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Abstract Salinization of coastal groundwater systems
causes a severe deterioration both in amount and quality of
fresh groundwater resources. To support the sustainable
use and management of fresh groundwater, quantification
and characterization of these coastal resources are impor-
tant in view of the population growth anticipated in many
African countries. Analytical methods were used to deter-
mine: (1) the shape and volume of the freshwater lens, (2)
the elevation of the water table, (3) the depth of the
freshwater/saltwater interface in the Shela aquifer, and (4)
the expected change of volume resulting from change of
recharge and sea level rise driven by climate change. The
results of the analytical modelling have shown that the
average hydraulic conductivity is 0.755 m/d, the average
water table elevation is 2 m above sea level and the aver-
age depth of the freshwater/saltwater interface is -
80 m.a.s.l. The volume of the aquifer is ~124 x 10° m’
when discharge from the Shela well field is factored in.
Climate change is expected to have an impact on the
recharge and ultimately the aquifer’s volume; under the
Alb conditions, the volume is expected to increase to
199 x 10° m® whereas in the A2 scenario it is expected to
decrease to 27 x 10° m>. The saltwater intrusion indicator
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M for today’s conditions (0.004) decreases to 0.5 M in the
Alb scenario by 2100 whilst it increases to 24.9 M in the
A2 scenario for the same time period, indicating an
extremely higher vulnerability to saltwater intrusion in the
latter scenario. A simple linear correlation with the
expected population growth of 1.25 million people by 2050
shows the aquifer failing as a water source by 2033.
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Introduction

Coastlines around the world are home to a large percentage
of the world’s population. Water resources in these regions
are, therefore, subject to intensive stresses and demands
from both natural and human drivers (Cartwright et al.
2004). Coastal aquifers constitute an important source of
freshwater supply and are often confronted with the prob-
lem of saltwater intrusion (Lobo Ferreira et al. 2007). The
proximity of coastal aquifers to saltwater creates unique
groundwater sustainability issues, because of the strong
influence of the salinity gradient between salty sea water
and fresh coastal groundwater (Roeper et al. 2013). Many
coastal aquifers in the world are currently experiencing
intensive saltwater intrusion caused by both natural and
man-induced processes (Custodio 2010). Furthermore, the
demand for fresh groundwater resources is expected to rise
due to future population growth leading to higher vulner-
ability of fresh groundwater supply (Essink 2001). Avail-
ability of freshwater resources in the coastal zones in the
future will further be challenged by the trends of climate
change that predict higher temperatures and lower rainfall
(Giupponi and Mordechai 2003) that may enhance the
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drought in the dry periods and the precipitation in the wet
periods (IPCC 2007). These changes in climatic conditions
will result in sea level rise and low freshwater heads, which
are important components influencing saltwater intrusion
in coastal areas.

Vulnerability in this instance is defined as the propensity
of saltwater intrusion to occur and is defined both for
“current conditions” (i.e. for a given set of hydrogeologi-
cal parameters) and for anticipated changes in aquifer
stress (Werner et al. 2012). Salinization of groundwater
systems leads to a severe deterioration of the quality and
quantity of existing fresh groundwater resources in coastal
aquifers making saltwater intrusion a major contributor to
coastal groundwater vulnerability. Whilst saltwater intru-
sion is a natural process within coastal groundwater, and
bound to occur, it becomes an environmental problem
when excessive pumping of freshwater from an aquifer
takes place as this accelerates the process and brings it out
of the natural equilibrium (Soni and Pujari 2010; Wiro-
janagud and Charbeneau 1985; Reilly and Goodman 1987;
Saeed et al. 2002; Werner et al. 2009). When the fresh-
water/saltwater system is in natural equilibrium, a pumping
well located in the freshwater zone can disturb this equi-
librium. This results in the saltwater moving upwards
towards the well as it tries to reach hydrostatic equilibrium
in a phenomenon known as saltwater up-coning (Reilly and
Goodman 1987). Furthermore, in situations where there is
not enough freshwater recharge from rainfall and the
hydraulic conductivity is large, there may not be enough
freshwater to counteract the hydraulic pressure of the sur-
rounding saltwater and salinization will occur (Barlow and
Reichard 2010; Mollema et al. 2013a, b).

Changes in climate variables can also significantly alter
groundwater recharge rates, affecting the availability of
fresh groundwater (Ranjan et al. 2006). The Intergovern-
mental Panel on Climate Change (IPCC) developed four
different long-term emissions storylines (Special Reports
on Emissions Scenario (SRES)) to represent the range of
driving forces that have been widely used in the analysis of
possible climate change, its impacts, and options to miti-
gate climate change. For each storyline, several different
scenarios were used to examine the possible outcomes
arising from a range of models that use similar assumptions
about driving forces (IPCC 2000). The Al storyline
describes a future world of very rapid economic growth
and global population that peaks in mid-century and
declines thereafter, and the rapid introduction of new and
more efficient technologies. The Alb scenario represents a
balance across all energy sources with no heavy reliance on
one particular one. It describes a very heterogeneous world
where the underlying theme is self-reliance and preserva-
tion of local identities. It is further characterized by con-
tinuously increasing population, primarily regionally
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oriented and per capita economic development as well as
slower and fragmented technological change compared to
other storylines (IPCC 2007). According to IPCC (2001),
African countries are more vulnerable to these changes due
to lack of institutional capacity and economic develop-
ment. However, current research has mainly focused on
surface water and very little is known about the potential
impacts on groundwater (Nyenje and Batelaan 2009;
Kebede et al. 2010). As there is very limited knowledge
about the impacts of climate change and its coastal-related
issues on Africa on a continental scale and at country level,
little has been done to assess these issues (Zinyowera et al.
1998; Desanker et al. 2001; Brown et al. 2009).

If coastal aquifers are to be used as operational reser-
voirs of water resources, development of tools that facili-
tate the prediction of the behaviour of coastal aquifers
under different stressors and assessment of their vulnera-
bility are required (Ranjan et al. 2009). This concept of
groundwater vulnerability to saltwater intrusion is the basis
for the evaluation of the risk of groundwater contamination
from salinity and in the development of management
options to preserve the quality of groundwater resources
(Kattaa et al. 2010). To support the sustainable use of fresh
groundwater for coastal communities, quantification and
characterization of coastal groundwater resources are nec-
essary within the framework of Integrated Coastal Zone
Management (Ranjan et al. 2009). This requires knowledge
of local hydrological and geological controls which are
connected to the dynamics of salinity gradients (Roeper
et al. 2013). The lateral and vertical extent of the fresh-
water lenses is determined by these controls such as the
hydraulic parameters of the sediments (hydraulic conduc-
tivity, porosity), water table elevation, density difference
between freshwater and seawater, seasonal and tidal
flooding, and amount of groundwater recharge (i.e. Harris
1967; Fetter 1972; Collins and Easley 1999; Anderson
et al. 2000; Schneider and Kruse 2005). In the absence of
these data, which is a common occurrence particularly in
developing countries, a feasible option is to attempt to
provide estimates of the depth of the freshwater/saltwater
interface in both coastal and oceanic island settings using
analytical solutions.

Some basic hydrogeological knowledge of the aquifer
and the water budget is required to use these analytical
solutions effectively. The shape of the steady-state inter-
face between fresh and saline groundwater is one of the
canonical problems of hydrogeology (Maas 2007). Salt and
freshwater are separate stratified water bodies in an aquifer
(Haubold 1975). Typically, the water density differences
between saltwater and freshwater produce a sloping
freshwater/saltwater interface, whereby deeper saltwater is
overlain by freshwater (Barlow 2003; Mollema and Anto-
nellini 2013; Werner and Simmons 2009). The position of
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this interface along coastlines was first studied by Badon-
Ghijben (1888, 1889) and Herzberg (1901) who came up
with the Ghyben—Herzberg relationship used to this day
(Soni and Pujari 2012). Many other analytical solutions
have since been developed for particular cases and even
more numerical models have been used to simulate the
complex hydrogeological situations in specific sites
(Langevin et al. 2005; Essink et al. 2010; Schneider and
Kruse 2005; Vandenbohede et al. 2011; Bobba et al. 2000;
Mollema and Antonellini 2013). Although analytical
solutions normally cannot describe complex “real-world”
problems because of their simplified physical assumptions
and geometry, they do serve other very important purposes.
They provide hydro-geologists an understanding of the
hydrodynamic trends of flow in aquifers and fundamental
insights on the physical processes at work. Despite their
simplified assumptions, feasibility studies can employ
analytical solutions as reliable tools in first-cut engineering
and hydrologic analyses. These solutions are used to per-
form preliminary calculations based on basic information
and simplified assumptions before using more sophisticated
models that require hydrological and hydrogeological
information that is either unavailable or not known (Bear
et al. 1999). In this study, analytical solutions have been
used, given the limited hydrological and hydrogeological
data available for the Shela aquifer. They give a first
approximation of the depth of the fresh and saltwater
interface that allows for the estimation of the freshwater
lens size and how water abstraction for human use from
wells affects the freshwater lens.

The main aim of this study is to define and characterize
(1) the size and total volume of the freshwater lens (2) the
elevation of the water table, (3) the depth of the freshwater/
saltwater interface of the Shela aquifer, and (4) the
expected change in volume under the influence of climate
change considering recharge and sea level rise variations
for the Intergovernmental Panel on Climate Change (IPCC)
A1b and A2 SRES (IPCC 2007). It is emphasized that the
purpose of this study is to take a first step towards under-
standing and quantifying the size and shape of the fresh-
water lens under the sand dunes lying between Shela and
Kizingoni/Kipungani. The study will provide a base for
future studies in Lamu and may be useful for other loca-
tions around the world with limited information.

Study area

The Lamu Island (Fig. 1) is an island cast into the Indian
Ocean off the Kenyan coast located between LAT 2°24’ S
and LAT 2°34' S and between LONG 40°81" E and LONG
40°92" E. It has a total land surface of about 50 km?”. Of
this, about 19 km? is covered by a double row of longitu-
dinal sand dunes located along the entire length of the

southern coastline. The 3-km-wide Kizingoni dunes are
located to the southwest of the island south of the Ki-
punguni settlement. The dunes wedge out eastwards and
narrow to 700 m at the Shela area in the southeast. The
dunes have a height ranging from 20 to 65 m and are
almost entirely covered with fine-medium grained Pleis-
tocene carbonate sands as well as loamy sands and pink-
coral limestone sediments (Kuria 2008). The area is
underlain by sand, silt, and silty clays deposits as well as by
weathered to fresh corals which are in turn overlaid by
coral breccia (Scott 2011). The mild dune relief combined
with the good infiltration capacity of the sandy soil at the
top increases the amounts of vertical recharge and prevents
surface run-off (Archer 2012; Kuria 2008). The Lamu
Island has no rivers and groundwater recharge is derived
from local precipitation and infiltration processes. The
broad and rugged terrain that lies between the rows of the
sand dunes is the most important recharge feature in the
area that acts as a water drainage basin where all surface
run-off systems infiltrate and percolate to augment the
underlying aquifer, which is able to store freshwater that is
harvested for domestic use (Scott 2011). The entire
catchment area is well drained evidenced by its hydrology,
which is largely dominated by infiltration and no surface
run-off systems (Kuria 2008). The rest of the island beyond
the sand dunes is covered with a thick blanket of poorly
drained clayey sands (Republic of Kenya 1991). This,
combined with the presence of dense perennial thickets and
palm trees scattered over the island and mangrove forests
along the northern shore (Republic of Kenya 2012a), fur-
ther reduces the infiltration from the landward side of the
dunes as perennial vegetation has been found to decrease
water infiltration rates (Peng et al. 2004) (Fig. 2).

The unconfined Shela aquifer lies underneath these sand
dunes and serves as the primary source of water for the
entire island. The ground water is extracted from 30 partial
penetrating wells in the eastern part of the unconfined
aquifer ranging from 6 to 16 m deep (Kuria 2008). The
water table slopes gently towards the ocean at a gradient of
about 0.001-0.005. The recent establishment and devel-
opment of the beach resorts together with a very substantial
population increase have adversely reduced the recharge
area of the aquifer catchment (Kuria 2008). Lamu is the
site for Kenya’s second harbour that is currently under
construction and is expected to tremendously increase the
demand on this already over-exploited freshwater source.

The study area lies along the equatorial coastal climatic
zone characterized by two monsoon winds. The climate is
generally warm with average precipitation (P) of 83 mm
annually and has two distinct rainy seasons: the long rain
period between March and May with an average of
151.9 mm and the short rain period from mid-October to
mid-December with an average of 56.5 mm [figures
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Fig. 1 Map showing the location of the unconfined part of the Shela aquifer under the sand dunes south of Lamu Island, Kenya (adapted and
modified from http://www.theafricanaviationtribune.com/2013/01/kenya-pics-look-at-lamus-manda-airstrip.html)

calculated from data provided by the Kenya Meteorologi-
cal Department (KMD)]. The temperatures are usually high
ranging between 23 and 33 °C. The hottest months are
from December to April whilst the coldest are from May to
July (Fig. 3). The mean annual potential evapotranspiration
(PET) is high, 2,257 mm per year. Precipitation data from
KMD were for the time period of 1960-2012 whilst the
temperature data were from 1974 to 2012.

The population of Lamu Island currently stands at just
over 22,000 with the main economic activities being
tourism and small-scale subsistence farming. Lamu Water
and Sewerage Company (LAWASCO), a governmental
organization in charge of water provision in Lamu, esti-
mates that each person consumes 0.06 m® of water a day.
The Republic of Kenya (RoK) through the Ministry of
Transport has already started construction of the port at
Manda Bay (North—Northeast of Manda Island, Fig. 1).
This port is part of a larger project which plans to
establish a transport corridor of road, rail, and pipeline
linking the proposed port of Lamu through Northern
Kenya to South Sudan and Ethiopia (ESIA 2013).
According to the Republic of Kenya (2011), the port is
expected to be functional by 2030 and to perform at its
peak by 2050. A new metropolis will be established in
Lamu along with a highway, railway system and an
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airport. Large ranches will also be established to support
mechanized agriculture. In this scenario, the population of
Lamu is expected to grow to 1.25 million people by 2050
(Republic of Kenya 2011).

Methods

The Shela aquifer was divided into 23 equal topographic
transects 500 m apart using ArcGIS and digital elevation
maps obtained from the USGS website (http://gdex.cr.usgs.
gov/gdex/). The profile line at the centre of the aquifer
(profile 10) was used as the reference point for the calcu-
lations performed because (a) it passes right through the
middle of the aquifer dissecting it into two roughly equal
parts, (b) one of the wells in the Shela well field (well no.
30) is found at the mid-point of the profile line, and (c) it
aligns with one of the tomography lines by Kuria (2008),
therefore, there is information about the freshwater lens at
this point.

The Alb scenario was selected as it represents a bal-
anced, optimistic outlook on climate change whilst the A2
scenario was selected because present climate data show an
inclination towards this scenario. The monthly total with-
drawals of water for all 30 wells were provided by


http://gdex.cr.usgs.gov/gdex/
http://gdex.cr.usgs.gov/gdex/
http://www.theafricanaviationtribune.com/2013/01/kenya-pics-look-at-lamus-manda-airstrip.html
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LAWASCO and daily averages per well were calculated by
dividing the total abstraction by the number of wells as
specific data on the discharge per each well was not
available.

Calculations of the theoretical size of the freshwater
lens below sand dunes

The Dupuit-Ghyben—-Herzberg analytical formula is
derived from the continuity equation, Darcy’s Law, the
Ghyben—Herzberg relationship, and the Dupuit assump-
tions of horizontal flow (Bear 1972). This formula is used
to derive the position of the water table and saltwater
interface in island freshwater lenses (defined as a single
body of fresh groundwater that extends across the island
and is separated from the underlying saltwater by a single,
sharp, continuous interface). This relationship utilizes the
island’s geometry, the hydraulic conductivity (K) of the
aquifer, and the potential recharge (w) (Fetter 1972). The
Dupuit—Ghyben—Herzberg equation has been solved with
the boundary condition assumption that the water table and
interface meet at the shoreline. It has been used to derive
the steady-state position of the water table and interface
through an island that is assumed to be of infinite length.
The infinite island strip corresponds to the dune system
overlying the Shela aquifer, which is elongated along the
shoreline. “Infinite strip” implies that the K, w, island
width, and head distribution do not vary significantly along
the long dimension of the island. Therefore, any cross-
island section normal to the shoreline is representative of
the configuration of the lens (Vacher 1988).

The thickness of the freshwater lens in a homogenous
aquifer is a function of its width (R), position with respect
to the centre of the island (r), K, the density ratio of fresh
and saltwater (G), and w (Budd and Vacher 1991). The
main assumption in this study is that the aquifer is homo-
geneous. The horizontal and vertical K are assumed to be
equal, the saltwater is at rest, there is a sharp interface with
a negligible mixing zone, the annual recharge is uniform,
and therefore, the lens is in a steady-state. The water
storage in the vadose zone is assumed to be negligible
because of the high permeability of the sand in the dunes
and the prevailing climatic conditions (high temperatures).
Little information is known about the landward side of the
aquifer beyond the sand dunes.

The methodology below was used to model only the
catchment area of the aquifer that follows the outline of the
sand dunes.

Determining the hydraulic conductivity of the aquifer

The K was determined using the Fetter Infinite-Strip Island
Solution (Fetter 1972)
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w[R? — (R — r)’]

W=
K(1+G)

(1)
by solving the equation for K using a known h

w[R? — (R — r)’]

K="Ti+o =

where

G = (L)
Ps — Pt

ps (1.032 g/cm3) and pr (1 g/cm3) are the densities of
Indian Ocean’s saltwater and freshwater, respectively.

The water table elevation data, s, were obtained from a
combination of well depth data, the water column in the
well from Kuria (2008), and the use of ArcGIS and digital
elevation maps (DEMs). The elevation of the sand dunes at
the location of well at profile line 10 (Fig. 4) was estab-
lished using the DEMs for Lamu in ArcGIS. The water
column value was subtracted from the well depth. The
result was then subtracted from the sand dune elevation to
obtain the height of the water table.

The PET and P data for a 10-year series were obtained from
New LocClim, a local climate estimator developed by FAO
(2002). The PET was then subtracted from the P to obtain the
potential recharge. The months with a P-PET value larger than
zero (May and June as seen in Fig. 5) were considered to be
the months where recharge of the aquifer was occurring. These
months’ average was then calculated to obtain the annual
recharge. The daily potential recharge was derived by dividing
the annual recharge by the number of days in a year.

By entering these data in Eq. (2) it was possible to
calculate K.

Determining water table elevation for all profiles

Once the K was determined, the Fetter Infinite-Strip Island
Solution Eq. (1) was used to determine the elevation of the
water table (hy) along the other profile lines (Fig. 5).

Computing the freshwater/saltwater interface

The freshwater/saltwater interface depth (&) was expressed
by the Ghyben—Herzberg relationship

5:( Pt )hfz31.25hf (3)
Ps — Pr

Volumetric calculations

The integral volume of a section slice with a thickness of

500 m through the aquifer was computed by taking the
surface integral above sea level for the water table
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elevation and below sea level for the depth of the fresh-
water/saltwater interface (Beyer 2013). The two surface
integrals were added and multiplied by 500 m to obtain the
volume of the slice (Fig. 6).

The water table surface is obtained from

2a
w
Sh= ) | Voar—rd
PNk G S, VT

and the freshwater/saltwater surface is obtained from

2a
w
S, =G, |———— [ V2ar—r2d
’ K1+G)Jy, T

The exact solutions of these integrals are

_m W
"4 VK1 +6)

for the water table surface, and

Gna® w

S = V=0

for the freshwater/saltwater interface surface.
The total freshwater aquifer area becomes
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Fig. 6 Sketch representation of
a cross-section with 500 m
width through the Shela aquifer
showing freshwater lens
overlain by sand dunes

Fig. 7 Sketch representation of
a cross-section through the
Shela aquifer showing
drawdown and up-coning that
results from abstraction from a
pumping well
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(4)

Note that the value of a is the average length of two
successive profile lines.

The water volume in each transect was obtained by
multiplying the surface S, of each profile with the distance
in between them, 500 m, and the porosity, ¢. The total
volume, V, was obtained by adding up the volumes of all
23 slices. The porosity, ¢, of the aquifer is 30 % (Kuria
2008).

V = 5008,¢ (5)

Drawdown and up-coning due to pumping wells

To calculate the drawdown of a single partial penetrating
pumping well of a known depth, the Neuman solution
(1975) was used.

Qo
hy —h=-—W (U, I' 6
0 4nT (Us, 1) (6)
where W(Ug,I") is the well function for the water table
aquifer, as tabulated by Neuman (1975) and adapted by
(Fetter 2001)

2
S

Ug = _ZLT: (for steady — state drawdown) (7)
r’K,

_ 8

o (8)

where ho—hg is the drawdown (L; m), Q is the pumping rate
(L’/T; m’/d), T is the transmissivity (LY/T; m?/d), r (L; m),

Sy is the specific yield (dimensionless), ¢ is the time (T; d),
K, and K, are the horizontal and vertical hydraulic con-
ductivity (I/T; m/d), b is the initial saturated thickness of
the aquifer (L; m) (as shown in Fig. 7).

The term u represents the up-coning (the movement of
saltwater from a deeper saltwater zone upward into the
fresh groundwater in response to pumping at a single well)
and was calculated by applying the Ghyben—Herzberg
relationship from Eq. (3) to the top of the water table
height, hy—hy, derived from Eq. (6).

u=31.25(hy — hy) 9)

It should be noted that the Ghyben—Herzberg relation-
ship is used with the Dupuit assumption that the only
horizontal flow was relevant in the profile (Haubold 1975).
The other assumptions made for this model used are that
Darcy’s law is valid, the aquifer is unconfined, the vadose
zone has no influence on the drawdown, all flows towards
the well are radial and the aquifer may be—but does not
have to be—anisotropic (Fetter 2001).

The volume of the drawdown Vg and up-welling V,
cones was calculated using the equation for a cone and
multiplied by the porosity

1

Va = §nr2(h0 — he)p (10)
L,
Vu = 3 U (11)

V4 is the total volume of the freshwater p whereas V,, is
the volume of freshwater in the aquifer lost to salinization
as a result of the well pumping.
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The total volume of drawdown and up-welling, i.e.
V4 + V, is the amount of freshwater lost from the fresh-
water lens from a single well. As the study area has 30
wells and we assume the same pumping rate on each one of
them, the total volume of freshwater lost, V, is obtained
from

Ve =30(Va+ Vi) (12)

Effective freshwater volume

The effective volume of the freshwater lens was calculated
by subtracting the sum of the volume of the drawdown and
up-welling V; (Eq. 9) from the total volume, V (Eq. 5).

Vo=V —=V; (13)

Size reduction of the freshwater lens under the influence
of climate change

Seasonal predictions of changes in temperature and precipi-
tation for the 2090s (10-year time series between 2090 and
2100) for both A1b and A2 SRES’ were obtained from those
outlined in McSweeney et al. (2010a). Monthly changes were
calculated from McSweeney et al. (2010a) seasonal predic-
tions. The statistical downscaling methodology used on the
global climate models to obtain values for Kenya is described
in McSweeney et al. (2010b, c). Climate data provided by
KMD were used to calculate a monthly average for ten-year
average (2001-2011). The present-day climate data were
grouped into seasons for compliance with the future predic-
tions and the percentage seasonal variation calculated. These
percentages were then applied to the individual months to get
the expected monthly change (Tables 1, 2).

The Thornthwaite (1948) method was used to estimate
future PET (PET,’) for the 2090s in the Alb and A2 SRES
(Intergovernmental Panel on Climate Change (IPCC 2007).
Thornthwaite’s equation calculates monthly values of
PET,’ (in mm) based on a standard month of 30 days and
9 h of sunlight/day (average for Lamu) and is expressed as

PET, = C<Tl*‘)a (14)

where C = 16 is a constant and a = 67.5 x 107°P —
77.1 x 107°F + 0.01791 + 0.492.

The annual value of the heat index [ is calculated by
summing monthly indices over a 12-month period. The
monthly indices are obtained from the equations

()" "

12
1=> i (16)
j=1
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Table 1 Expected monthly increases in temperature using predicted
seasonal changes and current climate data

Month Observed mean temp.  Predicted Predicted
2001-2011 monthly Alb monthly A2
Jan 28.5 31.6 25.1
Feb 28.6 31.7 25.2
Mar 29.7 25.7 33.6
Apr 29.5 25.6 334
May 280 30.9 31.7
Jun 26.7 29.9 30.6
Jul 26.1 29.3 29.9
Aug 26.1 29.3 30.0
Sep 26.8 30 30.7
Oct 27.6 30.2 31.0
Nov 28.1 30.8 315
Dec 28.4 31.1 31.8

Table 2 Expected monthly increases in rainfall using predicted
seasonal changes and current climate data

Month Observed mean rainfall Predicted Predicted
2001-2011 monthly Alb monthly A2
Jan 1.7 11.7 18.7
Feb 1.8 12.4 19.8
Mar 23.6 25.5 26.0
Apr 106.4 115.1 117.3
May 311.2 336.7 3429
Jun 201.0 203.2 207.6
Jul 71.2 72 73.5
Aug 44.1 45.1 45.6
Sep 43.6 44.1 45.0
Oct 96.4 124.2 125.1
Nov 95.6 121.2 131.0
Dec 429 54.4 58.8

where [ is the annual heat index, i is the monthly heat index
for the month j (which is zero when the mean monthly
temperature is 0 °C or less), Ta is the mean monthly air
temperature (°C), and j is the number of months (1-12).

The monthly PET,” were adjusted depending on the
number of days, N, in a month (1 < N < 31) and the
duration of the average monthly or daily daylight d (in
hours), which is a function of season and latitude.

PET; = PET) (%) (%) (17)

where PET; (and PET)) is the adjusted monthly PET (mm),
d is the duration of average monthly daylight (taken to be
9 h), and N is the number of days in a given month, 1-31
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(days). The formulas used are Xu and Singh (2001) adap-
tation of the Thornthwaite (1948) equation.

Future potential recharge was calculated by subtracting
PET, from the precipitation P; (for Alb) and PET, from
the precipitation P, (for A2). The months with a P-PET
value larger than zero (May and June for Alb and none for
A2 as seen in Fig. 8) were considered to be the months
where recharge of the aquifer would occur giving the total
annual recharge. The daily potential recharge was derived
by dividing this annual recharge by number of days in a
year, i.e. 365.

The effect of climate change on the saltwater density as
a result of changes in temperature and salinity as suggested
by Uddameri et al. (2014) was modelled. The salinities of
the saltwater under Alb and A2 scenarios were obtained
using the Lewis and Parkins (1981) conversion calculator
taking into consideration the projected temperature chan-
ges. The new salinities were used to calculate new G values
for the SRES (Indian Ocean’s conductivity in Lamu was
recorded at 49.2 ms).

These new recharge data and G values were used in
Eq. (4) to calculate the new cross-sectional areas of the
profiles and Eq. (5) and the total freshwater volumes in the
aquifer respectively for both Alb and A2 scenarios.

Saltwater intrusion indicator

Salinization of the groundwater due to saltwater intrusion
in the Shela aquifer was characterized using the vulnera-
bility indicator M presented by Werner et al. (2012). The M
indicator is a mixed convection ratio defined as:
2
M:K(S(l +25)§ (18)
wxz

where x;, is the inland distance of the no flow boundary, & is
the thickness of the unconfined aquifer (in this case the
average thickness was used), and J is a dimensionless
density term defined as

Ps — Pr
0 Py (19)

The M saltwater intrusion indicator used in this study
was modified by Antonellini et al. (2014) to accommodate
for changes in recharge and sea level rise due to climate
change by introducing the o ratio between the net recharge
of the aquifer for 2090s (w,90s) and the net recharge of the
aquifer for year 2001-2011 (W2001-2011)-

The increase in sea level due to climate change Az (m)
for the end of the century was derived from global mean
sea level predictions of 0.43 m for Alb (Kebede et al.
2010) and 0.48 m for A2 scenarios (Johns et al. 2003;
Carneiro et al. 2010). It was applied in the Eq. (20) to

derive the parameter by increasing the thickness of the
aquifer at the coastline as suggested by Werner and Sim-
mons (2009)

p= (1 + %) (20)

To accommodate the effects of a change in sea level and
in recharge driven by climate change, following Antonel-
lini et al. (2014), the M parameter can be re-written to M.
as

_K3(1+0)p*E

M = (21)

awx2
It is reasonable to assume that parameters such as K, 9,
and x, do not vary much as a result of climate change, so
M. will be re-written as
ﬁZ
M.=—M (22)
o
which is the relative vulnerability of the aquifer under the

influence of climate change driven by sea level rise and
recharge.

Results and discussion
Freshwater lens size and shape

The potential recharge, w, using LocClim has been esti-
mated to be 2.82E—4 m/d whilst the water table at the well
in plot line 10 has been found to be 1.7 m. These values
were used in Fetter’s Infinite-Strip Island to calculate the
hydraulic conductivity, K, of the Shela aquifer, which has
been estimated to be 0.755 m/d.

The highest point of elevation of the water table of the
test profile (10) has been estimated to be 1.7 m.a.s.l., which
coincided with well depth and water column data provided
by Kuria (2008) and sand dune elevation data acquired
using GIS and DEMs. As per the DEMs, the elevation
above sea level at the centre of the profile 10, which is also
the exact location of well 30 in the Shela well field, is
17 m.a.s.l. According to Kuria (2008), the well is 14.8 m
deep with a 0.5-m water column, giving a water table
elevation of 1.7 m. The water table elevation along the
entire length of the dunes varies from 1.2 to 4 m.a.s.l., with
an average height of 2 m.a.s.l. The highest water table
levels (2.5-4 m.a.s.l.) are in west of the sand dunes in the
Kizunguni/Kipungani area, where the dunes reach heights
of 65 m. The lowest levels are in the east in the area
underlying the Shela well field and range from 1.2 to
1.6 m.a.s.l. (Fig. 9a). Water withdrawal, which has been
going on since the 1950s, combined with altered topogra-
phy of the sand dunes due to human settlement is a possible
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cause for the lower water table of this area in comparison to
the western area. The Kizunguni/Kipungani area has a
lower occurrence of human settlements and a lower pop-
ulation density resulting in the dunes maintaining their
relatively pristine conditions. The Shela area, on the other
hand, has a high level of human interference. Aside from
the wells and the Shela pump house constructed a short
distance away, there are access roads over and between the
dunes that have negatively impacted them resulting in
lower dunes elevation of as low as 8 m.a.s.l. and conse-
quently affecting the water table level.

The computed depth of the interface below sea level
ranges from —40 m.a.s.l. in the east to —160 m.a.s.l. in
the west. The average depth of the freshwater lens is
—80 m.a.s.l. According to the results of this study, the
lowest value & for the freshwater lens thickness (shallowest
part) of the aquifer is in the area below the Shela well fields
whereas the area with the highest £ is to the west, furthest
away from the wells (Fig. 9b). Kuria (2008) made geo-
electrical surveys in the Shela aquifer along nine tomog-
raphy lines within the sand dunes. In his geo-electrical
resistivity models along these tomography lines, the depth
of the freshwater lens below the dunes was detected.
Similarities in freshwater depth between the tomography
lines and the depths of this study are evident. For example,
a tomography line that lies between profiles 4 and S of this
study has a freshwater lens extending beyond a depth of
—131 m.a.s.1. It lies between two profiles that have depths
of —150 and —125 m.a.s.l., respectively. Conversely,
tomography line 5 that lies between this study’s profiles 12

004509 18 27 36
[ - Kilometers

and 13 shows two areas of low resistivity at the top of
tomography line, which correspond with the locations
of the wells. Below tomography line 5, at a depth of
—43 m.a.s.l. extending downwards to —131 m.a.s.l,, an
area of low resistivity indicates possible up-coning of salt
water.

From monthly water withdrawals data derived from
LAWASCO, it was established that 49 m> of water was
pumped per day per well. The size and volume of the
drawdown cone below each well in steady-state conditions
were calculated using the Neuman solution and the related
up-coning from the Ghijben-Herzberg relationship (Bear
1972). The average maximum depth of the drawdown cone
has been determined as —1.69 m.a.s.l. below the water
table which results in a maximum up-coning of 52 m
(maximum height at the centre of the cone). The saltwater
up-coning resulting from point abstraction in the Shela well
field is one possible explanation for the comparatively
shallow freshwater/saltwater interface under the well fields
as observed by the different freshwater lens thickness
results for the east and the west of the aquifer (Table 3).
Based on the analytical computations performed in this
work, the average depth of the interface below the wells is
—54 m.a.s.l., 26 m shallower than the average depth below
the entire dune system that is —80 m.a.s.]. Further east,
away from the well fields close to the Shela settlement, the
interface deepens further to —59 m.a.s.l. With 30 wells in
the field close together [at least 20 wells are fully opera-
tional according to Kuria (2008)], the rate of up-coning is
bound to be high as well as the added possibility of up-

[ - Kilometers

Fig. 9 Contour maps of the Shela aquifer showing (a) water table elevation above sea level and (b) freshwater/saltwater interface depths
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Table 3 Summary of the results of Fetter’s Infinite-Strip Island for K and A, for all profile lines as well as area and volume calculations

Profile w (mm) G K (m/d) R (m) r (m) he (m.a.s.l) & (m.as.) A (m?) Volume (m%)
1 0.0002816 31.25 0.755 892.5 100 2.47 98.62 68563.78 34281889.18
2 0.0002816 31.25 0.755 1116.5 100 3.6 144.19 107,299.02 53649509.03
3 0.0002816 31.25 0.755 1,141.5 100 3.99 159.56 112,157.97 56,078,982.96
4 0.0002816 31.25 0.755 1,042 100 3.77 150.99 93,457.41 46,728,703.87
5 0.0002816 31.25 0.755 908.5 100 3.31 132.49 71,044.12 35,522,061.38
6 0.0002816 31.25 0.755 766.5 100 2.87 114.67 50,571.12 25,285,562.27
7 0.0002816 31.25 0.755 630 100 2.35 93.86 34,163.27 17,081,633.36
8 0.0002816 31.25 0.755 545 100 1.94 77.54 25,566.50 12,783,250.57
9 0.0002816 31.25 0.755 510 100 1.77 70.73 22,388.17 11,194,086.26
10 0.0002816 31.25 0.755 500 100 1.7 68.01 21,518.81 10,759,406.25
11 0.0002816 31.25 0.755 480 100 1.7 68.01 19,831.74 9,915,868.80
12 0.0002816 31.25 0.755 452 100 1.56 62.57 17,585.52 8,792,758.94
13 0.0002816 31.25 0.755 4385 100 1.51 60.4 16,550.74 8,275,371.37
14 0.0002816 31.25 0.755 413 100 1.47 58.9 14,681.77 7,340,884.66
15 0.0002816 31.25 0.755 373.5 100 1.34 53.46 12,007.69 6,003,845.52
16 0.0002816 31.25 0.755 354.5 100 1.2 48.15 10,817.10 5,408,549.09
17 0.0002816 31.25 0.755 348.5 100 1.2 48.29 10,454.03 5,227,016.39
18 0.0002816 31.25 0.755 322 100 1.16 46.52 8,924.63 4462313.11
19 0.0,002,816 31.25 0.755 299 100 1.03 41.08 7,695.21 3,847,606.71
20 0.0002816 31.25 0.755 364.5 100 1.01 40.26 11,435.98 5,717,989.62
21 0.0002816 31.25 0.755 433 100 1.14 58.9 16,138.16 8,069,081.27
East 0.0002816 31.25 0.755 362.5 100 1.23 4931 11,310.83 5,655,412.91
West 0.0002816 31.25 0.755 216.5 100 0.73 29.44 4,034.54 2,017,270.32
1% 128,033,017.95
v, 4,342,442.29
Va 123,690,575.66

cones overlapping, which would cause a cumulative rise of
the freshwater/saltwater interface.

The results show that the total volume lost for all 30
wells is 0.2 x 10° m® drawdown and 4.1 x 10° m® from
saltwater up-coning, adding up to a total of
~4.3 x 10° m? lost annually from abstraction for human
consumption and the resultant infiltration of salt or brack-
ish water into the freshwater lens. To determine the
effective volume of the freshwater lens, these losses were
subtracted from the total saturated volume of the fresh-
water aquifer (Table 3). The total saturated volume of the
freshwater lens is 128 x 10° m® whereas the volume after
discharge and saltwater up-coning had been taken into
account is estimated to be approximately 124 x 10° m>.
This represents a 3.4 % loss of freshwater caused directly
or indirectly by human abstraction.

Impacts of climate change on recharge
According to Findlay (2003), water availability will be

limited in many regions of the world by climate change.
One of the most severe consequences of climate change

will be the alteration of the hydrological cycle, which will
impact on the quantity and quality of regional water
resources (Gleick and Adams 2000). Changes in tempera-
ture and precipitation affect groundwater recharge and
cause shifts in water tables and consequently changes in
their volumes as a first response to climate change
(Changnon et al. 1988; Zektser and Loaiciga 1993; Ali
et al. 2012b). This may result in problems with future water
supply for large sections of the world population living in
the coastal zones (Ramon Raposo et al. 2013). According
to McSweeney et al. (2010a), the future average increase in
temperature is expected to range from 3 °C to 3.7 °C for
Alb and A2 SRES, respectively (representing a 10.7 and
13.2 % increase from the current average) These temper-
atures would result in the saltwater density increasing to
1.0302 g/cm® for Alb and 1.0298 g/cm’. The precipitation
is projected to increase by 11-16 mm a year reflecting a
156.1 and 262.6 % increment for the same SRES from the
current average. Using Thornwaite’s equation to compute
PET, the potential recharge for the Alb SRES has been
computed to be 0.66 mm/d and 0.0134 mm/d, representing
an increase of 0.38 mm/d (135 %) for Alb and 2.7 mm/d
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(81 %) decrease for A2 from the current average
(Tables 1, 2).

Groundwater in shallow aquifers is affected by changes
in the hydrologic cycle and by climate variability and
change through recharge processes (Chen et al. 2002).
Consequently, climate change affects the availability of
freshwater for both ecosystem and human uses (Carpenter
et al. 1992; IPCC 2001; Ramon Raposo et al. 2013). This
change in recharge will have an impact on the size of the
freshwater lens. Under Alb conditions, G is expected to
increase to 33.11 resulting in an increase in the volume of
the water in the aquifer 199 x 10° m>. In contrast, a
reduced recharge for the A2 scenario, where G increases to
33.56, resulting in a decrease in volume to 27 x 10° m? is
projected. The results of the A2 scenario are in line with
many climate change studies that predict reduced recharge
(Serrat-Capdevila et al. 2007; Wegehenkel and Kersebaum
2009; Ali et al. 2012a). The effects of climate change on
recharge, however, may not necessarily be negative in all
aquifers (Green et al. 2011) as demonstrated by Stoll et al.
(2011) in a catchment in northern Switzerland. The results
showing an increase in recharge for the Alb scenario and
consequently the volume of the freshwater lens in this
study presents further evidence for this possibility.

Vulnerability assessment

Saltwater intrusion in coastal aquifers will be exacerbated
by sea level rise and climate change. It is therefore
important to assess the vulnerability of the Shela aquifer to
this intrusion considering different climate change scenar-
ios. A useful methodology developed by Werner et al.
(2012) method is an approach used to quantify how much
surface of the coastal zone is invaded by saltwater as a
result of sea level rise and potential recharge. Werner et al.
(2012) develop the M mixed convection ratio that could be
used as a saltwater intrusion indicator (M = 1 worst-case
scenario with extensive saltwater intrusion; M = 0 best
scenario with no saltwater intrusion). Here, the analysis of
the M indicator was used to show how it will change in the
future relatively to today’s condition (M today = M—
which was found to be 0.04). When future recharge and sea
level rise are taken into consideration for the A1b scenario,
the M., value was found to be 0.5 M translating to a
reduction in the vulnerability from the present situation by
a factor of 0.5 (decrease by half) primarily because of
increased potential recharge. This suggests that despite the
expected increase in temperature, the increase in rainfall
will result in higher recharge with respect to present con-
ditions. This increase in volume of the freshwater lens and
lower vulnerability will be beneficial to the local popula-
tion and ecosystems supported by the aquifer. Conversely,
the vulnerability of the aquifer to saltwater intrusion (M)
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in the A2 scenario increases greatly by a factor of 24.9 in
relation to M (24.9 M) primarily because of the increased
PET. In spite of the increase in rainfall projected for this
scenario, the great increase in temperature is expected to
negatively impact the potential recharge.

The results of this vulnerability assessment are useful for
freshwater management policies in Kenya where at least
24 % of the population do not have access to clean, safe
drinking water (Leiter et al. 2013). This integrated water
resource management needs to consider all water issues and
management options as well as meet international devel-
opment goals. They also have to include challenges from
the accelerating global and regional climate change and the
morphing society (Schanze et al. 2012). The draft National
Water Policy (NWP) (Republic of Kenya 2012b) highlights
that groundwater assessment, research and development,
monitoring, and controlling of groundwater exploitation in
Kenya shall take into consideration the potential ground-
water resources and the need for sustainable use. For this to
be successful, proper data collection, analysis, and inter-
pretation for adequate regulation are required. Particular
attention should be paid on controlling non-intrusion of
saltwater into freshwater aquifers, taking actions on over-
exploitation of aquifers, whilst exploring virgin and unex-
ploited aquifers. The results of the vulnerability assessment
not only fill in the information gap by providing empirical
data, but also highlight the Shela aquifer’s risk level and
susceptibility to salinization. This will be important infor-
mation to be taken into consideration as the construction of
the new port continues.

As discussed earlier, the up-coning is a direct impact of
abstraction for human use. The freshwater/saltwater inter-
face below the well fields is considerably shallower as a
result of this saltwater encroachment. With the construction
of a new port in Lamu already underway, the population on
the Lamu Island dependent on the Shela aquifer for
freshwater is set to increase from 22,000 as at present to
1.25 million people by 2050 (Republic of Kenya 2011).
Continued reliance on groundwater sources like the Shela
aquifer with over 5500 % population growth expected will
further compound the effects climate change will have on
saltwater intrusion. If a linear increase in withdrawal of
water from the aquifer to meet the increasing demand
driven by population increase is to be assumed, the fresh-
water bubble is expected to be exhausted by 2033 and fail
as a source of water. The discovery of new sources of
freshwater to support the extreme population growth
brought about by the new metropolis is therefore a neces-
sity and must to be taken into consideration as the con-
struction of the new infrastructure proceeds. This is the
basis of a follow-up study (Okello et al. in preparation). So
far, the Environmental and Social Impacts Assessment
(Republic of Kenya 2013) studies carried out in the area in
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regard to water management concentrate on the water
quality of the Indian Ocean surrounding east of Manda
Island (Fig. 1). Neither provision of freshwater nor vul-
nerability to saltwater intrusion has not been considered by
these studies.

Conclusions and recommendations

With limited data about Lamu Island in general and the
Shela aquifer in particular, this study has demonstrated that
analytical solutions can be used to calculate the size and
shape of the freshwater lens, the location of the freshwater/
saltwater interface as well as the hydraulic conductivity in
an aquifer where very limited hydrogeological information
is available. Quantification and characterization of the
aquifer and the effect of climate change under SRES sce-
narios Alb and A2 at the end of this century on freshwater
resources have been established. The water table elevation
at various points of the aquifer (ranging 1.2—4 m.a.s.1.) has
been established with different methodologies such as
Fetter’s Infinite Island Strip and using DEMS and ArcGIS.
From these elevations, the corresponding depth of the
freshwater/saltwater interface at these points was also
calculated. The total saturated volume of the freshwater
lens before abstraction (128 x 10° m®) and the effective
volume after discharge and saltwater intrusion
(124 x 10° m®) were approximated, representing 3.4 %
loss in volume to human abstraction. Future climate change
scenarios have also been modelled and show that under the
Alb SRES, a 136 % increase of recharge is expected and
an increase in the effective freshwater volume to
199 x 10° m®. The aquifer’s vulnerability is expected to
reduce by half (50 %) from the current state under these
climatic conditions. This is a sharp contrast to the A2
scenario where an opposite impact is expected. The
recharge in A2 is expected to decrease by 95 % and the
effective volume is expected to reduce to 27 x 10° m>.
The aquifer is expected to be more vulnerable to saltwater
intrusion under these conditions with the M value
increasing by a factor of 24.9.

This study provides sound methods of data collection,
analysis, and interpretation needed by policy makers in
regard to groundwater assessment, research and develop-
ment, monitoring, and controlling of groundwater exploi-
tation globally. For the results to be fortified, a test
pumping program should be carried out on all the wells
using piezometric wells to establish their safe yields. This
will contribute in the alleviation of saltwater intrusion issue
by managing the amount of water drawn from each well.
Furthermore, a monitoring program of the water quantity
and quality in the well field should be established. Water

management policies of the Kenyan coast generally and the
Lamu area specifically should take into account the effect
the new harbour will have on population growth and land-
use changes. Considering that industrialized agriculture
contributes to climate change and biodiversity decline, this
policy should ensure that coastal groundwater resources
with their associated ecosystems are safeguarded. This can
be done by ensuring that the freshwater/saltwater balance is
maintained. A vulnerability indicator that combines the
effects of climate change, sea level rise and the anthropo-
genic contribution would give a better risk assessment to
saltwater intrusion, providing policymakers a clearer ana-
lysis of the situation.
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