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Abstract

The freshwater lens in the island can become the only freshwater resources in some
regions. Numerical simulations are used to determine freshwater lens volume and average
concentration is in response to the range of sea-level rise rates and climate gradients. The
sea-level rise rates (0.56 mm/yr, 6.22 mm/yr, and 11.78 mm/yr) are selected for projected
and the climate gradient is computed from the islands in the Bahamian archipelago
(Inagua, San Salvador, and Grand Bahamas) in the north, central and south. Based on the
simulation results, all cases presented the upward trend of the average salinity but have
the oscillation in their 1-year cyclical period. The magnitude of the oscillation changed to
accord with the season climate condition. The cases with 11.78mm sea-level rise rate
usually have the highest slope in salinity vs. time plot, which means the fastest freshwater
lens depletion. The cases with 0.56mm sea-level rise rate have the slowest upward trend
which the slope almost equal to 0. The lake expansion scenarios also have a larger slope
than the non-lake expansion scenarios. The initial position of the average concentration in
Inagua Island is higher than the other two islands because Inagua Island has the driest
climate condition so that the initial freshwater lens volume is smaller than the other two
islands. Only Grand Bahama Island has a positive recharge in the lake, land and entire
island for all three sea-level rise situations and Inagua Island has the largest negative
recharge value of the lake. Higher sea-level rise rate would lead to faster lake expansion

and land loss.



1 Main body

1.1 Introduction

Freshwater resources are one of the essential resources for the survival of humans and
other living things. Although water covers most of the Earth's area, only 3% of it is
freshwater. As an essential part of freshwater resources, groundwater accounts for 30% of
freshwater resources. Groundwater is not only stored in inland areas but also stored in
island and coastal aquifers. Therefore, seawater intrusion for coastal aquifer is a common
phenomenon all over the world that cause serious influence on groundwater (Barlow and
Reichard, 2010; Santha Sophiya and Syed, 2013; Green and Macquarrie, 2014; Xu et al.,
2016; Abd-Elhamid, 2017; Huang and Yung-Chia Chiu, 2018; Kalaoun, Jazar & Bitar,

2018).

The freshwater lens is a wedge-shaped body overlying the saltwater portion of island
aquifers and has a mixing zone for freshwater and seawater exchange as the boundary
(Fratesi, 2013, see Figure 1-1). Since the freshwater lens is the only freshwater resource
on small islands, it is critical to understand the factors affecting the freshwater lens
dynamics. On an island, the only source of freshwater is the rainfall at the land surface,
so that has the name called autogenic recharge. On the other hand, due to the dynamic
exchange in the mixing zone, the concentration and volume of the freshwater lens are
affected by the seawater. The shape of the freshwater lens is modified by the recharge
and hydraulic conductivity and be segmented by evaporative lakes (Vacher and Mylroie,

1991; Fratesi, 2013).
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Figure 1-1. Freshwater lens on a small island. The zone of transition is the area where the

sea water exchanges with the freshwater (Lyles, 2000).

Sea-level rise lead to more serious seawater intrusion in coastal and island aquifers in
global range based on the expected sea level rise rate which studied in recent years
(Santha Sophiya and Syed, 2013). The global mean sea-level rise rate under
Representative Concentration Pathway (RCP) 8.5 is expected to be 0.82m from 2081 to
2100. Even in some specific areas such as East Sea, the expected sea-level rise can be

1.08m under RCP 8.5 scenario. (Jong et al., 2018).

Many researchers have studied the effects of sea-level rise and seawater intrusion.
Masterson and Garabendian (2007) have researched the effects of sea-level rise on
groundwater flow in a coastal aquifer affected by surface water. They found that the
freshwater lens thickness was decreased by 2% located far from the stream, and the

thickness can be decreased by 22 % to 31% near the stream with the same period and
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same sea-level rise rate. The reason is the stream was tidal can be controlled by the net
decline in water levels relative to local sea-level rise rate. In 2011, Abd-Elhamid and
Javadi made a study which focused on the groundwater with over-pumping and saltwater
intrusion in coastal areas. They considered three different scenarios which are sea-level
rise, decline in groundwater table due to over-pumping, and the combination of sea-level
rise and over-pumping. The results showed the last scenarios have the greatest impact
which leaded to further inland movement of the transition zone. Unsal, Yagbasan &
Yazicigil (2014) indicted the sloping land surface resulting in inward migration of the
coastal boundary and transient response of the system by pumping on a circular island
with sea-level rise. Four scenarios which have different recharge or sea-level rise
combinations are determined in this research. The results indicated highest pumping rate
and freshwater resource occurred in the “no change in both recharge and sea level”
scenario, and lowest pumping rate and freshwater resources occurred in the “decreasing

recharge accompanied by the sea-level rise” scenario.

Previously, many studies have indicated the freshwater volume can decrease on islands
caused by sea level rise (Rotzoll, Oki & El-kadi, 2010; Rozell and Wong, 2010; White
and Falkland, 2010; VVandenbohede et al., 2014; Antonellini et al., 2015, Ohwoghere-
Asuma and Essi, 2017.) In 2016, Gulley et al. indicated the freshwater lens shape and
volume could be affected by expansion of lakes on islands due to sea level rise. When the
sea level rise, the lake width grows and cause more lake surfaces can be exposed to the
sun. Therefore, the evaporation in the lake will increase. After that, the constant

precipitation and increased evaporation in the lake resulting in reduced the recharge of



the freshwater lens, cause the freshwater lens volume reduced. Also, the expanded lake
will reduce the land surface, which also limited the volume of the freshwater lens. Figure

1-2 displays steady-state simulation results of the freshwater lens volume.

(a) -------- Lake width = 0.2
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Figure 1-2. Comparison of lake formation scenarios on freshwater lens volume. This
dimensionless island only exhibited drinking water in the freshwater lens. The
normalized lateral distance is 1000 m width and the vertical distance is the maximum
depth of the seawater (TDS = 35 kg/m?® or dimensionless TDS = 50) or dimensionless

contour for the non-lake case (11 m) (Gulley et al., 2016).



Islands in the Bahamas archipelago are the prototype of the hypothetical island in this
study. The Bahamas are located in southern Florida (US), contain nearly 700 islands and
the scale of the island can be extensively from 9 square miles to the 2300 square miles.
(Roebuck, 2004) These islands are mainly formed of limestone (Vacher and Wallis,
1992) so that the carbonate platforms continued to grow subsurface in the southern
archipelago. Due to this reason, the shape of the islands is different, such as some islands
in the northern are quite narrow. (Melim and Masaferro, 1997). The Bahamas islands
have a unique rainfall distribution so that the climate in this archipelago changed
seasonally. (Vacher and Wallis, 1992; Whitaker and Smart, 1997) In Figure 1-3, the
island in the Bahamans is naturally divided into some rainfall zones and the precipitation

decrease from north to south significantly.
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Figure 1-3. Precipitation and potential evapotranspiration distribution of the Bahamas.
The precipitation varies in gradients because the precipitation decreased with latitude

decrease (Gulley et al., 2016).

In order to study the freshwater lens, direct field studies and numerical modeling are

widely used. Compared to the direct field study, numerical modeling can easily simulate
the change process and adjust the parameters for different situations. Vandenbohede and
Lebbe (2002) used numerical modeling to study the impact of hydraulic conductivity on
the depth of the freshwater lens. Lin et al. (2009) used SEAWAT, a numerical modeling

program, to study the seawater intrusion in the Alabama Gulf Coast. USA. Guha (2010)
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studied saltwater intrusion in a coastal aquifer in response to the sea-level rise by setting
up the two- and three- dimensional variable-density groundwater flow models. Bailey,
Jenson & Olsen (2010) estimated the thickness of the freshwater lens of atoll island
though numerical model. Sarva et al. (2011) used SEAWAT to define the seawater
intrusion in Manukan Island, East Malaysia. Lo&ciga et al. (2012) had modeling
simulation on the sea water intrusion in coastal aquifers in order to present a method to
assess the contributions of 21% century sea-level rise rate. Seyf-laye et al. (2012) setted up
a three-dimensional groundwater flow model to evaluated the contaminant transportation
in Beijing area. Chen et al. (2013) estimated the recharge of Pingtung Plain by numerical
modeling which combined with the integrating water table fluctuation method. EI Alfy
(2014) used numerical modeling tools for managing the groundwater resources in arid
areas. Abd-Elaty, Hany Farhat & Javadi (2016) also researched on the effects of changing

hydraulic parameters on saltwater intrusion in coastal aquifers by using SEAWAT.

From above numerous literature reviews, it could be seen there are many pieces of
research focuses on the relationship of groundwater, freshwater lens, seawater intrusion,
sea-level rise, geological parameter and even topography, but no one focuses on the
impact of freshwater lens volume on a narrow island combined with the different sea-
level rise rate with lake expansion and dynamic climate condition in gradients. Therefore,
the purpose of this research is using numerical modeling method to simulate the
freshwater lens depletion rate and salinity in response to a range of sea-level rise rates
and climate gradients with lake expansion for small islands for long-term transient

simulation in SEAWAT.
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1.2 Methods

The commonly used groundwater flow and transport simulation software, SEAWAT
(Guo and Langevin, 2002) is used in this study. SEAWAT is a program that combines
with the code from the MODFLOW and MT3DMS to solve the three-dimensional,
variable-density groundwater flow problem. SEAWAT uses either an explicit or implicit
procedure to couple the ground-water flow equation with the solute-transport equations.
It has many kinds of packages to describe the physical parameters in groundwater
modeling and simulating the transient groundwater flow by using the partial differential
equation for variable-density ground-water flow in porous media. SEAWAT is widely
used in coastal and island aquifer modeling in many research directions such as sea-level
rise and seawater intrusion (Masterson and Garabedian, 2007; Lin et al., 2009; Rozell and

Wong, 2010; Unsal, Yagbasan and Yazicigil, 2014).

The hypothetical island used here is derived from Gulley et al. (2016). This hypothetical
island is imagined as a cross-section of a long barrier island, with dimensions of 1000-

meters in width and 40-meters in depth, and a lake at the center of the island. Figure 1-4
shows the conceptual water balance for the lake and land surface. The lake evaporation,

E, is calculated with the Vapor-Pressure Relations (Dingman, 2015):

| 17.3-T
e; = ¢e"(T) = 0611 - exp (T+ 23?.3) (1)
e(z) = RH(z) = e*(T(2)) @)
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where RH(z) is relative humidity, z is wind speed, Equation (3) is also used to calculate
the calculated potential evapotranspiration, PET, from the land surface. However, due to
the leaf conductance and soil-moisture deficit in land surface (Dingman, 2015), the actual
evapotranspiration (AET) of the land surface cells equals the potential evapotranspiration

(PET) times a factor, f, which is assumed here as f = 0.25.

Precipitation (P

0ol

E\'apon:mspu:ﬁmn AET) Ev 3pct13nspu:mon (AET)

Figure 1-4. Simple water balance diagram in a small island. The evaporation (E) of the
lake equals to the potential evapotranspiration (PET) and the actual evapotranspiration
(AET) of the land surface equals to the potential evapotranspiration (PET) times a factor

(f)=0.25 (E=PET, ET= f-PET) (Dingman, 2015).

To represent the climate gradient in the Bahamas, rainfall and temperature data are
chosen from three sites, located in Matthew Town on Inagua island, Cockburn Town on

San Salvador island and West End on Grand Bahama island, which all showed in Figure
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1-3. All the rainfall and temperature data were measured from 1961 to 1990 daily. Daily
wind speed, vapor pressure and humidity data from the three sites is available only for the
Cockburn Town site from 1970 to 1985. The daily wind speed, vapor pressure and
humidity data from Cockburn Town station are assumed to be similar for all three sites

and were used to calculate the lake evaporation, E.

Table 1-1 displays the average annual precipitation, the computed results of lake
evaporation, actual evapotranspiration in the land, and the effective recharge of the lake
and the land surface for all the three sites. The data in this table are calculated based on
the raw data given by the Bahamas Water Authority (2018). Also, these data are been
used to calculate the average monthly precipitation, evaporation and actual
evapotranspiration of these sites, and used to present the seasonal dynamic in Figure 1-5.
For example, both Inagua Island and San Salvador Island have two wet seasons which are
from April to June and September to October, and dry season belongs to the other month.

However, Grand Bahama only has one wet season which is from June to October.

Table 1-1. Average annual climate data from the three sites in the Bahamas. The sources

of the data are come from Bahamas Water Authority (2018).

Island Precipitation Lake Effective Actual Effective
Rate (P, Evaporation Lake Evapo- Land
mm/yr) Rate (E, | Recharge | transpiration | Surface

mm/yr) Rate Rate (AET, | Recharge
(mm/yr) mm/yr) Rate
(mm/yr)
Inagua 659 1260 -601 315 344
San Salvador 998 1234 -236 309 689
Grand Bahama 1282 1095 187 274 1008

15
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Figure 1-5. Seasonal dynamic of three islands: the wet and dry seasons were compared by

the precipitation, potential evapotranspiration, and effective recharge of the lake for these

islands.

Table 1-2 shows the physical and chemical parameters used in the model, all of which are

derived from Gulley et al. (2016). The number of grid cells in x-, y- and z-direction is

1000, 1 and 40, respectively, giving grid cell sizes of 1 m3. The depth of the domain is set

so that the bottom boundary condition of no-flow and no-concentration flux does not

affect the freshwater lens dynamics. The left and right boundaries are set to constant head

(sea level, head = 0) and constant concentration (seawater concentration = 35 kg/m3).

The top boundary is set at no-flow and no-concentration flux. On the other hand, the lake

cells are set as the effective porosity equal to 1 and horizontal hydraulic conductivity

equal to 100 m/day, instead of effective porosity equal to 0.3 and horizontal hydraulic

conductivity equal to 50 m/day in the non-lake cells. The freshwater lens volume is

defined as the volume of groundwater with a concentration less than 1 kg/m?, which are

defined by the USGS (Howard Perlman, 2018).
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Table 1-2. Input parameters in SEAWAT simulation.

Physical parameters
Width 1000 m
Thickness 1 m
Height 40 m
Seawater concentration 35 kg/m?
Freshwater concentration <l kg/m?
Horizontal hydraulic conductivity (land cells) 50 m/day
Horizontal hydraulic conductivity (lake cells) 100 m/day
Vertical hydraulic conductivity 10 m/day
Longitudinal dispersivity 0.1 m
Traversie dispersivity 001 m
Vertical dispersivity 005 m
Molecular diffusivity 0 kg/m?/day
Specific Storage 0.003 1/m
Specific Yield 0.3
Effective porosity (land cells) 0.3
Effective porosity (lake cells) 1
Numerical parameters

AX 1 m
Ay 1 m
Az 1 m
Number of time step (Primitive lake formation) 5000
Total time (Primitive lake formation) 100,000 Day
Number of time step (Sea-level rise and climate
condition simulation) 100
Total time (Sea-level rise and climate condition
simulation) 30 Day

Initial condition of primitive lake formation
Initial concentration 1 kg/m3
Initial head 0 m
Initial lake width 100 m

According to Forbes et al. (2013) projected sea-level rise rates for 18 selected islands
from 2010 to 2100, including the Bahamas chain, indicating that the Bahamas are
expected to experience relatively low sea level rise rates compared to other island chains.

Three sea level rise rates were selected from Forbes et al. (2013) to give a low projected

17



rate (0.56 mm/yr), a medium projected rate (6.22 mm/yr) and a high projected rate (11.78
mm/yr). The lowest sea-level rise rate is the underestimate future sea levels in a non-
fossil fuel case which established by IPCC in 2007. The medium sea-level rise rate
corresponds to an upper limit projection for the fossil fuel intensive with the contribution
of accelerated glacier outflow from the major ice sheets. The highest sea-level rise rate is
the maximum prediction value of the local area that based on the 1.15m global mean sea-

level in the past 90 years.

The slopes of the shoreline and the interior depression holding the lake were set to 0.004
m/m, which Gulley et al. (2016) also used in his study (see Figure 1-6). In the
simulations, as sea level rises, the shoreline is inundated and the lake expanded.
According to the topography, sea level rise rate, and cell size in the lateral direction,
shoreline cells are lost and lake cells are gained at a constant rate, although the discrete
nature of the finite-difference cells gives rise to an integer change rather than a

continuous change, as shown in Figure 1-6.

e N N

Figure 1-6. Simple lake expansion and shoreline inundation diagram in a small island.

When sea level rise to the light blue position, the lake cells expanding on both side and
the land cell tighten from both sides. Due to this reason, the starting position of the lake
move to the left and the lake cells increased. On the other hand, the land cells on both

side transfer to the constant concentration and head boundary.
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Numerical simulations were conducted for the three climates representative of Inagua,
San Salvador, and Grand Bahamas islands and three sea level rise rates, for total of 9
simulations. In order to compare the effects of lake expansion on the quality of the
freshwater lens, another 9 simulations, which the lake width are fixed, called the non-lake
expansion cases have been established. Each numerical simulation was separated into a
“spin-up” part and a sea level rise part. In the first part, the model was simulated with a
given monthly time series for P, E, and AET in the transient mode for 273 years until the
results reached the steady state. This process was used to simulate the initial formation of
the lake in the center of the hypothetical island. In the second part, a 50-year numerical
simulation was conducted with the steady-state simulation from the spin-up period as an
initial condition, the same climate time series used in the spin-up period, and a rising sea
level. Time steps of 1 month for both parts were selected based on the Courant number
(Cr) constraint less than or equal to 1 because this number is a dimensionless number to
accelerate convergence and enhance the model stability. In this case, Cr = (v * At)/Ax,
where v is the velocity, At is the time step, and Ax is the width of a cell (Giraldo, 2018).
These simulations were run in a time series which combined with the time-varying
boundary condition and 1-year cyclic evapotranspiration and recharge condition. These
simulations were run in the transient mode for every 30 days by reading the head and
concentration condition from the original homogenous lake. Then, the evapotranspiration
and recharge data of both lake and land surface, the number of new lake cells, the starting
and ending position of new lake cells, and the number of constant head and concentration
boundary cells would be modified in input files to accord with the real situation. The

results of groundwater head and concertation from the previous month simulation would
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be used in next period simulation, and all the other physical alterable parameters would
be changed again. The detailed input files preparation and modeling execution process in

SEAWAT were displayed in Appendix A.

1.3 Results and Discussion

According to the methods section, 18 cases were simulated which included three different
climate conditions, three different sea-level rise conditions and lake-expansion vs. non-
lake expansion cases. The simulation results are plotted in Figure 1-7. Note that the
Inagua island climate condition combined with 11.78mm sea-level rise rate in lake
expansion scenario stopped at the 425" month, due to numerical errors that exceeded
error criteria. In the 424" month, the freshwater lens depletion is 97%, which can be

considered as the freshwater lens has almost exhausted.

35 Inagua 35 San Salvador 35 Grand Bahama

25

Average concentration (kg/m3)

15 15 15
0 300 600 0 300 600 0 300 600
Month Month Month
— 1178 IN —11.78 SS —11.78 GB
—622 IN — 622 SS — 622 GB
—0.56 IN —0.56_SS —0.56_GB
----- 11.78 IN nolake ----11.78 SS nolake ——11.78_GB_nolake
----- 6.22 IN nolake ---6.22 SS nolake ~6.22_GB_nolake
----- 0.56_IN nolake ----0.56_SS_nolake -—-0.56_GB_nolake
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Figure 1-7. Average concentration vs. time. The legend of this figure is used to
distinguish islands and sea-level rise rates: the red lines are Inagua Island (the northern
island), the green lines are San Salvador Island (central island), the blue lines are Grand
Bahama Island (southern island). All the solid lines represent the lake expansion
scenarios and all the dash lines represent the non-lake expansion scenarios. The y-axis is

represented as the average salinity concentration for whole island in kg/m?.

The Figure 1-7 indicates the average concentration, which is also called salinity, in the
entire island for all the cases in the 600-month (50-years) simulation. Generally, the
average concentration of all cases indicates the steady upward trends in the 50-year
simulation, but the salinity also has a slightly decreasing trend in some months in the 1-
year cyclical period. This fluctuating period always occurred with the seasonal climate
condition in their related island, and the magnitude of this oscillation changes as the

recharge changes in each month.

On the other hand, the average concentration of all cases has a different rising rate, which
means they have different slopes. According to this figure, the cases with 11.78mm sea-
level rise rate usually have the fastest upward trend, and the cases with 0.56mm sea-level
rise rate have the slowest rising trend which almost close to 0. The cases with lake
expansion scenarios have faster upward trend than the non-lake expansion scenarios
under the 11.78mm and 6.22mm sea-level rise rate condition. However, the upward
trends are not obvious for both lake and non-lake condition under the 0.56mm sea-level
rise rate condition. The reason is the progress of coastal intrusion under low sea-level rise

rate is too slow so that the simulation results will not change too much. Meanwhile, the
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starting position of the average concentration in Inagua Island is also higher than the
other two islands because Inagua Island has the driest climate condition so that the initial
freshwater lens volume is smaller than the other two islands.

Table 1-3. Slope of salinity from 300"-month to 425"-month for all cases.

Slope of Salinity
(kg/m3/month)
11.78_IN 0.0222
11.78_IN_nolake 0.0077
6.22_IN 0.0113
6.22_IN_nolake 0.0043
0.56_IN 0.0009
0.56_IN_nolake 0.0002
11.78_SS 0.0180
11.78_SS_nolake 0.0115
6.22_SS 0.0102
6.22_SS_nolake 0.0064
0.56_SS 0.0008
0.56_SS _nolake 0.0004
11.78 GB 0.0181
11.78 GB_nolake 0.0142
6.22_GB 0.0105
6.22_GB_nolake 0.0008
0.56_GB 0.0008
0.56_GB_nolake 0.0006

Two special cases, which are the 11.78mm and 6.22mm sea-level rise rate and Inagua
Island climate condition and combined with the lake expansion scenario, displayed a non-
linear trend. In order to avoid the impact of these two special cases on the results, the
slope calculation range has been selected from 300"-month to 425"-month because the

slopes of the two cases in this interval can be approximated as linear. Therefore, Table 1-
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3 is to summarize the slope of salinity for all cases. All slopes are estimated by the linear

regression equation and the value is consistent with the trend in Figure 1-7.

Figure 1-8 demonstrates the recharge process of lake, land and entire island from two
cases. The left case has the highest sea-level rise rate and driest climate condition, and the
right case has the lowest sea-level rise rate and wettest climate condition. Based on the
high sea-level rise rate, the left case has much quicker lake expansion progress than the
right case, resulting in a larger amplitude than the right case. However, the left case has
the direst climate condition, so the lake will evaporate more water in the dry season and
have less precipitation in the wet season, which leads to a larger negative recharge in the
lake. So the recharge of the lake on the left side has the decreasing slope. On the
opposite, the case at right side can get enough recharge of the lake for a long time, so the
amplitude does not change with the time significantly. Comparing the recharge of land
and entire island, the recharge of the left case also reduced faster than the right side due
to the faster land loss and drier climate condition. Therefore, all the slopes for the left
case are negative which mean the recharge of the entire island decreases with time.
Although the slopes of recharge of land and entire island for the right case are negative,
these negative numbers are quite small so that they can be ignored. Therefore, the

recharge of the entire island for right case does not seem to change with the time.
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Figure 1-8. Recharge of lake, land and entire island and related slope for two selected
cases. The y-axis is represented as the computed recharge of lake, land and entire island
in the unit of mm/month, so the slope shown in the figures have been calculated based on
the original slope from the linear regression equation times 600 months. The reason for

this is to eliminate the unit of slope become in/month/month.

Figure 1-9 illustrated the only Grand Bahama Island always has a positive recharge in the
lake, land and entire island for the three sea-level rise situations because of the wettest
climate condition. Also, Inagua Island has the largest negative recharge value in the lake
because of the driest climate condition. Although both Inagua Island and San Salvador
Island have the negative recharge in the lake, the recharge in the land is still positive and
offset the impact of the negative recharge in the lake, leads to a positive recharge in the
entire island. Comparing the recharge at the different sea-level rise rate in three islands,
the 0.56mm sea-level rise rate always has the highest positive recharge in land and the
entire island due to the slow intrusion in the coastal and slow expansion progress of lake.
Comparing the recharge between the lake expansion and non-lake expansion scenario,
since the recharge in lake will not change in non-lake expansion, the recharge in entire
island of non-lake expansion scenarios are higher than the recharge of lake expansion

scenarios.
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Figure 1-9. The monthly average recharge of the lake, land, and the entire island for three

selected islands. The legend of this figure is used to distinguish the sea-level rise rates:

the red block is 11.78mm, the green block is 6.22mm and the blue block is 0.56mm. The

y-axis is represented as the monthly average recharge for both lake and non-lake

expansion scenarios in the unit of mm/month.

Table 1-4. The ratio of the width of lake and land at the end of 50-year simulation to the

width of lake and land at the initial condition.

Sea-level rise rate L(lake) at the end (m)/ L(land) at the end (m)/

(mmlyr) L(lake) in the beginning | L(land) in the beginning
(m) (m)

11.78mm (lake expansion) | 3.94 0.35

11.78mm (non-lake 1.00 0.67

expansion)

6.22mm (lake expansion) | 2.55 0.66

6.22mm (non-lake 1.00 0.83

expansion)

0.56mm (lake expansion) | 1.13 0.97
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0.56mm (non-lake 1.00 0.98
expansion)

Table 1-4 shows the ratio of the lake and land width at the end of 600 months to the lake
and land width at the initial condition for all the sea-level rise conditions in both lake
expansion and non-lake expansion scenarios. For the lake expansion scenarios, the higher
sea-level rise rate would cause the faster lake expansion and more convenient coastline
erosion. Relatively, higher sea-level rise rate also leads to quicker land loss. Compare to
the non-lake expansion scenarios, the lake width does not change at all, but the land
width is still decreasing due to the coastal intrusion. However, the rate of reduction of

non-lake expansion scenarios is still less than the lake expansion scenarios.

1.4 Conclusion

This study focused on the freshwater lens volume and average concentration which
response to the range of sea-level rise rates, climate gradients and lake or non-lake
expansion scenarios for different 18 cases. The 50-year transient simulations were set up
in SEAWAT. The climate data were computed from the 15-year monthly precipitation
data for three different islands in the Bahamas, which the location displayed the gradual
drought condition from north to south due to the geological conditions. The wide range
sea-level rise rate which from 0.56 mm/yr to the 11.78 mm/yr, was chosen from the

different simulated scenarios.

According to the simulation results, one case stopped at 425th month due to the

exhausted freshwater lens. Except for this special case, the other 17 cases were simulated
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for 50 years. According to the figures and tables shown in above section, the following

point can be concluded:

1. All cases presented the upward trend of the average concentration, which also
called salinity. the upward trend has the oscillation in a cyclical period, the
magnitude of the oscillation change accord with the season climate condition in
their related island, which means the freshwater lens can be a response in the
seasonal climate conditions.

2. The slope of salinity for all the case is positive but have a different value. The
cases with 11.78mm sea-level rise rate usually have the fastest upward trend
which means the highest slope, and the cases with 0.56mm sea-level rise rate have
the slowest rising trend which the slope almost equal to 0. The lake expansion
scenarios also have a faster upward and larger slope than the non-lake expansion
scenarios. However, for the lowest sea-level rise rate of 0.56mm, the difference
for both lake and non-lake expansion scenarios in three islands are not obvious
due to the slow progress of coastal intrusion.

3. The initial position of the average concentration in Inagua Island is higher than
the other two islands. The reason is that the Inagua Island has the driest climate
condition so that the initial freshwater lens volume is smaller than the other two
islands. On the opposite, the Grand Bahama Island has the lowest starting position
in salinity plot.

4. Only Grand Bahama Island has a positive recharge in the lake, land and entire

island for all three sea-level rise situations because the island has the wettest
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climate condition. Inagua Island has the largest negative recharge value in the
lake because of the driest climate condition. All the islands have the positive
recharge in the entire island because the recharge of land can offset the negative
recharge of the lake.

The 0.56mm sea-level rise rate always has the highest positive recharge in land
and the entire island because the coastal intrusion and lake expansion progress is
slow. With the constant recharge of the lake in the non-lake expansion case, the
recharge of the entire island of non-lake expansion scenarios is higher than the
recharge of lake expansion scenarios.

Higher sea-level rise rate would cause the faster lake expansion and more
convenient coastline erosion and land loss in both lake and non-lake expansion
scenarios. Since the lake width does not change in non-lake expansion scenarios,
the land loss rate of non-lake expansion scenarios is slower than the lake
expansion scenarios under the same sea-level rise rate.

. Although the results show that the sea-level rise rate, the climate condition, and
lake expansion or non-lake expansion scenarios can affect the volume of
freshwater lens and salinity of the entire island, this result is still a theoretical
derivation so that it cannot use into the actual case directly. The reason is that
many parameters are an idealized assumption so that they do not reflect the actual
conditions such as the geographical condition of the island. Therefore, a
significant objective needs to be studied in the future is the factor(f), which means
the ratio of evapotranspiration value to the potential evapotranspiration. Since the
factor used in these simulations is 0.25, it may not accord with the real geography.
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0.25 is a universal value for tropical whether based on the floristics type and the
area covered by the plants on land. However, the plants' species and coverage of
each island in the Bahamas are not exactly same. Moreover, the climate condition
also affects the factor so that the value may be overestimated or underestimated.
For instance, the wettest island that located at the north of these three islands may
have more land area coved by plants than the other two, so the evapotranspiration
in this island could be higher than the other two islands. Therefore, the factor of
the ratio of evapotranspiration to the potential evapotranspiration should larger
than 0.25.

8. Another goal which needs to be focused on the future is finding an appropriate
method to scale the results. The reason is to determine the proportion of coastal
erosion and lake expansion caused by the sea-level rise in the volume of
freshwater lenses and scale to a directly results in the vertical direction. The
advantage of this visually scaling process is help decision maker understand the
results easily in decision making, such as used to determine the location and

height of the drinking wells within the 50-year lifetime.
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A Appendix

Al Input files preparation and modeling execution process

in SEAWAT
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