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Abstract: Ground water resources of atolls, already minimal due to the small surface area
and low elevation of the islands, are also subject to recurring, and sometimes devastating,
droughts. As ground water resources become the sole fresh water source when rain
catchment supplies are exhausted, it is critical to assess current groundwater resources and
predict their depletion during drought conditions. Several published models, both analytical
and empirical, are available to estimate the steady-state freshwater lens thickness of small
oceanic islands. None fully incorporates unique shallow geologic characteristics of atoll
islands, and none incorporates time-dependent processes. In this paper, we provide a review
of these models, and then present a simple algebraic model, derived from results of a
comprehensive numerical modeling study of steady-state atoll island aquifer dynamics, to
predict the ground water response to changes in recharge on atoll islands. The model
provides an estimate thickness of the freshwater lens as a function of annual rainfall rate,
island width, Thurber Discontinuity depth, upper aquifer hydraulic conductivity, presence or
absence of a confining reef flat plate, and in the case of drought, time. Results compare
favorably with published atoll island lens thickness observations. The algebraic model is
incorporated into a spreadsheet interface for use by island water resources managers.
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1. Introduction

Atolls, composed of circular chains of small, coral islands surrounding a shallow lagoon (Figure 1),
have long been of particular interest to geologists and hydrologists due to their unique geologic
structure and limited water supply [1]. There are over 400 atolls in the world [2], mainly in the Pacific
and Indian oceans; Figure 2 shows locations of atolls discussed in this paper. Typical maximum
elevations of atoll islands range from 2 to 3 meters [3], while widths vary from 100 to approximately
1500 m. The low-lying topography, small surface area, and isolation from other populated areas make
atoll islands particularly vulnerable to over-use and drought. Furthermore, anticipated rises in sea level
coupled with natural coastal erosion pose a serious threat to the sustainability of atoll island
communities during the next century. Recent atoll island research [4] suggests that current rates of sea
level rise will make most atolls around the world uninhabitable by the end of this century.

Figure 1. (A) Pingelap Atoll, Pohnpei State, Federated States of Micronesia, in the western
Pacific Ocean, (B) Diego Garcia Atoll, Indian Ocean, and (C) Majuro Atoll, Marshall
Islands, central-western Pacific Ocean, showing the general trend of leeward and
windward islands, with the leeward islands generally larger than the windward islands.
Leeward islands, protected from the full force of the prevailing winds, tend to be composed
of finer sediments than windward islands.
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In the interim, while island governments consider appropriate responses, human habitation of atoll
islands requires deliberate and effective management of their limited and increasingly threatened fresh
water resources. The small catchment area and highly-porous surface preclude surface reservoirs, and
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thus the only natural storage of freshwater lies within the subsurface. This subsurface storage is
essential for vegetation and crop maintenance, as well as water supply for island residents during times
of water scarcity. Rain catchment water is preferred for domestic purposes, such as drinking, cooking,
and bathing [5-7]. Most roof tops in village communities are therefore equipped with a gutter system
leading to a storage tank, with larger gutter systems and tanks for community buildings. However,
during periods of scarce rainfall, which for the western Pacific occur during years following each El
Nifio event (Figure 3), rain water supplies are rapidly depleted and island inhabitants must rely upon
ground water to fulfill all water needs.

Although ground water is the principal means of fresh water storage on atoll islands, and is a major
factor in determining the sustainability of island communities during times of drought, hydrologic data
on ground water and aquifer response to changes in recharge remain limited. Data on aquifer response
during drought conditions are even scarcer.

To determine the sustainability of atoll island fresh water supplies, estimates of ground water
storage under normal climatic conditions as well as ground water storage during periods of scarce
rainfall must be addressed. To deal with the first issue, several steady-state models, either analytically-
or empirically-derived, have been proposed [8-11]. None of these steady-state models, however, are
tailored to the unique geologic features of atoll islands. Nor are these models designed to deal with
time-dependent climatic conditions.

Figure 2. (A) Map of the Indian Ocean and (B) Map of the Pacific Basin, showing
locations of atoll islands that will be discussed in this paper (refer to Table 1).
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Figure 3. Monthly rainfall depths during 1997-1999 in Pohnpei, Federated State of
Micronesia, highlighting the scarce rainfall during the first few months in 1998, following
the 1997 EI Nifio.
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In this paper we first provide an overview of atoll island hydrogeology and its unique departures
from non-atoll island hydrogeology; second, we provide a review of current available models for
oceanic island aquifers; and third, we present an algebraic model that can be used to predict the
thickness of the freshwater lens of atoll islands in both steady-state and transient (drought) conditions.
The model includes parameters general to all oceanic islands (recharge rate, island width, upper
aquifer hydraulic conductivity, upper aquifer thickness) [8-11], as well as those unique to atoll islands
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(dual aquifers and presence of the reef flat plate). The model is based on results from a comprehensive
set of numerical simulations and sensitivity tests [12]. Use of a numerical model permitted the effects
of important physical processes, such as variable-density flow and vertical flow and mixing, to be
captured in the derived algebraic model. As such, the model provides an improvement over analytical
models that have been limited by necessary mathematical simplifications. The algebraic model is
sufficiently simple to be used as a management tool by trained users, and, due to the inclusion of
geologic features of atoll island hydrogeology, delivers results that are consistent with observations.

2. Atoll Island Hydrogeology

Atolls islands differ from the majority of oceanic islands in that they possess dual aquifers, in which
a surficial particulate Holocene aquifer lies atop a Pleistocene paleo-karst aquifer (Figure 4). The
contact between the upper and lower aquifers is an unconformity approximately 15-25 m below
current sea level [3,13-14], sometimes referred to as the “Thurber Discontinuity” [1]. It is a prevalent
feature of atolls across the Indian and Pacific Oceans, and is a remnant of glacio-eustatic sea-level
positions [14]. Limestone platforms exposed during the most recent glacial episode were eroded down
to the current level of the Thurber Discontinuity, after which the subsequent sea-level over-topped the
discontinuity, allowing the deposition of the Holocene limestone aquifer [14].

Figure 4. Conceptual model of atoll island hydrogeology, after Ayers and Vacher [24].
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The large contrast in hydraulic conductivity between the two aquifers, in which the lower aquifer
hydraulic conductivity is estimated to be one to two orders of magnitude higher than that of the upper
aquifer [15-16], allows both horizontal and vertical mixing as the tidal signal propagates laterally
through the highly-conductive Pleistocene aquifer and up into the less-conductive Holocene aquifer
[1,17]. For large atoll islands where recharge rates are high enough for the base of the freshwater lens
to descend to the contact, freshwater below the Thurber Discontinuity is thoroughly mixed with the
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seawater, thus truncating the freshwater lens along the Thurber Discontinuity and creating a flat lens
base (Figure 5C) [13,18-19]. The truncation of the lens (Figure 5C) on large atoll islands also suggests
that the lens volume cannot be estimated from a single lens thickness observation, i.e., by measuring
the thickness of the lens under the center of the island and estimating the lens volume based on a
Ghyben-Herzberg lens configuration (Figure 5A). Rather, the lens may take on a rectangular-shaped
geometry (Figure 5C), thus creating a much larger volume of freshwater than would be expected from
a Ghyben-Herzberg lens of the same thickness, since the thickness of the lens is constant underneath
much of the island. This phenomenon is illustrated on Diego Garcia, a large atoll in the central Indian
Ocean, where the base of the lens is flat along the contact [19].

Figure 5. Schematic of freshwater lens cross-section geometry on (A) islands with a
homogeneous aquifer, (B) dual aquifer islands with a high-conductivity lower aquifer, but
in which the lens, due to climatic and geologic reasons, does not reach the Thurber
Discontinuity, and (C) dual-aquifer islands in which the lens is thick enough to be

truncated at the Thurber Discontinuity. In (B) and (C) K2 is generally one to two orders of
magnitude higher than K1.
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Depth to the Thurber Discontinuity is thus an important characteristic feature of atoll island
aquifers, which, where present, sets an upper limit on the amount of freshwater residing in the upper
aquifer. Small islands and islands with a high upper-aquifer hydraulic conductivity contain relatively
thin lenses, for which the base does not descend to the Thurber Discontinuity (Figure 5B). For these

islands, the lens base will have a shallow, rounded profile and will not be significantly affected by the
Thurber Discontinuity.
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Table 1. Region, width, and observed lens thicknesses for atoll islands across the Pacific
and Indian Oceans. Thickness is reported as maximum thickness of the lens. Bottom of the
lens for most studies was defined as 500 mg L™ chloride concentration (2.5% relative
seawater salinity of ground water). The study by Hunt and Peterson [15] used the
250 mg L™ isochlor. The letter associated with each atoll corresponds to the letter found on
the map in Figure 2.

. . . . width . FenS
Island / Location Atoll Region or Nation ~ Source  Location on Atoll m) Thlz:k?ess
m
Diego Garcia [19]

Cantonment A Central Indian Leeward 2200 20
AO NW Diego Garcia Central Indian [19] Leeward 1150 15
AO SE Diego Garcia Central Indian [19] Leeward 1300 20

Home Island Cocos B East Indian [18] Offset 775 8

W1 Northern Cocos East Indian [18] Leeward 800 14

Wil Cocos East Indian [18] Leeward 800 15
WI 6 Cocos East Indian [18] Leeward 500 15
Wi 8 Cocos East Indian [18] Leeward 400 12
Wi 22 Cocos East Indian [18] Leeward 270 7

South Island Cocos East Indian [18] Windward 1000 11
Falalop Ulithi C FSM [20] Offset 950 5
Khalap Mwoakilloa D FSM [22] Windward 425 6
Ngatik Sapwuahfik E FSM [23] Leeward 900 20

Deke Pingelap F FSM [24] Windward 400 4
Pingelap Pingelap FSM [25] Leeward 750 16
Laura Majuro G Marshall Islands [13] Leeward 1200 14 to 22
Kwajelein Kwajelein H Marshall Islands [15] Offset 600 10to 18
Roi-Namur Kwajelein Marshall Islands [26] Windward 750 5to7
Eneu Bikini I Marshall Islands [27] Offset 400 5to0 10
Bikini Bikini Marshall Islands [27] Windward 600 <2
Enjebi Enewetak J Marshall Islands [17] Windward 1000 <2
Matabou Nonouti K Gilbert Islands [28] Offset 375 5
Buariki Tarawa L Gilbert Islands [29] Offset 1200 29
Buota Tarawa Gilbert Islands [31] Offset 650 23
Bonriki Tarawa Gilbert Islands [31] Windward 1200 23
NZ 4 Christmas M Kiribati [32] Leeward 1500 14
NZ 2 Christmas Kiribati [32] Leeward 1500 17

Hydraulic conductivity of the upper aquifer depends strongly on the position of the island relative to
the prevailing winds [20-21]. Windward islands (see Deke Island in Figure 1), which bear the high-
energy impact of the prevailing wind and waves, are composed of much coarser sediments than the
more protected, leeward islands. Comparison between numerical simulation results and observed lens
thickness of atoll islands suggests upper aquifer hydraulic conductivities of 50 and 400 m day™ for
leeward and windward islands, respectively [12]. It should be noted that the estimated hydraulic
conductivity of windward islands (400 m day™) is a very rough estimate. With the high variability of
wind and wave patterns amongst the regions of the Indian and Pacific Oceans, it is expected that the
coarseness of the sediments on windward islands is also variable, thus creating a wide range of
possible hydraulic conductivities. The lower hydraulic conductivity of leeward islands promotes
thicker freshwater lenses. This pattern is consistent across the Pacific and Indian Oceans (Table 1),
with leeward islands in general possessing a much thicker freshwater lens than windward islands, and
lens thickness for large islands, such as Diego Garcia Atoll and Christmas Atoll, being limited by the
Thurber Discontinuity. This trend is seen in a plot of lens thickness vs. island width for the leeward
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islands listed in Table 1 (Figure 6). The identification of the Thurber Discontinuity and the consequent
truncation of the lens is thus a defining component of atoll island hydrogeology, and must be included
in hydrological analyses of atoll islands. For large atoll islands, hydrological analyses assuming a
single aquifer layer may overestimate the lens thickness. This will be discussed further in section 3.

Figure 6. Lens thickness plot for leeward islands, showing the increase in lens thickness
with increasing island width, with the lens thickness limited for large islands by the
Thurber Discontinuity.

25

20

4
&
*

15

+
+

L = 2
+

10

Maximum Lens Thickness [m])

1] 500 1000 1500 2000 2500
Island Width (m)

Another characteristic feature of atoll aquifers is a reef flat plate extending inward from the ocean
side of the island [24] (Figure 4). Where present, it partially confines the upper aquifer, forcing
discharge upward through fractures in the plate or laterally at the reef margin [17,24,33].

3. Island Freshwater Lens Models
3.1. Available Models

In the absence of empirical data, researchers have attempted to provide estimates of the depth to the
freshwater-seawater interface in both coastal and oceanic island settings, based on analytical solutions
[8,9,11] and empirical fits to observations [10]. To obtain the requisite simplification for derivation of
closed-form solutions, analytical approaches adopted the Ghyben-Herzberg-Dupuit (GHD)
assumptions of (1) a sharp interface between freshwater and underlying seawater; (2) absence of a
vertical component of flow; and (3) limit of the freshwater lens is defined as 50% relative seawater
salinity [11]. Both single-layer models, derived for homogeneous aquifers, and double-layer models,
derived for vertically-stratified aquifers, are discussed herein.

Fetter [8], assuming an isotropic, homogenous aquifer, derived the following analytical solution for
determining the head of the water table at any distance from the shoreline as a function of recharge rate
and hydraulic conductivity:
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H = hydraulic head [L]

w = island width [L]

X = distance from the shoreline [L]

R = recharge rate [LT]

K = aquifer hydraulic conductivity [LT™]
G = pellpmed [

pw = density of fresh water [ML™]

s = density of salt water [ML™]

The depth to the freshwater-seawater interface, Z, is then calculated by multiplying A by G, with the
maximum lens thickness, Zy.x, found by using H in the center of the island (¢ = x). Fetter [8]
developed a similar expression for circular islands. This was followed by Chapman [9], who developed
a similar solution for infinite strip islands. These analytical solutions all take into account island width,
average annual recharge rate, aquifer hydraulic conductivity, and the density difference between
seawater and freshwater (Table 2).

Table 2. Attributes of Island Subsurface Hydrology Models.

Upper Lower Upper
Solution Island ) ) )
Model Island Type Recharge  Aquifer  Aquifer Aquifer
Type Width
K K Thickness
Single-Layer
Fetter [8] Circular Analytical X X X
Fetter [8] Infinite-strip Analytical X X X
Chapman [9] Infinite-strip Analytical X X X
Oberdorfer and Buddmeier [10] Empirical X X
Double-Layer
Fetter [8] Infinite-strip Analytical X X X X X
Vacher [11] Infinite-strip Analytical X X X X X

Oberdorfer and Buddemeier [10] developed an empirical model using observed lens thicknesses to
predict the thickness of the freshwater lens on small coral islands. For eight small coral islets, they
found the following exponential relationship between the ratio of the lens thickness and the annual
rainfall, and the logarithm of the island width:

H =F(E94logw — 14.38) (2)
where:
H = depth to freshwater-seawater interface [m]
P = annual rainfall rate [m yr]
w = island width [m]
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Their empirical model does not take into account hydraulic conductivity of the subsurface.
Analytical solutions that accounted for vertical variation in hydraulic conductivity were also derived
by Fetter [8] and Vacher [11] for infinite-strip islands (Table 2).

3.2. Comparison to Atoll Island Observations

Single-layer models were compared with the leeward and windward atoll island observations listed
in Table 1 (Figure 7), using an annual recharge rate of 2 m yr* and a hydraulic conductivity of
50 m day™ for the range of island widths typical for atoll islands. The Vacher [11] dual-layer model
was also included, using the same recharge rate of 2 m yr™, an upper aquifer hydraulic conductivity of
50 m day™, a lower aquifer conductivity of 5000 m day™, and an upper aquifer thickness of 20 m.

Although applicable to other types island and coastal settings, the single-layer models of Fetter [8]
and Chapman [9] greatly overestimate the lens thickness when applied to leeward atoll islands
(Figure 7A), as there is no provision in the models for a vertical stratification of hydraulic
conductivity. Overestimation is also due to the GHD assumption of the freshwater lens ending at 50%
relative seawater salinity, rather than the 2.5% as reported in Table 1, although this accounts for only a
portion of the overestimated thickness. These models do, however, provide reasonable results when
used for windward atoll islands (Figure 7B), since the high hydraulic conductivity of the upper aquifer
on windward islands does not allow for the lens base to reach the Thurber Discontinuity (see
Figure 5B). Windward islands can thus be treated as having a homogeneous aquifer. The Oberdorfer
and Buddemeier [10] empirical model captures the general trend for leeward islands, although it still
over-estimates the lens thickness. When used for windward islands, however, which possess aquifers
with a much higher hydraulic conductivity, their model greatly overestimates the thickness of the
freshwater lens for windward atoll islands, since it does not take into account hydraulic conductivity.

The Vacher dual-layer solution [11] provides reasonable results when compared to observed lens
thicknesses for small leeward islands (Figure 7A), but the simulated lens continues to thicken for
larger islands, with no sharp truncation. Hence, the lens thickness is also over-estimated. However, for
large atoll islands such as Diego Garcia, where the truncated lens spreads wider across the island
(Figure 5C), the overall volume of groundwater may not be overestimated to the same degree that the
thickness is overestimated.

The limitations of these analytical and empirical models to atoll islands have been noted by other
investigators [18,34]. Specifically, results demonstrate the models’ lack of provision for the full array
of geologic features (hydraulic conductivity, vertical stratification of hydraulic conductivity, island
width, reef flat plate) and flow processes (vertical flow, mixing at the contact between the upper and
lower aquifers) that control the thickness of the lens on atoll islands.
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Figure 7. Comparison of single-layer subsurface hydrology models with observed lens

thicknesses of (A) leeward and (B) windward atoll islands.
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4. Development of the Algebraic Model

4.1. Numerical Hydrological Simulations

Numerical modeling was performed using the variable-density, solute transport finite element code
SUTRA [35]. Eight different island widths, ranging from 150 m to 1100 m, were modeled using eight
different meshes, with each mesh representing a two-dimensional cross-section of the island from the
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lagoon side of the island to the ocean side (see Figure 4). Full details of the mesh geometry, boundary
conditions, and initial conditions are given by [12].

Simulations were run to quantify the influence of rainfall and the principal geologic features of atoll
islands (island width, hydraulic conductivity, depth to the Thurber Discontinuity, reef flat plate) on the
thickness of the freshwater lens [12]. A test series was performed for each feature, with the feature
ranging over a realistic set of values while holding the other feature values constant. Rainfall, held
constant at 4 m yr for other test series, ranged from 2.5 to 5.5 m yr'. Upper aquifer hydraulic
conductivity, held constant at 50 m day™ for other test series, ranged from 25 to 500 m day™, depth to
the Thurber Discontinuity, held constant at 16.5 m for other test series, ranged from 8 to 16.5 m, and
simulations were run for each island width with and without the reef flat plate, which was represented
by a one-meter thick layer of low-conductivity elements (K = 0.05 m day™) extending from the ocean
side to the middle of the island.

Each test series was run over the range of island widths (150 to 1100 m) in order to quantify the
influence of the width of the island, and the annual recharge rate was set at half of the rainfall rate, a
reasonable assumption for atoll islands [13,15,20]. The hydraulic conductivity of the lower aquifer was
set at 5000 m day™ for all simulations. The lens base was defined along the 500 mg L™ isochlor
(2.5% sea water), similar to the studies summarized in Table 1.

Time-dependent recharge, calculated from climatic data from the western and eastern Caroline
region [12], was used in transient simulations in order to quantify the behavior of the freshwater lens
during average seasonal conditions as well as severe drought conditions. Similar to the steady-state test
series, simulations were run for both leeward and windward islands over a range of island sizes.

The results of the steady-state numerical simulations enabled the inclusion of the effects of each of
the influencing features of atoll island hydrogeology into a compact and simple algebraic model.
Results from the transient simulations can be included into the algebraic model to provide an estimate
of ground water conditions during periods of scarce rainfall. The development of the model follows.
The island features and associated model parameters that will be discussed are presented in Figure 8.

Figure 8. Island features and associated algebraic model parameters.
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4.2. Rainfall Rate, Island Width, and Thurber Discontinuity Depth

For the recharge test series model results, in which each island width model was run to steady-state
for seven different rainfall rates, the lens thickness at the center of the island, Z.4x, was plotted as a
function of annual rainfall rate for five island widths (Figure 9A), with each point on the plot
representing a separate simulation. For each island width, the numerical modeling results were fitted to
a function describing exponential decay to a limit, representing the decreased effect of the rainfall rate
on increasing Z.4x as the lens thickness approaches its maximum value L:

Zppan = 101 — a~58] 3)
where:
Zyax = lens thickness at center of island [m]
R = annual rainfall rate [m yr™]
L = maximum value of Z.x [M]
b = fitting parameter, dependent on island width (Figure 9B)

For islands receiving low rainfall rates, an increase in rainfall rate brings about a proportional
increase in the thickness of the lens. However, for islands with a lens thickness approaching the
maximum thickness L, an increase in rainfall rate has a minimal influence on increasing the lens
thickness. Notice that each island width has a different L value, shown on the right-hand side of
Figure 9A. The maximum lens thickness, L, is a function of both island width and Thurber
Discontinuity depth (Figure 10). For an island that is 800 m in width and receives a high rainfall rate,
the base of the freshwater lens descends to and is limited at the Thurber Discontinuity. Hence, the
value of L is the same as the depth of the Thurber Discontinuity, 16.5 m (Figure 9A). For smaller
islands, however, the base of the lens never approaches the depth of the Thurber Discontinuity (see
Figure 5B), no matter the rainfall rate. Hence, for an island width of 300 m, L is 13.0 m. The fact that
the limiting thickness L can be shallower than the Thurber Discontinuity depth is represented by the
dashed line in Figure 8. This is further demonstrated by a plot of the L term for various island widths
(Figure 10). For a 200-m wide island, the maximum lens thickness L is 8.6 m, whereas for an 800-m
island the maximum lens thickness L is 16.3 m. The lens thickness on the 200-m island is limited by its
small width, whereas the lens thickness on the 800-m island is limited by the Thurber Discontinuity.

The plot of L against island width is fitted with the following exponential relationship:

L=y +a(l-e®) 4)
where:
L = maximum value of Z.x [M]
w = island width [m]

Yo, a, d= fitting parameters
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Figure 9. (A) Lens thickness at center of island, Z.4x, as a function of rainfall, calculated
by the numerical model, for representative island widths, and (B) the » parameter, as a
function of island width.
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For modeling purposes, it is desirable to include the depth of the Thurber Discontinuity, Zzp, into
equation (4). This is done by recognizing that the limit of L as the island width approaches infinity is
the quantity y, + a, which is equal to the depth to the Thurber Discontinuity, which is the limiting
factor of the lens thickness for large islands (see Figure 10). Hence:

Dw=1r—a ©)

which, when solving for a and inserting into equation (4), yields:

L=y, +(Z;p—3,)(1— &™) (6)
where:
L = limiting thickness of the freshwater lens [m]
w = island width [m]
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Zrp = depth to the Thurber Discontinuity [m]
Vo = fitting parameter, equal to -16.07
d = fitting parameter, equal to 0.0075

Equation (6) thus provides the maximum possible thickness of the freshwater lens for a given island
width and a given depth to the Thurber Discontinuity, and when this calculated value of L is inserted
into equation (3), a freshwater lens thickness given the recharge rate, island width, and Thurber
Discontinuity depth is determined. A set of curves (Figure 11), with each curve representing the
limiting thickness of the lens for a given Thurber Discontinuity, can be used to provide values of L.

Figure 10. Values of the limiting parameter L in the rainfall-lens thickness relationship, for
various island widths.
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4.3 Hydraulic Conductivity and Reef Flat Plate

The influence of the hydraulic conductivity of the upper aquifer on the development of the
freshwater lens is seen in Figure 12, which shows the results of numerical simulations in which
hydraulic conductivity was varied from 25 m day™ to 500 m day™ for various island widths. For each
island width, the steady-state thickness of the lens decreases dramatically with increasing hydraulic
conductivity. Also, it can be seen that the width of the island influences the rate at which the lens
thickness decreases with increasing aquifer hydraulic conductivity, due to the lenses on small islands
being more strongly influenced by changes in hydraulic head gradient.

As atoll islands exhibit a wide variation in upper aquifer hydraulic conductivity, it is desirable to
incorporate this trend into the algebraic model of equation (3). To do so, a hydraulic conductivity
parameter (Figure 13) was calculated by fitting trend lines to the relationships shown in Figure 12.
This parameter can then be incorporated into equation (3):

Zyar = L(1—e™%)5 (7)

where S is the hydraulic conductivity parameter [-]. As seen in Figure 13, S is a function of the upper
aquifer hydraulic conductivity and island width. In essence, S scales the freshwater lens thickness
depending on the upper aquifer hydraulic conductivity of the island in question. For high hydraulic
conductivity values, the parameter values decrease, which results in a thin lens thickness calculated in
equation (7).

Figure 12. Numerical simulation results for the hydraulic conductivity test series, for
various island widths, demonstrating the decrease in lens thickness with increasing
hydraulic conductivity of the upper aquifer.

15

Depih to Thivber Discontinuily
RIS % e Pl o el Sl e o el e e o S el o S s B el s il
Al w Isfond Width

14 +150m
—_ 'y 4 300m
-E- 12 4 600m
ﬁ 0 % 1100

x m
£ w
2
= &
'—
@ O
Y A
— 6
£ 1.2 F Y
E
E . £ .
E -
s .
2 ) s
+ * -
i
i 100 200 300 400 500 £00

Hydraulic Conductivity of Upper Aquifer (m day-1)



Water 2010, 2

17

Figure 13. Relationship between hydraulic conductivity factors and hydraulic
conductivity, for various island widths.
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Using the numerical simulation results of the reef flat plate test series, a similar procedure was
used to include a reef flat plate parameter, C [-], to account for the influence of the confining reef flat
plate on the lens thickness (Figure 14):

Zyan= L(1—a™"8)5¢C (8)

If the atoll island does not have a reef flat plate, then C is equal to 1.0. As seen in Figure 14, the reef
flat plate thickens the lens for smaller islands. For example, a 200-m island has a C parameter value of
1.14, which when inserted into equation (8) will increase the steady-state freshwater lens thickness.
The reef flat plate has negligible influence on the freshwater lens thickness for islands wider than
1000 m.

The algebraic model of equation (8) thus accounts for all the relevant hydrogeologic features on
atoll islands: the annual rainfall rate, R; the width of the island and the depth to the Thurber
Discontinuity, through L; the hydraulic conductivity, through the hydraulic conductivity parameter, S;
and the reef flat plate, through the reef flat plate parameter, C. In situations where the hydraulic
conductivity of the upper aquifer is unknown, as is the case for many remote atoll islands, the
hydraulic conductivity factors may be reasonably estimated using values of 50 m day™ and
400 m day™’ for leeward and windward islands, respectively. For islands offset from either the
windward or leeward portions of the atoll, a value between these two end-member values may be used.
As can be seen in Figure 15, the freshwater lens is most sensitive to the depth to the Thurber
Discontinuity and the hydraulic conductivity of the upper aquifer, followed by the width of the island
and the annual rainfall rate. The reef flat plate has minimal influence on the lens thickness.
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Figure 14. Relationship between the width of the island and the reef flat plate factor, C,
which is the ratio of the lens thickness for islands with reef flat plates and those without.
The influence of the reef flat plate in increasing the thickness of the lens decreases as the
island width increases.
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4.4. Incorporating Time-Dependent Rainfall

As seasonal and event-driven weather conditions and tidal fluctuations have an important influence
on the thickness and geometry of the freshwater lens, transient simulations were run to predict the
behavior of the lens through time [12]. Simulations used weather and tide data from the regions of Yap
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(western Caroline islands region) and Pohnpei (eastern Caroline islands region) states, FSM, with daily
recharge calculated according to the method prescribed by [18]. Average seasonal variation of the
freshwater lens thickness was simulated using weather and tide data from the years 1994 to 2005, with
daily rainfall averaged for each day. Depletion and recovery of the freshwater lens during drought
conditions was simulated using weather and tide data from the years 1997-1999, with the first part of
1998 experiencing a major drought in Micronesia.

Simulations using the average seasonal variation in recharge show the fluctuation of the lens for a
typical year in the western Caroline region for various islands widths (Figure 16A). Figure 16B
compares the results of the western and eastern Caroline regions, with the higher-rainfall eastern
Caroline region with a thicker lens throughout the year.

Figure 16. (A) Average seasonal variation of freshwater lens thickness in western Caroline
islands region, and (B) comparison of average seasonal variation between western (using
Yap data) and eastern (using Pohnpei data) Caroline islands regions.
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Simulations for the years 1997-1999 show a rapid depletion of the lens during the first months of
1998 (Figure 17), followed by a recovery of the lens during the next year and a half. The behavior of



Water 2010, 2 20

the lens corresponds to the rainfall patterns, also shown in Figure 17. This pattern of lens depletion and
recovery was the same for all island widths. Simulations using the western Caroline region weather
data had lens thicknesses consistently larger than those for the eastern Caroline region. Simulations for
windward islands, with a high aquifer hydraulic conductivity (results not shown), often showed a
complete depletion of the lens during the peak of the drought. Additional simulations were run to
determine the time to lens depletion when no rainfall occurred. As seen in Figure 18, all atoll islands in
the western Caroline region, except for islands 600 m in width or larger, would be expected to
experience a complete ground water storage depletion within 8 months, with lens depletion occurring
much more rapidly for small, windward islands.

Figure 17. Typical freshwater lens depletion and recovery during 1997-1999,
corresponding to the associated rainfall patterns.
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Figure 18. Depletion of the lens with no rainfall, for both windward and leeward islands in
the western Caroline region, for varying island widths.
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Using the results of the transient simulations for 1997-1999, a dimensionless drought factor was
created by dividing the monthly lens thickness in the transient simulations by the lens thickness
computed in the steady-state simulations. The drought factor thus represents the fraction of the lens at
steady-state conditions, at a specific moment in time. Table 3 contains the drought factors for both
western and Caroline regions, for both leeward and windward and for various island sizes. Factors are
provided for 5 distinct times: month 1 (onset of drought), month 6 (peak of drought), month 12
(6 months into recovery), month 18 (12 months into recovery), and month 24 (18 months into
recovery). For example, a 600-m leeward atoll island in the western Caroline region has a drought
factor of 0.621 at month 6, meaning that the lens thickness is 62.1% of the steady-state lens thickness.
By month 24, the drought factor is 0.909, meaning that the lens thickness is now 90.9% of the steady-
state lens thickness.

With the inclusion of the drought factor, the algebraic model is formulated as:

2:‘».'-‘{-'-".- = .IE. L:L_ E_#S:ISCD (9)

where D = drought factor [-].

Table 3. Table of drought factors for the algebraic model, for both western and eastern
Caroline regions, leeward and windward islands, various island sizes.

Month 1 Month 6 Month 12 Month 18 Month 24
Onset of Peak of
Island Recovery  Recovery Recovery
Drought Drought
Width
DROUGHT FACTORS D
200 0.451 0.000 0.421 0.488 0.711
Leeward 400 0.698 0.317 0.475 0.507 0.733
WESTERN
600 0.899 0.621 0.608 0.679 0.909
CAROLINE
200 0.000 0.000 0.000 0.000 0.000
REGION
Windward 400 0.122 0.000 0.262 0.269 0.342
600 0.293 0.000 0.278 0.392 0.475
200 0.735 0.119 0.486 0.953 0.643
Leeward 400 1.068 0.492 0.590 0.917 0.788
EASTERN
600 0.924 0.635 0.785 0.912 0.875
CAROLINE
200 0.000 0.000 0.064 0.289 0.000
REGION
Windward 400 0.420 0.000 0.359 0.875 0.551
600 0.802 0.223 0.511 0.957 0.690
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5. Discussions
5.1. Model Comparisons

For windward islands, using a hydraulic conductivity value of 400 m day™, the single-layer models
of Fetter [8] and Chapman [9] provide reasonable fits to observed lens thicknesses (Figure 7B), and
similar predictions to those of the algebraic model (Figure 19). Notice, however, that for large island
widths the increase in lens thickness predicted by the algebraic model begins to diminish as the base of
the lens approaches the Thurber Discontinuity. It should be noted, also, that the trend of observed lens
thicknesses as a function of width on windward atoll islands exhibits high variability. The results in
Figure 19 merely show that the algebraic model performs as well as previously published models for
islands with high upper aquifer hydraulic conductivity. Use of any model for lens thickness estimation
on windward atoll islands is strongly cautioned, as it seems that no model without detailed hydrologic
and geologic characteristics of the island in question will be able to capture the true nature of the
freshwater lens on windward islands due to the high variability of hydraulic conductivity.

Figure 19. Comparison between the algebraic model and Fetter (1972) and Chapman
(1985) models in their ability to estimate the lens thickness on windward atoll islands,
using hydraulic conductivity factors pertaining to hydraulic conductivity values of
400 m day™.
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As discussed previously, the VVacher dual-layer model [11] provides fairly accurate results for small
atoll islands, but over-estimates the lens thickness for large atoll islands (see Figure 7A). Numerical
simulations, however, were able to capture the sharp truncation of the lens due to the inclusion of
vertical flow and mixing. These effects are embedded in the algebraic model, which thus offers a more
accurate estimation of the lenses on leeward atoll islands (Figure 20), and for any island where the
aquifer is divided into two stratified sections of differing hydraulic conductivity.



Water 2010, 2 23

Figure 20. Comparison between the algebraic model and Vacher 2-layer model in their
ability to estimate the lens thickness on leeward atoll islands.
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5.2. Applications of the Algebraic Model

The algebraic model can be applied in different ways. The first was described previously, in which
equations and charts are used to determine the value of each parameter. A second and more direct
method is to derive a set of curves such as those shown in Figure 21, which provide the thickness of
the freshwater lens under the central axis of the island as a function of island and rainfall rate. The
chart was created using the algebraic model, with the Thurber Discontinuity depth set at 17.5 m and
the hydraulic conductivity factor values consistent with leeward and windward islands (50 m day™ and
400 m day™, respectively). Similar charts could be created for any rainfall rate, hydraulic conductivity,
and depth to the Thurber Discontinuity. In most cases, especially for remote atoll islands, the hydraulic
conductivity of the upper aquifer and the depth to the Thurber Discontinuity are not known. In such
situations, a tool such as Figure 21 may be applied using island width and annual rainfall rate, which
are often available or can be more readily measured. Such tools are valuable for water resources
managers of atoll islands.

Furthermore, the algebraic model, when incorporating the time-dependent D term, can provide
water resources managers with estimates of freshwater lens depletion and recovery during periods of
scarce rainfall. The model has been incorporated into a spreadsheet user interface (“Atoll Freshwater
Lens Tool”, attached software) and training on the model and spreadsheet has been presented to water
resources managers of the Federated States of Micronesia, and is currently being used in their
assessment of ground water resources of atoll islands.
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Figure 21. Rainfall curves used to estimate the thickness of the freshwater lens, for
leeward and windward islands. Such curves may be valuable tools to water resource
manager of atoll islands.
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6. Summary and Conclusions

The number and variability of atoll islands, combined with the lack of data for specific islands, have
historically made it difficult for island water resource managers to accurately estimate the availability
of ground water resources under stressful conditions, such as the droughts that accompany EIl Nifio
events in the western Pacific. Accumulated research, however, has shown that there is sufficient
consistency in geologic conditions that certain generalizations can be made with sufficient confidence
to produce models that can be useful for estimating ground water resource availability in the absence
of island-specific data. The algebraic model described herein is implemented through parameterized
equations, factor value charts, and rainfall curves. It is intended as a practical tool for water resources
managers of atoll islands who typically do not have abundant data or access to numerical modeling
resources.

Most importantly, the algebraic model presented in this paper takes into account, along with rainfall
and recharge to the lens, the geologic features that constrain the dimensions of the freshwater lens:
island width, hydraulic conductivity of the upper aquifer, depth to the Thurber Discontinuity, and the
presence or absence of a reef flat plate. Comparisons between algebraic model results and observations
on both leeward and windward atoll islands provide an improvement over previous analytical and
empirical models. In particular, the algebraic model, which is constrained by numerical simulation
results accounts for the effects of features not included in earlier analytical models. The implicit
inclusion of the effects of vertical flow and mixing enables the model to more accurately simulate the
freshwater lens thickness on large, leeward islands, where the lens is truncated sharply at the Thurber
Discontinuity. It should be noted that the model only provides the maximum lens thickness given the
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island climatic and geologic conditions, and does not provide any indication of the actual lens volume.
For large atoll islands where the lens base is truncated at the Thurber Discontinuity, this volume may
be much larger than would be expected from a classic Ghyben-Herzberg freshwater lens.

Future research and use of the model may include an analysis of ground water resources in response
to anticipated sea level rise, as well as the response of atoll island staple crops to current and
anticipated ground water resources.
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