal. A small difference of 6% can be seen in Table 5.2 when
comparing RCP 8.5 to RCP 4.5 in the first period for the ecologically operated
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dam (DO A). Similarly, only an increase of 7% is noticeable for the third
period for the ecologically operated dam when comparing RCP 8.5 to RCP
4.5. The remainder of median wet or dry season peaks change negligible.
Furthermore, there is no shift in the dry or wet season peak.

5.1.4 Effect on salt concentration

The effect of the projected climate on the length of the hypersaline region (F9)
and the maximum salt concentration (F10) is significant. For all scenarios in
the first period RCP 8.5 shows a decrease in the length of the hypersaline
region when compared to RCP 4.5. This is -6% for the scenarios without
dam and varies between -12% and -16% for the scenarios with dam. In the
second and third period a strong increase can be noticed for all scenarios
regardless of the dam implementation which varies between 35% and 45%.
The absolute change in length range between 10-44 km.

The only increase in salt concentration can be noticed when comparing RCP
8.5 to RCP 4.5 between scenarios 0.0 and 0.1. The remainder of the scenarios
shows negligible change. This indicates a dampening effect of sea level rise
on the increase of salt concentrations.

5.1.5 Summary

Comparing RCP 8.5 to RCP 4.5 shows increases in maximum salt concen-
trations varying between 9% to 12%. Dampening effects of the hydropower
dam on maximum salt intrusion lengths are visible. The variance of the
smaller salt intrusion lengths is larger for RCP 8.5 in the first two periods
before the gradient of the CFD-curve steepens. This is true for all scenarios
except when DO B is implemented, then the lower slope of the CFD-curve
continually steepens. The opposite is true for the variance of the larger salt
intrusion lengths, this increases for all scenarios. This is an indication that
RCP 8.5 leads to more variance in higher salt intrusion lengths. The median
salt intrusion curve shows no significant changes and there is no change in
seasonality between RCP 8.5 and RCP 4.5. The hypersaline region is strongly
dependent on the projected climate. RCP 8.5 shows increases in the length
of the hypersaline region of up to 45% when comparing to RCP 4.5. The salt
concentration changes negligible except for the comparison between scen-
arios 0.0 and 0.1. This is an indication of a dampening effect of increasing
sea level rise on projected climate.

5.2 sea level rise

Sea level rise is the second model parameter that will be discussed. Starting
with its effects on the minimum and maximum salt intrusion lengths and
followed by the effect on probability of exceedance, effect on seasonality and
effect on salt concentration. The scenarios and their results for this model
parameter are presented in Table 5.3 below.
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Table 5.3: Model results for assessing the effects of sea level rise on salt intrusion
lengths and concentrations. Column 3 and 4 show all model parameters
that are altered. The model parameters dam operations and irrigation
development are kept constant on respectively ‘no dam’ and ‘current
irrigation’.

5.2.1 Minimum and maximum salt intrusion lengths

The minimum salt intrusion length increases for all scenarios negligibly, with
the exception of the last two periods of scenario 2.0 which show respectively
7% and 22% increase compared to the scenario without sea level rise. The
same pattern repeats for the maximum salt intrusion length, negligible dif-
ferences between a sea level rise of 0 and 0.84 m. However, scenario 2.0
shows an increase of respectively 35% and 57% when comparing to the 0 m
sea level rise scenario. The comparison of Figure 5.2 and Figure 5.3 show the
huge differences between 0.84 m and 2.0 m sea level rise. It should be noted
that the differences in maximum salt intrusion length for sea level rises of
0.84 m for both climate projections decreased negligibly when comparing to
their 0 m sea level rise equivalent. This could indicate a dampening effect of
rising sea levels on maximum salt intrusion length.
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Figure 5.2: CFD-curves for scenario 3.1 of which the values can be read from
Table 5.3 above. On the vertical axis shows the probability of exceedance.
At 100% the value is always exceeded: the minimum salt intrusion
length. Slightly above 0% lies the maximum.

Figure 5.3: CFD-curves for scenario 2.0. When comparing with scenario 3.1 presen-
ted in the figure above, it can be seen that for the first period there are
barely differences while the 2nd and 3rd period show large differences.

5.2.2 Effect on probability of exceedance

Comparing both 0.84 m sea level rise scenarios with their 0 m sea level rise
equivalents no significant differences can be spotted in either lower or upper
slopes of their CFD-curves. For the 2.0 m sea level rise a significant decrease
in both lower and upper slope can be detected of up to 41% in the third
period when comparing to the 0 m equivalent. This is can be seen well in
Figure 5.3.
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5.2.3 Effect on seasonality

Looking at the wet season median dip (F5) an increase of 5% can be seen for
both 0.84 m sea level rise scenarios when comparing with their 0 m sea level
rise equivalents in the third period, the remaining periods show negligible
change. It should be noted that although negligible the magnitude of the dif-
ference grows over time for the 0.84 m sea level rise scenarios. This indicates
that rising sea levels cause a deeper inland salt front during the wet season.
The dry season median peak (F6) is however not affected by the 0.84 m sea
level rise scenarios. This is visualized in Figure 5.4.

The 2.0 m sea level rise shows again a much stronger response. In the second
and third period the wet season median increases with respectively 16% and
33% when comparing to the 0 m sea level rise scenario. For the dry season
median peak this is respectively 14% and 56%. Further more the wet season
dip shifts with one month onto later in the year for the last period. This
indicates a longer dry season which can be seen in Figure 5.5.

Figure 5.4: Monthly median salt intrusion curves for each time period for scenario
3.1 and reference scenario 0.0. It can be seen that the differences between
scenario 3.1 and the reference scenario are very small.
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Figure 5.5: Monthly median salt intrusion curves for scenario 2.0 with reference
scenario 0.0. Comparing this figure with the figure above; it can be
seen that the first period shows more or less the same differences while
the second and third period show large differences with the reference
scenario.

5.2.4 Effect on salt concentration

Comparing the hypersaline region and salt concentrations, respectively F9

and F10, between the 0.84m sea level rise scenarios and the respective 0 m
sea level rise equivalents, show remarkable results. The length of the hyper-
saline region decreases slightly, up to 7% in the third period. This effect is
slightly stronger for the scenario which also applies RCP 8.5 which confirms
the somewhat dampening effect of sea level rise on salt intrusion. The max-
imum salt concentrations decrease negligibly.

2.0 m sea level rise shows a decrease in the length of the hypersaline region
of 7% in the first period. The second and third period however, show an
increase of respectively 88% and 183% in the size of the hypersaline area.
More than doubling the size of the hypersaline area of the 0 m equivalent
in the third period. The maximum salt concentration only increases signific-
antly in the third period with 62%, coming close to double the ocean salinity.
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Figure 5.6: Salt concentration plot for scenario 2.0. Each line is a timestep (10 day
period) and gives a salinity profile of the Gambia river. The humpback
shape of a hypersaline estuary is clearly visible (see Figure 3.4). The
temporal aspect of when hypersalinity occurs is not visible in this figure
and should instead be read from Table 5.3.

5.2.5 Summary

Sea level rise has little impact on minimum and maximum salt intrusion
lengths and the variance of salt intrusion lengths. In addition, no significant
impact on the dry season median peak and wet season median dip can be
noticed. A 0.84 m increase in sea level does however show a dampening
impact on the length of the hypersaline region, reducing it slightly when
compared to the 0 m sea level rise equivalents. It has no impact on max-
imum salt concentrations.

The 2.0 m sea level rise shows different results. There are strong increases in
minimum and maximum intrusion lengths and the variance of salt intrusion
lengths increase significantly, indicating less predictability of salt intrusion
lengths in the estuary. Furthermore, the increase in both wet season and
dry season median peaks shows an overall shift of salt intruding further
inland. The length of the hypersaline region grows significantly compared
to the 0 m sea level rise equivalent from 168 to 476 km. The maximum salt
concentration also increases with 62% coming close to double ocean salinity.

5.3 reservoir filling

The filling of the reservoir is the third item that will be discussed, it is not a
model parameter but a separate model run to see what effect the construc-
tion of the dam has on salt intrusion. Furthermore, only one period, from
2006-2039 is included in the model run. This is because the construction is
expected to start in 2024 and last for a maximum of two years. The results
are discussed starting with the effects on the minimum and maximum salt
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intrusion lengths, followed by the effect on probability of exceedance and
monthly median. The difference between scenarios 1.0 and 1.1 is the time
that the reservoir behind the dam requires to be filled. Scenario 1.0 assumes
this takes 1 year and scenario 1.1 assumes this will take 2 years. During
this time the amount of flow through the dam is reduced (see 3-64 to 3-71

in OMVG and EIES (2014)). The results of these scenarios can be found in
Table 5.4 below.

Table 5.4: Model results for assessing the effects of reservoir filling on salt intru-
sion lengths. The projected climate and sea level rise are constant and
respectively RCP 8.5 and 0.0 m sea level rise.

5.3.1 Minimum and maximum salt intrusion lenghts

There is no difference when comparing both scenarios with the minimum
salt intrusion lengths to the reference scenario. The maximum intrusion
length however shows an increase for the case in which the filling of the
reservoir takes two years, while the single year scenario shows a decrease.
The increase and decrease in both scenarios are negligibly small.

5.3.2 Effect on probability of exceedance

Similarly, the change in both the upper slope that indicates the variety of
the more common salt intrusion lengths as well as the lower slopes which
indicates the variety of the less common salt intrusion lengths is negligibly
small for both scenarios.

5.3.3 Effect on seasonality

The monthly median salt intrusion peaks change as much for the single year
filling as for the two-year filling scenario. The dry season peak increases
more indicating a shift to deeper inland salt intrusion lengths during the
filling of the reservoir, independent on the duration. The comparison can be
seen in Figure 5.7. This indicates a longer period with high salt intrusion
lengths for the scenario in which the dam fills for two consecutive years.
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Figure 5.7: Monthly median salt intrusion curve for the 2 year filling scenario com-
pared to the reference scenario.

5.3.4 Summary

The filling of the reservoir has a small impact. Compared to the reference
scenario there is a shift in maximum intrusion length. The more common
salt intrusion lengths do not change their variance but the less common salt
intrusion lengths do, which indicates a less predictable salt intrusion pattern
for less likely salt intrusion lengths. Furthermore, an increase of the monthly
median dry season peak indicates more often occurring deeper inland salt
intrusion lengths.

5.4 dam operations

The dam operational schemes are the third model parameter that will be
discussed. The results will be discussed starting with the effects on the min-
imum and maximum salt intrusion lengths and followed by the effect on
probability of exceedance, effect on seasonality and effect on salt concentra-
tion. The scenarios and their results for this model parameter are presented
in Table 5.5 below. Scenarios 3.0 and 3.1 will be used as reference scenarios
since these are the scenarios where no dam has been implemented while the
remaining parameters are the same.
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Table 5.5: Model results for assessing the effects of dam operations on salt intrusion
lengths and salt concentrations. Sea level rise and irrigation development
are constant and respectively 0.84 m sea level rise and ‘current’ irrigation
development.

5.4.1 Minimum and maximum salt intrusion lengths

Table 5.5 shows scenarios with several possible operational schemes for the
hydropower dam and both RCPs. In Table 5.5 above ‘A’ and ‘B’ respectively
stand for the ‘ecology focused operations’ and ‘power production focused
operations’.

When comparing the ecology focused operations, DO A, with the reference
scenarios it can be seen that the minimum salt intrusion lengths increase
significantly ranging between 8% and 13%. However, maximum salt con-
centrations decrease significantly for these operations ranging between -18%
and -29%. The magnitude of these in and decreases range between +10 km
and -104 km. When comparing the power production focused operations,
DO B, with the reference scenarios a different pattern is visible. Again an
increase in minimum salt intrusion lengths of the same magnitude as for
DO A can be seen. However, the maximum salt intrusion lengths do not
decrease but increase negligibly.
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Figure 5.8: CFD-curves for scenario 3.4 and reference scenario 3.1. The increase in
minimum salt intrusion length can be seen as well as the decrease in
maximum salt intrusion length. The steepening in the slopes is visible
as well, indicating a trend of more stabilized salt intrusion lengths.

5.4.2 Effect on probability of exceedance

The comparison of the ecological operations, DO A, show a strong steep-
ening of the gradient of the upper CFD-curve (F3) for DO A compared to
the reference scenarios. The increase in slope ranges between 19% and 33%.
The increase in the lower CFD-curve is even more substantial which ranges
between 88% and 150%. Figure 5.8 visualizes these changes in slope for scen-
ario 3.4 compared to scenario 3.1. The increase in slope of both the upper
and lower part of the CFD-curve indicates more predictable salt intrusion
lengths with less variation.

When making the same comparison for the power production focused op-
erations, DO B, a similar increase in upper slope can be detected, ranging
between 7% and 36%. The lower slope however, decreases between 5% and
17%. This indicates less predictable higher salt intrusion lengths. This is
visualized in Figure 5.9.

Comparing Figure 5.8 and Figure 5.9 gives an impression of the differences
between the implemented dam operations and the range between dam oper-
ations can influence the degree of salt intrusion.
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Figure 5.9: CFD-curves for scenario 3.3. The steepening in the upper slopes and
afterwards the flattening of the lower slopes can be seen. This indicates
less variety in small salt intrusion lengths while the larger salt intrusion
lengths show more variety.

5.4.3 Effect on seasonality

Ecological operations can cause a shift in the wet season median peak to-
wards later in the year. This is not the case for power production focused
operations. Both dam operations cause during some periods a shift in the
dry season peak towards later in the year as well. This can lead for DO A to
a shortening of the dry season while for DO B this can lead to a longer dry
season.

Comparing Figure 5.10 with Figure 5.11 show the difference between the
two operating schemes. The prolonged dry season can be noticed for DO B
whereas for DO A only a shift in salt intrusion length occurs.
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Figure 5.10: Monthly median salt intrusion for scenario 3.5 compared to the refer-
ence scenario 3.1. In this case a shift of dry and wet season peaks is
visible for the first and third period.

Figure 5.11: Monthly median for scenario 3.4 compared to the reference scenario
3.1. A reduction in dry season median and shift in seasonality are well
visible.

5.4.4 Effect on salt concentration

The ecological operated dam has significant influence on the length of the
hypersaline region. Reductions between 35% and 42% compared to the scen-
arios without dam can be seen. The power production focused operations
show negligible differences and no trend. For both ways of operating the
dam the maximum salt concentration is negligibly impacted.



5.5 irrigation development 54

5.4.5 Summary

Both ways of operating the dam are created to be extremes which is reflected
in their impact. This is visualized in the figures above.

The ecological dam operations show an increase in minimum salt intrusion
length of up to 13% compared to the situation without dam. The maximum
salt intrusion length decreases significantly, up to 29%. This leads to a more
stabilized flow which is represented by the steepening of both slopes of the
CFD-curve. The monthly median peaks continue with this pattern, slightly
increasing the peak during the wet season and decreasing the peak strongly
during the dry season. Further more a strong impact on the length of the
hypersaline region can be noticed for these dam operations. However, no
significant change in salt concentrations can be noticed.

The power production focused operations show a totally different impact.
The minimum salt intrusion lengths still increase up to 10% but no reduc-
tion of the maximum salt intrusion length can be seen. The lower slope
of the CFD-curve flattens which indicates more variation for the rarer salt
intrusion lengths. Furthermore, no significant changes in the wet and dry-
season peaks can be noticed. The length of the hypersaline region changes
negligibly as well as the maximum salt concentrations.

5.5 irrigation development

Irrigation development is the final model parameter that will be discussed.
Starting with its effects on the minimum and maximum salt intrusion lengths
and followed by the effect on probability of exceedance, effect on seasonal-
ity and effect on salt concentration. The scenarios and their results for this
model parameter are presented in Table 5.6 below. Scenarios 3.2 and 3.4 will
be used as reference scenarios since these have the current level of irrigated
area.
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Table 5.6: Model results for assessing the effects of irrigation development on salt
intrusion lengths and salt concentrations. Sea level rise and dam oper-
ations are constant and respectively 0.84 m sea level rise and ecological
flow, DO A.

5.5.1 Minimum and maximum salt intrusion lengths

Table 5.6 shows six scenarios. These are chosen such that the three agricul-
tural development irrigation areas (current irrigated area, expected irrigated
area and maximum irrigated area) are applied. The remaining parameters
are kept constant, with a sea level rise of 0.84 m and ecological dam opera-
tions, DO A.

Comparing the minimum salt intrusion lengths of the expected and max-
imum irrigated areas to the current irrigated area shows negligible changes.
For the expected irrigated area scenarios, no change is noticeable while for
the maximum irrigated area scenarios there is a negligibly small increase.

The maximum salt intrusion lengths do show some differences between the
selected scenarios. The expected irrigated area now has negligibly small
increases while the maximum irrigated area shows a bigger increase.

5.5.2 Effect on probability of exceedance

When comparing the reference scenarios (3.2 and 3.4) with the other scen-
arios presented in Table 5.6 it becomes clear that the upper slopes (F3) show
no change or a very small steepening (scenario 4.2, p3 and scenario 4.4,
p3 show an increase of respectively 7% and 8%). This is visualized in Fig-
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ure 5.12.

The lower slopes (F4) show slightly more change. The slopes for the expected
irrigated area flatten slightly. This indicates more variation in less common
salt intrusions. The slopes for the maximum irrigated area flatten slightly
more, especially for RCP 8.5. All variations in the lower slopes point towards
a slight flattening of the lower slope with increasing irrigated area. Never the
less this is could be considered negligible. Figure 5.12 shows the different
CFD-curves for current irrigated area and the maximum increase in irrigated
area.

5.5.3 Effect on seasonality

Both dry and wet season peaks vary negligibly due to the change in irrigated
area. Furthermore, no shift in seasonality due to the increase in irrigated
area can be noticed.

5.5.4 Effect on salt concentration

There is no effect on salt concentrations noticeable due to an increase in
irrigation areas.

Figure 5.12: Scenario 3.4 which is used as reference scenario to see the influence
of change in irrigated area. Scenario 4.6, which has the maximum
irrigated area applied shows no change in small salt intrusion lengths
but does affect larger salt intrusion lengths.

5.5.5 Summary

Irrigation development does not have an effect on minimum or maximum
salt intrusion length. Furthermore, the length of the hypersaline region and
maximum salt concentrations within the estuary do not depend on the ir-
rigated area. There is however an increase in the monthly median peak for
the dry season when the maximum irrigated area is implemented. This also
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shows in the variety of less common salt intrusion lengths which slightly
flattens for scenario 4.6 (see Figure 5.12).

5.6 summary of model parameters influence

Projected climate has a mediocre impact on the salt intrusion lengths in the
Gambia. Small changes in minimum salt intrusion lengths of several kilo-
metres can be seen while relatively large changes of around 40 km can be
seen when comparing the maximum salt intrusion length in the last period.
The scenarios also reveal a synergy between the hydropower dam and the
climate projections, if the hydropower dam is in place it reduces the differ-
ences between the climate projections by 50%. Resulting in a difference of
about 20 km for the maximum salt intrusion length in the last period.

When RCP 8.5 is applied the salt intrusion lengths become less predictable
due to a larger range wherein the salt front can vary. Furthermore, the hyper-
saline region, the length of the river that is hypersaline grows significantly
when comparing RCP 8.5 with RCP 4.5 (±40%). This shows that the estu-
ary is sensitive to and strongly affected by the evolution of projected climate.

Please note that the projected climate is in this case a model parameter that
influences precipitation, discharge and evaporation only. It therefore has ef-
fect on the availability of freshwater but not on sea level rise.

When sea level rise is moderate, and the river stays within the river banks,
its effects on salt intrusion have a moderate impact. It dampens the effects
of strong climate projections (RCP 8.5) on larger salt intrusion lengths. This
also results in a more predictable range of salt intrusion lengths (smaller
range wherein the salt front moves). The average salt intrusion length shifts
inland with increasing sea level rise. Remarkably, a rising sea level also de-
creases the length of the hypersaline region and salt concentrations, albeit
only by a little.

However, when sea level rise is strong, and the river is forced outside of its
boundaries, the effects on salt intrusion are entirely different. Due to the
river being forced outside of its banks, the freshwater is evaporated quickly.
This results in a strong landward shift of salt intrusion lengths. Minimum
salt intrusion lengths increase up to 22% before the end of the century, while
maximum salt intrusion lengths can intrude up to 57% (±210km) further
compared to milder sea level rise scenarios. Furthermore, such extreme sea
level rise results in a strongly hypersaline estuary during the dry season. The
length of the hypersaline region grows strongly (±183%) and the maximum
salt concentration within the estuary reaches almost double ocean salinities.

The filling of the reservoir has a small impact which is only noticeable in the
median salt intrusion during the dry season. This increases to some extent
and is slightly stronger in case that the filling will take two years.
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The dam operations show large differences in their impact. One being a
strong reductor of extreme salt intrusion lengths (ecological flow, DO A),
the other increasing them slightly (power production focused, DO B). The
ecologically operated dam shows a strongly stabilized estuary in terms of
salt intrusion. This makes it easy to predict between what ranges the salt
front will be. Furthermore, it has strong decreasing effects on the length
of the hypersaline region. The power production focused operations show
large similarities with the reference scenarios (scenarios 3.0 and 3.1), it im-
proves the predictability of the salt front at the cost of the salt front being
deeper inland. Neither of the dam operations has significant influence on
the salt concentrations.

Irrigation development has negligible effects allover. The maximum use of
irrigation shifts the occurrence of rarer salt intrusion lengths slightly.

5.7 expectation around non-modelled paramet-
ers

In this section, the influence that sea level rise and the hydropower dam
might have on morphology, and the effect that might have on further salt
intrusion will be discussed. Secondly, a small literature review presents the
effects that sea level rise and hypersalinity have on the vegetation in and
around the estuary.

5.7.1 Morphological effects due to dam and sea level rise

The hydropower dam will trap sediment which lead to a decrease in sedi-
ment supply downstream of the dam. This change in sediment supply will
affect the river morphology which influences salt intrusion. Besides the dam
the rising sea level also affects river morphology. Respectively the hydro-
power dam and sea level rise can be seen as an upper and lower boundary
(see Figure 5.13).

Figure 5.13: Simplified visualization of sea level rise and sediment build up due to
the hydropower dam.

It is important to note that the Gambia river is an alluvial river along the
entire length of the river. This implies that the river can adjust its slope as
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well as its width. Secondly, a variable flow (dry and wet season flow) with an
averaged sediment flux is present. The hydropower dam will attenuate the
wet season flows and increases the current dry season flows. Since sediment
flux is non-linearly related to the flow per meter width the total downstream
directed sediment flux presumably will change.

Expert interview

To get an impression of the possible effects on river morphology due to the
hydropower dam and sea level rise an interview was conducted with pro-
fessor C.J. Sloff, an expert on sedimentation processes and sediment man-
agement in reservoirs. The interview started with the preliminary statement
that it is very hard to say what will happen and that the following possibil-
ities might not happen. As previously described the hydropower dam and
sea level rise pose two boundaries which affect the river and estuary.

The hydropower dam can be operated in several ways. This study treats two
of them (ecological flow power production) but there is another possibility
within the power production category: peaking. Peaking is applied in wa-
ter scarce regions and it is based on the expected power usage. During the
day when power usage peaks energy is produced while during the night,
when there is barely any power usage water is saved. If such an operating
strategy is applied this creates oscillations in water level between day and
night, high and low water. These oscillations cause increased bank erosion
compared to when there is a normal, relatively constant flow. The oscilla-
tions are strongest near the dam and dampen over distance, however their
effect on bank erosion should not be underestimated. Bank erosion is also
dependent on the composition and strength of the river banks. If the bank
erodes the river widens, this leads to a decrease of depth which can alter the
river’s characteristics.

Another effect of the hydropower dam is a change in the amount of sed-
iment that is let through. This depends on the type of sediment that is
present in the river and the dam and its reservoir’s characteristics; how high
is the dam; what discharge is let through; what is the size of the reservoir
etc. What usually happens is that the heaviest particles such as gravel and
sand sink to the bottom of the reservoir. Lighter particles such as clay and
silt partially pass through the dam. The amount of sediment that passes
through the dam is important for the change in morphology. Just after con-
struction of the hydropower dam the transport capacity of the river is the
same as before. If there is a strong sediment reduction this sediment is sup-
plied from the riverbed. However, the riverbed is often covered with larger
pieces of sediment, which cannot be transported with such flow. This causes
that only the fine sediment entrapped in the riverbed is taken. This leads
to a downward migrating wave where the fine sediments are removed from
the bed. Due to gravel and sand being trapped in the reservoir the ratio
of sediments changes from partially coarse and partially fine to a majority
of fine particles. This causes the river to become muddier, especially in the
saline parts of the river and in the estuary. Clay interacts with salt, which
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creates larger flakes that sediment faster than single clay particles. A strong
increase in mud (clay and silts) is to be expected in the downstream regions.
In the long term, the slope of the river adjusts to the new sediment load.
This is a very slow process. The larger particles at the bottom of the river are
not easily transported and protect the underlying sediments. Furthermore,
the hydropower dam changes the flow pattern, attenuating the minimum
and maximum flows. Since the transport capacity is non-linearly dependent
on the flow it is possible the total sediment flux decreases even though the
minimum flows increase. If the river becomes wider due to bank erosion
it becomes less deep. This can form a new equilibrium based on sediment
supply but leads to another threat. Vegetation can grow on parts it could not
before. If then a high water event occurs (e.g. upstream storm and lots of
water spilled over/through the hydro power dam) the river has higher fric-
tion and lower transport capacity which increases the chance on flooding.

On the downstream end of the river sea level increases depth. The tidal influ-
ence increases which increase the amount of water flowing in and out of the
estuary. If the sediment supply from upstream is large enough, the river bed
can grow with the sea level rise. Coastal erosion due to the reduced sand
supply should be expected and due to the attenuation of the hydrograph.
However, the erosion or sedimentation in the coastal region is very complex
and hard to predict.

Apart from the clear positive effects of a hydropower dam there are always
unexpected negative consequences. The effects of a change in sediment sup-
ply are often underestimated or overlooked. Furthermore, unbalancing the
system has clear negative effects for the population. Care has to be taken
for them so that they can cope with the change. Besides the morphological
changes also ecological and environmental changes should be expected.

5.7.2 Effects of sea level rise and salination on vegetation

Mangrove forests consist of several species of mangrove trees. These can
be roughly distinguished into four types by their sensitivity to salt con-
centration and sensitivity to water depth. Mangrove trees that are in an
environment that is too saline will migrate upstream, towards fresher wa-
ter. Mangrove trees that are in too deep water will migrate towards higher
ground. These migratory processes are slow and with too steep increase in
either salt concentration or sea level rise (water depth) these mangroves will
be threatened (Simpson, 2020).

Fent et al. (2019) confirmed a net increase in mangrove tree cover nationally
between 1988 and 2018 after a period of drought in the 1970s and 80s. It
shows the sensitivity of mangroves to lack of freshwater and partially the
effort that is made in conserving and increasing these areas. Earlier studies
confirmed a severe decrease of mangroves (e.g. (Carney et al., 2014)) caused
by these droughts. The mangroves have a double function, on one side they
are the nursery of many fish and other species and on the other side they
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protect coastal regions by reducing their vulnerability (Guannel et al., 2016).
However, Ellison (1993) already showed in 1993 that the now thriving man-
grove forests will retreat with increased sea level rise. Similarly, Naidoo
et al. (2011) showed with their research in 2011 that hypersaline environ-
ments are detrimental for mangroves. Under certain scenarios either one
or both of these negative impacts will increase the stress on the mangrove
forests present in The Gambia. The expected reduction of mangrove forests
increases the sensitivity to a reduced sediment flux.



6 L I M I TAT I O N S

This chapter will discuss limitations of this study. First the data and quality
of model output will be discussed after which several other limitations will
be discussed.

6.1 different data sources and salt intrusion
error

The acquired data to model the salt intrusion of the Gambia river consists
of many separate sources. Because these sources are often not linked, the
quality of the model results can be questioned. The SALNST model used
to predict parameter influence is calibrated on historic data. The historic-
evaporation, discharge, precipitation and water usage for irrigation are of
unknown quality. The methods that were used to obtain these data or some
sort of accuracy are not mentioned.

To be able to estimate within what range the model outputs lie an error
analysis should be performed. The use of fewer data sources (e.g. projec-
ted climate) should lead to an easier estimate of this range. However, this
analysis has not been done due to time constraints. Keeping in mind the
limitations of the data that have been used in the model lead to a sounder
understanding of the quality of the model output. Figure 4.12 contains the
overview of the used data in the model. Specifically discharge and evapora-
tion are sensitive parameters.

The discharge is based on the relation between historic measurements of dis-
charge and historic measurements of precipitation a model has been created
(Appendix C). This model generates monthly discharge based on projected
precipitation. The SALNST model makes use of this monthly data but as-
sumes it to be constant over the month.

Thornthwaite’s method has been used to estimate evaporation. This method
is ideal because only the daily temperature is required to estimate evapor-
ation for the modelled timescale. Furthermore, the method is not prone
increasing errors in time series analysis, such as Hargreaves. However, due
to the use of such a basic method the estimates of evaporation might be far
off. In addition, the respective average monthly temperature of RCP 4.5 and
8.5 rose between 2.1 and 3.9 degrees between 2006 and 2099, and the aver-
age monthly evaporation rose respectively with 112 and 228 mm. Since the
precipitation does not vary significantly between the start and end of the
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modeling period this increase in evaporation has a relatively high impact.
These combinations makes evaporation another sensitive parameter.

6.2 evaporation and calibration

Besides the sensitive nature of determining the evaporation, the calibration
phase adjusts the evaporation to optimize model results. Afterwards open
water evaporation is calculated by adjusting the potential evaporation ac-
cording to Verkerk and Van Rens (2005). Since the hydropower dam is cur-
rently non-existent, the calibration on measured salt concentrations does not
take open water evaporation into account.

Similarly, the scenarios where sea level rise forces the river outside of its
boundaries, also make use of this calibration parameter. The calibration ad-
justed the evaporation such that the model results and salt concentration
measurements showed a good fit. Furthermore, previously the model had
a constant river surface, allowing for the evaporation to be used as a cal-
ibration parameter. However, due to the strong expansion of the river and
therefore the river’s evaporative surface this scaling could lead to an overes-
timation of the extra evaporated water. Once the threshold value is exceeded
and the evaporative surface is significantly increased one can question if the
calibration is still correct for this situation and not an overestimation.

6.3 numerical nature

Another limitation that has a strong impact on the model results is the nu-
merical nature of the model (see Appendix B for the solving strategy of the
model). Small errors due to rounding lead to increasingly large errors when
the amount of calculation steps increase. Therefore the errors are largest for
large salt intrusion lengths. The dependency of salinity on dispersion and
vice versa (see Chapter 3) increases the amount of calculation steps, this res-
ults again in an increasing error. These errors result in oscillations in which
salt intrusion is under- and overestimated, as can be seen in Figure 5.6. Due
to the numerical error propagation the most interesting results of extreme
salt intrusion are at the same time the least accurate. However, trends can
still be detected.

6.4 dam operations

Scenario ‘DO A’ derived from the environmental study (OMVG & EIES,
2014) has unclear relations between water levels in the reservoir and the
discharge. These relations could not be verified but have been used non-
etheless. Furthermore, the reservoir that will be created once the dam is
constructed is based on simple relations of the volume of a frustrum of a
cone. This assumption was made for modeling the reservoir. All calculated
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parameters that came from this assumption exactly matched the reservoir
presented in the study of the OMVG and EIES (2014). This is an indication
that the expected characteristics of the reservoir and therefore the water level
– discharge relations have not yet been determined accurately.

Scenario ‘DO B’ optimized the power production only for a single scenario
and not for each. This leads to sub-optimal performance of the scenarios
which implement DO B. This sub-optimal performance is enlarged by the
larger difference in evaporation between RCP 4.5 and RCP 8.5. Secondly,
scenario ‘DO B’ assumes a constant flow for respectively the dry and wet
season. The expert interview indicates another possible operating scheme
that aims to produce power when its needed. This has not been modelled.



7 C O N C L U S I O N

The presentation of conclusions from this study is organized around the re-
search questions, which are presented below. Each paragraph answers one
of these questions by looking qualitatively or quantitatively at the key fea-
tures and results discussed in Chapter 5. All modelled parameters (projected
climate, sea level rise, dam operations, irrigated area) and time periods are
included to provide an as complete as possible conclusion. By answering
the research questions the research goal of clarifying ’the effects of climate
change, a hydropower dam and irrigation development’ is reached to some
extent. There are no conclusion presented as to what will happen, however
the individual effects of these parameters can be used to express the severity
of salt intrusion under certain circumstances.

1. How does the salt intrusion length develop considering climate change, the
hydropower dam and irrigation development in the Gambia estuary?

2. How does the salt concentration develop considering climate change, the hy-
dropower dam and irrigation development in the Gambia estuary?

3. To what extent can hypersalinity occur and under which circumstances?

4. What measures can be taken to mitigate unwanted salt intrusion and how
effective are these measures?

5. How will aqua- and agriculture in The Gambia be affected by the construction
of the hydropower dam?

7.1 salt intrusion length and concentration

The modelled salt intrusion length and concentration are influenced by pro-
jected climate, sea level rise, dam operations and irrigation development.
First, the effects that the projected climate and sea level rise have on salt
intrusion length and salt concentration will be presented. Afterwards, the
effects that the reservoir filling, dam operations and irrigation development
have on salt intrusion length and salt concentration will be presented.

7.1.1 The effects of projected climate and sea level rise on salt intrusion
length and salt concentration

Projected climate
Projected climate has a significant impact on salt intrusion lengths as can

65



7.1 salt intrusion length and concentration 66

been seen when comparing RCP 4.5 with RCP 8.5. The maximum salt in-
trusion length shows increases of up to 12% between RCP 8.5 and RCP 4.5.
Furthermore, a strong increase in the size of the hypersaline region, up to
45%, can be seen. Projected climate does not show a significant impact on
salt concentrations. Note that this effect is only related to projected climate,
in combination with 2.0 m sea level rise the projected evaporation leads to a
significant impact in salt concentrations.

Sea level rise
Sea level rise has a limited influence on salt intrusion when it stays below the
1.09 m threshold. Below this threshold sea level rise has no significant im-
pact, except for a counterintuitive decrease in length of hypersaline region.
The decrease in length of the hypersaline length can be explained by looking
at the formula for salt intrusion that the 1D model uses (see Equation 3.9 and
Equation 3.16). Due to sea level rise the depth increases however, only the
cross-sectional area increases while the width stays constant. This reduces
the gradient of the steady-state dispersion thereby increasing the salt disper-
sion over the whole estuary. At the same time the increased cross-sectional
area increases the effectivity of the advective term in the salt balance equa-
tion.

When the sea level rises above the 1.09 m threshold however, the river is
forced outside of its banks. Due to the large flat areas around the river, a dra-
matic expansion of the evaporative surface of the river takes place. Depend-
ing on the location in the river the maximum increase in evaporation varies
between 17% and 2440%. This results in high levels of freshwater removal
due to evaporation. This leads to increases in; salt intrusion lengths of up
to 57% (±200km), length of the hypersaline region of up to 183% (±308km),
and salt concentrations coming close to double ocean salinity by the end of
the century. With the extreme sea level rise projections used the river will
likely start overflowing around 2057, however only in the third modelling
period (2070-2099) these extreme values are reached.

7.1.2 The effects of reservoir filling, dam operations and irrigation devel-
opment on salt intrusion length and salt concentration

Reservoir filling
The reservoir filling scenarios have a small impact. There is no significant
change noticeable in minimum and maximum salt intrusion lengths when
the reservoir is filled in a single year. If this takes two years a minor increase
in maximum intrusion length can be noticed. However, the wet season dip
in salt intrusion length and dry season peak in salt intrusion length of the
monthly median both increase, respectively with 10% and 8%. This is inde-
pendent of the time it takes to fill the reservoir.

Dam operations
Dam operations have a significant impact on the salt intrusion lengths of the
river. The difference between the two dam operation scenarios, DO A and
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DO B, is large. DO A, the ecology focused flow operations have a discharge
scheme based on the environmental study in 2014 (OMVG & EIES, 2014).
DO B, optimizes power production by managing the discharge in such a
way that a constant, as high as possible power is produced throughout the
wet and dry season.

The ecology focused flow, DO A, shows a strong reducing effect on max-
imum salt intrusion lengths, up to 29% for RCP 4.5 and up to 28% for RCP
8.5 compared to the scenario without dam. This leads to a more stabil-
ized salt intrusion pattern, where the salt front is contained in a smaller
range than without dam. Furthermore, the hypersaline region is strongly
decreased, up to 40% for RCP 4.5 and up to 42% for RCP 8.5 when compar-
ing to the scenario without dam.

Power production focused operations shows salt intrusion lengths that are
closer to the scenarios without dam. This also leads to a smaller range in
which the salt front moves when compared to the situation without dam.
However, where the ecology focused operations show a strongly reduction
in maximum salt intrusion length and the length of the hypersaline region,
the power production focused operations do not.

Irrigation development
Somewhat surprisingly the development of irrigation area does not result
in significant impact. Even when maximum irrigated surface is applied this
does not lead to significantly different salt intrusion levels. Similarly, the salt
concentration levels are barely affected. This is due to the relatively small
amount of water necessary for the increased irrigational area (±2% of flow).

7.2 hyper salinity

Periods of hyper salinity are found in all scenarios, occurring in the dry
season where a point is reached when the freshwater flow is depleted and
evaporative losses lead to a buildup of salt in the remaining river volume.
This can be close to the river mouth or deep inland. Severe hyper salinity (>
40 g/L) only occurs in the 2.0-meter sea level rise scenario.

7.3 measures to mitigate salt intrusion

Depending on the freedom to adjust dam operation, and how sea level rise
and the climate develops, the dam operations could be used to limit salt
intrusion lengths as well as hyper salinity. The difference between the two
modelled ways of operating the dam illustrate the extent to which salt intru-
sion lengths can be pushed back through changes in the dam discharge rate.

Occasionally supplying the river with fresh sediment that has settled in the
reservoir behind the dam could potentially help limit the increase in salt
intrusion lengths due to morphological changes. However, this issue was
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not included in the present study. Therefore, the effect of the reduced sedi-
ment supply on salt intrusion lengths and the potential effectiveness of this
strategy are unknown.

Limiting the expansion of the river would make sure that severe hyper sa-
linity and long salt intrusion lengths cannot occur. Comparing the scenarios
with 2.0 m sea level rise and those with more moderate sea level rise shows
the importance of efforts of efforts aimed at preventing future emissions of
greenhouse gasses.

7.4 influence of dam operations on agri- and
aquaculture

It is important to realize this study only looked at the effect the dam oper-
ations have on salt intrusion levels. The implementation of the dam shows
higher salt intrusion lengths and more occurring higher salt intrusion lengths.
However, these increases are not significant enough to harm agri- and aquacul-
ture.

The operation of the dam does not pose a threat to agriculture. Furthermore,
the stabilizing effect of the dam on salt intrusion levels leads to less varying
salt intrusion lengths and concentrations which would create a better envir-
onment for aquaculture.

The magnitude of the shift in seasonality mentioned before can increase
when the hydropower dam is solely operated to produce power. This could
have implications for agri- and aquaculture.

7.5 issues for policy makers

The salt intrusion length and salt concentrations in the Gambia river will
be heavily affected by climate change. Effort should be made to convince all
stakeholders and financers of the dam to leave some room in dam operations.
This enables to use the strong effects the dam operation has in decreasing
salt concentrations and salt intrusion lengths in periods of need. If this is
not possible for whatever reason other solutions ought to be sought, for ex-
ample an introduction of salt tolerant crops could be a useful adaptation for
agriculture.

Banjul lies at the mouth of the Gambia river. The elevation of the city is
only slightly more than that of sea level and if sea level rise continues as
predicted in the worst-case scenario used in this study (2.0-meter sea level
rise) large parts of Banjul will eventually flood. Flooding and other water
related problems in Banjul will likely occur before hyper salinity reaches
unacceptable levels in the estuary. If Banjul is to be protected this would
require substantial financial means. This leads to the question: if financial
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resources are used to protect Banjul, will there be enough to protect the
estuary as well? For example by limiting the expansion of the river due to
sea level rise.



8 R E C O M M E N DAT I O N S

There are several recommendations, these can be split in two categories. Re-
commendations to improve this study and its results and recommendations
to monitor and attenuate unwanted salt intrusion lengths and concentra-
tions.

8.1 improving this study

8.1.1 Reducing amount of data sources and/or error determination

As has been mentioned in the limitations reducing the numerous different
sources of data should be a priority. Figure 4.12 gives a good impression for
the key data used by the model but there is more data which could lead to
significant improvements of this study.

• New salt measurements, by moving boat method, would enable a
more accurate calibration and validation. Since new salt measurements
would be performed the whole calibration on historical data will be un-
necessary.

• A geometrical relation between sea level rise and the increase in river
surface area and how this relation varies along the river would lead to
a significant improvement. Looking at the impact this region has on
hyper salinity this relation would be crucial when looking deeper into
scenarios with more pronounced sea level rise.

• A better understanding of how the dam will be operated is of great
value. The extreme differences between the two ways of operating the
dam show a significant impact on salt intrusion in the estuary. How-
ever, it is likely that stakeholders of the dam have certain requirements
in mind and that the freedom shown in this study is in reality not given.
An update on dam and reservoir characteristics and the expected type
of operations would give more realistic results.

8.1.2 Evaporation effect on calibration

The calibration of the model is performed by adjusting the dispersion at
the mouth of the estuary and a factor that is multiplied with the evapora-
tion. When the river expands this increase in river evaporative surface also
applies the scaled evaporation. The calibration process that sets this calib-
ration factor for the evaporation might therefore introduce an error in the
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scenarios where sea level rise surpasses the threshold value and the evapor-
ative surface increases. Knowing if this has an impact and if so, changing
the calibration strategy could be useful, especially if the impact is large.

8.1.3 Numerical nature

The numerical nature of the model, especially for large intrusion lengths,
introduces oscillations which become larger when salt intrudes further in-
land (increased number of calculations needed). These errors still show the
trends that are happening, however for more detailed and precise analysis
these numerical errors should be limited as much as possible. Numerical
optimization, reducing the numerical errors as much as possible is highly
recommended for analysis of extremes (deep inland salt intrusion fronts). If
extremes are not of the essence, an error analysis would give an impression
within what range the predicted salt concentrations are.

8.1.4 Temporal analysis

Only a very basic analysis of the seasonality of the dry and wet season
has been performed. This might lead to misinterpretation of the results
regarding seasonality. The shift in the wet season dip and dry season peak
do not necessarily represent the length of the respective seasons. This can
be clearly seen in Figure 5.7, where both scenarios have the same month in
which the wet season dip and dry season peak occur. It would be useful
to analyze the data more in depth to have a better understanding of the
parameters effects on seasonality.

8.1.5 Historic dataset

As has been explained in Section 4.5.1 comparison with historic modeled salt
intrusion is wrong. However, being able to compare to historic values would
give a much better impression of how salt intrusion is likely to evolve. This
could have been solved by including the GCM estimates for historic precip-
itation and temperature, and calibrate the model on these settings instead of
unrelated historic parameters.

8.2 measures for the gambia

Even if sea level rise is moderate in this century it is likely to continue for
a long time, also after global temperatures stabilize. According Nauels et al.
(2019) a 1.0 m sea level rise will still happen in the year 2300 even if the Paris
Agreement is honored. Because the threshold value is close to a meter (1.09

m) this could mean that the river will be forced outside of its banks at some
point in the future. Monitoring at which rate the sea level rises is a tool
to set deadlines for potential measures. Furthermore, since Banjul’s eleva-
tion is close to sea level, monitoring sea level rise would help with planning
measures in and around the capital. The monitoring can be done cheaply by
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making use of the new NASA satellites.

In unfavorable conditions large areas will be flooded due to sea level rise.
Assuming that effort will be made to save Banjul and solely focusing on the
estuary a choice has to be made. Either the salt intrudes far upstream and
hypersaline conditions become so extreme that large parts of the estuary
will deteriorate, or an investment has to be made to limit the expansion of
the river due to sea level rise. The deterioration of the estuary will cause
large economic and ecologic destruction. However, limiting the expansion
of the river by for example dikes would also cause the loss of large areas of
agricultural lands that are currently irrigated by the tide. Ideally a measure
could be designed that keeps the farmlands but limits the rivers expansion.
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A G LO B A L C I R C U L AT I O N M O D E L

This appendix contains a chapter of the proposal mentioned in Section 1.3,
written by B.M. Simpson. This chapter has been incorporated in this ap-
pendix since it contains a detailed description of how the GCM has been
selected and the projected climate data has been produced.
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Climate trend analysis and projected climate change in The Gambia and over 

the Gambia river watershed.  
 

Author: Simpson, B.M. 2020, United Nations Food and Agriculture Organization. 

 

As part of the global hydrologic system, the Gambia River3 is directly affected by changes occurring 
in the principal drivers of climate change. From the global to national scales, changes in temperature 

and rainfall regimes, and associated changes in moisture loss through evaporation, are altering the 

movement of water within the river and watershed, and subsequently impacting key ecological 
segments along the river and Gambian fisheries. To understand the magnitude and rate of current 

and future changes, it is necessary to interrogate appropriate datasets for the presence of important 

trends, historically, as well as those that are reasonable to anticipate in the coming decades. This 
chapter presents a summary of a detailed analysis undertaken to identify the underlaying physical 

attributes of historical and projected changes of temperature and precipitation within the watershed. 

This analysis was further used to inform the assessment of climate change impacts on the ocean 
environment and river ecologies, and in modelling the impact of climate change on the saline 

intrusion into the Gambia River, presented in the following chapters.  These additional chapters, 

together and separately, are used in assessing the likely biological impacts of climate change on the 
various fisheries, and individual species, as well as aiding in the physical location of specific adaptive 

activities.  

Data 

Over two-thirds of the Gambia River watershed is located within Senegal, with the remaining portion 
split near evenly between The Gambia and Guinea.4 Due to the cross-border nature of the watershed, 

in order to undertake a trend analysis of possible changes in historical weather patterns that might 

be affecting the basin’s hydrology, as well as projecting future trends, it is necessary to rely on 
weather records at a commensurate spatial scale, above national level. The EWEMBI 

(EartH2Observe, WFDEI and ERA-Interim data Merged and Bias-corrected for ISIMIP) dataset was 

selected for this purpose (Lange, 2018; Dee et al., 2011; Weedon et al., 2014; Dutra, 2015). The 
EWEMBI dataset is a robust, global dataset compiled and maintained by the Inter-Sectoral Impact 

Model Intercomparison Project (ISIMIP) in support of impact assessment teams contributing to the 

Intergovernmental Panel on Climate Change (IPCC) assessment reports. The dataset provides daily 
precipitation and temperature data, covering the period from 1979-2018, at a global scale with 0.5° 

resolution (roughly 55.5 km2 at the equator).  

In assessing climate trends in the Gambia River watershed, daily temperature (maximum, minimum 
and average) and precipitation values were reconstructed as monthly averages. This reconstruction 

was carried out for two reasons. First, it simplified the dataset for use in trend detection, where 

seasonal changes in magnitude and spatial distribution of precipitation within the watershed is the 
primary concern. Secondly, use of monthly timescale was commiserate with the data inputs needs of 

 
3  

4 14 percent of the watershed lays in The Gambia, 71 percent in Senegal and 15 percent in Guinea (Oréade-Brèche 
and ISL Ingénierie, 2014). The shape file for the Gambia Watershed was obtained from the HydroSHEDS database 
(https://hydrosheds.org/page/overview). The watershed includes those areas upstream from the extent of 
permanent saltwater intrusion into the river at KP 64. 
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the SALNST salinity model being used to project changes in the saltwater intrusion into the Gambia 

River (see Chapter 3). For this later purpose, in additional to precipitation data, daily maximum and 
minimum temperatures were used to calculate potential evapotranspiration values using 

Thornthwaite’s equation, which is based on temperature (Thornthwaite, 1948). 

For future climate projections, five global circulation models (GCMs) used by FAO in other national 
assessments were selected. The selected models are: the GFDL-ESM2M (Geophysical Fluid Dynamics 

Laboratory – Earth System Model 2M)(Dunne et al., 2012); the MIROC-ESM (Model for 

Interdisciplinary Research on Climate – Earth System Model)(Watanabe et al., 2011); the IPSL-CM5a-

MR (Institut Pierre-Simon Laplace-Climate Model 5a-Mid-Resolution)(Dufresne et al., 2013); the 

NORESM (Norwegian Earth System Model 1-M)(Bentsen et al., 2013), and the HadGEM2-ES (Hadley 

Centre Global Environment Model ver.2-Earth System)(Martin et al., 2011).  All of these models are 
part of the Coupled Model Intercomparison Project 5 (CMIP5), used in conducting analysis for the 

IPCC Fifth Assessment Report (AR5).5 

To assess the correlation between the different GCMs and the EWEMBI dataset, a quality control 
check was performed. The Root Mean Square Error (RMSE) was used to determine the best fit 

between each of the models’ re-creation of historical daily precipitation and temperature values for 

the period 1979 to 2016 covered by the EWEMBI dataset. Figure A shows the RMSE by geographic 
location for each of the models, and Figure B shows the RMSE by months. The MIROC-ESM, developed 

by the University of Tokyo, the National Institute for Environmental Studies (NIES) and the Japanese 

Agency for Marine-Earth Science and Technology (JAMSTEC), had the lowest RMSE values for 
precipitation and close to lowest for temperature. Based on the low RMSE, the MIROC-ESM was 

selected for use in generating the projected weather for use in the SALNST salinity assessment.6 

 

 
Figure A. GCM to EWEMBI Root Mean Square Error values (1979-2016) for temperature and 

precipitation across the Gambia River watershed (lighter colors denote smaller RMSEs)(Source: FAO 
analysis of EWEMBI dataset). 

 
5 For further details see the IPCC AR5 Chapter 9 ”Evaluation of Climate Models” 
(https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter09_FINAL.pdf) and IPCC Data Distribution 
Center AR5 Reference snapshot http://www.ipcc-data.org/sim/gcm_monthly/AR5/Reference-Archive.html  
6 For further details on data processing for the SALNST assessment, see chapter 3. 
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Figure B. GCM to EWEMBI Root Mean Square Error values for monthly temperature and precipitation 

(1979-2016) in the Gambia River watershed (Source: FAO analysis of EWEMBI dataset). 

 

Analysis: Historical trends 

Considering the whole of the Gambia River watershed over the period 1979-2016, average annual 
precipitation has shown a non-significant increase of about 1 mm per year, while temperatures have 

increased on average 0.02 °C per year, or about 0.74 °C in total over the period (statistically 

significant at the 95 percent confidence interval) (see Figure C). This rate of warming is 
approximately 40 percent less than the average rate of temperature increase for Africa, which 

warmed at the rate of 0.028 C/yr over the same time period, or 1.06 °C total (NOAA, 2020). 

Geographically, temperatures have increased uniformly over the entire watershed, while 
precipitation has declined slightly in the central watershed, with slight increases seen in the upper 

reaches of the watershed, and along the coast (see Figure D).  

 
Figure C. Annual changes in temperature and precipitation within the watershed, 1979-2016 (the solid 
line indicates a statistically significant trend)(Source: FAO analysis of EWEMBI dataset). 
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Figure D. Average annual change in temperature and precipitation, 1979-2016 (grid cells with black 

dots indicate statistically significant trends)(Source: FAO analysis of EWEMBI dataset). 

 
When viewed at decadal time intervals between 1979 and 2016 (1979-1988; 1989-1998; 1999-

2008; 2009-2016), the data show a strong evolution in spatial trends in both precipitation and 

temperature. As seen in Figure E, the general cooler and relatively wet decade of the 1980s is 
followed by consecutive decades of sustained warming and an initial shifting and subsequent 

decades of decline in precipitation. Of particular importance with regards to precipitation is the shift 

from increases in the 1979-1988/1989-1998 period, to declines in 1999-2008/2009-2016 period. 
The plans for the Sambangalou dam used historical rainfall patterns (1970 - 2001)(ISL, 2014) for 

modelling future hydrology of the watershed. The lower current and potential future rainfall may, 

therefore, lead not only to an under performance of the dam in generating hydroelectric power but 
also hold significant implications for the hydrologic dynamics and biological communities 

downstream within The Gambia (more details on this issue area presented in Chapter XX on saline 

intrusion).  
 

 

Figure E. Decadal average temperature and rainfall within the Gambia River watershed (grid cells with 

black dots indicate statistically significant trends)(Source: FAO analysis of EMEMBI dataset). 

 

From a temporal perspective, Figure F shows a general increase in temperature and slight shifting in 

timing for precipitation by decade. The slight delay in onset of the rainy season and lengthening in 
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the peak rainfall period in the most recent decade (2009-2016), suggests a somewhat later, but 

longer wet season flood, delaying the entry of saline water into the upper reaches of the estuary.  
 

 
Figure F. Decadal average monthly temperature and precipitation (1979-2016) in the Gambia River 

watershed (Source: FAO analysis of EWEMBI dataset). 

Analysis: Future projections 

Each of the five GCMs were used to generate future downscaled temperature and precipitation 

projections for the watershed, reported here at three future time intervals, near (2011-2040), 

medium (2041-2070) and far (2071-2099) future. For this study, we include only references to 
projected impacts resulting from Representative Concentration Pathway (RCP) 8.5, a high emissions 

business as usual scenario resulting in 8.5 watts/m2 of additional energy being retained within the 

earth’s atmosphere. Projections under the more moderate emission scenarios, e.g., RCP 4.5, can be 

assumed to be similar in sign with possible modest variance in intensity, geographic and temporal 

distribution. The decision to use RCP 8.5 for projecting possible future climate is based on the metrics 

presented in Figure G. 
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Figure G. A.) Rates of emissions have continue to increase (Global Carbon Project, 2019); B.) Observed 
atmospheric concentrations of CO2 continue to rise (NOAAa, 2020); C.) Radiative forcing of the global 

climate system, from all greenhouse gases, continues to rise (CISRO, 2019); D.) Global air and sea surface 

temperatures (SST) continue to rise – 2019 witnessed the second highest average global temperature, 

and the highest sea surface temperatures – the past five years are the hottest five years on record (air 
and sea surface temperatures), and the past decade the hottest decade ever recorded (air and sea 

surface temperatures)(NOAAb, 2020; Cheng, et al., 2020). 

Currently, global warming is at 1.1 C° above pre-industrial times (range among the five global datasets 
1.05 – 1.2 C°) (WMO, 2020), and on-track for 2.3 – 4.7 C° of warming by 2060 (90 percent confidence 

A.) B.) 

C.) D.) 
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interval)(Sherwood et al., 2020). The voluntary nationally determined commitments to reduce 

greenhouse gas emissions under the Paris Agreement, if implement to 100 percent effectiveness, are 
assessed to allow global temperatures to rise to 2.8 – 3.5 C° by 2100 (Climate Action Tracker, 2019), 

consistent with an RCP8.5 trajectory. The vast majority of countries are assessed to be lagging behind 

in implementing their current national commitments (FEU-US and ACT, 2019). Evidence emerging 
from the new generation of global circulation models (CMIP6) being used in preparing the upcoming 

IPCC 6th assessment report suggest that climate sensitivity may have been seriously underestimated, 

by over 30 percent, with the potential warming equilibrium (and rate of warming) from a doubling 
of CO2 over 2 degrees warmer than previously thought (e.g., Zelinka et al., 2020). In sum, based upon 

the evidence, there is currently no empirical basis for anticipating anything other than the projected 

impacts associated with an RCP 8.5 future. Should future progress be made in reducing greenhouse 
gas emissions, various projected impacts can be assumed to somewhat less, but consistent in sign, to 

those indicated in this study. 

Below, Figure H shows the generally mixed projections for precipitation, with both mixed results 

between the models at each time interval, and within each model across the three periods. Only one 

model projects a consistent, through slight, declining trend in precipitation across all three time 

periods, while most models show a decline in precipitation in the medium and far future time periods. 
This divergence in model output is consistent with studies focusing on projected precipitation within 

the Sahelian zone, where models general split between those predicting precipitation increases and 

decreases (Giannini, 2016). Figure I, shows the various projected changes in the seasonal distribution 
of precipitation across the different time periods, with three models indicating an increasingly later 

start to the rainy season, and two showing a slight lengthening of the rainy period. Again, variance in 

model output and the seasonal shifting in precipitation is high, and is to be expected.  
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Figure H. Projected geographic trend in precipitation for RCP 8.5 across three time periods (near 

(2011-2040), medium (2041-2070) and far (2071-2099) future) for five GCMs – (A) HADGEM2-ES; (B) 
NORESM1-M; (C) IPSL-CM5a; (D) MIROC-ESM; (E) GFDL-ESM2M)(grid cells with black dots indicate 

statistically significant trends)(Source: FAO analysis). 

 

A 

B 

C 

D 

E 
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Figure I. Projected trend in seasonal precipitation for RCP 8.5 across three time periods (near (2011-
2040), medium (2041-2070) and far (2071-2099) future) for five GCMs – (A) HADGEM2-ES; (B) 

NORESM1-M; (C) IPSL-CM5a; (D) MIROC-ESM; (E) GFDL-ESM2M)(Source: FAO analysis). 

 
In contrast to the projected trends for precipitation, the trends for temperature change show a much 

higher degree of consistency across both the different models and time periods (Fig. J). All models, 

across all time periods, show a sustained upward trend in mean temperatures, consistent with what 
is known about the future of global climate change, with mean minimum temperatures rising at 

roughly twice the rate as mean maximum temperatures. The output from all models is statistically 

significant at a 95 percent confidence interval. There do not appear to be any important trends in 
terms of the temporal distribution of rising temperatures as shown in Figure K.  
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Figure J. Projected geographic trend in temperature for RCP 8.5 across three time periods (near (2011-

2040), medium (2041-2070) and far (2071-2099) future) for five GCMs – (A) HADGEM2-ES; (B) 

NORESM1-M; (C) IPSL-CM5a; (D) MIROC-ESM; (E) GFDL-ESM2M)(grid cells with black dots indicate 

statistically significant trends) (Source: FAO analysis). 
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Figure K. Projected trend in temperature for RCP 8.5 across three time periods (near (2011-2040), 

medium (2041-2070) and far (2071-2099) future) for five GCMs – (A) HADGEM2-ES; (B) NORESM1-M; 

(C) IPSL-CM5a; (D) MIROC-ESM; (E) GFDL-ESM2M)(Source: FAO analysis).  

Conclusions 

Overall, across the model projections there is a mixed through general agreement in the potential of 

declines in future precipitation, albeit modest, towards the end of the century. Given the historical 

trend and virtual certainty of continued increases in temperature across all locations and time 
periods, resulting in greater rates of evaporation, one conclusion to be gained from this analysis is 

the likelihood of there being a decline in streamflow within the Gambia River in the decades ahead. 

Such a conclusion is consistent with a meta-analysis done on studies on river basin runoff in West 
Africa, which found that for the Gambia River basin future streamflow will likely decline by 4.5 

percent (Roudier et al., 2014). Human activities that contribute to greater removal of water from the 

river (e.g., irrigation) and increased evaporation (e.g., from irrigated surfaces and dam reservoir), 

will accelerate the process of climate change driven moisture loss. For example, Gambia’s National 

Water Management Strategy estimates a 7 percent reduction in stream flow in the Gambia River at 

Kedougou, immediately downstream from the Sambangalou dam under construction in Senegal, due 
to evaporation from the dam’s reservoir (GoTG, 2015). This volume of moisture loss translates 

roughly into a 3.5 percent reduction in stream flow as the river enters The Gambia.7 

From the perspective of ecological niches and the life cycle of individual species, the potential shifting 

in the seasonality (timing and length) of the annual flood/recession cycle, within a context of 

 
7 Stream flow in the Gambia River at Sambangalou has been measured as 48 percent of the volume at Gouloumbou, 
Senegal, 32 km upstream from where the river enters The Gambia (Oréade-Brèche and ISL Ingénierie, 2008). 
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declining overall streamflow, may have even greater effect. Such trends, when combined with the 

offtake of water for irrigation in the freshwater portions of the river, increased evaporation and 
further alterations in the flood cycle imposed by the water retention and release schedule of the 

Sambangalou dam, will greatly amplify the impacts of climate change alone (these issues are explored 

in greater detail in Chapters xx-xx – to be published). 
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B N U M E R I C A L S O L U T I O N O F T H E
U N S T E A DY S TAT E E Q U AT I O N

This appendix is almost an exact copy from the dissertation of Savenije
(1992), however formulas B.8 to B.13 are slightly adjusted. The adjustments
have been made by H.H.G. Savenije after a discussion with prof. Stelling.

B.1 can be solved numerically by using a six-point implicit finite differ-
ences scheme as proposed by Fischer et al. (2013). Therefore, B.1 is written
in the following format:

∆s
∆t

+ q
∆s
∆x
− D

∆2s
∆x2 +

r
h0

s = 0 (B.1)

where:

q = (1− K)
Qr − Brb

A
+

D
a

(B.2)

The six-point implicit finite differences scheme is shown in figure B.1. The
known salinities at three consecutive grid points in space, at time t0, are:
s1, s2 and s3. The unknown salinities at the same grid points, at time t1 =

t0 + ∆t, are s4, s5, and s6. THe distance between two consecutive grid points
is ∆x.

Figure B.1: Six-point implicit finite differences scheme

The operators are defined by:

∆s
∆t

=
1

6∆t
(s4 − s1 + 4s5 − 4s2 + s6 − s3) (B.3)

∆s
∆x

=
1

4∆x
(s6 − s4 + s3 − s1) (B.4)
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∆2s
∆x2 =

1
2∆x2 (s6 − 2s5 + s4 + s3 − 2s2 + s1) (B.5)

s =
1
12

(s1 + 4s2 + s3 + s4 + 4s5 + s6) (B.6)

For every grid point i between the boundary conditions, B.1 - B.6 can be
combined into an equation where the known parameters are on the right
hand side and the unknown on the left hand side:

s4ai + s5bi + s6ci = s1di + s2ei + s3 fi (B.7)

with the following x-dependent coefficients:

ai =
1

6∆t
− D

2∆x2 −
q

4∆x
(B.8)

bi =
2

3∆t
− D

∆x2 −
E
h0

(B.9)

ci =
1

6∆t
− D

2∆x2 +
q

4∆x
(B.10)

di =
1

6∆t
+

D
2∆x2 +

q
4∆x

(B.11)

ei =
2

3∆t
− D

∆x2 (B.12)

fi =
1

6∆t
+

D
2∆x2 −

q
4∆x

(B.13)

The x-dependent coefficients are determined at the start of each time step.
Hence, at all but two grid points, each B.7 has three unknowns: s4, s5 and
s6. At the two grid points bordering the boundaries of the model, the ocean
boundary and the river boundary, the values of s4 and s6 are known, the
ocean salinity S0 and river salinity S f , respectively. Hence B.7 has only two
unknowns at the grid points next to the model boundaries.

If there are n grid points between the boundaries, then there are n equations
with n unknowns for each time step. The n B.7 can be written in Matrix
notation:

M · S̄ = K̄ (B.14)

where M is an n by n matrix linking the vector of salinities S̄ in the n grid
points to the vector K̄ of n known right hand sides of B.7. The matrix has
only three diagonals consisting of the coefficients ai, bi, and ci; such a mat-
rix is called a tri-diagonal matrix. The system can be readily solved by a
Gaussian elimination method, through a "double sweep" method (Carnahan
& Wilkes, 1973). In this method, first ocean salinity is substituted in s4, after
which, during the first sweep - in upstream direction - , through consecut-
ive substitutions, s4 is eliminated from the n equations. In the last equation,
the fresh water salinity is substituted in s6, after which s5, the salinity in the
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grid point bordering the upstream boundary, is obtained. During the second
sweep - in downstream direction -, the system is solved by consecutive sub-
stitution of the known salinity in s6.

For the initial salinity distribution required to start up the model, the steady
state salinity distribution is used. Hence, the model should run for some
time to eliminate the start-up errors.



C D I S C H A R G E M O D E L

For each region in the catchment area (Kedougou and Goudiry), the model
approaches the contribution to river flow as follows. When it rains, a certain
threshold volume of water needs to be exceeded before the precipitation is
contributing to the flow in the river. Depending on the amount of water
intercepted by leaves, types of vegetation, types of soil, moisture content in
the soil etc. several flows to the river arise. These flows have again a clear
distinction. Subsurface flows and groundwater flows are much slower than
overland flow but continue for a longer time. To mimic all these hydrolo-
gical effects and account for the several timescales the model works with
a threshold volume that incorporates all resistances before the precipitation
reaches the river. Furthermore, multiple timesteps are applied to ensure that
groundwater flows are represented well.

The scipy.optimize.minimize function is used to optimize the factors that de-
termine the contribution for each timestep for each region by minimizing
the error (formula C.1). The error is the difference between the predicted
amount of flow and the measured flow in Gouloumbou. For each timestep
and for each region a c is given by the optimization. Since negative flow
cannot occur the first negative c determines the number of months that con-
tribute to river flow. This is four months.

Error = ∑ cij · Pij −m (C.1)

Variable Character Dimensions

Weight per timestep c -
Precipitation P L/T
Time l T
Region j
Measurement of flow m L3/T

Table C.1: Scipy optimization minimize variables

Another complication is the hydropower dam. Part of the generated flow
around Kedougou contributes to filling the reservoir behind it and part of it
directly feeds into the Gambia river. In personal contact with the FAO it has
been shared that half of the flow measured in Gouloumbou is generated in
the region which feeds into the reservoir of the hydropower dam. To determ-
ine the ideal ratio between the areas around Kedougou and the threshold
values for the two regions, an iterative process in excel that maximizes the
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R squared value between the measured and predicted flow follows. This
process consists of interchangeably changing the threshold values for each
region or changing the ratio of contribution, this is done manually. The
reason for doing this labor-intensive job manually is simply because perfect
solutions are not necessarily the most realistic. Equifinality, the possibility
of having multiple best scenarios with different parameter combinations, oc-
curs when having more parameters to optimize than measurements to verify
with. The optimization leads to the results presented in table y which meet
the flow requirements. The model achieves an R squared value of 86%. The
prediction of flow is based on precipitation of previous months and is calcu-
lated by following formula C.2. The separation of the flow near Kedougou
is calculated with formula C.3.

Q = ∑(P− T)ti ,rj · Cti ,rj (C.2)

Qriver = (∑(P− T)ti · Cti) · α (C.3)

Variable Character Dimensions

Discharge Q L3/T
Threshold volume T L/T
Ratio of flow generated near Kedougou contributing
directly to riverflow α -

Table C.2: Variables for equations C.2 and C.3

Variable Result

Threshold value of Kedougou 60 mm/month
Threshold value Goudiry 55 mm/month
α 26%

Table C.3: Variables for equations C.2 and C.3



D H Y D R O P O W E R DA M O P E R AT I O N A L
S C H E M E S

Two operational schemes for the hydropower dam have been created. The
limited information about the dam lead to some assumptions. This Annex
will start with how the reservoir has been modelled and the assumptions
made for it. Afterwards both operational schemes are explained in detail.
The table containing reservoir and dam characteristics is presented in table
D.1.

Characteristics Minimum Maximum

Water level inside reservoir 118 m 200 m
Surface area reservoir 110 km2

181 km2

Volume reservoir 2.1 billion m3
3.8 billion m3

Useful capacity - 1.7 billion m3

Turbine discharge 0 m3/s 200 m3/s
Turbine height 75 m

Table D.1: Reservoir and dam characteristics

d.1 reservoir modelling

To know the water level inside the reservoir a relation between the volume
and water level needs to be established. The first assumption is that the
volume takes the shape of a frustum of a cone between the minimum and
maximum water level. Below the minimum water level, a simple cone shape
determines the water level to volume relation see figure D.1. The volume
present in the reservoir is calculated via a volume balance according to D.1.

V1 = V0 + (Qin −Qout) · t− E · A · t (D.1)

Variable Character Dimensions

Volume V L3

Discharge Q L3/T
Timestep t t
Evaporation E L/t
Surface area A L2

Table D.2: Variables for equation D.1
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Figure D.1: Frustum of a cone: simple approximation of the reservoir shape

V =
1
3

πh
(
r2

max + rmaxrmin + r2
min
)

(D.2)

Variable Character Dimensions

Water level h L
Radius r L

Table D.3: Variables for equation D.2

If here the minimum radius is set equal to zero the volume of a cone is
calculated. If rmax is subsequently calculated from the minimum operational
surface area of the reservoir, this can be rewritten to read.

V −Vmin < 0

h = 3·V
π·r2

min

r = rmin
hmin
· h

(D.3)

For the upper part of the reservoir first formula Y is rewritten such that

V =
h
F1

(D.4)

F1 =
3

π
(
r2

max · rmaxrmin · r2
min

) (D.5)

The height of the water level in the reservoir behaves as follows

ht = ∆h + ht−1 = (Vt − ht−1) · F2 + rt−1 (D.6)

F2 =
rmax − rmin

hmax − hmin
(D.7)

V −Vmin ≥ 0

h = (V −V0) · F1 + hmin

r = (h− hmin) · F2 + rmin

(D.8)



d.2 dam operational scheme a: ecology focused flow 101

Finally, the surface area is calculated for a circle. This results in the same
characteristics as in table D.1.

d.2 dam operational scheme a: ecology focused
flow

Dam operational scheme A, ecology focused flow, is based on the environ-
mental study (OMVG, 2014). In this study a basic flow scheme is shown,
presented in table D.4. The table contents are open for interpretation, it is
not clear when certain discharge turbines are exactly reached. Therefore,
the percentages in the annual distribution of production flows have been
applied to the water level in the reservoir, which results in increasing dis-
charge when the reservoir level increases. The relations between discharge
and reservoir level are presented below in table D.5.

Discharge turbine
Annual distribution
of production flows

Comments

200 m3/s 8% of the time
Continuously during the wet months of periods of
high inputs (such as the years 1954 – 1978 and 1994-
2001)

Intermediate flow
rates between 64 - 200

m3/s
8% of the time

Flow rates close to 60

m3/s (between 54 - 64

m3/s)
80% of the time

Continuous supply of guaranteed power, with fluc-
tuations around this average value according to the
requirements of the network in certain years, and
according to the filling state of the reservoir at the
end of the rainy season.

Flow rates between 60

m3/s and almost zero
4% of the time In episodes of extreme drought

Table D.4: Translated table from the OMVG study in 2014 with approximate flow
characteristics through the hydropower dam

Water level reservoir Discharge [m3/s]

h ≥ hmax − 0.08 · ∆h 200

h ≥ hmax − 0.16 · ∆h 141.666 · h− 27997.3
h ≥ hmax − 0.96 · ∆h 1.0417 · h− 142.333
h ≥ hmax − 1.00 · ∆h 112.5 · h− 21150
h < hmin 0

Table D.5: Relations between discharge and reservoir level

It should be noted that in the case of a water level higher than hmax the water
will be spilled on top of the discharge of 200 m3/s.
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d.3 dam operational scheme b: power production
focused

The power production focused flow scheme is based on the maximization
of power production (formula D.9). It should be noted that this operational
scheme is created for a single scenario in which it was optimized and used
on all scenarios that were run with this type of operations. A lower boundary
was set by the FAO for ecological minimum flow. This implies that the
flow is not allowed to be less than the minimum flow of 18 m3/s (OMVG
& EIES, 2014). Furthermore, the goal is to produce power as constant as
possible which increases the reliability of the power grid. To do this the
power production is split with the wet and dry season. During the dry
season the reservoir slowly drains with a constant discharge while during
the wet season the reservoir is filled again.

Qt =
Power

ρ · g · ∆h · η (D.9)

Variable Character Dimensions

Discharge through the turbine Qt L3/T
Power of the turbine Power Watt
Distance between reservoir water level and turbine ∆h L
Efficiency η -

Table D.6: Variables for equation D.9

The maximization of power production has been done manually, which does
not guarantee the perfect discharge settings. Nonetheless, the difference
between the two different operational schemes show a significant change.
The final results for power focused operations lead to the following turbine
powers. During the wet season turbines can operate on average with 100

MW while during the wet season turbines operate at 30 MW. It should be
noted that the minimum flow condition of 18 m3/s is always met except for
some scenarios in which the reservoir water level reduces too fast (e.g. due
to evaporation). In such a moment the reservoir stops flow to retain water.
This is because the power production was maximized without some safety
factor to ensure such situations do not occur.

A rough estimate of the yearly produced power with these settings would be
around 460 GWh, which is higher than the estimates in the environmental
flow study.

Dryseason : Power · time ≈ 30 · 8 · 30 · 24 = 172.8GWh (D.10)

Wetseason : Power · time ≈ 100 · 4 · 30 · 24 = 228GWh (D.11)

It is important to realize that the above settings were chosen to show another
extreme. For power production a smaller power production ensures that
water will always flow according to minimum flow requirements.



E M O D E L S C E N A R I O S

Table E.1 displays an overview of all model scenarios.

Table E.1: Overview of all scenarios
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F M O D E L R E S U LT S

Table F.2 gives an overview of the model results.
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Table F.1: Overview of model results

Table F.2: Overview of reservoir filling scenario results
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